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It was assumed that humans, being highly complex organisms, would have
many more genes than less complex organisms. However, the completion of
the Human Genome Project estimated the number of human genes to be
between 20,000 and 25,000, which is similar to genome of Caenorhabditis
elegans (roundworm), estimated to have around 20,000 genes, and the num-
ber of mice genes. This revelation meant that organism complexity could not
be mainly the result of a higher number of protein-coding genes. Although
there was no correlation between complexity and the number of genes, there
was a clear correlation with the relative amount of noncoding sequences in
the genome. In humans, only around 3 % of the genome is protein coding,
while the rest consists of introns, regulatory sequences, and noncoding
RNA. These days, 13 years after the completion of the Human Genome
Project, research has rapidly progressed, and we are now beginning to under-
stand the importance of noncoding sequences in cellular regulatory processes.
In cancer, noncoding RNAs function as regulatory molecules acting as onco-
genes and tumor suppressors with very important roles in cancer biology.

This edited volume reflects the current state of knowledge about the roles
of noncoding RNAs in the formation and progression of colorectal cancer and
the potential translation of this knowledge to diagnosis and therapy of the
disease. The main focus lies on involvement of noncoding RNAs in molecu-
lar pathology of colorectal cancer, together with cutting-edge translational
research performed to transfer noncoding RNAs from bench to the bedside.
We are sure that the emergence of noncoding RNAs represents a new dimen-
sion of colorectal cancer pathogenesis and it will be absolutely necessary to
consider that in future translational studies. This book will be a state-of-the-
art resource for scientists or physicians starting out with noncoding RNA
research in colorectal cancer but is also intended for the experienced research-
ers who want to incorporate noncoding RNA concepts into their colorectal
cancer research.

Brno, Czech Republic Ondrej Slaby
Houston, TX, USA George A. Calin
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Non-coding RNAs: Classification,
Biology and Functioning

Sonja Hombach and Markus Kretz

Abstract

One of the long-standing principles of molecular biology is that DNA acts
as a template for transcription of messenger RNAs, which serve as blue-
prints for protein translation. A rapidly growing number of exceptions to
this rule have been reported over the past decades: they include long
known classes of RNAs involved in translation such as transfer RNAs and
ribosomal RNAs, small nuclear RNAs involved in splicing events, and
small nucleolar RNAs mainly involved in the modification of other small
RNAs, such as ribosomal RNAs and transfer RNAs. More recently, several
classes of short regulatory non-coding RNAs, including piwi-associated
RNAs, endogenous short-interfering RNAs and microRNAs have been
discovered in mammals, which act as key regulators of gene expression in
many different cellular pathways and systems. Additionally, the human
genome encodes several thousand long non-protein coding RNAs >200
nucleotides in length, some of which play crucial roles in a variety of bio-
logical processes such as epigenetic control of chromatin, promoter-spe-
cific gene regulation, mRNA stability, X-chromosome inactivation and
imprinting. In this chapter, we will introduce several classes of short and
long non-coding RNAs, describe their diverse roles in mammalian gene
regulation and give examples for known modes of action.

S. Hombach (D<) « M. Kretz

Keywords
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tissues. A central component of this process is the
genomic DNA localized in the cell nucleus, serv-
ing as a template for the transcription of
messenger RNAs, which in turn translocate into
the cytoplasm and act as blueprints for the trans-
lation of proteins. Several classes of non-protein
coding RNAs (ncRNAs) are needed for these
processes to function: Small nuclear RNAs
(snRNAs) are mainly involved in splicing events
of mRNAs. Transfer RNAs (tRNAs) decode the
mRNA sequence into peptide or protein by spe-
cifically recognizing three-nucleotide sequences
of mRNAs and recruiting amino acids to the ribo-
some in the right order. Ribosomal RNAs
(rRNAs) are thought to represent the most abun-
dant RNA molecules in the cell and form the
framework of ribosomes, macromolecular struc-
tures essential for protein translation. These
housekeeping RNAs are constitutively expressed
and essential for normal function of the cell. A
significant portion of these housekeeping RNAs
may carry chemical modifications which are
added by a class of small nucleolar RNAs
(snoRNAs) [1].

The discovery of small regulatory ncRNAs in
the 1990s completely changed our understanding
of ncRNAs as regulatory molecules. Andrew
Fire, Craig Mello et al. could show that small
double-stranded RNAs (dsRNAs) were able to
mediate post-transcriptional gene silencing of
complementary mRNAs in the nematode
Caenorhabditis elegans by a process called RNA
interference [2, 3]. Quickly, endogenous dsRNAs
such as small interfering RNAs (siRNAs) and
microRNAs (miRNAs) were found in a multi-
tude of organisms, such as plants, flies and mam-
mals. A growing number of new regulatory small
RNA classes has been discovered in recent years
[4], with piwi-associated RNAs, miRNAs and
siRNAs belonging to the best investigated classes
to date [5-12].

With the rapidly increasing development of
high throughput, in depth transcriptome sequenc-
ing techniques, our understanding of the protein-
coding and non-coding portion of the mammalian
transcriptome increased exponentially. Recent
studies suggest that while about two thirds of the
mammalian genome is actively transcribed, only
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approximately 1,9% encodes for proteins [13—
15]. A significant portion of this transcriptional
activity appears to be represented by another
class of regulatory ncRNAs, the long non-coding
RNAs (IncRNAs). These RNA molecules are
characterized by a length of at least 200 nucleo-
tides, a lack of protein-coding potential and often
harbor a poly-A tail and can be spliced, similar to
mRNAs. While an estimated abundance of 5400
to more than 10,000 IncRNA transcripts has been
reported in humans [15-17], exact genomic
annotations and functional significance are still
unknown formany IncRNAstodate. Nevertheless,
arapidly growing number of IncRNAs have been
shown to play crucial roles in a variety of biologi-
cal processes such as epigenetic control of gene
expression, promoter-specific gene regulation
[18-20], X-chromosome inactivation [21-23],
imprinting [24-28], maintenance of nuclear
architecture [29-31].

Both small and long regulatory non-coding
RNAs have been implicated in many different dis-
eases and many types of cancer [32-34]. In the
following paragraphs, several functional charac-
teristics of short and long ncRNAs will be eluci-
dated and examples for known modes of actions
in gene regulatory processes will be discussed.

Characteristics and Modes
of Action of Short
Regulatory

Non-coding RNAs

1.2

Small ncRNAs have emerged as key regulators
of gene expression in many different cellular
pathways and systems. A multitude of small reg-
ulatory RNA classes have been identified in
recent years, with miRNAs, piRNAs and siRNAs
being the most thoroughly investigated classes.

1.2.1 MicroRNAs

MiRNAs directly interact with partially comple-
mentary target sites located in the 3" untranslated
region of target mRNAs and repress their expres-
sion [35]. They play essential roles during differ-
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entiation and development. More than 60 % of all
mRNAs are estimated to contain miRNA target
sites at their 3'UTR region, suggesting a tight
regulation as well as their involvement in normal
cellular homeostasis and in diseased states [36].
In addition, it has been shown that many miRNAs
are able to target up to several hundred mRNAs,
suggesting a complex and combinatorial mode of
miRNA action in mRNA regulation [37]. In
recent years, a growing number of studies could
reveal the involvement of miRNAs in the devel-
opment of a multitude of diseases [33, 38],
among them different types of cancers [38], heart
diseases such as hypertrophy and ischemia [36,
39, 40] as well as associations to mental disor-
ders such as schizophrenia or major depression
disorders [41].

In general, mammalian miRNAs are genomi-
cally encoded and transcribed by RNA
Polymerase II as primary miRNA transcripts
(pri-miRNAs), which get processed by the micro-
processor complex consisting of the RNAse III
enzyme Drosha and the pri-miRNA binding pro-
tein DGCRS (Fig. 1.1). The resulting pre-miRNA
gets translocated to the cytosol by exportin5,
where it is further processed into an approxi-
mately 21nt long dsRNA by the RNAse III
enzyme Dicer and one of its two mammalian co-
factors TRBP or PACT. Subsequently, either arm
of this dsSRNA gets incorporated into the RNA-
induced silencing complex (RISC). Within this
complex, the now mature single-stranded miRNA
directly binds a member of the Argonaute protein
family and acts as a guide to partially comple-
mentary regions predominantly located within
the 3’-UTR of target mRNAs. Subsequent bind-
ing of TNRC6 proteins play a pivotal role for all
downstream events leading to translational
repression and degradation of the target mRNA
in animals. Interaction of TNRC6 with the
poly(A)-binding protein (PABP) appears to inter-
fere with PABP function in protein translation,
likely by interrupting the interaction between the
5'-cap structure and the 3’-poly(A) tail of the
mRNA. Subsequently, degradation of the target
mRNA is initiated by deadenylation and decap-
ping, making the mRNAs accessible for exoribo-
nucleases [12, 32, 42, 43]. Some miRNAs are

encoded by a gene cluster, such as the miR-
17~92 gene cluster. A recent study showed that
processing of the pri-miR-17~92a transcript
containing all six miRNAs from this cluster,
includes formation of a processing intermediate
called progenitor-miRNA (pro-miRNA) [44].
While the pro-miRNA is efficiently processed by
the microprocessor complex (Fig. 1.1), the pri-
miR-17~92a on the other hand can adopt an
RNA conformation blocking the
DROSHA/DGCRS8 complex, thus acting as a
posttranscriptional regulator of miR-17~92a
processing in embryonic stem cells. Biogenesis
of the pro-miRNA is mediated by the ribonucle-
ase CPSF3 and the splicing factor ISY1 as well
as other U2 snRNP components. An increase of
ISY1 expression during embryonic stem cell dif-
ferentiation appears to induce processing of all
miRNAs within the cluster except for miR-92,
which seems to be independently processed at
the pri-miR-17~92a stage. Thus, the develop-
mentally regulated formation of pro-miRNA in
differentiating cells as a processing intermediate
for miR-17~92 adds an additional layer to post-
transcriptional control of miR-17~92 expres-
sion. Whether this mechanism is present in other
miRNA clusters or represents a unique feature of
miR-17~92, remains to be determined.

1.2.2 piRNAs

Unlike siRNAs and miRNAs, piRNAs are not
processed by the RNAse III enzyme Dicer and
are incorporated into the PIWI subfamily of AGO
proteins. While miRNAs are widely expressed in
most mammalian cells and tissues, piRNAs in
mammals appear to mainly function in the germ-
line where they target and repress expression of
transposable and repetitive elements to maintain
genomic stability [10, 45]. PIRNAs are located in
gene clusters enriched in mobile repetitive ele-
ments and are transcribed as long primary RNAs
that are further processed to primary piRNAs,
which in turn act as guides for the generation of
secondary piRNAs. Biogenesis of mature piR-
NAs varies between mammals, flies and nema-
todes, but their crucial role in maintaining
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genomic stability by targeting and repression of
repetitive transposable elements was verified in
multiple organisms using transgenic model sys-
tems. Deficiency of two proteins of the PIWI
family in mice for example, resulted in activation
of retrotransposons in the male germ line, arrest
of gametogenesis and male sterility [10]. This
result strongly indicates that piRNAs seem to be
functionally important for maintaining genomic
stability specifically in the male germline.
Another group of small regulatory RNAs, called
endogenous siRNAs (endo-siRNAs), seem to
control silencing of repetitive transposable ele-
ments in the female germline of mammals.

1.2.3 siRNAs

Besides miRNAs, a number of additional RNAI
pathways utilize dsSRNA to generate mature regu-
latory small RNAs through cleavage by the
RNAse III enzyme Dicer. In the case of endoge-
nous siRNAs (endo-siRNAs), dsRNA structures
were shown to originate from extended hairpin
structures or from base-pairing of sense and anti-
sense transcripts originating either from bi-
directional transcription or complementary
transcripts derived from separate loci [7, 46].
Exogenous siRNAs (exo-siRNAs) on the other
hand, are processed from dsRNAs taken up from
the cellular environment. This mechanism has
been shown in nematodes, and also appears to
play a role in antiviral defense mechanisms in
plants and drosophila, where upon infection,
viral dsSRNA gets processed to siRNAs targeting
the viral mRNAs they originate from [47, 48].

<

Recent work suggests a similar mechanism in
mammalian stem- and germ cells. Most differen-
tiated cells possess a protein-mediated interferon
response system, which mediates anti-viral
responses upon infiltration of viral long dsSRNAs
[49]. Several recent reports suggest, that in plu-
ripotent cells this mechanism appears to be at
least partially replaced by the RNAi pathway as a
cellular anti-viral response system [50-53].

Interestingly, endo-siRNAs seem to also play
arole in silencing transposable elements in mam-
mals. While the piRNA pathway acts as major
defense mechanism against repetitive transpos-
able elements in the mammalian testes, transpos-
able elements of the female germline give rise to
dsRNAs, which can be processed into endo-
siRNAs. Thus, endo-siRNAs contribute to main-
tenance of genomic stability in the female
germline [54, 55].

1.2.4 Regulatory Functions
of Housekeeping ncRNAs

Our understanding of the complexity of house-
keeping and regulatory ncRNAs dramatically
changed with recent findings suggesting that
some of the housekeeping small ncRNAs with
well described functions might be processed to
small regulatory ncRNAs. While snoRNAs
canonically act as guide for chemical modifica-
tions of nucleotides on other small housekeeping
RNAs, some of them were shown to be processed
to small RNAs with post-transcriptional gene
silencing functionality similar to miRNAs
[56-59].

<

Fig.1.1 MicroRNA biogenesis in mammals. In mammals,
miRNAs are transcribed by RNA Polymerase II (Pol II) as
primary miRNA transcripts (pri-mRNAs). Processing by
DROSHA together with DGCRS results in the formation of
miRNA precursors (pre-miRNAs), which get transported to
the cytoplasm by exportin5 (XPOS5). The RNAse III
enzyme DICER, together with TRBP or PACT process the
pre-miRNA into an approximately 21nt long dsRNA which
gets incorporated into one of the argonaute proteins. One
strand of the miRNA acts as a guide to partially comple-
mentary regions of target mRNAs. Binding of one of the

TNRC6 proteins to argonaute is prerequisite for processes
leading to translational repression and degradation of the
mRNA. Posttranscriptional control of the miR-17~92 clus-
ter partially occurs through formation of a processing inter-
mediate called progenitor-miRNA (pro-miRNA). The
pri-miR-17~92a can adopt a RNA conformation blocking
microprocessor in embryonic stem cells. Upon embryonic
stem cell differentiation, the splicosome-associated protein
ISY1, which is required for pro-miRNA biogenesis, pro-
motes processing of pri-miR-17~92a into the pro-miRNA
intermediate with high affinity for DROSHA/DGCRS



Additionally, several snoRNAs were recently
shown to be involved in cancer development.
SNORD50A/B snoRNAs for example are recur-
rently lost in cancer. The mature snoRNAs bind
and suppress the activity of Ras oncoproteins and
SNORDS50A/B deficiency was shown to enhance
the abundance of active K-Ras resulting in hyper-
activation oft he ERK1/2 MAPK pathway [60].

Also surprisingly, precursor and mature
tRNAs can be processed to tRNA-derived frag-
ments (tRFs) which were recently shown to play
important biological roles independent of the
canonical, full-length tRNA function [61, 62].
tRNA-glycine-GCC fragments for example can
repress expression of transcripts driven by endog-
enous retroelements [63]. In a different study, a
set of tRFs was able to bind to the oncogenic
RNA-binding protein YBXI, thus preventing
interaction of YBX1 with pro-ongogenic tran-
scripts, which resulted in reduced transcript sta-
bility and less metastasis [64]. Whether fragments
derived from other small RNAs, such as rRNAs
or snoRNAs might function in similar ways to
regulate binding of RNA-binding proteins is con-
ceivable but so far not experimentally proven.

Characteristics
and Functions of Long
Non-coding RNAs

1.3

Long non-coding RNAs represent a highly divers
group of regulatory ncRNAs with respect to
characteristics, localization and modes of action
[65]. Except for the minimum size limit of 200 nt
and a lack of protein-coding potential, there are
few structural, functional or mechanistic features
common to all mammalian IncRNAs.
Additionally, only a fraction of the many thou-
sand predicted mammalian IncRNAs have been
thoroughly mechanistically characterized to date,
with even fewer being functionally verified
in vivo [66]. While these circumstances make
attempts of comprehensive classification of
IncRNAs exceedingly difficult, several review
articles  categorize  functionally  analyzed
IncRNAs based on similarities in their modes of
action [65, 67-71].

S.Hombach and M. Kretz

LncRNA Modes of Action
in the Nucleus

1.3.1

Subcellular localization of IncRNAs can be a
good initial indicator to narrow down potential
modes of action. Many nuclear IncRNAs are
functionally implicated in gene regulatory pro-
cesses. These can include promoter-specific
repression or activation of transcription or epi-
genetic gene regulation.

1.3.1.1 Transcriptional Regulation
by IncRNAs

A IncRNA transcribed upstream of the dihydro-
folate reductase (DHFR) gene locus was shown
to directly regulate transcription by interacting
with the transcription preinitiation complex at the
DHFR promoter (Fig. 1.2a). In quiescent cells,
binding of this IncRNA to transcription factor IIB
results in dissociation of the pre-initiation com-
plex from the major promoter leading to repres-
sion of DHFR transcription [18]. Interestingly,
the formation of a triplex structure of the IncRNA
with the major promoter might be required for
this process.

Another IncRNA, EVF2, appears to act as a
transcriptional modulator of the two homeodo-
main transcription factors DIx5 and DIx6 in the
ventral forebrain of mice to control GABAergic
interneuron circuitry. EVF2 is transcribed across
an ultraconserved enhancer between both tran-
scription factors and appears to inhibit enhancer
methylation in trans to modulate association of
transcriptional repressors and activators [72].
Additionally, DIx6 transcription might be con-
trolled in cis, most likely mediated by the act of
EVF2 transcription through competitive anti-
sense inhibition [19, 20].

EVF2 is not the only IncRNA regulating tran-
scriptional activity at enhancer sites. A number of
enhancer-associated RNAs were shown to func-
tion as transcriptional regulators, mostly by regu-
lating enhancer activity (Fig. 1.2b). A recent
report describes a p53-induced IncRNA named
LED, which interacts with and activates p53-
regulated enhancers, thus regulating expression of
so-called enhancer RNAs (eRNAs). Unlike
enhancer-associated IncRNAs, these eRNAs are
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Fig. 1.2 Examples for molecular mechanisms of long
non-coding RNA function. A-D: Nuclear functions of
IncRNAs. (a) A IncRNA transcribed from the DHFR
minor promoter can repress DHFR transcription by disso-
ciating the transcription preinitiation complex at the DHFR
major promoter. This process likely involves formation of
a triplex structure of the IncRNA with the major promoter
site. (b) Actively transcribed enhancer elements can give
rise to enhancer RNAs or enhancer-associated RNAs.
eRNAs can trap transcription factors at the enhancer and
several enhancer associated IncRNAs were shown to regu-
late transcription in cis and in trans. (¢) LncRNAs can
regulate epigenetic control of gene expression by acting as
guidance molecules for chromatin modifying protein com-
plexes (here shown with polycomb repressive complex 2

relatively short, polymerase II-transcribed, mostly
not polyadenylated, bidirectional transcripts,
which harbor monomethyl Histone H3 lysine 4
marks [73]. They play important roles in regulat-
ing the activity of enhancers to regulate target
gene expression, in some cases by supporting the
formation of DNA loops to bring the enhancers in

(PRC2) as an example). (d) LncRNAs are involved in the
creation and maintenance of nuclear structures, and the
coordination of nuclear architecture across several chro-
mosomes. (e-g): Cytoplasmic functions of IncRNAs. (e)
LncRNAs can target mRNAs for degradation by a process
called Staufen 1 (STAU1)-mediated decay. Base-pairing of
ALU elements present in the IncRNA and the target mRNA
creates a double-stranded STAU1 binding site. (f) The
IncRNA TINCR regulates epidermal differentiation by
binding to STAU1 and differentiation mRNAs containing
the TINCR box motif, resulting in increased mRNA stabil-
ity. (g) Several IncRNAs, mRNAs and circular RNAs (cir-
cRNAs) can function as competing endogenous RNAs
(ceRNAs) by sequestering microRNAs (miRNAs) away
from their mRNA targets

close proximity to nearby promoter regions [74,
75]. Activation of LED-mediated enhancer RNA
(eRNA) expression is thought to occur through
modulation of histone modifications at the
enhancer element. LED occupancy leads to acety-
lation of histon3 at lysine 9 residues, a modifica-
tion correlated to active transcription [76].



The exact roles of active transcription from
regulatory elements such as enhancers are not
entirely clear to date. A recent study indicates
that RNA transcribed from regulatory elements
could trap transcription factors capable of inter-
acting with both DNA and RNA (Fig. 1.2b). The
constitutively active transcription factor YY1 for
example, associates with RNAs transcribed off
promoters and enhancers [77]. Binding of YY1 to
these RNAs leads to accumulation of the
transcription factor in the proximity of these reg-
ulatory elements, enforcing the binding of YY1
to the respective enhancer or promoter and thus
activating a positive feedback loop leading to
continued RNA transcription and maintained
enhancer-/promoter- activation.

The enhancer-associated IncRNA PAUPAR
represents another example of IncRNA-mediated
regulation of transcription. PAUPAR appears to
regulate the balance between neural proliferation
and differentiation. It does so by repressing expres-
sion of the transcription factor Pax6 in cis, and by
regulating the activity of multiple enhancer and
repressor elements as well as promoters across
multiple chromosomes in trans, in part through
direct association with Pax6, thus modulating a
complex transcriptional program to control cell
cycle and repress neural differentiation [78].

A protein complex called Mediator acts as a
transcriptional co-activator by linking transcrip-
tion factors to basal transcription machinery. This
process was recently shown to involve a set of
IncRNAs with enhancer-like function [79].
Interaction of these IncRNAs with the Mediator
complex regulates its chromatin localization
(possibly by facilitating chromatin looping) and
kinase activity.

1.3.1.2 Epigenetic Control of Gene
Regulation Mediated
by IncRNAs
Besides their involvement in promoter specific
regulation of transcription, IncRNAs are also
implicated in epigenetic gene regulatory pro-
cesses, activating or repressing multiple gene loci
at once through modulating the accessibility of
chromatin. In fact, a large number of IncRNAs
functionally characterized to date appear to act as
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guidance molecules for chromatin remodeling
complexes such as polycomb repressive complex
2 (PRC2) or trithorax to target genomic DNA loci
in the cell nucleus [80] (Fig. 1.2c).

A IncRNA called FENDRR for example, con-
trols heart and body wall development through
recruitment of PRC2 to target promoter sites,
leading to repression of target gene expression
[81, 82]. Similarly, the IncRNA HOTAIR is
located in the HOXC locus and acts in trans as a
guide for the PRC2 complex to the HOXD clus-
ter, resulting in PRC2-mediated transcriptional
silencing across the HOXD locus [83]. At the
same time, HOTAIR is able to bind the LSD1/
CoREST/REST complex, therefore acting as a
scaffold for both histone modification complexes
[84]. Interestingly, HOTAIR overexpression in
breast cancer results in genome-wide re-targeting
of PRC2, leading to wide-spread changes in his-
tone 3 lysine 27 methylation associated with
increased tumor invasiveness and metastasis
[85].

1.3.1.3 Regulation of Nuclear
Architecture by IncRNAs

Several nuclear IncRNAs appear to have roles
not directly connected to control of gene expres-
sion, but were found to regulate the maintenance
of nuclear architecture. Paraspeckles are nuclear
structures believed to contribute to the nuclear
retention of mRNAs that have undergone ade-
nosine to inosine hyperediting and are known to
contain the IncRNA NEAT1 [86]. Loss of NEAT1
results in loss of paraspeckles and induction of
cytoplasmic export of mRNAs containing
inverted Alu repeats, (more then 90 % of editing
events mediated by dsSRNA-dependent adenosine
deaminases occur in inverted repeated Alu ele-
ments) [87]. Correspondingly, overexpression of
NEAT1 increases paraspeckle abundance, with
new paraspeckles solely originating from NEAT 1
transcription sites, indicating a prominent role for
NEAT1 in paraspeckle formation [88]. Indeed,
live-cell imaging analysis of paraspeckle de novo
assembly showed that this process appears to be
dependent on NEAT1 transcription, and the
IncRNA itself might serve as recruitment plat-
form for paraspeckle proteins [29].
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The X-linked IncRNA FIRRE represents
another example for a IncRNA functioning as
modulator of nuclear architecture. In male cells,
FIRRE together with the nuclear matrix protein
hnRNP-U appears to coordinate the nuclear
architecture across chromosomes, potentially
acting as scaffold for trans-chromosomal interac-
tions (Fig. 1.2d) involved in regulation of pluri-
potency pathways in male embryonic stem cells
[30]. More recently, a direct role for FIRRE in
relation to X chromosome inactivation has been
discovered. In mammals, one of the two female
X chromosomes is randomly silenced to balance
the dosage of X-linked gene expression between
the sexes. The inactivated X chromosome
becomes heterochromatic and gets localized near
the nucleolus. Interestingly, this process is
involves coating of the inactive X chromosome
by yet another IncRNA called XIST, which
recruits the PRC2 complex, resulting in tri-
methylation of histone 3, lysine 27 (H3K27me3)
across the whole chromosome— an epigenetic
mark required for chromatin compaction [89].
FIRRE is located on the X chromosome and
expressed on both X chromosomes before and
after X chromosome inactivation. It is involved
in positioning of the inactivated X chromosome
near the nucleolus and helps maintaining
H3K27me3 marks through a mechanism not yet
completely understood [31].

1.3.2 LncRNA Modes of Action
in the Cytoplasm

LncRNAs localized in the cytoplasm were shown
to be involved in post-transcriptional gene regu-
latory processes, such as modulation of mRNA
stability or regulation of miRNA accessibility,
translation and signal transduction pathways [65,
69, 90].

1.3.2.1 Control of mRNA Stability

by IncRNAs
The dsRNA-binding protein Staufen-1 (STAU1)
was recently shown to promote mRNA degrada-
tion by a process called Staufen-1 mediated
mRNA decay. Prerequisite for STAUI targeting

is the presence of a double stranded binding
region within the target mRNA. In some cases,
such STAU1 binding sites can be created through
involvement of ALU repeat element-containing
IncRNAs (Fig. 1.2e). Imperfect base-pairing
between ALU elements of the IncRNA and a
mRNA target of STAUI created a double-
stranded RNA region functioning as a binding
site for STAUT and resulting in STAU1 mediated
degradation of the mRNA [91, 92]. Thus, the
IncRNA appears to act as a specificity factor for
targeting of mRNAs to STAUI.

At the same time, association of STAU1 with
a IncRNA involved in epidermal tissue differen-
tiation can result in stabilization of target
mRNAs. The epidermis is a stratified surface epi-
thelium that provides a barrier to the external
environment. A precise balance between the pro-
genitor compartment and terminally differenti-
ated layers is needed to ensure formation of a
functional epidermis with an intact water barrier
[93]. The IncRNA TINCR is mainly located in
the cytoplasm of highly differentiated keratino-
cytes and required for induction of key differen-
tiation genes in epidermal tissue, including genes
mutated in human skin diseases characterized by
disrupted epidermal barrier formation [94].
TINCR directly interacts with STAUTI protein as
well as differentiation-specific mRNAs through a
25-nucleotide motif strongly enriched in interact-
ing RNAs as well as TINCR itself. The IncRNA
TINCR together with the STAUT protein appears
to stabilize a set of associated differentiation
mRNAs (Fig. 1.2f). Similar to the role of
IncRNAs in STAUl-mediated decay, TINCR
might act as a guidance molecule and thus pro-
vide specificity for mRNAs to be targeted to the
STAUI protein [95]. Interestingly, TINCR also
appears to stabilize mRNAs of MAF and MAFB,
coding for two transcription factors, as well as
CALMLYS, all acting as key regulators of epider-
mal differentiation [96, 97]. The mechanism by
which stabilization of these mRNAs occurs, and
whether there is a direct involvement in the trans-
lation process, remains unclear to date.

The IncRNA-p21 on the other hand, was
shown to directly impair translation of JUNB as
well as CTNNB1 mRNAs [98]. This process
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likely involves the RNA-binding protein HuR
which promotes translation of CTNNBI and
JUNB mRNAs and at the same time renders lin-
cRNA-p21 unstable through recruitment of a
Argonaute 2 / let-7 complex. In the absence of
HuR, the IncRNA acts as a translational repressor
for both mRNAs.

1.3.2.2 LncRNAs Functioning as miRNA
Sponges

Several IncRNAs fine-tune regulation of gene
expression through association with miRNAs by
acting as competing endogenous RNAs (ceR-
NAs), also termed miRNA sponges [99-102].
These IncRNAs contain multiple binding sites
for one or several miRNAs, and regulate target
mRNA expression by titrating the miRNA away
from its actual mRNA targets, thus modulating
miRNA-mediated post-transcriptional silencing
(Fig. 1.2g).

The tumor suppressor PTEN is a phosphatase
negatively regulating PI3K/AKT signaling, and
is frequently mutated in multiple cancer types.
Transcription of the PTEN pseudogene (PTENP1)
was shown to promote expression of the PTEN
mRNA by acting as molecular decoy for miR-
NAs targeting PTEN [103]. Correspondingly,
several protein coding mRNA transcripts sharing
common miRNA recognition elements with
PTEN mRNA, can also act as ceRNAs by titrat-
ing away miRNAs and thus fine-tuning PTEN
expression [104—107].

In a similar fashion, linc-MDI1, a IncRNA
expressed during early muscle differentiation,
contains consensus sites for miRNA-135 as well
as miRNA-133, two microRNAs important for
regulation of muscle differentiation. Linc-MD1
acts as a sponge by sequestering these microR-
NAs away from their target transcription factor
mRNAs, thus promoting the transition to later
stages of muscle differentiation [108].
Correspondingly, ectopic expression or siRNA-
mediated knock-down of linc-MD1 resulted in an
increase or delay of myogenesis. Interestingly,
linc-MD1 itself is the host-RNA for miRNA-133.
The biogenesis of miRNA-133 itself is controlled
by the RNA-binding protein HUR, which is
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under the repressive control of miRNA-133, thus
generating a feed forward regulatory loop
involved in linc-MD1-mediated regulation of
myogenesis [109]. H19, an imprinted IncRNA
was also shown to modulate muscle differentia-
tion by acting as a molecular sponge for let-7
miRNAs [110].

CeRNAs appear to also be involved in regu-
lating pluripotency of embryonic stem cells.
Along these lines, linc-RoR regulates expression
of pluripotency transcription factors Oct4,
NANOG and Sox2 by sharing response elements
for several miRNAs with these core transcription
factors [101].

Interestingly, a novel class of circular RNAs
(circRNAs) has recently gained a lot of attention.
CircRNAs result from a non-canonical form of
alterative splicing, form a closed, continuous
loop and are widely expressed in eukaryotes
[111]. So far, their functional roles are mostly
unknown, but two circRNAs were found to both
act as miRNA sponges [112, 113] (Fig. 1.2g).

1.4  Future Perspectives

Recent discovery of novel classes of short and
long regulatory non-coding RNAs revealed a
staggering complexity of RNA-mediated regula-
tion involved in nearly all biological processes.
Additionally, long known housekeeping ncRNAs
such as tRNAs or snoRNAs reveal a multitude of
novel gene regulatory functions. Also, the vast
majority of the many thousand mammalian long
non-coding RNAs identified to date remains
completely uncharacterized, suggesting that we
are far from grasping the full range of mecha-
nisms these molecules employ to regulate bio-
logical processes.

The tremendous recent developments in the
field of ncRNA biology clearly indicate that
several previous dogmas about the nature of
genome composition have to be adapted in
order to acknowledge the increased complexity
of RNA species and gene loci. The average
gene locus is much more complex than previ-
ously thought. This transcriptional complexity
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is partially reflected by recent reports indicat-
ing that more than 50 % of protein coding genes
have antisense non-coding transcription activ-
ity. Alternative splicing, presence of multiple
transcription initiation and termination sites, as
well as the occurrence of intronic short and
long non-coding transcripts or retained introns
exceedingly complicate the composition and
regulation of gene loci [68, 114-116]. This
complexity makes the characterization of pro-
tein-coding and especially non-coding RNAs
significantly more challenging and requires the
careful design of functional studies aimed to
analyze the roles of long and short ncRNAs in
an isoform-specific manner.

Importantly, not all RNAs with a mode of
action dependent on the RNA itself are purely
non-coding. Several IncRNAs for example were
shown to encode a functional, small peptide
[117, 118]. Additionally, a number of protein-
coding transcripts have additional roles apart
from serving as a template for translation of the
protein. Protein-coding transcripts acting as
ceRNAs are one example for this phenomenon
[107]. Another example is the RNA APELA,
which possesses protein-coding ability, but
the RNA itself is sufficient to mediate DNA
damage-induced apoptosis in embryonic stem
cells [119].

In addition to subcellular localization, identi-
fying the interactome of ncRNAs of interest can
greatly facilitate discovery of their modes of
action. Correspondingly, the mechanisms of
many of the functional IncRNAs characterized so
far were revealed by analysis of interacting pro-
teins, chromatin or RNA. Significant progress
has been made recently in the discovery of meth-
ods for the large-scale identification of RNA,
chromatin or proteins interacting with endoge-
nous IncRNAs [94, 120-126]. Availability and
further development of such biochemical as well
as bioinformatics techniques will clearly acceler-
ate our progress in dissecting the highly diverse
roles of ncRNAs and will eventually enable us to
acquire a more complete understanding of this
truly heterogeneous class of IncRNAs.
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Abstract

Colorectal cancer (CRC) is one of the most common diagnosed cancers
worldwide. The metastasis and development of resistance to anti-cancer
treatment are major challenges in the treatment of CRC. Understanding
mechanisms underpinning the pathogenesis is therefore critical in devel-
oping novel agents for CRC treatments. A large number of evidence has
demonstrated that non-coding RNAs (ncRNAs), including microRNAs
(miRNAs), long non-coding RNAs (IncRNAs), and circular RNAs have
functional roles in both the physiological and pathological processes by
regulating the expression of their target genes. These molecules are
engaged in the pathobiology of neoplastic diseases and are targets for the
diagnosis, prognosis and therapy of a variety of cancers, including CRC. In
this regard, ncRNAs have emerged as one of the hallmarks of CRC patho-
genesis and they also play key roles in metastasis, drug resistance and the
stemness of CRC stem cell by regulating various signaling networks.
Therefore, a better understanding the ncRNAs involved in the signaling
pathways of CRC may lead to the development of novel strategy for diag-
nosis, prognosis and treatment of CRC. In this chapter, we summarize the
latest findings on ncRNAs, with a focus on miRNAs and IncRNAs involv-
ing in signaling networks and in the regulation of pathogenic signaling
pathways in CRC.
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2.1 Introduction
Colorectal cancer (CRC) is one of the most com-
monly diagnosed cancers with approximately
one-third of patients with colon cancer are syn-
chronous or metachronous metastasis. With
regard to pathogenesis, CRC is one of the best-
characterized cancers and a leading cause of can-
cer death worldwide [1]. Despite many novel
approaches have been implemented for cancer
treatment, the majority of CRC patients eventu-
ally succumb to metastatic disease after the surgi-
cal resection of tumors [2]. The progression of
cancer metastasis is a complex process, which
ultimately leads to the cancer cells extravasate
through circulatory or lymphatic system to distant
tissues where they eventually colonize and
develop tumors. Currently, the 5-year overall sur-
vival rate of patients with primary CRC can be up
to 80-90 %, but it will be reduced to 40-60 % in
patients with advanced non-metastatic tumors,
and can be further decreased to 5-10 % in patients
with metastatic tumors [3], owing to an incom-
plete understanding of the molecular mechanisms
underpinning its pathogenesis, the high relapse
rate, the development of drug resistant cancer
cells and the presence of CRC stem/stem-like
cells (CRSCs) (also known as tumor initiating
cells), particularly, the metastasis and develop-
ment of drug resistance remain the major obsta-
cles toward a successful treatment for CRC [4, 5].

Human transcriptome analysis using high-
throughput sequencing technologies has revealed
that the majority of human genome (~90%) is
dynamically and pervasively transcribed as non-
coding RNAs (ncRNAs) [6], and an increasing
evidence has confirmed that ncRNAs are overtly
involved in the complex molecular signaling
needed to regulate the structures and functions of
cells and developmental contexts [7]. Therefore,
a dysregulation of ncRNAs may result in the
development and progression of many pathologi-
cal conditions, including cancer [6, 7].

ncRNAs are a class of functional RNA mole-
cules that regulate gene expression at the tran-
scriptional and post-transcriptional levels, which
can be categorized into two main groups; the
short (small) ncRNAs (<30 nts) and the long

Y.Yang et al.

ncRNAs (IncRNAs) (>200 nts). The microRNAs
(miRNAs), short interfering RNAs (siRNAs),
and piwi-interacting RNAs (piRNAs) represent-
ing classes of well-known short ncRNAs.
IncRNAs are a group of long RNA transcripts
with no apparent protein-coding role, in which
circular RNAs (circRNAs) are a class of IncRNAs
that have special 5~ and 3"-end processing [8].
Among these ncRNAs, miRNAs and IncRNAs
have gained the most attentions and their patho-
genic roles have been extensively investigated in
a variety of cancers.

High-throughput sequencing and/or microar-
ray analysis have revealed the alterations of
ncRNA profiling as a hallmark of many types of
cancers, including CRC, which has remarkably
improved our understanding in tumor biology
and genetics [8]. In this context, n.cRNA profiling
is correlated with neoplastic phenotypes and/or
disease progression, suggesting that ncRNAs are
biomarkers for the diagnosis and prognosis, and
are targets for developing novel agents for cancer
treatments [6, 7]. In this chapter, we summarize
recent understanding in the involvement of
ncRNAs in CRC pathobiology, with a focus on
miRNAs and IncRNAs in the signaling networks

of CRC development, progression and
metastasis.
2.2  MicroRNAs as a Hallmark

in the Development
and Progression
of Colorectal Cancer

miRNAs are a class of non-coding, small RNA
molecules found in both prokaryotes and eukary-
otes, which are able to negatively regulate the
gene expressions of target mRNAs at the post-
transcriptional level. Recent studies have reported
that the alterations of miRNA expression profile
in tumors compared with adjacent normal tissues
have been observed in a variety of cancers. The
altered miRNA expression profile has been pro-
posed to correlate with the stages and survivals in
patients with tumors, including CRC, in which
miRNAs can exert their regulatory roles by
directly targeting genes in the key steps of meta-
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static processes and acquired drug resistance [9—
12]. In this context, miRNAs can play a
functionality of either tumor-suppressors or
oncogenes (oncomirs) [13, 14].

In addition to their roles in cancer initiation
and development, alterations of miRNAs have a
great implication in cancer drug resistance
through a non-genetically mutational mecha-
nism. The dysregulation of miRNAs has been
involved in the regulation of gene function that
contributed to metastasis and acquisition of che-
moresistant phenotype [15]. Furthermore, miR-
NAs are also the key players in maintaining the
characteristics of cancer stem cells (CSCs) for
self-renewal, proliferation, differentiation and
chemoresistance, and they can be used for diag-
nostic, prognostic and therapeutic targets for the
metastasis, drug response and treatment of can-
cers [4, 15-20]. Recently, an increasing number
of evidence has indicated that miRNAs are
involved in the process of metastasis of CRC, and
several miRNAs have been identified as regula-
tors in CRC relapse by targeting metastatic sig-
naling pathways (Table 2.1) [9, 12].

By examining the expression profiling of
miRNAs in CRC using a variety of techniques
including global miRNA expression profiling
with deep sequencing or miRNA microarrays.
These studies also tested the selected miRNAs
with quantitative reverse transcriptase poly-
merase chain reaction (QRT-PCR) and confirmed
alterations of miRNA profiles in tumor tissues
and/or sera of CRC patients compared to that of
adjacent normal tissues and/or non-CRC patients.
Interestingly, an alteration of majority of miRNA
expression was found to be globally elevated in
CRC [12]. This view was supported by a recent
review on analysis of the profiling of miRNAs in
CRC, in which retrospective data indicated that
approximately 2/3 of the 164 altered miRNAs
were elevated in tumors. This finding suggested
that the miRNA processing machinery was not
compromised in CRC [12, 126]. Among them,
miR-21 is an extensively studied oncogene capa-
ble of targeting multiple tumor suppressor genes
including phosphatase and tensin homolog
(PTEN) and programmed cell death protein 4
(PDCD4), and activating Wnt/B-catenin signal-

ing [127, 128]. Other important miRNAs which
have been found to be altered in CRC includes
the miR-17-92 cluster, miR-31, miR-29a, miR-
135, miR-143, miR-145, miR-181b, miR-183,
the miR-200a/b/c family, miR-221 and miR-222
[12]. For instance, miR-143 and miR-145 were
down-regulated in CRC and thus suggested that
they are tumor suppressors. miR-143 was a well-
defined miRNA that associated with CRC metas-
tasis, less abundant miR-143 was found to
associate with larger tumor size and longer dis-
ease-free interval in colon cancer. While an
increased expression of miR-143 could attenuate
migration and invasion of CRC cells [129].
Mechanistically, miR-143 was identified to target
metastasis-associated in  colon  cancer-1
(MACCI1), a novel prognostic biomarker for
metastasis occurrence [129]. Consistently, over-
expression of miR-145 could reduce cell capacity
of migration and invasion by targeting paxillin in
human CRC cells [130]. By comparative analysis
of miRNA profiling from colon tissues of 54
CRC patients and 42 normal colon tissue sam-
ples, Kara et al. [131] found miR-17, miR-21-5p,
miR-27a-3p, miR-29a-3p, miR-29b-3p, miR-
34a, miR-34c, miR-96, miR-130a-3p, miR-
132-3p, miR-133b, miR-155, miR-193b-3p,
miR-203a, miR-205, miR-222-3p, miR-301a-3p
and miR-378a-3p were significantly deregulated
in CRC.

The metastatic progression of CRC is a com-
plex process, including the angiogenesis of adja-
cent tumor tissue, migration, and invasion which
ultimately leads to the intravasation and fluid
transportation of cancer cells through circulatory
or lymphatic system and extravasation to distant
tissues where they eventually colonize and
develop tumors. The angiogenesis is an essential
step for the growth of both primary and meta-
static tumors with bloodstream. Several lines of
evidence have demonstrated that miRNAs could
exert either a pro-angiogenic or an anti-angio-
genic effect in angiogenesis [132, 133]. For
examples, miR-221 and miR-222, whose expres-
sions are related to the TNM stage and local inva-
sion of cancer, and are frequently elevated in
colon cancer, they were able to inhibit angiogenic
activities in HUVEC (human umbilical vein
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Table 2.1 A list of microRNAs involved in the pathogenesis and metastasis of colorectal cancer

Process in colorectal

Expression | MicroRNA Target Signaling pathway cancer Reference
Down- let-7 HMGA2 EMT Cell proliferation, [21-24]
regulated migration, invasion,
metastasis
miR-1 MACCI1 MET Cell proliferation, [25]
invasion, migration
miR-16 PTGS2/COX2 PGE2/COX2 Cell proliferation [26]
miR-18a hnRNP A1, CDC42 Autophagy pathway, | Cell proliferation, [27, 28]
PI3K migration
miR-23b FZD7, MEKK1, PAK2, | Wnt, TGF and VEGF | Cell migration, [29]
TGFBR2, RRAS2, signaling invasion, angiogenesis
PLAU,VEGF
miR-27a SGPP1, SMAD2 TGFB/EMT Migration, invasion, [13]
metastasis, EMT
miR-29¢ GNAI13, PTP4A ‘Wnt/B-catenin Migration, invasion, [30]
metastasis
miR-30a PI3KCD PI3K Invasion, metastasis [31]
miR-34a Fra-1, E2F, SIRT1-p53, | Multiple pathways Migration, invasion, | [32-34]
FMNL2, IL6R, metastasis, EMT

ZNF281, MET, SNAIL,
CTNNBI, SLUG, ZEB1

miR-101b COX2, EP4, PTGS2 COX2/PGE2 Cell proliferation, [9, 35-37]
angiogenic pathway | motility, invasion
miR-107 CCND1 Cell cycle pathway Cell proliferation [38]
miR-124a CDK®6, Rb Notch/Cdk6, Rb/E2F | Cell proliferation, [39]
pathways migration, invasion
miR-125b Mcl-1, Bel-w, IL-6R Apoptotic pathway Cell proliferation, cell | [40]
invasion
miR-126 RhoA, VEGF, PI3KR, |PI3K/AKT, VEGF, | Migration, invasion, | [41, 42]
SPRED1 ROCK metastasis, EMT
miR-128 IRS1 IGF/IRS1/Akt Migration, invasion, [43]
pathway metastasis
miR-129 CDK6 Cell cycle signaling | Cell proliferation, cell | [44]
invasion
miR-132 ZEB2 EMT Migration, invasion, [45]
metastasis, EMT
miR-133b c-Met, K-Ras ROCK/Kras Migration, invasion, [39, 46]
metastasis, EMT
miR-137 Cdc42, LSD-1, TGF2I | TGFp, Rac/Cdc42 Proliferation, invasion, [47-49]

cell survival pathways | metastasis, EMT
miR-143/145 | KLF5, KRAS, ERKS, | MAPK/p53, EGFR, | Cell proliferation, [50, 51]

BRAF KRAS, MACCI, | Wnt, DNA invasion

IGFIR, DNMT3A, methylation

MYC, CDKG6, E2F1,

CCND2
miR-144 mTOR, GSTP1 AKT/mTOR, GSTP1/| Invasion, metastasis, | [52, 53]

MMP28 EMT
miR-148a BCL2 Apoptotic pathway Cell proliferation [54]
miR-149 FOXM1 PI3K/FOXM1 Cell proliferation, [55]
invasion

(continued)
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Table 2.1 (continued)

Expression

MicroRNA
miR-185

miR-192

miR-200c

miR-203
miR-206

miR-212

miR-214

miR-223
miR-320a
miR-335
miR-361-5p
miR-409-3p
miR-449b
miR-497

miR-429

miR-520d-5p

miR-520a/525a

miR-612

miR-622

miR-638

Target

HIF-2a, PCNA, MMP2

DHFR

ZEB1, ETS1 FLT1,
CDHI, VIM

AKT2

NOTCH3, FMNL2
MnSOD

TP53, B-catenin,
TGFR2, BAX,
CDKN2b, EGFR,
TFAP2C

FOXOI, RASAI

CTNNBI, RAC1, NRP1

ZEB2
SND1

GABI

E2F3, CCND1

IGFIR

Onecut2

CTHRC1

PI3KCA, VEGFR1

AKT2

Kras

SOX2, TSPANI

Signaling pathway
HIF signaling

DNA methylation
pathway
EMT

AKT/p53

Notch signaling,

MAPK/PI3K/MnSOD

Whnt/B-catenin,
EGFR, apoptotic
pathways

Cell cycle pathway
Wnht signaling

EMT pathway

Migration/invasion
pathways
GABI1/PI3K
MAPK/p53 pathway
IGF1/PI3K/mTOR,

IGF1/Kras/MEK
EMT

CTHRCI1/ERK

PI3K/AKT, VEGF

ATK/PI3K

Rho/ras

Sox2/Wnt, FGF
signaling

Process in colorectal
cancer

Invasion, metastasis,
EMT

Cell proliferation

Cell proliferation,
invasion, migration,
EMT, metastasis
Cell proliferation,
invasion, migration

Cell proliferation

Cell invasion,
migration,
metastasis

Cell proliferation,
invasion, metastasis

Cell proliferation,
invasion, metastasis
Cell proliferation,
migration, invasion,
metastasis, EMT
Metastasis, EMT

Cell migration,
invasion

Cell proliferation,
invasion

Cell proliferation,
invasion

Cell proliferation,
migration, invasion
Cell migration,

invasion, metastasis,
EMT

Cell proliferation,
migration, invasion,
metastasis

Cell proliferation,
migration, invasion,
metastasis

Cell proliferation,
invasion, metastasis,
EMT

Cell migration,
invasion

Cell invasion,
migration

23

Reference
[56]

[57, 58]

[59, 60]

[61]
[62, 63]
[64]

[39, 65]

[66, 67]

[68-70]

[71]

[72]

[73]

[74]

[75-77]

[78]

[79]

[80, 81]

[82]

[83]

[84, 85]

(continued)
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Table 2.1 (continued)

Expression

Up-regulated

MicroRNA
miR-15a/16-1

miR-17-92
cluster

miR-19
miR-19a
miR-21

miR-31

miR-32

miR-96

miR-103

miR-106b

miR-107

miR-122

miR-132

miR-135b

miR-141

miR-155

miR-181a

miR-182

miR-196a

miR-200
miR-210

Target
AP4

E2F1, PTEN, BCL2L11,

CDKNI1A, TSP-1,
CTGF, E2F1, E2F2,
E2F3, TGFBR2,
CDKNI1A, BIM
TG2

ND

TGFpR2, PTEN,
PDCD4, CCL20,
Cdc25A, RHOB,
RASA1

CDKN2B, RASA1

PTEN

FOXO1, FOXO3A, p53

DAPK, KLF4, RB1,
TGFBR2

DLC1,RB1, TGFBR2

DAPK, KLF4, RBI1,
TGFBR2

CAT1, ADAML17,
cyclin-G, Bcl-W

ZEB2
B-catenin, PTEN,

TGFBR2
ZEBI, ETSI

E2F2, MSH2, CLDNI,

MSH6, MCH1

PTEN, WIF1

ENTPDS, IGFR1

HoxA7, HoxB8, HoxC8,

HoxD8
ZEBI1
K-Ras

Signaling pathway
p5S3/EMT

E2F1/p53,
PTEN/PI3K,
apoptotic pathways

EMT

TNFo/miR-19a/EMT

Multiple pathways

Cell cycle

PTEN/PDCD4

PI3K/FOXO, p53
pathway

DAPK, Wnt/KLF4
pathways

DLC1/RhoA
RB1, TGFBR2

¢-MET/STAT3/ERK
pathway

EMT

Whnt/B-catenin, PTEN/| Invasion, migration,

PI3K, TGFp
EMT
Cell cycle pathway

Wnt, PTEN/AKT
signaling

EGFR/Akt pathway

AKT signaling

EMT pathway
Rho/Kras

Y.Yang et al.

Process in colorectal
cancer Reference
Cell proliferation, [86]
invasion, EMT
Angiogenesis, [87-89]
proliferation,
metastasis
Metastasis, EMT [90]
Metastasis, EMT [91]
Cell proliferation, [92, 93]
migration, invasion,
metastasis, stemness
Cell proliferation, [94-96]
invasion, migration
Cell proliferation, [97]
migration, invasion,
metastasis
Cell proliferation, [98]
invasion, migration
Invasion, migration, [99]
metastasis
Cell proliferation, [100]
migration, invasion,
metastasis
Invasion, migration, [99]
metastasis, EMT
Cell proliferation, [101, 102]
migration, invasion,
metastasis
Invasion, migration,
metastasis, EMT

[103-105]
metastasis, EMT
Metastasis, EMT [106]
Cell proliferation, [107-109]
migration, invasion,
chemoresistance
Cell proliferation, [110, 111]
invasion,
metastasis, EMT
Cell proliferation, [37, 39,
migration, invasion, 112]
metastasis
Cell proliferation, [113]
migration, invasion
Metastasis, EMT [114]
Cell proliferation, [77, 115]

migration, invasion,
metastasis

(continued)
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Table 2.1 (continued)

Expression | MicroRNA Target

miR-221 c-Kit, Stat5A, ETSI,
ENOS

miR-224 CDS2, HSPC159,
SMAD4

miR-301a TGFpR2

miR-320b miR-320a

miR-372 TXNIP, LATS2

miR-451 MIF

miR-495 PTEN, PDCD4

miR-525 PI3K

miR-625-3p SCAI

miR-675 Rb

miR-720 STARD13

miR-1269a TGFpR2, SMAD?7,

HOXD10

25
Process in colorectal
Signaling pathway cancer Reference
Stat/PI3K/Akt/ Cell proliferation, [77, 115]
mTOR, Ras/ERK migration, invasion,
pathways metastasis
Cell cycle and EMT | Cell proliferation, [116-118]
pathways EMT
TGF signaling Cell proliferation, [119]
EMT
p-catenin, Cell proliferation, [120]
Neuropilin-1 and migration, invasion,
Rac-1 metastasis
MAPK/ERK Cell proliferation [121]
MIF/Src pathway Cell migration, [9, 48]
invasion, metastasis
PTEN/PI3K/Akt Cell proliferation, [56]
migration, invasion,
metastasis
Akt/PI3K Cell migration, [56]
invasion, metastasis
SCAI/E-cadherin/ Cell proliferation, [122]
MMP-9 pathway migration, invasion,
metastasis, EMT
Rb/E2F pathway Cell proliferation [123]
MAPK/ERK Cell proliferation, [121, 124]
invasion, migration
TGFp/Smad Cell proliferation, [125]

migration, invasion,
metastasis, EMT

EMT: Epithelial to mesenchymal transition; ND: Undefined

endothelial cells) by directly targeting angio-
genic genes of c-Kit (v-kit Hardy-Zuckerman 4
feline sarcoma viral oncogene homolog), Stat5A
(signal transducer and activator of transcription
5A), ENOS (endothelial nitric oxide synthase)
and ETS1 (v-ets erythroblastosis virus E26 onco-
gene homolog 1) [115]. In contrast, miR-497 is
down-regulated in CRC, which is capable of
inhibiting cancer cell survival, proliferation and
invasion [76], by targeting IGFIR (insulin-like
growth factor 1 receptor gene), an angiogenic
activator that contributes to angiogenesis in
tumors [75]. Other miRNAs, such as miR-194 is
also down-regulated in CRC, which can directly
targeting an inhibitor of angiogenesis by binding
to the 3" UTR of THBS1 mRNA that encodes
thrombospondin-1 (TSP-1) [134]. These studies
suggest that miRNAs may play a paradoxical

role in tumor angiogenesis through regulating the
expression of inhibitors or activators of angio-
genesis [9].

Consistently, several miRNAs, including
miR-29a, miR-31, miR-103 and miR-107 have
been reported to exert effects on the invasion of
CRC cells in vitro and in vivo [135]. For exam-
ple, the expression of miR-103 and miR-107
were up-regulated in colon cancer cells [99],
both of them were able to directly modulate the
expression of DAPK1 (death-associated protein
kinase 1) and KLF4 (Kriippel-like factor 4), and
sequentially led an increased cell motility and
suppression of cell-cell adhesion. Such an inhib-
itory role of miRNA in KLF4 expression of CRC
was also found in miR-29a, in which more abun-
dant miR-29a transcript could be detected in
colon cancer with liver metastasis as compared
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to non-metastatic cancer, it thus was suggested
as a sensitive and potential marker for colon can-
cer metastasis [136]. On the other hand, miR-
132 and miR-335 have been reported that these
miRNAs inhibit colon cancer invasion and
metastasis via directly targeting ZEB2 [136].
miR-552 and miR-592 were both overexpressed
in primary CRC, which could distinguish metas-
tases in the lung between primary lung adeno-
carcinoma and CRC [136].

With respect to the colonization of cancer
cells from primary sites to distant tissues or
organs, the process of epithelial to mesenchymal
transition (EMT) is the mission-critical step in
the metastatic cascade, which is an evolutionarily
conserved program of gene expression during
which epithelial cells adopt characteristics of
mesenchymal cells. A numbers of studies have
demonstrated that the EMT is regulated by a vari-
ety of signaling pathways, including transform-
ing growth factor-beta (TGF-B), hepatocyte
growth factor (HGF), platelet-derived growth
factor (PDGF) and epidermal growth factor
(EGF). Studies on miRNA expression patterns
have been conducted to identify microRNAs with
possible roles in TGF-p-induced EMT. It is
reported that miR-21 and miR-31 facilitate TGF-
B-induced EMT by targeting T-lymphoma inva-
sion and metastasis 1 (TIAM1), repressing its
translation rather than inducing mRNA degrada-
tion [99].

Involvement of MicroRNAs
in the Signaling Pathways
Related to Colorectal Cancer
Pathogenesis

2.3

An increasing number of studies has suggested
that miRNAs can modulate tumor progression
process mainly by targeting certain genes in criti-
cal signaling in CRC metastasis, such as the
Whnt/B-catenin, epithelial growth factor receptor
(EGFR), TGF-p, p53 and PTEN/phosphati-
dylinositol-3-kinase (PI3K) pathways (Table 2.1
and Fig. 2.1) [9, 12, 20, 41, 42, 80, 97,
137-143].

Y.Yang et al.

2.3.1 Wnt/p-Catenin Signaling

A hyperactivated canonical Wnt signaling has
usually been found to be associated with CRC
initiation and progression, implying that the reg-
ulatory role of miRNAs in CRC by targeting Wnt
signaling [144]. Mutations of adenomatous pol-
yposis coli (APC) occur in more than 60% of
colon cancers, which lead to an activation of
canonical Wnt/fB-catenin signaling. The canoni-
cal Wnt pathway has been recognized to associ-
ate with early colon cancer development,
suggesting that miRNAs correlated with regula-
tion of Wnt signaling may play a role in colon
cancer formation. Indeed, miR-135 was found to
be up-regulated in colon tumors and correlated
with low level of APC, which could exert an
effect on colon cancer via regulating Wnt/f-
catenin signaling pathway in colon cancer [145].
In addition to miR-135 family, miR-93 and miR-
145 were also able to regulate Wnt/p-catenin sig-
naling by targeting catenin gene [146] and Smad7
that can subsequently down-regulated Wnt/fp-
catenin signaling [147].

2.3.2 EGFR Signaling

EGFR is a member of the human epidermal
growth factor receptor or ErbB family of receptor
tyrosine kinases. This trans-membrane glycopro-
tein may be activated through the binding of
related ligands, which leads to EGFR forming
homodimers or heterodimers with its family
members such as ErbB2/neu, ErbB3/HER3 and
ErbB4/HER4. This process can promote auto-
phosphorylation of the intracellular domain
through tyrosine kinase activity and stimulation
of two major downstream signaling pathways,
KRAS/RAF/ERK and PI3K/AKT. EGFR signal-
ing is a well-characterized pathway that plays a
critical role in the survival, proliferation, migra-
tion, angiogenesis, and apoptosis of cancer cells,
and a dysregulation of this signaling frequently
occurs in several types of epithelial cancers,
including the CRC [148]. A series of investiga-
tions has revealed that miRNAs were extensively
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Fig. 2.1 An illustration represents the overview of
microRNAs (miRNAs) and their targets involving in the
key signaling pathways in colorectal cancer (CRC) metas-
tasis. The depicted miRNAs affect the important factors
of colon cancer development and malignancy, such as

involved in the regulation of EGFR signaling,
and could serve as promising predictive biomark-
ers to anti-EGFR therapy [17]. In order to dem-
onstrate the regulatory roles of miRNAs in
anti-EGFR treatment of CRC patients, Mosakhani
et al. [149] first analyzed the miRNA profiling to
predict overall survival (OS) of metastatic CRC
(mCRC) patients in anti-EGFR antibody therapy,
and found that an up-regulation of let-7 family
and miR-140-5p, along with a down-regulation
of miR-1224-5p were associated poor OS in anti-

Y

PTEN/PDCD4, EGFR/KRAS, EGFR/mTOR, TGF-f,
p53 and EMT transcription factors. miRNAs that labeled
in red fonts are oncomirs upregulated in CRC; whereas
miRNAs that labeled in green fonts are tumor suppressor
miRNAs downregulated in CRC

EGFR treatment. Interestingly, Ruzzo et al. [150]
has previously demonstrated that let-7 could
down-regulate KRAS with anti-cancer effects in
the presence of activating KRAS mutations, a
higher let-7a levels were significantly associated
with better survival outcomes in patients who
were KRAS-mutated CRC and underwent a
treatment of cetuximab plus irinotecan, which
implying that let-7 might restore anti-EGFR ther-
apy effects in patients with chemotherapy-refrac-
tory metastatic disease. In addition, miR-31 was
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also recently identified as a predictive marker for
progression-free survival (PFS) in patients with
KRAS wild-type mCRC with anti-EGFR therapy
[151, 152]. On the other hand, the expression of
miR-7 [153] and miR-181a [154] was identified
as predictor for mCRC patients with poor PFS in
EGFR-targeted therapy [153, 154]. With respect
to CRC metastasis, miR-181a was the most
elevated in CRC with liver metastases, and
correlated with advanced stages, distant metasta-
sis. Mechanistically, miR-181a could directly
and functionally target Wnt inhibitor factor-1
(WIF-1), as well as suppress the expression of
epithelial markers E-cadherin and p-catenin,
while increase the expression of mesenchymal
marker vimentin [111].

2.3.3 P53 Signaling

p53 is one of the most important tumor suppres-
sors that frequently inactivated in gastrointestinal
cancers. miRNAs have recently been recognized
as mediators and regulators of p53 signaling, vice
versa, pS3 can alter the expression and/or matu-
ration of several miRNAs [155]. For instance,
p53 could induce miR-15a/16-1 and form a dou-
ble-negative feedback loop with AP4 to regulate
the epithelial to EMT and metastasis of CRCs
[86]. In this context, the transcription factor AP4
played a key role in EMT, which was down-regu-
lated by DNA damage in a p53-dependent man-
ner in CRCs. On the other hand, the p53-induced
miR-15a/16-1 could in turn directly target AP4
and induce mesenchymal to epithelial transition
(MET), accordingly inhibited CRC cell migra-
tion and invasion [86]. This finding was similar to
a function of miR-34a, a tumor suppressor that
contributes to apoptosis and acute senescence of
cancer cells. miR-34a can be induced by p53, and
form a p53/miR-34a axis to regulate a Snail
1-dependent cancer cell EMT [156]. Other miR-
NAs include let-7a [157], miR-16 [158], miR-
133a [159], miR-192/215 [57] and miR-194
[134] were also found to be induced by p53 in
CRC. Similarly, miR-96 also has been suggested
to able to target p53 pathway and promote CRC
cell proliferation and tumor progression [98].

Y.Yang et al.

2.3.4 TGF-p/Smad Signaling

TGF-p/Smad signaling is an important molecular
pathway involved in EMT of cancers, in which
miRNAs are crucial regulators in controlling the
TGF-p signaling pathway [160]. Oncomir miR-
21 [93], miR-135b [105], miR-301a [119] and
miR-1269 [125] are all up-regulated in CRC tis-
sues and cell lines, and an overexpression of
these oncomirs can further promote the invasion,
migration and metastasis of CRC cells, by which
miRNAs directly target TGF-p2 receptor (TGF-
B2R) and regulate TGF-f signaling pathway. In
addition, the RAS signaling pathway also has
been demonstrated to play a vital role in patho-
genesis of CRC. In this context, and RAS signal-
ling terminators, RAS-GTPase-activating
proteins (RASGAPs) are correlated with the
development and progression of cancers, which
can be regulated by miRNAs. For example, an
aberrant miR-223 transcript was detected in CRC
tissues, which was involved in down-regulation
of RASAT1 in CRC tissues. Furthermore, an over-
expression of miR-223 promoted CRC tumor
growth and an inhibition of miR-223 repressed
the tumor growth [67].

2.3.5 PTEN/PI3K Signaling

The phosphatase and tensin homolog (PTEN) is a
phosphatase related to the phosphatidylinositol-
3-kinase (PI3K) pathway, which is involved in
angiogenesis of tumors [137]. The PTEN/PI3K
signaling has been demonstrated to be involved
in angiogenesis of many types of cancers. Several
miRNAs have been identified for targeting
PETN/PI3K pathway in CRC. miR-17-92 clus-
ter, also known as oncomir-1, one of its target is
PTEN, which can promote chemotherapeutic
drug resistance and metastasis in CRC by target-
ing PTEN [138]. In addition, Dews et al. [139]
discovered that the miR-17-92 cluster could
mediate MYC-dependent tumor promoting
effects by suppressing the expression of TSP-1
and CTGF (connective tissue growth factor),
which are anti-angiogenic factors. miR-32 was
another miRNA identified to regulate PTEN
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expression and promote the growth, migration,
and invasion of CRC cells [97]. Other miRNAs
include miR-21 [140], miR-22 [141] miR-30a
[80], miR-126 [142], miR-153 [143] and miR-
520a [80] were also identified to be able to
directly target PTEN/PI3K in CRCs. miR-126 is
another example, which is down-regulated in pri-
mary CRC cancer. The miR-126 can activate vas-
cular endothelial to growth factor (VEGF)
pathway by modulating the expression of
sprouty-related protein SPREDI1 and PIK3R2
(PI3K regulatory subunit 2). In addition, mice
knockdown of miR-126 exhibit phenotypes
including a loss of vascular integrity and an inhi-
bition of endothelial cell migration and angio-
genesis [41]. Moreover, miR-126 is also able to
bind to the 3-UTR of p85beta (phosphatidylino-
sitol-3-kinase regulatory subunit beta, PI3Kp)
mRNA and modulates its expression. PI3Kp is a
regulatory subunit involved in stabilization and
propagation of PI3K pathway [142]. Apart from
its regulatory role in PI3K pathway, the miR-126
was recently found to exert a role of tumor sup-
pressor by inhibiting RhoA/ROCK signaling
pathway through repressing RhoA expression.
The activity of ROCK is involved in the invasion
and metastasis of tumor cells including the CRC,
in which ROCK is the main RhoA downstream
effector [42].

In addition to directly target cell signaling
molecules, miRNAs also can modulate signaling
activity by targeting their homolog miRNAs. For
example, miR-320a is a tumor suppressor with
single nucleotide different from its homolog
miR-320b. The latter was found to be up-regu-
lated tumor from CRC patients with liver metas-
tasis, which showed an opposite function of
miR-320a. miR-320b is able to promote CRC
cell proliferation and invasion by competing its
homolog miR-320a, and its overexpression leads
to up-regulation of the target genes of miR-320a
including p-catenin, Neuropilin-1 and Rac-1
[120]. Several miRNAs identified in CRC metas-
tasis and their targets and regulated signaling
pathways are listed in the Table 2.1.

24  MicroRNAs Targeting
Signaling Pathways
in the Metastasis

of Colorectal Cancer

Recently, miRNAs have been suggested to
involving in the acquisition of acquire stem-cell-
like properties for cancer cells by regulating
EMT signaling. For example, Hur et al. [59]
found that miR-200c was aberrantly expressed in
metastatic colon tumor tissues and colon cancer
cells, and this up-regulated miR-200c was corre-
lated with an reduction of the expression of its
target genes: zinc finger E-box binding homeo-
box 1 (ZEB1), ETS1 and fms-related tyrosine
kinase 1 (FLT1), which in turn up-regulates
E-cadherin and down-regulate the expression of
vimentin, sequentially led an activation of EMT
signaling pathway (Fig. 2.1). This observation
was in line with a study by Korpal et al. [161], in
which the authors demonstrated that the effect of
down- or up-regulation of miR-200 family mem-
bers caused a downstream increase/decrease of
expression of ZEB1 and ZEB2, and then modu-
lated the EMT pathway. These studies demon-
strate that miRNAs may play an important role in
mediating EMT and metastatic behavior in the
colon cancer.

Another well-defined miRNA that associated
with colon cancer metastasis is miR-143. The
miR-143 was down-regulated in colon cancer
and liver metastasis, and a less abundant miR-
143 was found to associate with larger tumor size
and longer disease-free interval in colon cancer,
and an enhanced expression of miR-143 attenu-
ates migration and invasion in colon cancer [162].
Mechanistically, miR-143 was identified to target
metastasis-associated in  colon  cancer-1
(MACCI), a novel prognostic biomarker for
metastasis occurrence, which was over-expressed
in colon cancer and other cancer types [129].
Therefore, a down-regulation of miR-143 could
enhance colon cancer metastasis through the
MACCI-induced HGF-MET signaling pathway
[77, 163]. Similarly, a down-regulation of miR-
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34a and miR-145 were also found in colon cancer
[164, 165]. miR-145 can act as a suppressor of
tumor by inhibiting activities of KRAS and
BRAF [50], while miR-34a may play a role as a
tumor suppressor by regulating the Sirtuin 1
(SIRT1)-p53 pathway. In this context, miR-34a
and p53 signaling can form a positive feedback
loop, and the miR-34a inhibits the expression of
SIRT1 [165]. In addition, miR-622 was found to
down-regulated in metastatic CRC tissues and
cell lines, which showed a potential to suppress
tumor proliferation and migration in vitro, by tar-
geting KRAS [83]. Recently, Huang et al. [91]
found that miR-19a was up-regulated in CRC tis-
sues, and the elevated miR-19a transcript was
strongly associated with lymph node metastasis
of CRC. Mechanistically, an overexpression of
miR-19a in human CRC cells enhanced the
capacity of cell invasion and EMT that was
induced by TNF-a. Of note, miR-19a transcrip-
tion could be up-regulated by TNF-a, and miR-
19a was required for TNF-a-induced EMT and
metastasis in CRC cells.

Since EMT and MET are well-established
biological events that play pivotal roles in the
homeostasis and pathogenesis of colon during
CRC progression and development of chemore-
sistance, during which the TGF-f signaling is the
key player. Therefore, miRNAs involved in the
TGF-p signaling may be targets for reversing
drug resistance. Indeed, miR-147 has been shown
an ability to reverse anti-EGFR TKI resistance in
CRC cells by inducing EMT to MET [166].
Intriguingly, a recent novel therapeutic strategy
by reprogramming CRSCs using miRNAs target-
ing key transcription factors for stemness led an
enhanced chemosensitivity in CRC cells [167].
In this study, the authors reprogramed CRC cells
(DLD-1, RKO and HCT116) by targeting key
transcription factors (Oct3/4, Sox2, c-Myc and
Klf4) using a mixture of mature miR-200c, miR-
302a-d, miR-369-3p and miR-369-5p. In this
regard, Oct3/4, Sox2, c-Myc and Klf4 are known
transcription factors essentially for maintenance
of the stemness. The CRC cells introduced with
the miRNA mixture exhibited an embryonic stem
cell-like morphology and expressed the undiffer-
entiated markers of Nanog, Oct3/4, Sox2 and

Y.Yang et al.

KIf4 but decrease of c-Myc. Notably, the miRNA-
transfected DLD-1 cells displayed a reduced pro-
liferative capacity along with an increased
expression of the tumor suppressor genes p16 4
and p21**!, accompanied with an enhanced sen-
sitivity to 5-FU, possibly by down-regulating
multidrug resistant protein 8 [167]. All together,
these studies highlight an important role of miR-
NAs in the connection of CSC, EMT and drug
resistance, which may offer novel targets to max-
imize the effects of conventional cancer therapies
[144].

2.5 Long Non-coding RNAs
as Hallmarks

in the Development
and Progression

of Colorectal Cancer

IncRNAs are a class of non-protein-coding RNAs
with length greater than 200 nucleotides, which
comprise transcripts resided in long intergenic
non-coding RNAs (lincRNAs) and introns of
protein coding genes, transcripts of pseudogenes
and ultra-conserved regions (tUCRs), as well as
transcripts that partially overlapping the UTRs or
promoters of protein coding genes [8].
Functionally, increasing lines of evidences have
suggested that IncRNAs are involved in a broad
spectrum of biological processes, including cell
proliferation, differentiation, cell apoptosis, and
stem cell self-renewal in a developmental and
tissue-specific manner, through a broad range of
mechanisms including regulations of epigenetic
modification, alternation of RNA splicing, modu-
lating protein localization and activity, in part
owing to their abilities to bind DNA, other RNAs
and proteins [8, 168, 169]. To date, a compelling
body of studies has evidenced the involvement of
IncRNAs as hallmarks in neoplastic diseases,
including the CRC by targeting various signaling
pathways [169]. In this context, IncRNAs can
function as oncogenes and/or tumor suppressors
by interacting with other regulatory molecules,
such as DNA, RNA and proteins related to sig-
naling pathways involved in CRC pathology
[168, 169]. By employing high-throughput
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sequencing technologies and/or microarray anal-
ysis, an expanding list of dysregulated IncRNAs
has been identified in CRC tissues and/or cell
lines, which are hallmarks involved in the patho-
genesis of this neoplastic disease, and can be
potentially used as diagnostic and prognostic bio-
markers for CRC, despite the underlying mecha-
nisms of their functions in CRC biology remain
largely unknown (Table 2.2) [168—170].

A genome-wide analysis recently performed
by Xue et al. [202] using the high-throughput
microarray assay of human CRC tumor tissues
and their matched adjacent normal tissues, the
investigators found a series of differentially
expressed IncRNAs CRC, and in two of the
IncRNAs, HOTAIR and IncRNA-422 were fur-
ther confirmed in 90 paired clinical samples, bio-
informatics analysis suggested that that these two
IncRNAs might be involved in the pathogenesis
by regulating protein coding genes relevant to
cancers. Metastasis is a main cause of cancer
relapse and development in CRC, several lines of
studies thus examined the metastasis associated
IncRNAs in metastatic lymph nodes and livers of
CRC patients by a microarray analysis [250—
252]. By comparing the expression of IncRNAs
between metastatic lymph nodes (MLN), normal
lymph nodes (NLNs) and CRC tumor tissues,
Han et al. [250] found that 1133 of the 33,045
screened IncRNAs were differentially expressed
in MLN compared with NLN, of which 260 were
up-regulated and 873 down-regulated; 545
IncRNAs were differentially expressed in MLN
compared with CRC tumor tissues, of which 460
were up-regulated and 85 down-regulated; in
addition, 14 IncRNAs were specifically up-regu-
lated and 5 specifically down-regulated in MLN
as compared with the cancer tissues. The expres-
sion of IncRNAs AK307796, AK025180 and
AKO021444 were further confirmed using a qRT-
PCR assay in 26 paired clinical samples by the
same group [251]. Consistently, Ye et al. [252]
determined the expression of ncRNAs in colorec-
tal liver metastasis (CLM) and found that 1332
IncRNAs were differentially expressed in CLM
tissues, 40 differentially expressed IncRNAs that
potentially related to CLM were further exam-
ined in an expanded set of clinical samples, and

three IncRNAs, CLMATI1-3 were verified.
Clinically, an aberrantly up-regulated CLMAT3
was strongly correlated with CLM and MLN,
CRC patients with a high CLMAT3 expression
exhibited a shorter median overall survival (OS)
duration than those who had a low level of
CLMAT3 expression [252].

The chemoresistance causes drug treatment
failures that ultimately lead to the cancer recur-
rence and death. In order to interrogate the
mechanisms underpinning resistance develop-
ment, Sun et al. recently analyzed the expres-
sion profile of IncRNAs associated with
vincristine (VCR) resistance in HCT-8 colon
cancer cells by next-generation sequencing they
determined that 23 IncRNAs were up-regulated
and 20 IncRNAs were down-regulated with a
fold change greater than 10 in VCR-resistant
cells in comparison with the VCR-sensitive
cells [253]. By using a similar approach, Xiong
et al. [188] also profiled the differential expres-
sion of IncRNAs between 5-fluorouracil (5-FU)-
resistant and non-resistant HCT116 CRC cells
using a microarray analysis. A total of 2662
IncRNAs was differentially expressed in
5-FU-resistant HCT116 cells when compared
with those in parental HCT116 cells, of these 6
of IncRNAs, including TCONS00026506,
ENST00000468960, NR038990,
ENST00000575202, ENST00000539009 and
ENST00000544591 were further validated by a
qRT-PCR assay [188]. Of note, DNA methyla-
tion also is an important epigenetic modification
for CRC, and 761 IncRNA genes with DNA
hypermethylation in CRC have been recently
identified using a MethylCap-seq dataset. By
integrating the IncRNA profile and methylation
datasets, the authors further demonstrated that
the expression of IncRNAs was inversely corre-
lated with DNA methylation [254]. Genetically,
genetic variants in chromosome 8q24 where the
IncRNA prostate cancer-associated ncRNA 1
(PRNCR1) is located, has been recognized to be
able to confer the susceptibility to CRC [238].
In addition, genetic variants of LNC00964-3
[255], and HOX transcript antisense RNA
(HOTAIR) [201] have also been uncovered to be
associated with risks of CRC. These studies
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clearly suggest that a dysregulated expression of
IncRNAs is a hallmark of CRC pathogenesis.
Indeed, increasing lines of study have identified
several IncRNAs that have importantly regula-
tory roles in CRC pathology, such as BRAF-
activated non-protein coding RNA (BANCR),
colorectal neoplasia differentially expressed
(CRNDE), HI19, HOTAIR, Metastasis-
Associated Lung Adenocarcinoma transcript 1
(MALAT1), H19, lincRNA-p21 and PRNCRI1
(Table 2.2).

2.6 LongNon-coding RNAs
Targeting Signaling
Pathways Related

to Colorectal Cancer

Pathogenesis

HOTAIR is one of the most intensively studied
IncRNAs located within the Homeobox C
(HOXC) gene cluster on chromosome 12 and co-
expressed with the HOXC genes, which is an
oncogenic lincRNA and functions as a molecular
scaffold to assemble the two histone modification
complexes polycomb repressive complex 2
(PRC2) and lysine (K)-specific demethylase 1A
(LSD1) on the HOXD gene cluster, induces his-
tone H3 lysine-27 (H3K27) trimethylation and
H3K4 demethylation for epigenetic gene silenc-
ing to promote cancer metastasis [256, 257]. It is
pronouncedly overexpressed in most solid can-
cers and correlated with tumor invasion, progres-
sion, metastasis, and poor prognosis, which was
also required for EMT and stemness maintenance
in cancer cell lines [200]. Mechanistically,
HOTAIR can epigenetically regulate HOXD
expression and promotes cancer metastasis in
breast cancer by silencing multiple metastasis
suppressor genes, such as HOXD10, PGR, and
the protocadherin gene family in breast cancer
[258]. In CRC, the higher abundance of HOTAIR
transcripts was determined in CRC tissues rela-
tive to the matched normal tissues, which was
correlated with the levels of members of the
PRC2 complex H3K27me3, SUZ12 and EZH2,
and was involved in maintaining the mesenchy-
mal and undifferentiated status in CRC cells
[199]. In addition, CRC patients with abundant

Y.Yang et al.

HOTAIR transcript in both primary tumor tissues
and blood exhibited a relatively unfavorable
prognosis [199, 203, 204]. Intriguingly, a recent
study in evaluation of the expression of HOTAIR
in colon cancer tissues revealed that an increased
abundance of HOTAIR transcript was signifi-
cantly correlated with the extent of tumor inva-
sion, metastasis, histological differentiation and
advanced stages, i.e. patients with a higher
HOTAIR expression had higher recurrence rates
and less metastasis-free and shorter overall sur-
vival relative to those who with lower level of
HOTAIR expression. More interestingly, the
increased expression of HOTAIR had a limited
effect on cell proliferation in vitro, despite it
could significantly promote cancer cell migration
and invasion. A depletion of HOTAIR induced
the expression of E-cadherin while concomi-
tantly suppressing the expression of vimentin and
MMP9, suggesting that HOTAIR may play a cru-
cial role in EMT of colon cancer [204]. These
studies indicate that HOTAIR may serve as
potential prognostic marker serve as potential
surrogate prognostic marker for patients with
metastatic CRC. Similarly to HOTAIR, also the
IncRNA  colorectal neoplasia differentially
expressed (CRNDE) that also elevated in early
stages of CRC tissues [183], can physically and
functionally associate to PRC2 [259]. Knockdown
of CRNDE and PRC?2 exhibited alterations of the
expression of a list of overlapped genes, suggest-
ing an involvement of CRNDE in the epigenetic
remodeling of chromatin, in part through the
down-regulation of gene expression by targeting
histone methylation via the PRC2 complex [259].
In addition, knockdown of CRNDE showed a
decrease of the expression of several pluripo-
tency markers, such as SOX2, KLF4, NANOG
and OCT4), possibly due to some pluripotency-
related transcription factors (such as Myc) could
bind to the CRNDE promoter [260]. Interesting,
CRNDE also exhibited an ability to promote gli-
oma cell growth and invasion through a mamma-
lian target of rapamycin (mTOR) signaling
pathway [185].

MALAT1 is another well known cancer
related IncRNAs, which is significantly up-regu-
lated in metastases of various cancers, including
the CRC [223-226]. MALAT1 could promote
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CRC tumor growth and metastasis by regulating
tumor suppressor proteins SFPQ (also known as
PSF (PTB-associated splicing factor)), and
releasing oncogene PTBP2 [also known as PTB
(polypyrimidine-tract-binding protein)] to form
SFPQ/PTBP2 complex to activate E2F1, a piv-
otal transcription factor for cell cycle progres-
sion [225, 261], and negatively regulating the
expression of EMT-associated ZEB1, ZEB2 and
SNAI2 genes, but positively regulating
E-cadherin gene expression [262]. A most
recently study by Yang et al. [226] further con-
firmed that MALAT1 was up-regulated in human
primary CRC tissues with lymph node metasta-
sis, and overexpression of MALAT1 enhanced
capacities of CRC cell proliferation, invasion
and migration in vitro, and promoted tumor
growth and metastasis in mice in vivo. In con-
trast, knockdown of MALAT1 exhibited an
opposite effect on CRC cells and tumors in vitro
and in vivo. Importantly, the authors further
identified that MALAT1 could significantly
induce the expression of PRKA kinase anchor
protein 9 (AKAP-9). Interestingly, AKAP-9 was
also highly expressed in CRC cells with meta-
static potential and human primary CRC tissues
with lymph node metastasis, but not in normal
cells or tissues. Of note, knockdown of AKAP-9
could suppress the MALAT 1-mediated cell pro-
liferation, migration and invasion in CRC. These
data indicate that MALAT1 may promote CRC
tumor development via its target protein AKAP-
9. Association analysis of the MALAT1 expres-
sion and CRC clinicopathological parameters
further suggested that patients with tumors
expressing higher level of MALAT1 had a sig-
nificantly worse prognosis with a hazard ratio
(HR) of 2.863 (95 % CI, 1.659-4.943; P<0.001)
for disease-free survival (DFS) and 3.968 (95 %
CI, 1.665-9.456; P=0.002) for OS. These stud-
ies suggest that MALAT-1 played a pivotal role
in CRC metastasis, and may serve as a negative
prognostic marker in advanced stage of CRC
patients [224]. In addition, gene functional anal-
ysis revealed that the 3" end of MALAT-1 gene
was the functional motif that contributed to the
biological processes of cell proliferation, migra-
tion and invasion in CRC [222]. Equally note-

worthy, MALAT1 may serve as a novel target for
development of anti-CRC agents. For example,
resveratrol showed an ability to down-regulate
MALATT1 expression, which in turn reduced the
abundance of nuclear localization of beta-catenin
thus attenuated Wnt/beta-catenin signaling activ-
ity, consequently led to the inhibition of CRC
invasion and metastasis [223].

BRAF-activated non-coding RNA (BANCR)
is a IncRNA originally identified in melanoma
cells, which is pronouncedly expressed mela-
noma cells and contributes to cell migration
[263]. However, the expression of BANCR in
CRC cells was in controversy [173—175]. In this
respect, Guo et al. [174] reported that BANCR
expression was upregulated in CRC tissues,
which was significantly correlated with CRC
lymph node metastasis and tumor stage.
Mechanistically, BANCR could induce EMT by
regulating the expression of epithelial and mes-
enchymal markers through a mitogen-activated
protein kinase 7 (MEK)/ERK dependent mecha-
nism [174]. Conversely, more recently studies by
Li et al. [175] and Shi et al. [173] reported a
down-regulation of BANCR in CRC, which was
consistent with a finding in lung cancer in which
BANCR was dramatically decreased and severed
as a regulator of EMT signaling during cancer
metastasis [264]. In line with this finding, Shi
et al. also revealed that BANCR expression was
significantly down-regulated in CRC tissues as
compared with normal tissues, and an enforced
expression of BANCR resulted in a decreased
CRC cell proliferation in vitro and tumor growth
in vivo, by which BANCR induced cell arrest and
apoptosis by interacting with p21 protein [173].
Consistently, Li. et al. [175] also found that
BANCR expression was decreased in CRC cells
in a study of investigating the anti-cancer effect
of fentanyl. They found that fentanyl could
inhibit cell migration, invasion and clonogenesis
in vitro, along with an up-regulation of BANCR
and a down-regulation of transcriptional factor
Ets-1 in CRC cells. Interestingly, the Ets-1 could
in turn negatively regulate BANCR expression
and reverse the fentanyl-induced anti-cancer
effect by deacetylating histones H3 within
BANCR promoter [175].
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2.7 Interaction Between Long
Non-coding RNAs
and microRNAs in Colorectal

Cancer Pathogenesis

Of great interest, accumulating studies have sug-
gested the importance of interactions between
IncRNAs and miRNAs during the pathogenesis
of cancers [265]. For instance, indeed, previous
genome-wide association studies (GWAS) have
identified that a set of risk loci for different dis-
eases (including CRC) were located within
human chromosome 8q24 [266], within which
several IncRNAs, including colon cancer associ-
ated transcript 1 (CCAT1), CCAT2, PCAT2 and
PRNCR1 were also mapped, and the single
nucleotide polymorphism (SNP) rs6983267 was
resided in this region, which was strongly associ-
ated with an increased risk of CRC [267, 268].
The expression of CCAT1 was significantly
higher in CRC tumor tissues than that in normal
tissues, and its expression level was closely cor-
related with local infiltration depth, tumor stag-
ing, vascular invasion and CA19-9 level in CRC
patients [269]. Genetically, DNA enhancer ele-
ments of Wnt signaling activator was also located
in the rs6983267 spanned genomic region [270].
Intriguingly, the rs6983267 was encompassed in
IncRNA CCAT2 genomic region, in which
CCAT?2 interacted with TCF7L2 and up-regulates
Whnt target gene MYC, miR-17-5p and miR-20a,
and activated Wnt signaling pathway [181]. Of
note, CCAT? itself is a target gene of Wnt signal-
ing cascade downstream, which may imply the
existence of a positive feedback loop in this
genomic region [181]. Plasmacytoma Variant
Translocation 1 (PVT1) is another IncRNA har-
bored at 8q24, which is located in the down-
stream of MYC gene and produces a wide variety
of spliced RNAs, such as a cluster of six anno-
tated miRNAs (i.e. miR-1204, miR-1205, miR-
1206, miR-1207-3p, miR-1207-5p and
miR-1208), in which p53 could bind and activate
a canonical response element within the vicinity
of miR-1204, and induces the endogenous PVT1
transcripts and consequent up-regulation of miR-
1204, which in turn activated p53 signaling and
induced cell death in a partially p53-dependent
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manner [271]. The elevated expression of PVT1
was observed in CRC, owing to a copy number
amplification of chromosome 8q24 in CRC
patients, and an increased PVT1 expression was
essential for high MYC protein levels in
8q24-amplified CRC cells [272]. In addition, a
suppression of PVT1 expression could remark-
ably reduce the capacity of cell proliferation and
invasion in CRC cells through activation of TGF-
B and apoptotic signaling [242].

Recently, numerous IncRNAs have been
shown to post-transcriptionally regulate gene
expression by competing binding with miRNAs,
by which IncRNAs can interact with miRNAs by
complementary sequence to act as a miRNA
decoy or sponge [273]. The IncRNA phosphatase
and tensin homolog pseudogene 1 (PTENPI) is
an example, which can function as a decoy for
PTEN-targeting miRNAs (such as miR-19b and
miR-20a) in tumor suppression [241]. The H19 is
a highly conserved oncogenic IncRNA, which
was the precursor of miR-675. Both H19 and
miR-675 were up-regulated in human CRC cells
primary human CRC tissues. The tumor suppres-
sor retinoblastoma (RB) was a direct target of
miR-675, and the H19-derived miR-675 could
promote CRC cell proliferation by targeting the
RB [123]. Interestingly, the transcript of H19 also
harbors canonical and non-canonical binding
sites for some members of the let-7 family, which
involves in the regulation of let-7 expression, and
H19 can down-regulate let-7 expression by exert-
ing its role of a molecular sponge [274, 275].
Such a sponge role for miRNAs was also recently
in CRC, in which the IncRNA H19 was highly
elevated expression in mesenchymal-like cancer
cells and primary CRC tissues, and the expres-
sion level of H19 was tightly correlated CRC pro-
gression [195]. An overexpression of H19 led a
significant progression of EMT and accelerated
tumor growth in vivo. Importantly, the H19 could
functioned as a miRNA sponge for endogenous
miR-138 and miR-200a, a reduced these miR-
NAs led to an increased expression of their target
genes, Vimentin, ZEB1 and ZEB?2, all of which
were core markers of EMT progression [195].

In addition, the IncRNA 10c285194 (also
known as tumor suppressor candidate 7 (TUSC7))
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is a p53-regulated tumor suppressor, which is
another IncRNA identified as a sponge or com-
peting endogenous RNA (CeTNA) for miR-211,
and was down-regulated in CRC [219, 220]. A
low abundance of LOC285194 transcript was
correlated with larger tumor size, higher tumor
stage, and more distant metastasis, as well as a
poor DFS in patients with CRC [220].
Mechanistically, 1oc285194 is a p53 transcription
target, and is able to inhibit tumor cell growth in
part by specific suppressing miR-211 and activat-
ing p53 signaling, since two miR-211 binding
sites were found to be located in an active region
of 10c285194 gene [219]. These studies strongly
suggest that IncRNAs are hallmarks involved in
CRC development and progression by targeting
key signaling pathways. Additional information
regarding IncRNAs related to CRC are summa-
rized in Table 2.2, and some information is also
available from URL: http://www.bio-bigdata.
com/lnc2cancer/mainl.
jsp?cancer=colorectal%20cancer. The potential

mechanism of IncRNAs in the progression of
CRC is also illustrated in Fig. 2.2.

Circular RNAs as a New Class
of Non-coding RNAs

in Colorectal Cancer
Pathogenesis

2.8

Circular RNAs (circRNAs) is a new category of
regulatory ncRNAs that have been recently iden-
tified, which represent a new layer of posttran-
scriptional regulation of gene expression [276,
277]. An exponentially increased number of cir-
cRNAs has recently been discovered [278, 279].
Functionally, circRNAs exert their regulatory
roles in gene expression as miRNA sponges,
competing with other RNAs for binding to miR-
NAs and RNA binding proteins (RBPs) to modu-
late the local concentration of RBPs and RNAs,
as part of the competing endogenous RNA
(ceRNA) network [280]. Of note, circRNAs
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Fig.2.2 An illustration represents the involvements and potential mechanism of several IncRNAs in the pathogenesis

of colorectal cancer
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have no accessible termini, this feature differs
from classical ceRNAs and makes circRNAs
resistant to miRNA-mediated RNA degradation
or other exonucleolytic activities, and thus are
relatively stable in cytoplasm. Importantly, sev-
eral lines of evidence have revealed that cir-
cRNAs are associated with cancer-related
miRNAs and involved in regulations of cancer-
related pathways [276, 281-285]. Among which
the ciRS-7 [also termed CDRlas (cerebellar
degeneration-related protein 1 antisense)] is one
of the most studied circRNAs. ciRS-7 contains
more than 70 selectively conserved miRNA tar-
get sites, and it is highly and widely associated
with Argonaute (AGO) proteins in a miR-7-de-
pendent manner [281]. ciRS-7 acts as an inhibi-
tor/sponge for miR-7, accordingly reduces
miR-7 activity and increases miR-7 target gene
expression [281]. The miR-7 is a tumor suppres-
sor that inhibits the expression of several onco-
genes, an impairing miR-7 function may thus
enhance the potential of tumorigenicity. Hsa_
circ_0001649 is a circRNA recently identified in
human hepatocellular carcinoma (HCC), which
was significantly down-regulated in HCC tissues,
and the reduced Hsa_circ_0001649 circRNA
transcript was strongly correlated with tumor
size, suggesting that it might serve as a novel
potential biomarker for HCC and may function
in tumorigenesis and metastasis of HCC [284].
Similarly, a global reduction of circRNA abun-
dance was also observed in CRC cell lines and
CRC tissues as compared with normal tissues,
and the abundance of circRNAs was negatively
correlated with proliferative capacity of CRC
cells [286]. These studies indicate that circRNAs
may be new biomarkers and targets.

29 Perspective

Both miRNAs and IncRNAs are important mem-
bers of ncRNAs, which have been demonstrated
to act as a class of regulators at the post-transcrip-
tion level, a differential expression of their profil-
ing patterns have been observed during the
progression of a variety of cancers, including the
CRC. The alteration of ncRNA expression profile
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can be determined in CRC tissues and in circulat-
ing specimens. In the therapeutic standpoint,
ncRNAs are mainly involved in anti-cancer ther-
apy by restoring tumor suppressor genes or inhib-
iting oncogenes. They may enhance the sensitivity
of tumor cells to chemotherapy or inhibit cell
stemness.

It is encouraging that the identification of
ncRNAs and their involvements in signaling
pathways related to the progression, metastasis
and drug resistance is currently no longer a sig-
nificant bottleneck, owing to the applications of
bioinformatics tools and high-throughput assays.
However, there are a number of obstacles that
need to be circumvented before ncRNAs can be
safely applied as biomarkers for diagnosis, prog-
nosis, and as therapeutic targets in clinical set-
tings. For example, the off-targets of miRNAs
and the effective delivery of these molecules with
low side effect in vivo remain main challenges for
miRNA-based therapies. In addition, most of cur-
rent data are from studies in vitro, which need
further validations in animal experiments or clin-
ical studies. Nevertheless, there is a growing
body of evidence indicates that ncRNAs are
hallmarks of CRC, and their involvement in sig-
naling pathways related to the pathology of CRC
offers ncRNAs as promising novel biomarkers
for diagnosis and prognosis of in CRC, as well as
potential markers for chemoprediction and thera-
peutic targets.
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MicroRNAs and Inflammation
in Colorectal Cancer

Claire Josse and Vincent Bours

Abstract

Colorectal cancers (CRC) are known to be related to inflammatory condi-
tions, and inflammatory bowel diseases increase the relative risk for devel-
oping CRC. The use of anti-inflammatory drugs prevents the development
of colorectal cancer.

Several molecular mediators are connecting the pathways that are involved
in inflammatory conditions and in carcinogenesis. By the way these path-
ways are tightly interwoven, with the consequence that a deregulation at
the level of any of these molecular mediators can affect the others.
MiRNAs are demonstrated to be deregulated in inflammatory bowel dis-
eases and in colorectal cancer. Moreover, they target several molecular
mediators that connect inflammation to cancer, and they are thus impli-
cated in the route from inflammation to colorectal cancer.

This chapter will focus on the miRNAs that are jointly deregulated in
inflammatory bowel disease and in colorectal cancer. Their role on the
regulation of the molecular mediators and pathways that link inflamma-
tion to cancer will be described.

Keywords

microRNAs ¢ Colorectal cancer ® Inflammation ¢ Inflammatory bowel dis-

ease * CAC « IBD
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also called the “miRNA seed”. As the shortness
of this sequence does not allow a high sequence
binding specificity, one miRNAs has hundreds of
mRNA targets. Most of the time, miRNAs are
binding the 3'UTR part of their mRNA targets,
and these 3'UTR are also containing binding
sites for numerous miRNAs which may interact
with each other by synergism or competition.
Currently, around 2000 miRNAs have been
described in humans, targeting ~60 % of the cod-
ing genes [1]. In the same manner as coding
genes, miRNAs can display tissue expression
specificity, or their expression can be driven by
external stimuli. Their levels of expression are
tightly regulated in cellular processes and normal
tissue development, but they are also reported as
disturbed in many diseases.

Among their regulatory roles, miRNAs are
implicated in immunological processes. As
reviewed in the article of Sonkoli et al., miRNAs
are dynamically regulated during the develop-
ment of T cells, B cells, and granulocytes. They
represent a previously hidden layer of regulators
involved in the development of the immune sys-
tem and in the regulation of immune responses
[2]. Many of them are implicated in inflamma-
tory and autoimmune diseases, such as miR-155,
miR-146a, or miR-192.

Besides, cancer has been a major focus of
miRNA research over the past decade, and many
studies have demonstrated the importance of
miRNAs in cancer biology to facilitate tumour
growth, invasion, angiogenesis, and immune
evasion (reviewed in [3]). The dysregulation of
miRNAs expression in cancer can occur through
multiple mechanisms. At the genomic level this
can be due to amplification or deletion of the
sequence; mutations can also alter the target
site or the processing outcome of the
miRNA. MiRNAs implication in cancer develop-
ment is currently completely acknowledged,
and the first miRNA mimic entered the clinic for
cancer therapy in 2013 [3].

As the inflammation in the colon observed
during inflammatory bowel diseases increases
the risk of colon cancer development (§3.2), one
could hypothesized that miRNAs that display
deregulated levels during inflammatory states
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could also be implicated in the molecular route
from inflammation to cancer development. This
hypothesis will be the common thread of the next
paragraphs.

Inflammation and Colorectal
Cancer

3.2

As early as in the nineteenth century, Rudolf
Virchow observed that inflammatory cells infil-
trate tumours and that tumours often arise at
chronic inflammation sites. He hypothesized that
in general, cancer is often linked to inflammatory
conditions and indeed, this was confirmed the
last two decades. Currently, inflammation is
acknowledged as playing a critical role in tumor-
igenesis. In some types of cancer, inflammatory
conditions are present before a malignant change
occurs. Conversely, in other types of cancer, an
oncogenic change induces an inflammatory
microenvironment that promotes the develop-
ment of tumours. In both cases, inflammation in
the tumour microenvironment has many tumour-
promoting effects. It facilitates in the prolifera-
tion and survival of malignant cells, promotes
angiogenesis and metastasis, subverts adaptive
immune responses, and alters responses to hor-
mones and chemotherapeutic agents [4].

Some of the most convincing data demon-
strating the connection between inflammation
and cancer are that certain anti-inflammatory
drugs reduce the risk of various cancer [5], and
colorectal cancer in particular [6].

Among chronic inflammatory diseases well
known to be associated with cancer are the inflam-
matory bowel diseases (IBD). They are autoim-
mune disorders that increase the risk of colitis
associated colorectal cancer (CAC) development.
The two mains sub-groups of IDB are the Crohn’s
disease (CD) and the ulcerative colitis (UC), pre-
senting overlapping symptoms. Germline genetic
predispositions play a major role in IBD. High
throughput association studies that are associating
the genotype and the phenotype (GWAS) of IBD
patients showed that a large proportion of the
IBD risk loci are shared with other immune-medi-
ated diseases, primary immune-deficiencies and
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mycobacterial diseases [7]. However, environ-
mental factors also play a crucial role, and IBD
are considered as complex diseases implying
links between genes, immunity, epithelial-barrier
dysfunction, and the gut flora, this later being, in
its turn, regulated by the diet.

Although recent evidence from population-
based studies reports a decline in risk, CRC
accounts for 10—-15 % of all deaths in IBD [8]. The
relative risks for developing CRC is about 5.6 and
30 in patients with CD and UC, respectively, in
comparison with the general population [9].

The next paragraphs will describe the major
molecular mediators that are recognized as a link
between inflammation and colorectal cancer. One
should note that all these molecules are tightly
inter-related, highlighting the fact that a deregu-
lation observed at the level of any of these molec-
ular mediators can affect the others.

3.3  Molecular Mediators Linking
Inflammation and Colorectal

Cancer

Inflammatory response aims to eliminate harmful
pathogens and subsequently restore homeostasis.
This process is orchestrated by many different
molecular mediators, and need to be finely regu-
lated to avoid tissue injury, necrosis and malignant
transformation. A healthy and regulated adaptive
immune response is regarded as anti-tumorigenic,
whereas an unrestrained innate or inappropriate
adaptive response may lead to chronic inflamma-
tion and a pro-tumorigenic environment [10].

3.3.1 Cytokines and Growth Factors

At the inflammation site, the different cells such
as innate and adaptive immune cells, myofibro-
blasts, fibroblasts, epithelial and stem cells are
interacting in an autocrine and paracrine manner.
The main mediators of inflammation regulation
are the cytokines and chemokines that these cells
secrete. They affect leukocyte recruitment,
immune cell activation, angiogenesis, as well as
turn-over and differentiation of stem cells. When
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the process is deregulated, they participate in
oncogenesis by sustaining cell proliferation, sur-
vival, invasion, and metastasis. The role of
inflammatory cytokines in inflammation, IBD
and CAC is extensively described in the review
by Francescone et al. [11].

3.3.1.1 Cytokines

Tumour necrosis factor-a (TNF-a), interleukin-1
(IL-1), IL-6, the IL-23/IL-17 axis and IL-22 are
the main cytokines that link inflammation to
colorectal cancer. Those cytokines and their
related signaling provide an opportunity for tar-
geted therapies to subdue IBD-linked inflamma-
tion. TNF-a has emerged as the most successful
cytokine-based clinical target in the treatment of
IBD. Other anti-cytokine therapies are also under
consideration, and there are a number of ongoing
clinical trials targeting proteins such as IL-6,
IL17A, IL-12/1L-23, and IL-13 [11].

3.3.1.2 IGF and Insulin

During IBD there is increased insulin resistance
as well as increased insulin levels [12]. Moreover,
IGF-1 protein accumulates in the intestine with
the same distribution as the inflammatory cells
infiltrates [13]. Insulin resistance and an increased
fat mass create an oxidative stress environment in
tissues and increase the expression of various pro-
inflammatory cytokines, including TNF-o and IL-
6, which stimulate tumour growth and progression
[14]. Binding of insulin, IGF-I or IGF-II to the
extracellular portion of the IR, IGF-IR or hybrid
receptor leads to the activation of the phosphati-
dylinositol 3-kinase (PI3K) and mitogen activated
protein kinase (MAPK) signaling pathways [15].

3.3.2 Toll-Like Receptors

Pathogen associated molecular patterns trigger
innate immune response mainly by activating
Toll-like receptors (TLR) and intracytoplasmic
nucleotide-binding  oligomerisation domain-
containing protein (NOD)-like receptors. NOD2
is the strongest single genetic susceptibility locus
in CD [16]. TLR and NOD-like receptors can
trigger downstream signaling pathways such as
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nuclear factor-kB (NF-kB), and lead to the secre-
tion of inflammatory cytokines.

TLRs are also necessary for proper intestinal
homeostasis as they regulate wound healing pro-
grams and intestinal barrier integrity. A proper
regulation by the TLRs generally protects against
injury and colitis but they can exacerbate CAC
when deregulated.

3.3.3 PI3K/MAPK Signaling

Inflammatory stimuli described above are trans-
mitted from the extracellular medium to the
nucleus and lead to gene transcription by tran-
scription factors that will be described later. At
the interface stand the PI3K and MAPK path-
ways that are connecting the cytokines/chemo-
kines, growth factors and Toll-like receptor
pathways, to the NF-kB, p53, cell cycle and
apoptosis pathways. The activity of PI3K is regu-
lated by the tumour suppressor gene PTEN.
PTEN dephosphorylates PI3K, and inhibits
MAPK signaling, cell growth and cell cycle pro-
gression, through its interaction with cyclin
D [17].

As a consequence, in the IBD and CAC con-
text, the PI3K pathway inhibition is a potential
therapeutic target [18].

3.3.4 Transcription Factors

3.3.4.1 NF-xB/STAT3

The transcription factor NF-xB is first associated
with innate immunity: inflammatory cytokines
such as TNF-a and IL-1p, lead to its activation in
immune cells. However, the role played by this
transcription factor is not restricted to innate
immunity as its downstream regulated genes are
not only pro- or anti-inflammation related mole-
cules (IL-8, IL-1, cyclooxygenase 2 (COX2),
inhibitor-kB (IxkB), A20), but also genes impli-
cated in cell proliferation (c-Myc; cyclin D1), in
angiogenesis, in  anti-apoptotic = response
(BCL-XL, Bcl-2), and in the regulation of adhe-
sion molecules (ICAM); and these last functions
are clearly deregulated during oncogenesis. The
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function of NF-xB in linking inflammation to
cancer is extensively described in the review by
Ben-Neriah and Karin (2011) [19].

In CAC, the proliferative function of NF-xB is
indirect and is mediated through IL-6 and related
cytokines produced by myeloid cells that lead to
the activation of STAT3 in intestinal epithelial
cells. NF-xB and STAT3 can both interfere with
synthesis of the tumour suppressor p53 and atten-
uate p53-mediated genomic surveillance [20].
STAT3 activation, downstream of NF-xB, con-
trols also the expression of the proliferation genes
c-Myc and cyclin D1.

Moreover, NF-kB displays an oncogenic
activity by promoting the polarization of tumour-
associated macrophages and by affecting
epithelial-to-mesenchymal transition (EMT)
through induction of the transcription factors
Twist and Snail.

NF-«B is also tightly implicated in oxidative
stress linked to chronic inflammation as it induces
the expression of key enzymes in the prostaglan-
din synthase pathway (COX-2), and the nitric
oxide (NO) synthase.

3.3.4.2 P53
P53 is a tumour suppressor protein that responds
to DNA damage and other cellular stresses to
regulate the expression of target genes inducing
cell cycle arrest, apoptosis, senescence, DNA
repair, or changes in metabolism. Kukitsu and
colleagues have disclosed an aberrant crypt foci-
dysplasia-cancer sequence in colitis-associated
carcinogenesis similar to the aberrant crypt foci
-adenoma-carcinoma sequence in sporadic colon
carcinogenesis. In this model, there was a signifi-
cant stepwise increase in p53 mutations in the
different progression stages [21]. Concomitantly
with the accumulation of mutant p53 gene in can-
cerous glands, sustained DNA damage and
NF-xB activation are observed. Mutant pS3 pro-
longs NF-kB activation by inflammatory stimu-
lus and promotes chronic inflammation and
inflammation-associated colorectal cancer [22].
This process is illustrated in Fig. 3.1.

The tumour suppressor p53 negatively regu-
lates a number of genes, including the proto-
oncogene c-Myc [23].
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Fig. 3.1 Similarities are observed between colitis-
associated carcinogenesis and sporadic colorectal cancer
development, such as the sequences from aberrant crypt
foci-dysplasia-cancer in colitis-associated cancer that
resemble to the aberrant crypt foci-adenoma-carcinoma
sequence in sporadic colon carcinogenesis. In the colitis-
associated cancer development model, a significant step-

3.3.4.3 c-Myc

The protein encoded by this gene is a multifunc-
tional, nuclear phosphoprotein that plays a role in
cell cycle progression, apoptosis, epithelial to mes-
enchymal transition and cellular transformation.
Mutations, overexpression, rearrangement and
translocation of this gene have been associated
with a variety of tumours. During inflammation
and CAC, IL-6 induces STAT3 activation in colonic
epithelial cells and upregulates c-Myc. On its turn,
c-Myc can downregulate p53 transcription factor
by enhancing ribosome biogenesis that is respon-
sible for a MDM2-mediated p53 degradation [24].

3.3.4.4 Wnt/p-Catenin

The Drosophila melanogaster wingless gene
(Wnt) and nuclear transcription factor B-catenin
signaling pathways play a central role in the biol-

wise increase in p53 mutations is observed in the different
progression stages [21]. Concomitantly with the accumu-
lation of mutant p53 gene in cancerous glands, sustained
DNA damage and NF-xB activation are observed. Mutant
p53 prolongs NF-kB activation by inflammatory stimulus
and promotes chronic inflammation and inflammation-
associated colorectal cancer [22]

ogy of gastro-intestinal stem cells as it constitutes
the major driving force behind homeostatic self-
renewal of the crypt. Approximately 80% of
colorectal cancers harbour APC gene mutations
and half of the remainder have mutations in
CTNNBI gene encoding p-catenin that, both of
which activate Wnt/p-catenin signaling. Wnt
activates the accumulation of the p-catenin, and
the transcription of downstream target genes
such as c-Myc, Cyclin D1 and VEGEF, thereby
regulating proliferation, apoptosis and angiogen-
esis. A crucial role of Wnt signaling pathway
components is also evident in IBD and the transi-
tion to the malignant stage. Several studies found
a stage-specific increased or decreased expres-
sion of a number of Wnt pathway-related genes
in colonic biopsies of subjects with ulcerative
colitis or in IBD associated colorectal neoplasia
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as well as in cancers [25, 26]. It was also demon-
strated that high Wnt activity sensitizes intestinal
stem cells to DNA damage and p53-dependent
apoptosis [27].

The mechanistic link between Wnt signaling
and classical inflammatory pathways, however, is
only poorly understood and still controversial [28].

3.3.5 Oxidative Stress/ DNA
Damage

An inflammatory stimulus leads to the recruit-
ment and activation of various innate immune
cells which release reactive oxygen species
(ROS) and NO to eliminate pathogens. A proper
regulation of these reactive species is vital for an
efficient immune response and for limiting tissue
damage. Those reactive species induced by
chronic inflammation were demonstrated respon-
sible for DNA damages that contribute to colon
carcinogenesis in a mouse model [29].

During IBD, NO is produced by the inducible
nitric oxide synthase (NOS2) enzyme as a
response to inflammatory stimuli. If p53 is active,
there is a negative feedback loop between NO and
p53 where NO causes the stabilization and accu-
mulation of p53, and activated p53 will then
repress NOS2. Therefore, NO leads to increased
p53 activity, which in turn promotes apoptosis,
cell cycle arrest or senescence in damaged cells.
When mutation in p53 occurs, during the aberrant
crypt foci-dysplasia-cancer sequence, p53 protein
is lost and cells are not as sensitive to NO-induced
apoptosis or cell cycle arrest and instead NO can
lead to genotoxic stress and cell proliferation [10].

3.4 MicroRNAs as Regulators
of the Molecular Mediators
Linking Inflammation

and Colorectal Cancer

MiRNAs are acknowledged to play regulatory
roles in inflammatory conditions and IBD. As
they are tightly implicated in the regulation and
signaling of the innate and adaptive immune sys-
tems, the deregulation of miRNAs expression
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within these processes leads to, or perpetuates
inflammation, such as observed in IBD and
exhaustively described in the review by Kalla
et al. [30].

Moreover, the miRNAs are able to regulate
the expression of the molecular mediators that
are linking inflammation and cancer, or the sig-
naling cascades involving those mediators.

The next part of this chapter will be dedicated to
the miRNAs which present deregulated expression
levels in both colon cancer and IBD. Their role will
be located in the regulation of the molecular links
that were described in the first part of the chapter,
and depicted in a summarized manner in Fig. 3.2.

The functional studies that allowed to decipher
the mechanistic role of those miRNAs in inflam-
mation and colon cancer were mainly performed
in a well-characterized mouse model of CAC : the
azoxymethane (AOM)/dextran sulfate sodium
(DSS) model [31, 32]. AOM/DSS- induced
tumours display very similar histological and
molecular features to human CRC. The tumour-
induction method comprises a single intraperito-
neal injection of a carcinogen, AOM, followed by
one or three cycles of DSS administration via the
drinking water. DSS treatment leads to intestinal
epithelial barrier disruption and the establishment
of chronic inflammation. After 10—20 weeks, and
only when AOM is administered, colorectal
tumours grow in a manner that recapitulates the
aberrant crypt foci-adenoma-carcinoma sequence
seen in human CRC [33].

The Table 3.1 is listing the main miRNAs that
are deregulated in IBD, in the AOM/DSS mouse
model, as well as in colon cancer.

The role of those miRNAs as regulators of the
molecular mediators linking inflammation and
cancer is summarized in the Table 3.2.

3.4.1 MiRNAs Regulation
of Cytokines, Chemokines

and Growth factors

3.4.1.1 Cytokines

The cluster 17-92, composed of six miRNAs
(miR-17/18/19/20/92/106), that is encoded on
human chr13 was demonstrated up-regulated by
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Fig. 3.2 The signaling cascades linking inflammation
and cancer are tightly related, and miRNAs regulate the
expression of the molecular mediators that are linking
these two processes. Moreover, miRNAs are recognized
as working in integrated transcriptional regulatory circuits
and are frequently reported to be part of regulatory feed-

many authors in colon cancer and in AOM/DSS
mouse model, but also in IBD (Table 3.1). The
miR-17-92 cluster promotes TH17 differentia-
tion and TH17-related inflammation, and indi-
rectly affects the expression of IL-17A, IL-17 F
and IFN-y expression [34].

MiR-146 is upregulated from non-neoplastic
tissue to dysplasia, but downregulated from dys-
plasia to cancer [35], and accordingly, it was
observed as upregulated in IBD and down regu-
lated in CAC (Table 3.1). miR-146b, that modu-
lates the TLR4 signaling pathway by direct
targeting several of its downstream elements, is
an IL-10-responsive miRNA with an anti-
inflammatory activity [36].

Regarding the diet role in IBD and colon can-
cer, an AOM carcinogenesis model performed on
mice fed with a high calorie diet shows that miR-
150 expression is down-regulated and associated
with an inflammatory pattern of cytokines

s
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p53
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back loops of the signaling cascades involving those
mediators. The above scheme is dedicated to the miRNAs
which present deregulated expression levels in both colon
cancer and IBD. Their role is located in the regulation of
the molecular links between inflammation and cancer

expression, a high proliferation and a low apopto-
sis rates [37]. MiR-150 is upregulated in active
IBD and in AOM/DSS mouse model, however its
status is less clear in colon cancer at it was
reported upregulated or down-regulated (Table
3.1). It has been demonstrated that miR-150 is
targeting the MYB transcription factor that regu-
lates the anti-apoptotic Bcl2 protein [38]. miR-
150 is mainly expressed by immune cells, and is
secreted by pro-monocytes in microvesicles and
can regulate its target gene, c-Myb, into distant
recipient endothelial cells to modulate their
migration properties [39].

MiR-155 is up-regulated in various inflamma-
tory disease states, including IBD, and is a posi-
tive regulator of T-cell responses. Acute colitis
mouse model in miR-155(—/-) animals has
allowed to demonstrate that the miR-155 defi-
ciency protects mice from experimental colitis by
reducing Th1/Th17 response [40].
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Table 3.1 List of the miRNAs that were jointly reported deregulated in IBD, AOM/DSS mouse model and in colon

cancer

miRNA IBD AOM/DSS mouse model CRC References

miR-17-92/ up up up [33-35, 41, 55, 56,77, 78,

miR-106 92-96]

miR-124 down down down [33, 65,67, 97]

miR-143/145 down down down [33, 35, 84, 98, 99]

miR-146 up up down [33, 35, 55, 56, 100]

miR-150 up up up or down up [33, 38,78, 96, 101]; down
[56, 102]

miR-155 up up up [75,103-105]

miR-181 up / up [35,41, 42, 56]

miR-192 down / down [99, 106, 107]

miR-21 up up up [33, 41, 101, 103, 107-109]

miR-214 up up up in CAC; down in |up [33, 57, 58]; down [55-57]

CRC

miR-223 up up up [33,41, 56,78, 93, 94, 96, 101,
106, 107, 110]

miR-29 up up down up [33, 45, 101]; down CRC [94]

miR-34 / / up or down up [75-78]; down [79, 80];
Evidence of mechanistic link
between inflammation and
cancer [69, 70]

miR-375 up up down up [33, 101, 108]; down [59, 94,
99]

MiR-21 is upregulated in both IBD and CAC
and DSS mouse model, and its levels are related to
survival in colon cancer patients (Table 3.1) [41].
MiR-181b is also upregulated in IBD and CAC
(Table 3.1). Their transcription is triggered by IL-6
via the STAT3 activation. Those miRNAs are able
to downregulate the expression of PTEN and
CyclinD1 respectively, and are participating in an
epigenetic switch that links inflammation to cancer
(see PI3K and NF-kB/STAT3 paragraphs) [42].

MiR-21-knockout mice showed reduced
expression of proinflammatory and procarcino-
genic cytokines IL-6, IL-23, IL-17A and IL-21
and a decrease in the size and number of tumours
in an AOM/DSS mouse model [43].

MiR-223 is up-regulated in IBD and in
IL-10—/— mouse model, as well as in AOM/DSS
and human colon cancer (Table 3.1). The miR-
223 was demonstrated to be implicated in the
pathway by witch IL-10 modulates IL-17-medi-
ated inflammation. Indeed, miR-223 is a negative
regulator of the Roquin ubiquitin ligase that cur-
tails IL-17A synthesis [44].

MiR-29 is a fibroblast enriched miRNA fam-
ily first known to control the extracellular matrix
deposition [45]. MiR-29 level is upregulated in
IBD and in AOM/DSS mouse model, downregu-
lated in CAC tumorous tissue, but upregulated in
the plasma of patient suffering of CAC (Table
3.1). Crohn’s disease (CD) patient DCs express-
ing NOD2 polymorphisms fail to induce
miR-29 in dendritic cells. MiR-29 is able to
downregulate IL-23 by targeting IL-12p40
directly and IL-23p19 indirectly, likely via reduc-
tion of ATF2. DSS-induced colitis is worse in
miR-29-deficient mice and is associated with
elevated IL-23 and T helper 17 signature cyto-
kines in the intestinal mucosa [46].

3.4.1.2 IGF and Insulin

MiR-223 is targeting several proteins of the IGF/
insulin pathway. In colonic epithelial cells, sur-
expression of miR-223 was reported to reduce
cell proliferation by directly targeting FOXO1
protein, and subsequently regulating the cyclin
D1/p21/p27 [47].
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Table 3.2 Pathways and targets of the miRNAs that are regulating the molecular mediators linking inflammation and

cancer

miRNA Target gene Target molecular mediator or pathway | Reference
miR-17-92/ PTEN, IKZF4 PI3K; Cytokine: IL-17 and IFNy; [34, 81, 82]
miR-106 c-Myc
miR-124 STAT3, CDK6 NF-xB [65-67]
miR-143/145 K-Ras, MYC, CCND?2, c-Myc; PI3K; p53 [53, 72, 84]
CDKG6, E2F3
miR-146 IRAK1/2, TRAF6 Cytokines: IL-10 responsive miRNA; | [36, 52]
Toll like-receptor; NF-xB
miR-150 ¢c-MYB; ZEB1 Cytokines : pro-inflammatory pattern; | [37-39, 54]
PI3K
miR-155 FADD, TP53INP1 Cytokines : Th1/Th17 response, [40, 63]
NF-xB
miR-181 CYCLDI1 Cytokines : IL6; NF-xB /STAT3 [42]
miR-192 NOD2 Toll like-receptor, NF-kB /STAT3 [46, 51]
miR-21 PTEN Cytokines : IL6, IL-23, IL-17A, [42, 43]
IL-21; NF-xB /STAT3, PI3K
miR-214 PTEN Cytokine : IL-6, PI3K, NF-kB/STAT3 | [57, 58]
miR-223 Roquin, FOXO1, IGFIR, Cytokines : IL-17a; IL-6 and IL-1p; [44, 47-50, 68, 73,
STAT3, STMNI1, ATM, IGF/insulin pathway, NF-kB /STAT3, |87, 90]
MEF2C p53, DNA damage
miR-29 IL-12p40 Cytokines : 1L-23 [46]
miR-34 IL6R Cytokine : IL-6, P53, NF-xB /STAT3; | [69-71]
DNA damage
miR-375 PIK3CA, KLF4, YAP1 PI3K [59-61, 85, 86]

MiR-223 was also described to directly target
IGFIR and indirectly affect the Akt/mTOR/
p70S6K proteins and ERK pathways [33, 48-50].

3.4.2 Toll-Like Receptor

Many microRNA can actually regulate this path-
ways : NOD2 is targeted by miR-192 and miR-
122 while it activates miR-29 expression to limit
IL-23 release [46].

MiR-192 is down-regulated in IBD and CAC
(Table 3.1), and has been demonstrated to directly
target NOD?2, thereby down-regulating the acti-
vation of NF-kB and the expression of IL-8 and
CXCL3 chemokines. A single-nucleotide poly-
morphism (rs3135500) located in the NOD2
3’-untranslated region significantly reduced miR-
192 effects on NOD2 gene expression [51].

MiR-146 controls Toll-like receptor and cytokine
signaling through the direct targeting of the MyD88
adaptor proteins IRAK1/2 and TRAF6 [52].

3.4.3 PI3K/MAPK Signaling

The cluster 17-92 that was demonstrated to regu-
late TH17-related inflammation in IBD is actu-
ally directly targeting the PI3K inhibitor, the
phosphatase and tensin homolog PTEN [34].

MiR-143/miR-145 downregulation observed
in IBD and CAC results in the activation of PI3K/
Akt signaling and MAPK signaling [53].

MiR-150 has been reported as directly target-
ing the major EMT inducer ZEB1, after activa-
tion of the AKT kinase by the SPROUTY
intracellular modulators of tyrosine kinase recep-
tor signaling [54].

MiR-21, upregulated by IL-6 mediated STAT3
activation, is targeting PTEN and participates in
an inflammatory positive feedback loop that
mediates the epigenetic switch between non
transformed and transformed cells, and that is
also implying the regulation of the secretion of
let-7 and IL-6 by the NF-kB activation. The miR-
21-mediated PTEN/Akt pathway down-
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regulation leads to an increase of NF-kB activity
and IL-6 production [42].

PTEN is also a targeted by miR-214, which
levels are up-regulated in IBD and in AOM/DSS
mouse model (Table 3.1). Interestingly, in colon
cancer, miR-214 is only upregulated in colitis-
associated cancer but not in colorectal cancer
[55-57]. The inverse correlation between PTEN
and miR-214 is observed in human CAC tumor-
ous tissues and in mouse model tumours. miR-
214 regulation is also associated with the
IL-6-STAT3-NF-kB pathway and is described
later in the text [58].

MiR-375 was reported upregulated both in
active UC and CD, and in the AOM/DSS mouse
model, but down regulated in colon cancer (Table
3.1). MicroRNA-375 has been demonstrated to
inhibit colorectal cancer growth by targeting
PIK3CA [59].

3.4.4 Transcription Factors

3.4.4.1 NF-xB/STAT3

Polytarchou et al. demonstrated that miR-214
activates an inflammatory response and is ampli-
fied through a feedback loop circuit mediated by
PTEN. In healthy non-inflamed colonic epithelial
cells, PTEN expression suppresses the activation
of Akt and NF-kB. During the development of
UC, miR-214 targets PTEN to activate Akt and
NF-xB. In turn, NF-«xB regulates IL6 expression
and thus STAT3 activity. STAT3-mediated tran-
scriptional activation of miR-214 creates a posi-
tive feedback loop circuit that is attenuated when
disease is in an inactive state. In longstanding
UC, overexpression of miR-214 and hyperactiva-
tion of this inflammatory circuit promotes the
development of colorectal cancer.

MiR-375 is directly targeting the KLF4 pro-
tein, that impacts the proliferation of colorectal
carcinoma [60]. On the other side, Ghaleb et al.
showed that genetic deletion of K1f4 in the mouse
intestinal epithelium ameliorates DSS-induced
colitis by modulating the NF-kB pathway inflam-
matory response suggesting that it could be
involved in the pathogenesis and/or propagation
of IBD [61]. Accordingly, KLF4 protein level is
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down-regulated in colonic tumour, and its level
in normal tissue can predict poor survival in
colorectal cancer patients [62].

During inflammation and its resolution, miR-
155 and miR-146-a/b play important roles as
regulators of Toll-like receptor and NF-kB sig-
naling. Their expression is induced by NF-xB
and form negative feedback circuits to fine-tune
the inflammatory response upon bacterial infec-
tion. Oncogenic properties of miR-155 are attrib-
uted to its stimulation of cellular proliferation
and its inhibition of apoptosis through the down-
repression of caspase-3 activity, the targeting of
FADD (Fas associated death domain), or the tar-
geting of pro-apoptotic molecules such as
TP53INP1 [63].

Upon LPS engagement, monocytes up-
regulate miR-146b via an IL-10-mediated
STAT3-dependent loop [36], leading to a nega-
tive regulation of NF-kB activation. Different
studies have shown the pathological relevance of
NF-kB/miR-146 in human cancers, however, it is
unknown whether miR-146a dysregulation is
causal to cancer. Chae et al. have recently
reported a miR-146a polymorphism (rs2910164)
that predicts risk of and survival from colorectal
cancer [64].

NF-kB is the central component of a positive
inflammatory loop and an epigenetic switch that
link inflammation to cancer. Its activity is
increased by the CyclinD1 and PTEN/Akt inhibi-
tion mediated by miR-21 and miR-181. In conse-
quence, it activates the secretion of IL-6, and the
down-regulation of let-7 by LIN28. All these
molecular events lead to the activation of STAT3
and the formation of a positive regulation loop
maintaining the cell transformation [42].

CAC model in miR-21-knockout mice shows
that the absence of miR-21 increased PDCD4
expression, reduced nuclear factor NF-xB,
STAT3 and Bcl-2 expression in tumour and stro-
mal cells, and cause increased apoptosis of
tumour cells [43].

MiR-124a, measured as downregulated in UC,
CAC and AOM/DSS mouse model (Table 3.1),
was recently reported to regulate the expression of
STAT3 [65]. miR-124a is downregulated by meth-
ylation, and is known to have a tumour-suppressive
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activity by down-regulating oncogenic cyclin-
dependent kinase 6 (CDK6) [66, 67].

In inflammatory conditions, miR-223 is down-
regulated in macrophages, and lead to the activa-
tion of STAT3, which is directly targeted by
miR-223, thus promoting the production of pro-
inflammatory cytokines IL-6 and IL-1f, but not
TNF-a. Interestingly, IL-6 was found to be a main
factor in inducing the decrease in miR-223 expres-
sion after LPS stimulation, which formed a posi-
tive feedback loop to regulate IL-6 and IL-1f [68].

The link of the well-known onco-suppressor
miR-34 with inflammation and cancer is less evi-
dent, as there is no report of miR-34 deregulation
in IBD. Its status in colon cancer, is also debated
(Table 3.1 and § p53). However, there are two
reports of miR-34 a as mechanistical link between
inflammation and cancer, first at the NF-xB regu-
lation [69] and second at the DNA damage level
[70, 71]. In colorectal cancer cells, IL-6 activates
STAT3, which directly represses the MIR34A
gene via a site in the first intron. Repression of
MIR34A is required for IL-6—induced EMT and
invasion. Furthermore, IL-6 receptor is also a
direct miR-34a target. The resulting IL-6R/
STAT3/miR-34a feedback loop was present in
primary colorectal tumours; moreover in a mir-
34a (-/-) AOM/DSS mouse model, tumours dis-
played upregulation of p-STAT3, IL-6R, and
SNAIL and progressed to invasive carcinomas,
which was not observed in WT animals. An
active p53 protein interferes with this process
[69].

3.4.4.2 P53

One mechanism of the p53-mediated c-Myc
repression (see 3.3.4) may involve transcrip-
tional regulation: p53 transcriptionally induces
the expression of miR-145 and c-Myc is a direct
target for miR-145. This specific silencing of
c-Myc by miR-145 after p53 activation accounts
at least in part for the miR-145- mediated inhi-
bition of tumour cell growth both in vitro and
in vivo [72].

In colon cancer cell lines, mutant pS3 was
demonstrated to activate the miR-223 promoter.
miR-223 is subsequently targeting the stathmin-1
(STMN-1), an oncoprotein known to confer
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resistance to chemotherapeutic drugs and associ-
ated with poor clinical prognosis [73].

MiR-34 is a well-known onco-suppressor, that
is under the p53 control [74]. Its deregulation in
colon cancer is unclear : upregulated [75-78] or
down-regulated [79, 80]. This discrepancy could
be related to the stage of the cancer where miR-
34a is measured, or more likely to the transacti-
vation potential of p53 [76]. The miR-34 was
demonstrated to be mainly expressed by stromal
cells in human tumours [76].

3.4.4.3 c-Myc

c-Myc directly activates the expression of the
cluster 17-92 [81] and targets a second important
factor, the E2F1 protein. Complex positive and
negative feedback loops exist among E2F,
¢c-MYC, and the cluster miR-17-92, which ulti-
mately determine the levels of E2F and whether
the cells would progress from G1 into S phase,
arrest at G1, or undergo apoptosis [82, 83].

The effect on the diet on colonic tumour pro-
motion was investigated in mouse models.
Western diet was demonstrated to activate EGFR
signaling and down-regulate the expression of
the miR-143/145. Indeed, those miRNAs were
observed down-regulated in IBD, CAC and DSS
mouse-model (Table 3.1). They regulate cell pro-
liferation via the targeting of Gl regulators,
K-Ras, MYC, CCND2, CDK6, and E2F3 [84].

3.4.4.4 Wnt/p-Catenin
MiR-375 was recently demonstrated as directly
targeting the nuclear effector YAP1 that is play-
ing a key role in intestinal stem regeneration and
cancer [85, 86]. Gregorieff et al. have shown that
Yap inactivation abolishes adenomas in the
Apc(Min) mouse model of colon cancer upon tis-
sue injury and that Yap reprograms Lgr5(+) intes-
tinal stem cells by inhibiting the Wnt homeostatic
program, while inducing a regenerative program
that includes activation of EGFR signaling [86].
Mouse model of CAC performed in geneti-
cally modified miR-21(—/-) mice have shown
that the absence of miR-21 resulted in attenuated
proliferation of tumour cells with a simultaneous
increase in E-cadherin and decreased p-catenin
and stem cell markers in tumour tissues [43].
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3.4.5 Oxidative Stress/ DNA
Damage

It was demonstrated that NO induced apoptosis
and stimulated expression of miR-34. In agree-
ment with the link between p53 and NO, the loss
of p53 inhibited both consequences. In human
colorectal cancer samples, the expression of
miR-34 significantly correlated with the level of
inducible nitric oxide synthase (iNOS). So, the
increased NO production may select cells with
low levels of p53-dependent miRNAs which
contributes to human colonic carcinogenesis and
tumour progression [70, 71].

MiR-223 is able to target ATM expression and
sensitizes culture cells to radiation-induced DNA
damage [87].

3.5 Concluding Thoughts
As described above, the signaling cascades link-
ing inflammation and cancer are tightly related.

MiRNAs themselves are recognized as work-
ing in integrated transcriptional regulatory cir-
cuits and are frequently reported to be part of
regulatory feed-back loops.

A study that compares the pathways that are
targeted by miRNAs in DSS-induced chronic
inflammation and in AOM/DSS-induced carcino-
genesis shows that both conditions are involving
the same pathways and functions. Several miR-
NAs deregulated by inflammation or carcinogen-
esis are identical, but not all of them, however
both conditions involved pathways in cancer,
apoptosis, and proliferation in the same manner
[33]. Thus, during IBD, many miRNAs are
deregulated by inflammation and, as they are also
acting together on pathways involved in carcino-
genesis, they participate in the progressive
molecular shift observed in the route from inflam-
mation to cancer.

Colon cancer and IBD are rarely studied at the
whole organism level. Nevertheless, miRNAs are
secreted and can affect their targets genes in dis-
tant cells. This was demonstrated for miR-150
and miR-223, that are both mainly expressed in
myeloid cells [39, 50, 88, 89]. In an animal model
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of Thl-mediated inflammatory bowel disease,
the upregulation of some miRNAs (including
miR-223) in peripheral blood leukocytes pre-
cedes their expression in the colon [44]. Myeloid-
derived suppressor cells (MDSCs) play a critical
role in the suppression of T-cell responses and the
induction of T-cell tolerance in cancer. MDSCs
are accumulating in bone marrow, spleen and
blood of patient carrying cancer, and miR-223
was demonstrated to prevent their differentiation
from bone marrow cells, and accumulation in
peripheral tissues [90]. MDSCs are recruited in
tumours mainly by the CXCLS5 chemoattractant
secreted during inflammation, and are able to
induce EMT and early cancer dissemination [91].
As miR-223 is tightly implicated in the CAC
pathology (see Table 3.1 and 3.2), the clarifica-
tion of its role in the recruitment of MDSCs and
in the tumorous immune-suppression at a whole
organism level would be of great interest.

Indeed, these observations could lead to pre-
ventive and therapeutic measures. Chronic intake
of anti-inflammatory drugs reduces the risk of
colorectal cancer. A more precise identification of
key regulators of the involved pathways might
pave the way towards a more specific preventive
approach.
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Markus Kaller and Heiko Hermeking

Abstract

The epithelial-mesenchymal-transition (EMT) represents a morphoge-
netic program involved in developmental processes such as gastrulation
and neural crest formation. The EMT program is co-opted by epithelial
tumor cells and endows them with features necessary for spreading to dis-
tant sites, such as invasion, migration, apoptosis resistance and stemness.
Thereby, EMT facilitates metastasis formation and therapy resistance. A
growing number of transcription factors has been implicated in the regula-
tion of EMT. These include EMT-inducing transcription factors (EMT-
TFs), the most prominent being SNAIL, SLUG, ZEB1, ZEB2 and TWIST,
and negative regulators of EMT, such as p53. Furthermore, a growing
number of microRNAs, such as members of the miR-200 and miR-34
family, have been characterized as negative regulators of EMT. EMT-TFs
and microRNAs, such as ZEB1/2 and miR-200 or SNAIL and miR-34, are
often engaged in double-negative feedback loops forming bistable switches
controlling the transitions from epithelial to the mesenchymal cell states.
Within this chapter, we will provide a comprehensive overview over the
transcription factors and microRNAs that have been implicated in the reg-
ulation of EMT in colorectal cancer. Furthermore, we will highlight the
regulatory connections between EMT-TFs and miRNAs to illustrate com-
mon principles of their interaction that regulate EMTs.
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4.1 Introduction

The ability to metastasize represents an impor-
tant feature of cancer cells [1]. Whereas surgical
resection and adjuvant therapy can cure spatially
restricted primary tumors, metastatic disease is
largely incurable because of its systemic nature
and the resistance of disseminated tumor cells to
existing therapeutic agents (reviewed in [2]).
This explains why >90 % of mortality from can-
cer is attributable to metastases, and not to the
primary tumors from which these malignant
lesions arise [3, 4].

The term “epithelial-mesenchymal transition”
describes a cellular transdifferentiation program
that is employed during embryogenic develop-
mental stages such as gastrulation and neural
crest formation, as well as (patho-)physiological
processes, such as wound healing or fibrosis [5—
7]. Importantly, EMT is aberrantly co-opted by
epithelial tumor cells to acquire features consid-
ered to be necessary for dissemination from the
primary tumor, e.g. increased migratory and
invasive capacity. Therefore, EMT is critically
involved in the active intravasation of primary
tumor cells into the bloodstream and thought to
be one of several mechanisms regulating the
early stages of the invasion-metastasis cascade
[5-7]. Furthermore, circulating tumor cells
(CTCs) that have disseminated from the primary
tumor very often display mesenchymal charac-
teristics that allow preferential survival within
the bloodstream and, therefore, seeding to distant
organs [8]. The reduced proliferation rate and
increased resistance to apoptosis observed in
cells that have undergone an EMT also contrib-
utes to resistance to treatment with chemothera-
peutic drugs or radiation. Moreover, transition to
a mesenchymal state has been shown to confer
stem cell characteristics, such as the ability for
self-renewal and increased tumor-initiating
capacity [9]. As a consequence, the presence of

tumor cells that have transitioned into a mesen-
chymal cell state in primary and/or secondary
tumors is associated with tumor recurrence after
therapy and decreased patient survival [5, 7].
Therefore, a thorough understanding of the
molecular networks that govern the transitions
between epithelial and mesenchymal cell states
may become highly relevant for therapeutic strat-
egies in the future.

4.2 A Conceptual Framework
for the Interactions
Between Transcription
Factors and microRNAs

in the Regulation of EMT

The EMT process is activated by a variety of
intracellular signaling pathways that integrate
extracellular stimuli from the tumor microenvi-
ronment, such as those mediated by TGF-p,
BMP, Wnt, Notch and Hedgehog and various
growth factors, such as EGF, FGF and PDGF,
that also control EMT during embryonic devel-
opment. In addition, other forms of extracellular
conditions or signals, such as hypoxia and inflam-
matory stimuli, have been shown to induce EMT
[5].

The effectors of these EMT-inducing signals,
such as p-Catenin/TCF/LEF (WNT signaling),
SMADs (TGF-beta signaling), HIF1a (hypoxia),
and NFkB, STAT3 (inflammation) function as
direct transcriptional activators of one or several
EMT-inducing transcription factors (EMT-TFs)
and are therefore tightly linked to the regulatory
network that orchestrates cellular reprogram-
ming during EMT (Fig. 4.1). Hence, a set of
EMT-TFs, which includes SNAIl (SNAIL),
SNAI2 (SLUG), ZEB1, ZEB2 and TWIST1, are
aberrantly activated during cancer-associated
EMTs and coordinate the execution of the EMT
program [5-7].
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The transcriptional repression of E-Cadherin
and additional adherens junction and tight junc-
tion proteins by direct binding of EMT-TFs to the
respective gene promoters is critical for the
induction of EMT and a defining feature of EMT-
TFs [7]. Moreover, additional transcription fac-
tors have been identified that, when ectopically
expressed in epithelial cancer cell lines, lead to
downregulation of E-Cadherin und upregulation
of mesenchymal marker proteins, such as
Vimentin. These include E47 [10], TCF4 [11-13],
LEF1 [11, 14], Goosecoid (GSC) [15], FOXC2
[16], TFAP4 [17] and ZNF281 [18]. However, at
least for some of these additional TFs, downregu-
lation of E-Cadherin seems to be mediated by
indirect mechanisms.

Conversely, a growing number of microR-
NAs, such as members of the miR-200 and miR-
34 microRNA families, have been identified as
negative regulators of EMT, most notably via
regulatory feedback loops with individual EMT-
TFs [19]. Strikingly, many of the microRNAs
engaged in double-negative feedback loops with
EMT-TFs are transcriptionally activated by the
p53 tumor suppressor protein (see below), indi-
cating that activation of p53 critically regulates
the balance of these regulatory feedback-loops

Fig.4.1 A conceptual
framework for the
interactions between
transcription factors and
microRNAs in the
regulation of epithelial
and mesenchymal cell
states

effectors of EMT-inducing signals
e.g. B-Catenin/TCF/LEF, SMADs,
HIF1a, NFxB, STAT3

epithelial TFs

e.g. GRHL2

e

and the maintenance of the epithelial cell state. In
addition, p53 mediates post-translational inhibi-
tion of EMT-TFs, such as SNAIL and SLUG, by
MDM2-mediated protein degradation [20, 21].
Consequently, the frequent inactivation of p53
during tumorigenesis presumably contributes to
deregulated activation of these EMT-TF networks
and removes the barriers for reprogramming of
epithelial into mesenchymal cells, resulting in
augmented EMT and increased propensity of pri-
mary tumors to form metastases [22, 23].
Furthermore, several transcription factors
have been identified that enforce the epithelial
cell state and thereby antagonize EMT-TF
function, most notably by direct transcriptional
repression of EMT-TFs. Moreover, these
epithelial-specific TFs are directly repressed by
EMT-TFs. The ELF3 transcription factor was ini-
tially identified as an epithelial-specific marker
for terminal differentiation of keratinocytes [24,
25]. ELF3 levels are reduced in SNAIL1/2-
mediated EMT [26]. Interestingly, ELF3 expres-
sion is elevated in colorectal tumors and is
associated with poor patient prognosis [27]. The
ELFS5 transcription factor suppresses EMT by
direct transcriptional repression of SLUG.
Furthermore, ectopic expression of ELFS5 in mes-

EMT

EMT-TF |

[

tumor suppressors
e.g. p53
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enchymal cancer cell lines induces a reversal of
the mesenchymal phenotype, a so-called
mesenchymal-epithelial-transition (MET) [28].
However, its role in colorectal cancer progression
has not been determined yet. The GRHL?2 tran-
scription factor is a member of the evolutionarily
conserved Grainyhead transcription factor family
that plays critical roles in regulating epithelial
cell differentiation [29]. GRHL2 is a positive
regulator of epithelial-specific genes, such as
E-Cadherin and other adherens and tight junction
components [30-32]. Knockdown of GRHL2 in
epithelial cancer cell lines up-regulates several
EMT-TFs and mesenchymal markers [31]. In
turn, GRHL2 suppresses EMT induced by TGF-
beta and TWIST1 [33]. Similarly to ELF3,
GRHL?2 expression is elevated in colorectal
tumors and associated with poor patient progno-
sis [34]. The OVOL1/2 transcription factors are
regulators of epithelial differentiation [35], and
ectopic expression of OVOL1/2 in mesenchymal
cancer cell lines induces an epithelial cell state
[36]. Interestingly, both the GRHL2 and
OVOL1/2 transcription factors are engaged in
double-negative regulatory feedback loops with
ZEB1 [36, 37]. Moreover, the GATA family tran-
scriptional repressor TRPS1  (tricho-rhino-
phalangeal syndrome type 1) suppresses EMT
via repression of ZEB2 [38], indicating that regu-
lation of the ZEB1/2 transcription factors is criti-
cal for the maintenance of either the epithelial or
mesenchymal cell state.

The functional interplay between EMT-TFs,
epithelial-specific transcription factors and
microRNAs regulating the EMT process is
dynamically modulated during tumor progres-
sion. Whereas dissemination from the primary
tumor, intravasation and survival of circulating
tumor cells (CTCs) are thought to be critically
dependent on a mesenchymal phenotype, macro-
scopic outgrowth of metastases after seeding to a
distant organ is accompanied by an MET. The
MET is characterized by re-expression of
epithelial-specific transcription factors and
microRNAs, such as miR-200, and a regain of
epithelial features, which are characteristic for
distant metastases [8, 39]. However, both the cell
intrinsic and microenvironmental factors regulat-
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ing the context-dependent balance of epithelial
and mesenchymal cell states and the underlying
gene expression networks, especially those regu-
lating MET and metastatic outgrowth, are still
incompletely understood.

4.3 The Regulatory Network

of EMT-TFs in CRC

Remarkably, many EMT-TFs positively regulate
each other in a highly cooperative manner and
thus form a hierarchical regulatory network
(Fig. 4.2, see also Table 4.1). Indeed, it has been
speculated that EMT-TFs, such as SNAIL, are
required for the initial stages of EMT, whereas
the ZEB1/2 transcription factors function in sta-
bilization of the mesenchymal state [7].
Furthermore, specific temporal requirements for
the induction and maintenance of EMT upon
activation by TGF-f have been described for
SNAIL and TWIST1 [40]. Although activation of
EMT-TFs eventually converges on shared hall-
mark features, e.g. the repression of epithelial-
specific genes, such as CDHI/E-Cadherin,
individual EMT-TFs nevertheless induce distinct
transcriptional profiles when ectopically acti-
vated in cancer cell lines [41]. In addition, the
transcription factors SNAIL and SLUG display
distinct spatiotemporal expression patterns and
are associated with distinct EMT signatures in
vivo [42], indicating that context-dependent acti-
vation of specific EMT-TFs may lead to the
induction of different transcriptional profiles
resulting in distinct cellular phenotypes. In part,
this can be attributed to different DNA binding
site preferences. The highly related SNAIL and
SLUG transcription factors recognize consensus
E2-box type elements C/A(CAGGTG), whereas
the ZEB1 and ZEB2 EMT-TFs recognize similar,
but distinct sites composed of bipartite E-boxes
(CACCT---CACCTG), which overlap with
SNAIL/SLUG binding sites on certain promot-
ers, such as the CDHI promoter [7], but their
DNA binding patterns may differ on a genome-
wide scale [39]. Moreover, even though SNAIL
and SLUG bind to similar E-box motifs, their
genome-wide binding patterns have recently
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Fig. 4.2 EMT-TF transcriptional  network in
CRC. Experimentally validated transcriptional interac-
tions between transcription factors involved in EMT in

been shown to display extensive differences in
murine mammary tumors [42].

Apart from the described EMT-TFs, a grow-
ing number of additional transcription factors
have been identified that can induce an EMT in
cancer cell lines from various tumor entities (see
Table 4.1). Not all of these TFs have formally
been shown to be involved in or sufficient to
induce EMT in cell culture or mouse models of
CRC yet, and their function(s) within the tran-
scriptional network of EMT-TFs in CRC are not
well understood. However, elevated expression
of many of these is observed in CRC patient sam-
ples and is associated with lymphnode and dis-
tant metastasis, as well as decreased patient
survival, highlighting the importance of deregu-
lation of these factors for colorectal cancer pro-
gression (Table 4.1).

Nevertheless, a core transcriptional network
of EMT-TFs operative in CRC can be inferred
from the available literature (Fig. 4.2). We char-
acterized a feed-forward loop composed of
c-MYC, TFAP4 and SNAIL that induces EMT in
colorectal cancer [17]. TFAP4/AP4 is a direct
transcriptional target of c-MYC and mediates
c-MYC-induced EMT in CRC cell lines by

HMGA1

SIX1

CRC, as inferred from literature. Presumably indirect
interactions are displayed as dotted lines. For description,
see main text

inducing an EMT signature [17]. Furthermore,
elevated AP4 expression is associated with
metastasis and poor survival of colorectal cancer
and was necessary for metastasis formation in a
xenograft model [17]. Moreover, we found that
the c-MYC-associated zinc-finger protein
ZNF281 induces EMT and is required for
c-MYC-induced EMT in CRC cell lines. ZNF281
presumably achieves this by forming a positive
feedback loop with SNAIL [18].

Both SNAIL and SLUG induce LEF1 expres-
sion in CRC cell lines [11]; however, since
SNAIL mediated induction of LEF1 can be abro-
gated by ectopic expression of E-Cadherin, this
effect may not be mediated via direct transcrip-
tional activation [43]. Furthermore, (-Catenin/
LEFI is sufficient to induce EMT in colorectal
cancer cell lines [11]. Elevated expression of
LEF1 in colorectal tumors is associated with
lymph node metastases, distant metastasis, and
shorter overall survival of CRC patients [44, 45].

WNT/p-Catenin-mediated  inhibition  of
GSK3p, the protein kinase which is regulating
the turnover of the SNAIL protein, leads to
increased SNAIL protein levels and activity [46].
In contrast, SLUG (but not SNAIL) is
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Table 4.1 Transcription factors with roles in EMT and CRC

TF

“classical” EMT-TFs :

SNAIL
SLUG

TWIST1

ZEBI
ZEB2

Other TFs :
Brachyury/T
FOSL1

FOXC2
FOXF2
FOXM1
FOXQl
HMGAL

HMGA?2
LEF1

c-MYC

NFATCI1

PROX1
PRRX1
SATBI

SIX1
SOX2
SOX4

SOX9

STAT3

Role in CRC progression and metastasis

Elevated expression associated with lymph node metastasis and poor
overall survival

Elevated expression associated with distant metastasis and shorther
survival

Elevated expression associated with lymph node metastasis

Elevated expression associated with shorter overall survival and
disease-free survival

Elevated expression in CRC compared to normal mucosa; elevated
expression associated with liver metastasis and poor overall survival

Elevated expression at the tumor invasion front and in liver metastases
associated with shorter survival

Higher expression associated with shorter survival

Higher expression associated with lymph node and liver metastasis;
higher expression associated with shorter recurrence-free survival

Elevated expression correlated with TNM stages; elevated expression
associated with decreased overall and disease-free survival

Decreased expression in primary tumors compared to normal colon
epithelium
Higher expression in CRC compared to normal mucosa; higher

expression associated with lymph node metastasis, liver metastasis,
and advanced TNM stage

Higher expression in CRC compared to normal mucosa
Higher expression in CRC compared to normal mucosa
Higher expression correlates with distant metastasis and poor survival

Higher expression associated with lymph node metastases, distant
metastasis, advanced TNM (tumor-node-metastasis) stage, and shorter
overall survival

Higher expression associated with shorter overall survival

Frequent amplification and elevated expression in CRC compared to
normal colon epithelium;

Copy number gain associated with poor patient prognosis

NFATCI1-driven transcriptional program associated with shorter
survival

Higher expression associated with shorter survival

Higher expression associated with metastasis and poor prognosis
Higher expression associated with poorly differentiated tumors, higher
invasion depth, distant metastasis, advanced TNM stage and poorer
prognosis

High expression associated with decreased overall survival

Higher expression correlated with lymph node and distant metastases
Higher expression associated with shorter recurrence-free and overall
survival

Upregulated in CRC compared to normal mucosa; high expression
asociated with shorter overall survival copy number gain detected in
some primary colorectal cancers

Activation of STAT3 associated with mesenchymal gene expression
signature and poor patient prognosis
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Table 4.1 (continued)

TF Role in CRC progression and metastasis References

TBX3 Higher expression associated with tumor size, poor differentiation, [168]
invasion, lymph node metastasis, TNM stage and poorer overall
survival and disease-free survival

TCF4 Higher expression associated with shorter overall survival [169]

TFAP4 Elevated expression associated with lymphnode and distant [17]
metastasis, higher tumor grade and shorter survival

TAZ Elevated expression associated with decreased survival [62, 63]

YAP1 Elevated expression associated with decreased survival [61, 62]

ZNF703 / Zeppo Elevated expression in CRC compared to normal mucosa; elevated [170]
expression associated with poor prognosis

epithelial-specific TFs :

ELF3 Upregulation associated with poor survival; Upregulation associated [27,171]
with lymph node metastases

GRHL2 Higher expression in CRC tissues; higher expression associated with [34]
tumor size and TNM stage, overall survival and recurrence-free
survival

KLF4 Low expression associated with lymph node and distant metastasis, [172,173]

metastasis recurrence and poor survival

transcriptionally induced by p-Catenin/TCF4 in
CRC cell lines [47, 48]. Apart from inducing
EMT-associated morphological changes and
enhancing invasive and migratory capacities,
SLUG mediates resistance to 5-fluorouracil-
induced cell death in colon cancer cells [49].
SLUG expression is also regulated by HMGA?2 in
colon cancer cells [50]. HMGA?2 is a critical
downstream mediator of TGF-f signaling and
also induces other EMT-TFs, such as SNAIL,
albeit not in CRC models [51-53]. The related
HMGALI1 transcription factor induces TWIST1
expression in CRC cell lines and has been shown
to be required for metastasis formation in xeno-
graft mouse models of CRC [54].

The FOXQI transcription factor is transcrip-
tionally induced by p-Catenin/TCF4 and is
highly expressed in mesenchymal CRC cell lines
[55]. Moreover, FOXQI1 directly induces
TWIST1 and regulates migration and invasion of
CRC cells [56]. Ectopic expression of FOXQI in
breast cancer cell lines induces an EMT pheno-
type, which is mediated by direct repression of
E-Cadherin, and promotes lung metastasis in
mouse xenograft models [57].

The Hippo tumor suppressor pathway is
involved in organ size control and stem-cell self
renewal by inhibition of the transcriptional co-

activators YAP1 and TAZ [58]. Conversely, YAP1
is directly activated by WNT/B-Catenin signaling
in colorectal cancer cells and augments
anchorage-independent cell growth in soft agar
[59]. Moreover, YAP1 has recently been shown
to cooperate with KRAS signaling in CRC cell
lines and interacts with the AP-1 transcription
factor FOS to regulate EMT-associated genes,
such as SLUG and Vimentin [60]. Elevated
expression of both YAP1 and TAZ is associated
with decreased patient survival in CRC, indicat-
ing that aberrant activation of these transcription

factors contributes to tumor progression
[61-63].
The EMT-TF ZEB1 is transcriptionally

induced by several EMT-inducing signaling
pathways in CRC, such as WNT/B-Catenin [13],
hypoxia [64] and STAT3 signaling [65].
Furthermore, ZEB1 is transcriptionaly activated
by SNAIL, albeit in a presumably indirect man-
ner [66]. The SIX1 transcription factor induces
EMT in CRC cell lines, at least in part by activa-
tion of ZEB1 [67], which has also been demon-
strated in breast cancer cell lines [37]. Moreover,
inverse expression of the epithelial-specific tran-
scription factor GRHL2 and ZEB1 in CRC cell
lines indicates the existence of a double negative
feedback-loop, which may regulate the transi-
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tions between epithelial and mesenchymal states
[68]. However, so far this has only been demon-
strated in breast cancer cell lines [37]. Elevated
expression in CRC compared to normal mucosa
has been shown for ZEB1, which is correlated
with liver metastasis and poor overall survival
[69-T71].

During inflammatory signaling IL6-mediated
activation of STAT3 leads to transcriptional
induction of FOSLI1/FRA-1 [72]. FOSL1
expression in CRC cell lines induces an EMT
expression signature [73]. Moreover, strong
FOSLI1 expression is detected at the invasion
front of colorectal tumors [73]. Therefore,
FOSL1 may be an important mediator of
inflammation-mediated tumor progression.

In summary, these findings indicate that
numerous EMT-TFs are involved in cellular
reprogramming during EMT in CRC. However,
even though additional regulatory linkages
between these and other transcription factors
may be inferred from experimental data from
other tumor entities, a comprehensive under-
standing of the transcription factors involved in
CRC-associated EMTs and their interplay with
each other is still missing.

4.4 The Regulatory Network
of Interactions
Between EMT-TFs

and MicroRNAs in CRC

MicroRNAs (miRNAs) represent a class of small
~22-nucleotide-long non-coding RNAs that
mediate posttranscriptional gene repression by
inhibition of translation initiation and/or mRNA
degradation via association of a ~7 nucleotide
stretch, called seed-sequence, in their 5'-portion
with a complementary sequence usually located
in the 3-UTR of the target mRNA. [74]. Since
target mRNA recognition is primarily determined
by the relatively short seed region, dozens or
even hundreds of target mRNAs that harbor the
complementary seed-matching sequence can be
regulated by a single miRNA [75]. The majority
of human protein coding mRNAs harbors evolu-
tionarily conserved miRNA binding sites.
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Therefore, the genome-wide impact of miRNAs
on gene expression is predicted to be widespread
[76]. Moreover, most 3'-UTRs of protein-coding
mRNAs harbor one or several binding sites for
different miRNAs, thereby receiving multiple
regulatory inputs which determine their overall
mRNA stability and protein translation rates in a
combinatorial manner [77-79]. Indeed, different
miRNAs may exert their function via cooperative
cotargeting of a shared set of mRNAs and/or
mRNAs of functionally related proteins, i.e. via
targeting multiple mRNAs encoding for proteins
of the same cellular pathway [80]. Cooperative
cotargeting by different miRNAs may be particu-
larly relevant to understand miRNA function
since microRNA-mediated repression has been
reported to be rather modest for the majority of
individual mRNA targets [81, 82].

A growing number of miRNAs have been
identified as critical regulators of EMT, most
prominently by direct regulatory interactions
with mRNAs enconding EMT-TFs [83]. We per-
formed a comprehensive survey of experimen-
tally validated regulatory interactions between
miRNAs, EMT-TFs, epithelial-specific TFs and
effectors of EMT-inducing signals (i.e. f-Catenin/
TCF/LEF), SMADs, HIF1a, NFkB and STAT3)
based on the currently available literature and
generated a chromosome-based interaction map,
which illustrates the extensive regulatory net-
work of miRNAs and transcription factors
involved in the regulation of EMT (Fig. 4.3, also
see Fig. 4.1). Since microRNA-mediated regula-
tion of many of the more recently described
EMT-TFs has not been analyzed in detail so far,
posttranscriptional microRNA-mediated control
of EMT-TFs is presumably even more pervasive.

Although not all microRNAs and transcrip-
tion factors shown are likely to be involved in
EMT in CRC, a substantial number of regulatory
interactions is presumably conserved across
tumor entities, but has not formally been vali-
dated in cell culture or mouse models of
CRC. Therefore, the miRNA-TF network opera-
tive in CRC-associated EMT is probably far
more complex than illustrated here. Conversely,
the role of many miRNAs and transcription fac-
tors within the CRC-specific subnetwork and
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Fig.4.3 The regulatory network of interactions between
EMT-TFs and microRNAs in CRC. Experimentally vali-
dated regulatory connections between microRNAs and
transcription factors involved in EMT from various tumor
entities, as inferred from literature, are displayed as grey
lines. Experimentally validated transcriptional regulation
of miRNAs by transcription factors involved in EMT in
CRC and experimentally validated transcriptional regula-
tion between different TFs involved in EMT in CRC, as
shown in Fig. 4.2, are displayed as black lines. The names
of TFs and miRNAs involved in EMT in CRC are indi-
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cated. The two inner rings highlight chromosomal regions
commonly altered in CRC . The first inner ring displays
alterations of chromosomal arms occurring with statistical
significance (amplifications are shown in grey, deletions
in black). Alteration frequencies are displayed as bar
height. The second inner ring displays focal copy number
number alterations (CNAs) occurring with statistical sig-
nificance (amplifications are shown in grey, deletions in
black). The frequencies of chromosome arm alterations
and the genomic coordinates of focal CNAs were obtained
from [86]. The figure was generated with Circos [134]
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their role in CRC progression is still not fully
understood, and systematic validation of regula-
tory interactions derived from the analysis of
other tumor entities may broaden our understand-
ing of the regulatory networks underlying EMT
in CRC. Nevertheless, deregulated expression of
many of these microRNAs is observed in CRC
patient samples and is associated with lym-
phnode and distant metastasis, as well as
decreased patient survival, implicating the impor-
tance of their deregulation for colorectal cancer
progression (Table 4.2).

Interestingly, some microRNA and/or tran-
scription factor genes involved in EMT are
located in chromosomal regions that are fre-
quently altered in cancer [84]. Therefore, the
microRNA-TF network operative in CRC-
associated EMT may be modulated by chromo-
somal alterations, which critically contribute to
CRC progression. For example, the c-MYC
proto-oncogene is located on 8q24.21, which is
frequently amplified in CRC [85, 86]. Moreover,
the genes of the EMT-suppressive miR-34a and
miR-200a/b/429 microRNAs are located on
chromosome 1p36, a region which is often
altered in colorectal cancers and the deletion of
which can serve as a marker for tumor dissemina-
tion [87].

4,5 p53-Regulated MicroRNAs
and Their Regulation of EMT-
TFs in CRC

Several EMT-suppressing microRNAs are

engaged in double-negative feedback loops with
individual EMT-TFs in CRC and other tumor
entities, thereby forming bistable switches that
regulate the transitions from epithelial to mesen-
chymal cell states and vice versa. Strikingly, the
microRNAs engaged in double-negative feed-
back loops with EMT-TFs are transcriptionally
activated by the p53 tumor suppressor protein,
indicating that activation of p53 interferes with
these regulatory feedback-loops by shifting the
equilibrium towards the miRNAs, which favor
the epithelial state (Fig. 4.4). At least in the early
stages of the invasion-metastasis cascade this
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may result in tumor suppression by preventing
EMT.

The p53-inducible miR-200 microRNA fam-
ily served as the inital example of a miRNA with
a role in the inhibition of EMT [88-90]. The
EMT-TFs ZEB1 and ZEB?2 are posttranscription-
ally regulated by members of the miR-200 fam-
ily, and directly repress miR-200 transcription by
direct promoter binding [91-94]. Elevated
expression of miR-200 family members is asso-
ciated with increased overall and disease-free
survival of CRC patients, and represents a benefi-
cial prognostic marker for CRC patients receiv-
ing adjuvant chemotherapy [95]. Interestingly,
the invasion front of primary CRC tumors dis-
plays low miR-200c expression [96], whereas
liver metastatic tissues have higher miR-200c
and miR-141 expression levels compared to pri-
mary tumors [97], indicating that miR-200
expression levels may be dynamically and revers-
ibly modulated during the invasion-metastasis
cascade. Transient and reversible promoter meth-
ylation of miR-200 during TGF-f induced EMT
has been demonstrated in cell culture models
[98]. In addition, promoter methylation of the
miR-200c/141 cluster occurs in permanently
mesenchymal cell lines [99]. However, given the
elevated miR-200c expression levels in distant
metastases [97], as well as the primarily epithe-
lial phenotype of metastases [100], it is likely
that DNA methylation of the miR-200 gene pro-
moters is dynamic during tumor progression.

Several reports have shown the transcriptional
activation of the miR-34 microRNA family by
p53 [101-106], and members of the miR-34
microRNA family have been firmly established
to act as tumor suppressors in various cancer
types, at least in part, by mediating the tumor
suppressive function of p53 [22, 23]. Several TFs
involved in the regulation of EMT have been
shown to be targeted by members of the miR-34
microRNA family. For example, the SNAIL tran-
scription factor has been shown to be a direct tar-
get of the miR-34a/b/c [107, 108], and conversely
represses miR-34a transcription [108]. In addi-
tion, c-MYC has been shown to be regulated by
miR-34b and —c in colorectal cancer cells [109].
Moreover, the zinc-finger protein ZNF281, which
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Table 4.2 MiRNAs with roles in EMT and CRC

microRNA

EMT suppressive

miRNAs
p53-induced :
miR-200a/b/c
miR-141
miR-429

miR-34a/b/c

miR-145

miR-15/16

miR-192/194/215

miR-205

Other miRNAs :
miR-101

miR-124
miR-137
miR-138
miR-203
miR-204-5p

miR-30 family

EMT promoting
miRNAs

miR-17-92 cluster :

hsa-mir-17
hsa-mir-18a

hsa-mir-19a
hsa-mir-20a

Role in CRC progression and metastasis

Elevated expression of miR-200 family members is associated with
increased overall and disease-free survival

Beneficial prognostic marker for CRC patients receiveing adjuvant
chemotherapy
Low expression at invasion fronts of primary CRC tumors

Elevated expression in liver metastatic tissues compared to primary
tumors

Downregulation of miR-34a and miR-34b/c expression and high
frequency of silencing by CpG methylation is strongly associated with
distant metastasis and poor survival

Downregulation in CRC, downregulation associated with metastasis
Decreased expression at the tumor invasion front

Downregulation associated with advanced TNM stage, poor histological
grade, positive lymph node metastasis, shorter overall and disease-free
survival

Downregulated in CRC tissues, downregulation associated with
increased tumor size

Downregulation associated with advanced tumor stage

Downregulation in a subgroup of colorectal tumors correlating with
lymphnode metastasis

Low miR-101 expression in CR tumors; miR-101 expression associated
with tumor grade

Downregulated in ulcerative colitis; Downregulation in CRC associated
with shorter overall and disease-free survival

Downregulated in CRC tissues compared to normal colonic mucosa
Frequently downregulated by promoter methylation in primary tumors

Downregulation associated with lymph node metastasis, distant
metastasis and poor prognosis

Decreased levels in serum of CRC patients
Decreased expression in CRC tumor tissues correlated with tumor stage

Downregulated in CRC compared to normal mucosa, downregulation
associated with poor patient prognosis

miR-30a : downregulated in metastatic tissues; miR-30b : downregulated
in primary CRC; downregulated in liver metastases compared to primary
tumors

High expression associated with shorter overall survival
Elevated expresssion in CRC compared normal mucosa,
Elevated plasma levels in CRC patients

High expression associated with lymph node metastasis

High expression associated with lymph node metastases and distant
metastases
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Table 4.2 (continued)
microRNA

hsa-mir-92a-1

miR-103/107

miR-10b

miR-155

miR-21

miR-9
miR-96-182-183
cluster :

miR-96
miR-182

miR-183

Fig.4.4 p53-regulated

microRNAs mediate
inhibition of EMT-TFs
in CRC. Regulatory
loops between p53-

induced microRNAs and

transcription factors
involved in EMT in
CRC. For clarity,
transcriptional links
between individual
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Role in CRC progression and metastasis

High expression in carcinoma

High expression associated with lymph node and distant metastasis,
metastasis recurrence and poor survival

High expression associated with distant metastasis
High expression with lymph node metastasis and higher tumor grade

High expression associated with lymph node metastases and lower
overall and progression-free survival

High expression associated with tumor grade, TNM staging and distant
metastasis

Upregulated in CRC and colitis-associated colon cancer;
High expression associated with metastasis

High expression associated with advanced tumor stage
High expression associated with distant metastasis

Low expression associated with distant metastasis and poor survival

High expression associated with lymph node metastases; elevated plasma
levels in patients with CRC

High expression associated with tumor invasion, positive regional lymph
node status, and advanced TNM stage

High expression associated with poor survival

Elevated plasma levels associated with shorter disease-free survival and
lower overall survival

p53

References
[200]

[201]

[202-204]

[205, 206]

[205, 207, 208]

[209]

[210]
[146,211-213]

[214,215]

—

miR-
15a/16-1

EMT-TFs are not shown

ZEB1/2

is required for c-MYC-induced EMT, represents
a direct target of miR-34a [18]. Ectopic expres-
sion of miR-34 in CRC cell lines suppresses
EMT, migration, invasion and stemness in vitro
[108, 110] and inhibits metastasis formation in
xenograft models [111, 112]. Furthermore,
downregulation of expression and a high fre-

. miR-
miR-200 1 34arbic

| /

quency of silencing by CpG methylation of the
miR-34a and miR-34b/c genes has been shown in
CRC and several other tumor entities. Notably,
miR-34a and miR-34b/c silencing has been asso-
ciated with distant metastasis and poor patient
survival [113-117].
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The p53-induced miR-145 represses the
c-MYC oncoprotein, and mediates cell cycle
arrest when ectopically expressed in CRC cell
lines [118]. Downregulation of miR-145 is
observed in CRC compared to normal colonic
mucosa, which is associated with metastasis.
Furthermore, decreased expression of miR-145
at the tumor invasion front has been described,
which was, however, not significantly correlated
with clinical parameters [119, 120].

TFAP4 is directly regulated by p53-induced
miR-15a/16-1, and has been shown to transcrip-
tionally repress miR-15a/16-1 expression by
binding to the promoter of the miR-15a/16-1
host gene DLEU2 [121]. Moreover, MYC
represses miR-15a/16-1 expression by direct
binding to the DLEU2 promoter [122]. The
microRNAs of the miR-15a/16-1 cluster are
known to act as tumor suppressors in various
tumor types and target factors with oncogenic
potential, such as Bcl-2 and CDK4 [123]. In line
with these experimental findings, downregula-
tion of miR-15a/16-1 in primary CRCs is associ-
ated with advanced TNM stage, poor histological
grade, positive lymph node metastasis and unfa-
vorable overall survival and disease-free sur-
vival [124].

4.6 Diverse Regulatory Motifs
Between TFs and MicroRNAs

in CRC

MicroRNAs which are highly interconnected
with the EMT-TF transcriptional network pre-
sumably exert their function not only by regulat-
ing individual transcription factors, but rather by
affecting transcriptional cascades. For example,
p53-induced microRNAs repress numerous
EMT-TFs. Thereby, they prevent spurious activa-
tion of transcriptional cascades involved in EMT
and act as a gatekeeper of the epithelial cell state.
It has been suggested that miRNAs may contrib-
ute to the robustness of cellular states by rein-
forcing feed-forward and feed-back-loops [125].
Indeed, the EMT-TF-microRNA regulatory net-
works contain common regulatory motifs
between pairs of transcription factors and indi-

vidual microRNAs which function in feed-
forward regulation of EMT-TF expression
(Fig. 4.5).

Several EMT-TFs are engaged in regulatory
circuits with miR-34 (Fig. 4.5a—c). SNAIL
induces ZNF281 expression in a feed-forward-
loop by direct transcriptional activation of
ZNF281 and repression of miR-34, which is a
negative regulator of ZNF281 [18]. Moreover,
miR-34a and miR-34b/c have been shown to
form a double-negative-feedback loop with
SNAIL [108] (Fig. 4.5a). Furthermore, SNAIL
directly induces LEF1 transcription [43], while
regulating miR-34 levels via a double-negative-
feedback loop, whereas LEF1 is a direct target of
miR-34a [82, 107] (Fig. 4.5b). IL6-mediated
activation of STAT3 via the IL6 receptor (IL6R)
is sustained by another feedback loop involving
miR-34-mediated repression of IL6R, direct tran-
scriptional repression of miR-34a by STAT3
[126] (Fig. 4.5¢c). IL6-mediated activation of
STAT3 leads to activation of FOSL1 presumably
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Fig.4.5 Regulatory circuits composed of EMT-TFs and
miRNAs. Regulatory connections between EMT-
suppressive miRNAs, such as miR-34, miR-200 and miR-
15/16 and transcriptionally linked EMT-TFs are displayed.
For details, see main text
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by a feed-forward loop that involves direct tran-
scriptional induction of FOSL1 [72], which is a
direct miR-34 target [127], and concomitant
STAT3-mediated repression of miR-34 [126]
(Fig. 4.5d).

Furthermore, the miR-200 microRNA family
is engaged in a feed-forward loop regulating the
expression of ZEB1. SNAIL induces transcrip-
tion of ZEB1 [66], and concomitantly represses
miR-200 genes [108], which form double-
negative feedback loops with ZEB1 [91, 92],
thereby augmenting SNAIL induced expression
of ZEB1 (Fig. 4.5¢).

Another example is the ¢-MYC mediated
induction of TFAP4 [17, 128], which is accompa-
nied by a c-MYC-mediated repression of miR-
15/16 [122]. TFAP4 and miR-15/16 form a
double negative feedback loop [121], which pre-
sumably results in a robust induction of TFAP4
after activation of c-MYC (Fig. 4.5f).

Since microRNA-mediated repression has been
reported to be rather modest for most targets [81,
82], the regulatory effect of a single microRNA
may be augmented within the context of these reg-
ulatory circuits. In addition, several EMT-
suppressing microRNAs may cooperate by
cotargeting specific EMT-TFs. Thereby, activation
of the miR-34, miR-200 and miR-15/16 microR-
NAs by, for example, p53 may lead to synergistic
repression of several transcriptionally linked EMT-
TFs, resulting in sustained inhibition of EMT.

4,7 Outlook

Additional microRNAs have been reported to be
transcriptionally regulated by EMT-inducing sig-
nalling pathway effectors, such as SMAD2/3/4,
NFKB and HIF1a, and presumably contribute to
shaping the transcriptional response after activa-
tion of the respective signaling pathways and
facility EMT. Therefore, additional regulatory
circuits involving EMT-TFs and microRNAs are
likely to be discovered in the future, some of
which may be critically relevant for CRC pro-
gression and potentially provide new avenues for
prognostication and treatment of colorectal
cancer.
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The clinical relevance of EMT for the process
of tumor metastasis has recently been challenged
by several reports showing that conditional abla-
tion of individual EMT-TFs, such as SNAIL or
TWIST1 or ectopic expression of miR-200 in
murine models of mammary or pancreatic cancer
does not inhibit invasion and metastases
formation [129, 130]. However, similar studies
will be necessary to validate these observations
in models of other tumor entities, including
CRC. In addition, due to the redundancy in the
EMT-regulating networks, it is possible that other
EMT-TFs substitute for the activity of the EMT-
TFs inactivated in these studies. Notably, the rel-
evance of EMT for conferring resistance to
chemotherapy was even further substantiated by
these studies [129, 130]. Therefore, current che-
motherapeutic treatments may be more effective
in combination with a therapeutic inhibition of
EMT. Recently, microRNA replacement-based
therapies have entered clinical trials. E.g. miR-
34a based therapies are tested for treatment of
unresectable forms of liver cancer or liver metas-
tases [131, 132]. Interestingly, miR-34a may also
harness the immune response towards tumors by
inhibiting the checkpoint inhibitor PD-L1 besides
promoting MET [133]. Therefore, a thorough
understanding of the interactions between
microRNAs and EMT-TFs that govern the transi-
tions between epithelial and mesenchymal cell
states may become highly relevant for therapeu-
tic strategies in the near future.
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Abstract

In recent years, the hypothesis of the presence of tumor-initiating cancer
stem cells (CSCs) has received a considerable support. This model sug-
gested the existence of CSCs which, thanks to their self-renewal proper-
ties, are able to drive the expansion and the maintenance of malignant cell
populations with invasive and metastatic potential in cancer. Increasing
evidence showed the ability of such cells to acquire self-renewal, multipo-
tency, angiogenic potential, immune evasion, symmetrical and asymmetri-
cal divisions which, along with the presence of several DNA repair
mechanisms, further enhance their oncogenic potential making them
highly resistant to common anticancer treatments. The main signaling
pathways involved in the homeostasis of colorectal (CRC) stem cells are
the Wnt, Notch, Sonic Hedgehog, and Bone Morfogenic Protein (BMP)
pathways, which are mostly responsible for all the features that have been
widely referred to stem cells. The same pathways have been identified in
colorectal cancer stem cells (CRCSCs), conferring a more aggressive phe-
notype compared to non-stem CRC cells. Recently, several evidences sug-
gested that non-coding RNAs (ncRNAs) may play a crucial role in the
regulation of different biological mechanisms in CRC, by modulating the
expression of critical stem cell transcription factors that have been found
active in CSCs. In this chapter, we will discuss the involvement of ncRNAs,
especially microRNAs (miRNAs) and long non-coding RNAs (IncRNAs),
in stemness acquisition and maintenance by CRCSCs, through the regulation
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of pathways modulating the CSC phenotype and growth, carcinogenesis,
differentiation, and epithelial to mesenchymal transition (EMT).

Keywords

Cancer stem cells ¢ Colorectal cancer ¢ Differentiation ¢ Epithelial-
mesenchymal transition ® MicroRNAs ¢ Non-coding RNAs ¢ Self-renewal
* Signaling pathways * Stemness ® Tumorigenicity

5.1 Introduction

Colorectal cancer (CRC) is one of the most
common malignant tumors worldwide repre-
senting the second leading cause of cancer-
related death in the Western Europe countries
and the third in the United States [1, 2].
Although, in the last few years, early detection
methods and new therapeutic strategies have
been implemented in order to prolong survival
and improve life quality of patients, however,
the development resistance mechanisms to
chemo- and radiotherapy is one of the major
issues for the clinical management of CRC
patients, leading to tumor recurrence and, con-
sequently, poor prognosis [3, 4]. Numerous evi-
dence revealed that a possible mechanism by
which CRC cells can evade common therapeutic
treatment (chemo- and radiotherapy) is the
maintenance of a cancer stem cell (CSC) pheno-
type via the regulation of pathways modulating
the carcinogenesis, differentiation, epithelial to
mesenchymal transition (EMT), and CSC
growth [5].

Recent findings suggested that non-coding
RNAs (ncRNAs), such as microRNAs (miRNAs)
and long non-coding RNAs (IncRNAs), could
be involved in stemness acquisition and mainte-
nance of colorectal CSCs (CRCSCs), though the
role of these molecules has yet to be clarified [6].
In this chapter, we will discuss the involvement
of ncRNAs, especially miRNAs and IncRNAs, in
regulation of pathways characterizing the CSC
phenotype in CRCSCs.

5.2  Relevance of CSCs in Tumors

To date, there are two main hypotheses about
tumor-triggering growth and progression. The
so-called “stochastic hypothesis” suggests that
each cell may be responsible for the tumor trans-
formation by random acquisition of genetic and
epigenetic alterations. The second theory states
that only few cells are involved in the tumori-
genesis process, and probably CSCs may play a
crucial role in such process. CSCs refer to a
subpopulation of SCs localized in the tumor
microenvironment. Tumorigenic potential of
CSCs was first suggested in 2006 by Jordan et al.
[7], who precisely argued the role played by this
small group of cells in supporting the tumor
growth. Thanks to their self-renewal properties,
CSCs drive the expansion and the maintenance
of malignant cell populations with invasive and
metastatic potential in cancer tissue [§8]. One of
the first pieces in the mosaic of the CSC model
focuses on the heterogeneity of the proliferative
capacity of the cells found in the tumor microen-
vironment. Such heterogeneity is the result of the
production by the multipotent CSCs (highly
proliferative) of a wide variety of progenitors
(averagely proliferative) and differentiated (non
proliferative) cells [9]. CSCs are in close contact
with a special microenvironment, called stem cell
niche, which confers them the potential to self-
renew. The niche consists of cellular and extra-
cellular components. Cross-talking between
microenvironment, cytokines and growth factors
is necessary to beat the physiological rhythm of



5 Non-coding RNAs Functioning in Colorectal Cancer Stem Cells 95

both adult epithelial cells and SC maintenance
and growth [10].

Furthermore, CSCs may undergo asymmetric
and symmetric divisions [11]. The asymmetric
division occurs when the mitotic spindle rotates
at 90° driven by a morphogen gradient. This
causes the retention of one daughter cell into the
niche, while the other one will differentiate into a
mature cell. The progeny in contact with the
stem cell niche retains the self-renewal ability,
while the other undergoes differentiation [12].
Differently, symmetric division refers to the gen-
eration of two daughter cells with the same dif-
ferentiation potential of mother cell. This division
seems to be necessary to increase the expansion
rate of each tumor cell population [11].

It has been discussed for a long time about the
potential origin of CSCs in order to understand
how and why these cells can acquire genetic and
epigenetic mutations, which usually characterize
the tumor CSCs but are absent in non-CSCs.
Some studies suggested that CSCs can originate
from the somatic cell, which regains stem-like
properties due to acquired mutations, mainly the
capacity of renewal and proliferation. Another
theory hypothesized that CSCs arise from pro-
genitors which acquired genetic or epigenetic
alterations. Indeed, several studies showed that
tumors appear to arise from adult stem cells
which present anomalies in the ability to accom-
plish asymmetric mitotic divisions [13]. During
normal ageing, stem cells accumulate damage
and subsequent stress-dependent changes, such
as, for example, de-repression of the INK4a/ARF
(CDKN2a) locus or telomere shortening [14].
This leads to the increasing abundance of senes-
cent cells within differentiated tissues. Incipient
tumors, arising directly from SCs or from more
committed cells, undergo a rapid proliferation.
These pre-malignant tumor cells rapidly accumu-
late damage, in part owing to the presence of
oncogenes, leading to a higher proportion of can-
cer cells which become senescent. Tumor pro-
gression to full malignancy is favored when
tumor cells acquire mutations that impair the
senescence program (e.g., mutations in 7p53 or
CDKN2a). In the same contest, it has been pro-
posed also the concept of “tumor-initiating

CSCs”, which refers to the ability of such cells to
initiate a tumor if transplanted in xenograft mod-
els [15].

CSCs, like all SCs, are able to acquire self-
renewal, multipotency, angiogenic potential and
immune evasion. In addition, the presence of
DNA repair mechanisms, activity of detoxifica-
tion enzymes and not least the ability of sym-
metrical and asymmetrical divisions further
enhance their oncogenic potential. Therefore, the
occurrence of acquired genetic and epigenetic
alterations confers to CSCs a more aggressive
cancer phenotype compared to somatic cancer
cells, making them highly resistant to common
anticancer treatments [16], as well as determin-
ing a potential source of metastatic spread in dif-
ferent sites of the body [17] and in different
tumor types, including breast cancer, colorectal
cancer, pancreatic cancer, small cell lung cancer,
etc [18]. One of the main limitations which have
delayed the research about the CSCs was just
how identify them in a tumor tissue. The first
study dating back to 20 years ago about the isola-
tion of the CSCs in leukemia was published in
1997 by Bonnet and Dick [19]. They isolated
subpopulations of leukemic cells from acute
myeloid leukemie expressing CD34 but not
CD38. CD34 identifies hematopoietic SCs and
bone marrow progenitor cells, whereas CD38 is
expressed during the differentiation of a subset of
these cells [19]. Subsequently, several other stud-
ies identified CSCs in brain, breast, ovary, colon,
pancreas and prostate cancers, melanoma and
multiple myeloma.

5.3 Colorectal Cancer Stem Cells

(CRCSCs)

Colorectal stem cells, like all SCs, represent a
reserve of undifferentiated, multipotent and self-
renewable cells, useful in the homeostasis pro-
cess. These cells follow an asymmetrical division
pattern, giving rise to two daughter cells: one will
remain undifferentiated, while the other will
become an intestinal progenitor cell [20]. Under
physiological conditions, intestinal homeostasis
appears to be the result of the interaction between
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stem cells, progenitor cells and microenviron-
ment. In particular, cross-talking between mesen-
chymal and epithelial cells induces the morphogen
gradients, required by intestinal subepithelial
myofibroblast cells, which are responsible for the
balance between proliferation, differentiation,
migration, and renewal [21]. The homeostasis of
colorectal SCs is under the control of the Wingless/
Int (Wnt), Notch and Sonic Hedgehog, Bone
Morfogenic Protein (BMP) signaling pathways,
which are mainly responsible for all the features
that have been widely referred to all SCs [22].

The identification of CRCSCs has witnessed a
strong development in recent years [23, 24].
Today the search for surface markers represents
one of the most performed approaches for the
identification of stem cells within the tumor.
Other experimental studies have been performed
to isolate CSCs by other specific features, such as
the long-term preservation of labeled DNA, mor-
phological traits, epigenetic modifications, or dif-
ferential gene expression. CRCSCs or CRC
stem-like cells (CRCSLCs) have been shown to
express surface markers, such as CD44, CD166,
CD133 (or Promonin-1) and ESA (epithelial-
specific antigen, also known as EpCAM). More
recently, Lgr5, Musashi-1 and aldehyde-
dehydrogenase 1 (ALDH-1) have been added to
the list of stem cell markers for CRC [25, 26].

The research of surface biomarkers remains
the most promising approach under current inves-
tigation, although several limitations and contro-
versies regarding the identification and
localization of such biomarkers, including the
lack of widely accepted specific molecular mark-
ers and the low sensitivity of the different used
techniques, were detected.

5.3.1 Signaling Pathways Involved

in CRCSCs

Alterations in signaling pathways regulating the
homeostasis of colorectal SCs, including Wnt
network, Notch and Sonic Hedgehog, Bone
Morfogenic Protein (BMP) signaling, have been
reported in CRCSCs, driving their malignant
behavior.
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Wnt belongs to a multigene family whose
members appear to be conserved across species.
The different members encode cytokines trigger-
ing intracellular responses. Several experiments
showed that Wnt pathway plays a key role in
intestinal crypt development, maintenance, and
proliferation, and is under control of Sonic
Hedgehog signaling pathway. In particular, it
plays a crucial role in the regulation of self-
renewal and proliferation of CRCSCs. Indeed,
Whnt knockout in xenograft models was associ-
ated with the loss of ability to develop the colon
crypts [27]. Progenitors at the bottom of the crypt
accumulate intracellular B-catenine which by
TCF/LEF activation induces the transcription of
genes responsible for SC features. This hypothe-
sis was investigated through in vitro studies
which aimed to observe the growth and forma-
tion spherical colonies under anchorage-
independent conditions in serum-free cultures.
Experimental evidence revealed the expansion of
colon CSCs by generating “colonospheres” from
colon cancer cell lines, confirming the pivotal
role of Wnt/B-catenin signaling pathway in the
regulation of epithelial stem cell self-renewal
[28, 29] and dysregulation of this signaling path-
way in colon carcinogenesis [30]. The Notch sig-
naling is another pathway involved in stemness
maintenance, by preventing differentiation and
inducing proliferation [31, 32]. In addition,
Notch may contribute to tumorigenesis by inhib-
iting differentiation, promoting survival or accel-
erating proliferation [33]. Potentially oncogenic
targets of Notch-1 include cyclins D1 and D3
[34, 35], cyclin A, SKP2, phosphatidylinositol
3-kinase, AKT, ERBB2, nuclear factor-nB, and
nuclear factor-nB2, h-catenin, signal transducers
and activators of transcription-3, and hypoxia-
inducible factor-1a [36]. Deregulated expression
of Notch receptors, ligands, and targets has been
observed in several solid tumor [37]. Wnt and
Notch signaling are also involved in the process
of EMT, tumor invasion and metastasis [38—42].

EMT, originally described during the
embryogenesis, is characterized by the loss of
epithelial cell features and gain of mesenchy-
mal-like phenotype. Subsequently, it has been
well studied and defined in cancer cells where it
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plays an important role in tumor progression,
metastasis and drug-resistance [43]. CRCSCs
are characterized by the expression of several
surface markers which reflect the EMT process.
Cancer cell with acquired mesenchymal-like
phenotype shows the ability to cross endothe-
lial barriers and invade blood and lymphatic
circulations to reach new tissues on which to
take root [44]. A large number of pathways reg-
ulated by factors, such as TGFp, Wnt, NF-kB,
Notch, integrins, and tyrosine-kinase receptors
(EGF, FGF, HGF, PDGF, IGF), have been asso-
ciated with EMT. Functional interaction
between these pathways might result in signal
amplification and induce EMT and metastasis
[45]. The molecular mechanisms involved in
EMT cause inhibition of E-cadherins and over-
expression of surface mesenchymal markers,
such as vimentin and fibronectin, by zinc-finger
transcriptional factors, such as SNAIL, SLUG,
TWIST, ZEB1, SIP1, and E47 [46]. Recent
findings showed that EMT is not only governed
by such signaling pathways, but also by
ncRNAs which seem to play a key role in this
transition process [47]. Another important
molecular mechanism involved in stem cell
regulation is modulated by signaling pathway
of BMP, which is a member of the transforming
growth factor-p (TGF-p) superfamily. BMP
signaling promotes differentiation of normal
colon stem cells, while its inactivation confers
increased tumorigenesis. BMPs have been
associated to the regulation of cancer pathogen-
esis and metastasis, possibly due to its ability to
counteract TGF-p-induced SMAD3-dependent
EMT. This protein, also, is expressed in non-
CSCs, but not in CSCs, and it would induce
differentiation, apoptosis and sensitivity to che-
motherapy in the CSC population of human
CRC cells, suggesting a potential role as thera-
peutic agent against CRCSCs [48].

Another set of genes in CRCSCs, especially
SOX2 and Oct4, seems to inhibit other genes that
start differentiation and thus maintain the self-
renewal ability of stem cells. The levels of Oct4
and SOX2 mRNA in peripheral blood of patients
with metastatic CRC were found to be higher
than in healthy controls [49].

5.4 Non-coding RNAs Involved

in CRCSCs

Recently, several studies have suggested that a
large remarkably class of ncRNAs, including
miRNAs and IncRNAs, seems to have a potential
role in the genetic and epigenetic regulatory net-
works [50]. These biological molecules are regu-
latory ncRNAs that are included in share of
genome that is unable to codify for proteins.
NcRNAs may play a critical role in regulating the
induction of induced pluripotent stem cells
(iPSCs), maintenance and differentiation of
CRCSCs [51]. In particular, miRNAs and
IncRNAs are involved in different biological
mechanisms of CRC. They represent more than
98 % of whole genome, originally known as
“junk DNA”, appearing to lack a protein-coding
potential essential in normal cellular physiology
and disease. Several studies have also described
their involvement in various cellular functions
and development processes [52].

Role of miRNAs and Their
Relevance in CRCSCs

5.4.1

Several evidences suggested the involvement of
miRNAs in maintaining stemness of CRCSCs
through the regulation of pathways that modulate
the CSC phenotype, carcinogenesis, differentia-
tion, EMT, and CSC growth [53] (Table 5.1).

Monzo et al. [54] have hypothesized that over-
expression of miR-17-5p, a member of the miR-
17-92 cluster detected in crypt progenitor
compartment, could be involved in cell differen-
tiation, proliferation, and homeostatic self-
renewal of colon tissue, indicating a potential
role in stemness regulation. In fact, suppression
of miR-17-5p determined a reduction of prolif-
eration and clonogenicity in DLD1 CRC cells
[54].

Further, Yu et al. [55] have reported that miR-
21 silencing induces differentiation of CSCs/
cancer stem-like cells (CSLCs)-enriched chemo-
resistant HCT-116 and HT-29 cells, by decreas-
ing the ability to form colonospheres in vitro,
reducing the T-cell factor/lymphoid enhancer
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Table 5.1 MiRNAs functioning in CRCSCs

miRNA Expression Targets Effects References
miR-17-5p T E2F] Differentiation, proliferation, [54]
self-renewal
miR-21 1 PDCD4, TGFfR2, Growth, differentiation, stemness, [55, 56]
miR-145 chemoresistance
miR-23a T MTSS1 Migration, cell motility, invasion [57]
and metastasis
miR-27a 1 FBXW7 Proliferation, metastasis [57,60]
miR-34a T Notch, c-Kit Differentiation, inhibition of [61]
stemness, chemosensitivity
miR-34a 1 Notch, c-Kit Self-renewal, stemness, symmetric [62]
division
miR-93 1 HDACS, TLE4 Proliferation and colony formation [71]
miR-106b T PTEN, p21 Radioresistance, apoptosis [72]
inhibition, proliferation, DNA
damage, tumour-initiating cell
capacity, self-renewal, stemness
miR-124 1 PRRX1 Radioresistance, EMT, stemness, [73]
self-renewal
miR-125a/b 1 Mcll, ALDHIA3 Paclitaxel resistance, tumor growth, [74]
stemness, CSC survival, apoptosis
inhibition
miR-140 T HDAC4 Chemoresistance [871]
miR-145 1 SOX2, CD44, Nanog, Proliferation, stemness, [56]
B-catenin, Oct4, miR-21 differentiation, chemoresistance
miR-146a T Numb Symmetric division, stemness, [69, 70]
cetuximab resistance
miR-183 1 Bmil Stemness, EMT, invasion and [79]
metastasis
miR-200a 1 Bmil, ZEBI, ZEB2 Stemness, EMT, invasion and [80-84]
metastasis
miR-200c | SOX2, KLF4, Bmil, Stemness, EMT, proliferation, [79-82,
ZEBI, ZEB2 migration, invasion and metastasis 85]
miR-203 | Bmil, SOX2, KLF4 Stemness, self-renewal, EMT, [79, 86]
tumorigenicity, invasion and
metastasis
miR-215 T DTL Chemoresistance [88]
miR-215 | Bmil Stemness, self-renewal, [89]
clonogenicity, inhibition of
differentiation
miR-302b ) N/S Stemness, colony-forming ability, [90]
self-renewal, invasion, migration
miR-328 1 ABCG2, MMP16 Maintenance of CSLC phenotype, [91]
self-renewal, differentiation,
invasion, chemoresistance
miR-449b | CCNDI, E2F3 Proliferation, self-renewal [92]
miR-451 1 MIF, ABCBI Stemness, self-renewal, [93]
tumorigenicity, irinotecan resistance

tUp-regulated and |down-regulated miRNAs in CRCSCs. EMT Epithelial-mesenchymal transition, CSC cancer stem
cell, CSLC cancer stem-like cell, N/S target not specified
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factor (TCF/LEF) activity, increasing the expres-
sion of pro-apoptotic PDCD4 target gene, and
consequently enhancing cancer cell chemosensi-
tivity to combined therapeutic regimens contain-
ing S-fluorouracil and oxaliplatin (FOLFOX).
Conversely, overexpression of miR-21 has been
shown to induce stemness in CRCs by down-reg-
ulating also the expression of TGFBR2 (trans-
forming growth factor beta receptor 2), which is
involved in cell differentiation, resulting in acti-
vation of Wnt/p-catenin signaling pathway.
Furthermore, following the miR-21 up-
regulation, CRCSCs exhibited increased levels of
fB-catenin, cyclin-D and c-Myc, and greater TCF/
LEF activity [55]. Recently, a work carried out by
same researchers group revealed that miR-21,
miR-145 and their networks cooperate in modu-
lating growth and/or differentiation of CRCSCs,
and acquisition of chemoresistance [56]. Indeed,
CSCs/CSLCs-enriched CRC cells  showed
increased miR-21 expression and decreased miR-
145 expression, suggesting a role for these miR-
NAs in inducing stemness and increasing
proliferation of CRCSCs. Whereas ectopic
expression of miR-145 or miR-21 silencing in
CRC cells has been shown to induce differentia-
tion and inhibit stemness and growth of CRC
xenografts in SCID mice, by reducing the expres-
sion of CD44 (colon CSC marker), p-catenin
(stem cell growth regulator), SOX2 (a miR-145
target), Nanog, and Oct4, instead miR-21 up-
regulation caused opposed effects. Moreover, in
vitro experiments demonstrated that miR-145
negatively modulates the expression of miR-21
and vice versa. In addition, KRAS seems to be
involved in this process, since KRAS-deficient
chemoresistant CRC cells showed increased
miR-145 expression levels, suppression of miR-
21, and inhibition of the negative regulative loop
between miR-21 and miR-145 [56].

In vivo and in vitro evidence showed that miR-
23a and miR-27a were overexpressed in mouse
intestinal adenocarcinomas, primary tumors from
stage I/II CRC patients, as well as in human CRC
cell lines and CRCSCs, triggering mechanisms
modulating the transition from indolent to inva-
sive CRC [57]. Up-regulation of miR-23a pro-
motes migration, invasion and metastasis of CRC

cells and stem cells, by directly targeting the
MTSSI (Metastasis Suppressor 1) gene and
down-regulating the expression of the encoded
protein, which activates SRC signaling pathway
and determines filopodia formation via interac-
tion with cortactin [57, 58]; whereas up-
regulation of miR-27a induces proliferation and
prevents secretory lineage differentiation in
CRCSCs, by enhancing Jun, Myc and Notch sig-
naling pathways via direct inhibition of ubiquitin
ligase F-box protein FBXW7 [57, 59]. In particu-
lar, miR-27a-induced down-regulation of FBXW7
inhibits proteasome-dependent degradation of
the transcription factors JUN and Myc, and up-
regulates Notch signaling components [60].
Recently, Siemens et al. [61] have demon-
strated that p53-induced up-regulation of tumor
suppressor miR-34a mediated repression of c-Kit
by p53 through down-regulation of c-Kit mRNA,
causing an increased CRC cell sensitivity to
5-fluorouracil, and leading to a decrease in Erk
signaling and transformation induced by c-Kit
down-regulation, and inhibition of stem cell fac-
tor (SCF)-induced invasion/migration. Moreover,
ectopic expression of miR-34a in CRC cells
inhibited the ability to form colonospheres fol-
lowing exposure to SCF, reducing the expression
of several stemness markers such as CD44, Lgr5
and BMI-1 [61]. Concomitantly, Bu and
colleagues [62] demonstrated that miR-34a sig-
nificantly affects cell fate of early stage dividing
colon CSCs, regulating a bimodal switch through
suppression of Notch signaling to promote prog-
eny differentiation. Reduced expression levels of
miR-34a have been shown to induce self-renewal
in colon CSCs via up-regulation of Notch signal-
ing, whereas an increase in miR-34 expression
was correlated with differentiation of the prog-
eny, by prompting daughter cells to become non-
CRCSCs. In vitro and in vivo experiments have
showed that the choice between self-renewal ver-
sus differentiation is determined by losses or
gains of miR-34a function, respectively, that gen-
erate a bimodal Notch signal. Furthermore, the
authors have observed that early stage colon
CSCs arising from well-differentiated CRCs can
produce both asymmetric divisions generating a
daughter colon CSC and a differentiated, non-



100

CSC daughter cell, and symmetric divisions gen-
erating two daughter colon CSCs [62]. Since the
asymmetric cell division mechanism is generally
used both by normal stem cells and CSCs in order
to maintain stemness and tissue homeostasis [63—
66], and Notch pathway has been shown to play a
key role in regulation of asymmetric division [67,
68], miR-34a levels seem to be involved in con-
trol of either symmetric or asymmetric divisions
in colon CSCs. Indeed, in vitro assays highlighted
that high and low levels of miR-34a inhibit asym-
metric divisions of colon CSCs, whereas low
miR-34a levels promote symmetric divisions,
resulting in a higher number of daughter colon
CSCs [62]. Conversely, Hwang et al. [69] showed
that Snail-induced up-regulation of miR-146a
expression causes symmetric division in
CRCSCs, by directly targeting Numb to stabilize
f-catenin, which, in turn, drives the symmetrical
cell division triggering a feedback mechanism to
maintain ~ Wnt  activity.  Therefore, the
asymmetrical-to-symmetrical cell division tran-
sition in CRCSCs is induced by EMT promoted
by Snail, which increases the miR-146a expres-
sion via f-catenin-TCF4 complex [70].
Impairment of the Snail-miR-146a-f-catenin sig-
naling axis resulting in suppression of the Wnt or
MEK activity reduces the symmetric division,
tumorigenicity and cetuximab resistance in
CRCSCs. Indeed, high expression levels of Snail
and decreased Numb expression were associated
with unfavorable prognosis and cetuximab resis-
tance in CRC patients [69].

Yu and collaborators [71] performed a micro-
array analysis to indentify differentially expressed
miRNAs in human CRCSCs (SW1116csc) com-
pared to original cell line. They found 35 miR-
NAs up-regulated, including miR-29b, miR-32,
miR-33a, miR-192, miR-194 and miR-215, and
11 miRNAs down-regulated, including miR-93,
miR-524-3p, miR-561, miR-886-3p and miR-
1231. Among these, miR-93, if ectopically
expressed, has been shown to inhibit prolifera-
tion and colony formation of SW1ll6csc, by
down-regulating also the expression of HDACS
and TLE4 [71].
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Recently, in vitro and in vivo studies revealed
that miR-106b may be involved in radioresis-
tance of CRC cells by directly targeting PTEN
and p21, thus resulting in alteration of the PTEN/
PI3K/AKT signaling pathway, inhibition of cell
apoptosis, increase of cell proliferation trough
induction of G1 to S transition, and repression of
DNA damage repair. Additionally, these effects
induced by miR-106b overexpression may be
associated with enhanced tumour-initiating cell
capacity in presence or absence of irradiation,
and increased expression of stemness-related
genes, such as CD133 and SOX2, conferring the
ability to form colonospheres and induce cell
self-renewal [72]. Unlike miR-106b, up-
regulation of miR-124 has been shown to pro-
mote radiosensitivity of CRC cells in vitro and in
vivo through direct inhibition of PRRX1, which
is a stemness regulator and EMT inducer, and
concomitant decrease of the expression of
stemness-related genes, such as ABCG2, SOX2,
and Oct4 [73]. Furthermore, another study from
Chen et al. [74] reported that low expression lev-
els of miR-125a/b may mediate paclitaxel resis-
tance in CRC cells, inducing the expression of
the aldehyde dehydrogenase ALDH1A3, a stem
cell marker [75], and Mcl1, a member of the pro-
survival Bcl-2 family [76], resulting in enhanced
activation and survival of CRCSCs. On the con-
trary, increased cell apoptosis and decreased sur-
vival were observed in CRC cells treated with
paclitaxel, following overexpression of miR-
125a/b and subsequent down-regulation of the
ALDHIA3 and Mcll expression [74].

Since, in recent years, EMT has been reported
to be correlated with stemness and therapy resis-
tance [77, 78], several studies investigated the
role of EMT activation in tumorigenicity, and
stemness acquisition and maintenance through
repression of stemness-inhibiting miRNAs.
Wellner et al. [79] showed that ZEB1 (zinc finger
E-box binding homeobox 1), a EMT inducer and
metastasis promoter, is able to suppress the
expression of stemness-inhibiting miR-203 and
miR-200 family members, whose targets, such
KLF4 and SOX2, are stem cell factors. On the
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other hand, miR-200 family members may sig-
nificantly induce epithelial differentiation trig-
gering a feedback mechanism that involves EMT
inhibition by repressing translation of ZEBI and
ZEB2 mRNAs [80-82]. Also, miR-183 has been
shown to cooperate with miR-200c and miR-
203 in order to inhibit the expression of stem cell
factors in CSCs via inhibition of the polycomb
repressor Bmil. Therefore, ZEB1-induced EMT
seems to play a pivotal role in promoting invasion
and metastasis, and inducing tumour-initiating
capacity in CRC cells [79]. Recently, Pichler and
colleagues [83] further confirmed the regulatory
function of miR-200a on EMT and its correlation
with CSC phenotype in CRC, observing a
reduced miR-200a expression in CSCs-enriched
CRC cells and CRC patients with unfavorable
prognosis. Another study reported that EMT may
be activated by SIX1-induced repression of the
miR-200a expression in CRC cells [84]. In a
recent work, Lu et al. [85] highlighted that miR-
200c modulates SOX2 expression and vice versa
through a negative feedback loop, inhibiting the
PI3K-AKT signaling pathway, resulting in regu-
lation of stemness, growth and metastasis in
CRC. Low expression levels of miR-200c have
been shown to enhance the proliferation, migra-
tion and invasion, and increase the expression of
CRCSC markers and ability to form colono-
spheres in vitro [85]. Concerning the stemness
inhibitor miR-203, Ju et al. [86] demonstrated
also that Snail-induced repression of this miRNA
was required for stemness maintenance in CD44*
CRC cells, via c-Src kinase activation promoted
by the interaction between CD44 and hyaluronic
acid (HA). Therefore, as a result of CD44-
mediated up-regulation of Snail and consequent
miR-203 down-regulation, CD44* CRC cells
showed CSC properties, such as increased in
vitro colony-forming capacity and in vivo tumori-
genicity, and a greater invasion, metastasis and
differentiation potential [86].

Two independent studies from Song et al. [87,
88] suggested the involvement of high expression
levels of endogenous miR-140 and miR-215 in
CRC chemoresistance induced by CD133+hieh/
CD44+ieh CRCSLCs/CRCSCs, through inhibi-
tion of cell proliferation and cell cycle G2-arrest

as response mechanisms to the cellular and DNA
damage caused by chemotherapy agents. MiR-
140 and miR-215 have been shown to exert their
functions by suppressing the expression of their
target genes HDAC4 (histone deacetylase 4) and
DTL (denticleless protein homolog), respectively
[87, 88]. Recently, Jones and colleagues [89]
have proposed that the caudal-type homeobox 1
(CDX1)-miR-215 axis promotes CRCSC differ-
entiation, by inhibiting the expression of cell
cycle- and stemness-related genes downstream of
CDX1, including Bmil, EFNB2, EGRI, EREG,
and HOXAIO. In particular, expression levels of
the transcription factor CDX1 were found closely
correlated with those of miR-215, but not with
Bmil, since CDX1 directly activates the expres-
sion of miR-215, which, in turn, down-regulates
the Bmil expression. Therefore, expression of
Bmil, but not CDX1, was observed in CRCSCs,
determining stemness, self-renewal, clonogenic-
ity, inhibition of differentiation [89].

In vitro and in vivo studies revealed that down-
regulation of the transcription factor achaete
scute-like 2 (Ascl2) is involved in loss of CSC
properties by HT-29 and LS174T CRC cells,
through reduction of the expression of stemness-
related genes, such as CD133, Sox2, Oct4, Lgr5,
Bmil, c-myc, leading to a decrease in cellular
proliferation, colony-forming ability, self-
renewal, invasion and migration in vitro, and in
vivo tumor growth arrest. Furthermore, Ascl2
knockdown caused down-regulation of the
miRNA-17, miRNA-20a and miR-302b
expression in CRC cells compared to control
cells. However, only ectopic miR-302b expres-
sion reversed the previous effects, restoring the
stemness in Ascl2-deficient CRC cells [90].

Experimental evidence reported that decreased
miR-328 expression is responsible for CSC-like
characteristics, such as self-renewal, differentia-
tion, invasiveness, chemoresistance, and tumor
formation ability, detected in side population (SP)
cells sorted from CRC. Conversely, miR-328 over-
expression has been shown to suppress chemore-
sistance and invasive capacity of SP cells, by
directly targeting ABCG2 and MMP16 genes [91].

A recent work suggested that proliferative
ability of CD133*/CD44* SW1116 CRCSCs may
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be inhibited by miR-449b up-regulation, via
repression of CCND1 and E2F3 expression [92].

Bitarte et al. [93] showed that low expression
levels of miR-451 were associated with che-
moresistance of CRCSCs to irinotecan-based
treatments. Also, the authors found that down-
regulation of miR-451 induces increased expres-
sion of its target gene macrophage migration
inhibitory factor (MIF), responsible for the
expression of cyclooxygenase-2 (COX-2), which
mediates, in turn, the activation of Wnt pathway,
promoting growth, tumorigenicity, self-renewal
in CRCSCs [93]. Therefore, miR-451 could
modulate CSC phenotype by inhibiting the Wnt
signaling, since the Wnt pathway activation is
crucial for the stemness maintenance in CRCSCs
[94]. Conversely, miR-451 up-regulation has
been shown to induce chemosensitivity to irino-
tecan, by suppressing the expression of the ATP-
binding cassette drug transporter ABCB1 [93].

Lastly, Zhang and collaborators [95] identified,
using microarray analysis, a miRNA expression
profile which appears to be involved in stemness
maintenance of CD133* CRCSCs, including
EMT-modulating miRNAs, such as miR-429
and miR-155, and carcinogenesis-modulating
miRNAs, such as miR-185, miR-320, miR-494,
miR-221, and miR-31.

5.4.2 Impactof IncRNAs
in Stemness Regulation

of CRCSCs

Experimental evidences suggested that dysregu-
lation of IncRNAs promotes tumorigenesis and
metastasis of several human cancers, including
CRC. Furthermore, the aberrant expression of
IncRNAs has been associated with poor progno-
sis in a variety of tumor histotypes [52]. The CRC
cell phenotype is the result of genetic and epigen-
etic aberrations [96]. The CRC malignancy is
mainly connected to a subset of CSCs. As previ-
ously described, the activation of several devel-
opment pathways, especially the Wnt/p-catenin
signaling, allows to maintain or acquire the stem-
like traits in CRCSCs. Therefore, targeting such
molecular pathways could represent a promising
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strategy for the anticancer treatment. LncRNAs
can act in the regulation of cellular functions
inhibiting the expression of critical stem cell
transcription factors that have been found active
in CSCs. LncRNAs take part and probably are
responsible for an precise amount of these
aberrations. Preclinical studies have identified
more than 900 lincRNAs (long intergenic non-
coding RNAs) in mouse embryonic stem cells
(mESCs) and human ESCs (hESCs). These mol-
ecules may modulate three mechanisms: self-
renewal control and pluripotency of ESCs,
reprogramming somatic cells and differentiation
of PSCs [97, 98].

LincRNA-p21 may be essential for the main-
tenance of CRCSC self-renewal, even if the pre-
cise molecular mechanism has not been fully
understood. Indeed, such lincRNA is a direct
transcription target of p53 functioning as tumor
suppressor. In vitro, lincRNA-p21 inhibits the
B-catenin signal transduction leading to the
down-regulation of related-genes expression
[99]. LncRNAs seem to maintain CSC pluripo-
tency thanks to the repression of the differentia-
tion programs or the generation of iPSCs. Indeed,
in vivo experiments have shown that more of 100
lincRNAs in mESCs appear to be bound by
SOX2, Oct4 and Nanog as well as by other ESC-
specific transcription factors [100, 101]. The
inhibition or dysregulation of any of these
lincRNAs determined changes in expression lev-
els of these factors, demonstrating their critical
role in maintaining pluripotency of mESCs,
probably due to the repression of differentiation
programs. For example, Panct 1-3 were identified
as modulators of mESC pluripotency based on
reduced Oct4 promoter activity, and again lin-
cRNA-RoR was found as regulator of reprogram-
ming in hESC. Furthermore, these IncRNAs are
involved in the generation of iPSCs. Any of these
lincRNAs exhibited overexpression in iPSCs ver-
sus ESCs but not comparable to that detected in
somatic cells. The reason can be found in their
promotion of reprogramming pluripotency. In
addition, the expression of these iPSC-enriched
lincRNAs is directly regulated by pluripotency
transcription factors and their related pathways.
The overexpression or down-regulation of
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lincRNAs induces high or low levels of iPSCs,
respectively, and their absence is associated with
dysregulation of p53, confirming the key role of
lincRNAs in the induction of pluripotency [102].

It’s important to report also the epigenetic
changes, involving altered DNA methylation pat-
terns, histone modifications and chromatin struc-
ture in CRCSCs. Different IncRNAs can interact
with chromatin modifying polycomb complex
groups (PcGs). This complex is present in several
tumor types and is known to regulate the pluripo-
tency and self-renewal of ESCs. Other data sug-
gested that IncRNAs may recruit PcGs into
specific sites of chromatin to turn-off differentia-
tion programs in CSCs [50]. The demonstration
that quiescent cells (a frequent characteristic of
stem cells) show a reduction in global H3K9me3
and H4K20me3 methylation states could be a
factor indicating enhanced plasticity of the epig-
enome. Finally, it has been demonstrated that tar-
geting IncRNAs may cause great inhibitory
effects in cancer cells, suggesting the these
IncRNAs may become novel therapeutic targets
[103].

5.4.3 Therapeutic Potential

The resistance of colorectal CSCs to conven-
tional therapies makes these cells a potential tar-
get to optimize current anticancer therapies.
Strategies to identify and target specific cell sur-
face markers are currently under investigation,
with a particular focus on the functional charac-
terization of CRCSCs [104]. Recent evidence
suggested that miRNAs and IncRNAs may pro-
vide potential new therapeutic approaches for
patients with resistance to current therapies and
drug-induced toxicity. Since ncRNAs may modu-
late the pathways required for the maintenance of
a CSC phenotype, potential targeting of specific
ncRNAs affecting therapy resistance could be
useful for designing novel and targeted ncRNA-
based therapeutic strategies in order to improve
the clinical outcome of CRC patients [105].
Furthermore, modulation of the expression of
specific stemness-related ncRNAs during thera-
peutic treatment could offer a new tool for the
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prediction of acquired resistance. To date, several
studies showed the involvement of specific
stemness-related ncRNAs (miR-21, miR-34a,
miR-106b, miR-124, miR-125a/b, miR-140,
miR-145, miR-146a, miR-215, miR-328, miR-
451) in CRCSC-induced therapeutic resistance.
Targeting of oncogenic ncRNAs, by means of
antisense oligonucleotides, and forced expres-
sion of tumor suppressor ncRNAs may inhibit the
stemness characteristics, self-renewal ability, and
invasive and metastatic potential of CRCSCs,
allowing to reverse the CSC phenotype, enhance
sensitivity of CRC cells to therapy and prevent
tumor recurrence [53].

This investigation is highly innovative and
could have important clinical implications in
understanding the molecular mechanisms respon-
sible for the CSC phenotype, stemness mainte-
nance, and chemo- and radioresistance in CRC.

5.5 Conclusions

There is much interest as regards investigation of
CSCs because it offers the possibility to generate
novel targets. CSCs can evade common therapeu-
tic treatment (chemo- and radiotherapy), induc-
ing chemo- and radioresistance and compromising
therapeutic efficacy. Aberrant expression of
ncRNAs has been reported in several types of
human cancer, including CRC, suggesting a
potential role in cancer pathogenesis, tumor ini-
tiation, progression, metastatic processes and
acquisition of tumor resistance to treatment.
Many studies suggested that some ncRNAs can
play a key role in the regulation of CRCSCs,
directly or indirectly, through the interplay of sig-
naling pathways involved in cancer stemness
(Fig. 5.1). The identification of possible ncRNA-
mediated biological mechanisms that regulate the
behavior of CRCSCs constitutes the future objec-
tive. Moreover, the discovery of new potential
molecular mechanisms involved in stemness
acquisition, maintenance and regulation of
CRCSCs could be an important clinical tool to
develop new ncRNA-based therapeutic strategies
for CRC patients who may benefit from individu-
alized therapies. However, despite encouraging
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Main pathways deregulated
in CRCSCs

Main genes deregulated
in CRCSCs

Wnt

miR-21
miR-145
miR-146
miR-183
mir-200a/c

Notch

miR-27a
miR-34a
miR-146
miR-183
miR-200a/c

Oct4
miR-124
miR-145

miR-302b

Sox2

miR-106b
miR-124
miR-145
miR-200c
miR-203

miR-203
miR-215
miR-302b
miR-451
lincRNA-p21

miR-203
miR-215
miR-302b

Stemness
maintenance,
proliferation, and
differentiation
inhibition

Self-renewal and
proliferation

Tumorigenesis

miR-302b

Stemness and
self-renewal

Stemness and
self-renewal

Fig.5.1 Involvement of ncRNAs in the main stemness-related signaling pathways deregulated in CRCSCs

obtained results, the introduction of ncRNAs in
clinical practice appears to be still far. Hopefully,
in the near future, specific ncRNA signatures
could offer new opportunities to identify and
select in a specific manner CRCSCs from CRCs.
Finally, the modulation of the expression of
specific ncRNAs involved in stemness of CRC,
using miRNA mimics or antagomiRs, could
provide a new tool to reverse CSC phenotype and
overcome therapy resistance.

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics,
2015. CA Cancer J Clin. 2015;65(1):5-29.

2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-
Tieulent J, Jemal A. Global cancer statistics, 2012.
CA Cancer J Clin. 2015;65(2):87-108.

3. Marin JJ, Sanchez de Medina F, Castano B, Bujanda
L, Romero MR, Martinez-Augustin O, et al.
Chemoprevention, chemotherapy, and chemoresis-

10.

11.

tance in colorectal cancer. Drug Metab Rev.
2012;44(2):148-72.

. Skvortsova I, Debbage P, Kumar V, Skvortsov

S. Radiation resistance: cancer stem cells (CSCs)
and their enigmatic pro-survival signaling. Semin
Cancer Biol. 2015;35:39-44.

. Raza U, Zhang JD, Sahin O. MicroRNAs: master

regulators of drug resistance, stemness, and metasta-
sis. J Mol Med (Berl). 2014;92(4):321-36.

. Sun X, Jiao X, Pestell TG, Fan C, Qin S, Mirabelli E,

et al. MicroRNAs and cancer stem cells: the sword
and the shield. Oncogene. 2014;33(42):4967-77.

. Jordan CT, Guzman ML, Noble M. Cancer stem

cells. N Engl J Med. 2006;355(12):1253-61.

. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem

cells, cancer, and cancer stem cells. Nature.
2001;414(6859):105-11.

. Dalerba P, Cho RW, Clarke MF. Cancer stem cells:

models and concepts. Annu Rev Med. 2007;58:267—
84. doi:10.1146/annurev.med.58.062105.204854.
Medema JP, Vermeulen L. Microenvironmental reg-
ulation of stem cells in intestinal homeostasis and
cancer. Nature. 2011;474(7351):318-26.

Vermeulen L, Sprick MR, Kemper K, Stassi G,
Medema JP. Cancer stem cells—old concepts, new
insights. Cell Death Differ. 2008;15(6):947-58.


http://dx.doi.org/10.1146/annurev.med.58.062105.204854

5 Non-coding RNAs Functioning in Colorectal Cancer Stem Cells

105

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

217.

28.

Lechler T, Fuchs E. Asymmetric cell divisions pro-
mote stratification and differentiation of mammalian
skin. Nature. 2005;437(7056):275-80.

Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson
CH, Jones DL, et al. Cancer stem cells—perspectives
on current status and future directions: AACR
Workshop on cancer stem cells. Cancer Res.
2006;66(19):9339—44.

Gostjeva EV, Thilly WG. Stem cell stages and the
origins of colon cancer: a multidisciplinary perspec-
tive. Stem Cell Rev. 2005;1(3):243-51.

Al-Hajj M, Clarke MF. Self-renewal and solid tumor
stem cells. Oncogene. 2004;23(43):7274-82.
Visvader JE, Lindeman GJ. Cancer stem cells in
solid tumours: accumulating evidence and unre-
solved questions. Nat Rev Cancer.
2008;8(10):755-68.

Soltysova A, Altanerova V, Altaner C. Cancer stem
cells. Neoplasma. 2005;52(6):435-40.

Wang Z,Li Y, Ahmad A, Azmi AS, Kong D, Banerjee
S, et al. Targeting miRNAs involved in cancer stem
cell and EMT regulation: an emerging concept in
overcoming drug resistance. Drug Resist Updat.
2010;13(4-5):109-18.

Bonnet D, Dick JE. Human acute myeloid leukemia
is organized as a hierarchy that originates from a
primitive  hematopoietic ~ cell. Nat  Med.
1997;3(7):730-7.

Davies EJ, Marsh V, Clarke AR. Origin and mainte-
nance of the intestinal cancer stem cell. Mol
Carcinog. 2011;50(4):254-63.

Todaro M, Francipane MG, Medema JP, Stassi
G. Colon cancer stem cells: promise of targeted ther-
apy. Gastroenterology. 2010;138(6):2151-62.
Kosinski C, Li VS, Chan AS, Zhang J, Ho C, Tsui
WY, et al. Gene expression patterns of human colon
tops and basal crypts and BMP antagonists as intes-
tinal stem cell niche factors. Proc Natl Acad Sci U S
A. 2007;104(39):15418-23.

Lugli A, Iezzi G, Hostettler I, Muraro MG, Mele V,
Tornillo L, et al. Prognostic impact of the expression
of putative cancer stem cell markers CD133, CD166,
CD44s, EpCAM, and ALDHI1 in colorectal cancer.
Br J Cancer. 2010;103(3):382-90.

. Finkel T, Serrano M, Blasco MA. The common biol-

ogy of cancer and  ageing.  Nature.
2007;448(7155):767-174.

Moitra K. Overcoming multidrug resistance in can-
cer stem cells. Biomed Res Int. 2015;2015:635745.
Cherciu I, Barbalan A, Pirici D, Margaritescu C,
Saftoiu A. Stem cells, colorectal cancer and cancer
stem cell markers correlations. Curr Health Sci
J.2014;40(3):153-61.

Fevr T, Robine S, Louvard D, Huelsken J. Wnt/beta-
catenin is essential for intestinal homeostasis and
maintenance of intestinal stem cells. Mol Cell Biol.
2007;27(21):7551-9.

Korkaya H, Paulson A, Charafe-Jauffret E, Ginestier
C, Brown M, Dutcher J, et al. Regulation of mam-

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

mary stem/progenitor cells by PTEN/Akt/beta-
catenin signaling. PLoS Biol. 2009;7(6):e1000121.
Brabletz S, Schmalhofer O, Brabletz
T. Gastrointestinal stem cells in development and
cancer. J Pathol. 2009;217(2):307-17.

Morin PJ, Sparks AB, Korinek V, Barker N, Clevers
H, Vogelstein B, et al. Activation of beta-catenin-Tcf
signaling in colon cancer by mutations in beta-
catenin or APC. Science. 1997;275(5307):1787-90.
Miele L. Notch signaling. Clin Cancer Res.
2006;12(4):1074-9.

Amini S, Fathi F, Mobalegi J, Sofimajidpour H,
Ghadimi T. The expressions of stem cell markers:
Oct4, Nanog, Sox2, nucleostemin, Bmi, Zfx, Tcll,
Tbx3, Dppa4, and Esrrb in bladder, colon, and pros-
tate cancer, and certain cancer cell lines. Anat Cell
Biol. 2014;47(1):1-11.doi:10.5115/acb.2014.47.1.1.
Miele L, Osborne B. Arbiter of differentiation and
death: notch signaling meets apoptosis. J Cell
Physiol. 1999;181(3):393-409.

Ronchini C, Capobianco AJ. Induction of cyclin D1
transcription and CDK2 activity by Notch(ic): impli-
cation for cell cycle disruption in transformation by
Notch(ic). Mol Cell Biol. 2001;21(17):5925-34.
Chen Y, Fischer WH, Gill GN. Regulation of the
ERBB-2 promoter by RBPJkappa and NOTCH. J
Biol Chem. 1997;272(22):14110-4.

Wang Z, Li Y, Kong D, Sarkar FH. The role of Notch
signaling pathway in epithelial-mesenchymal transi-
tion (EMT) during development and tumor aggres-
siveness. Curr Drug Targets. 2010;11(6):745-51.
Leethanakul C, Patel V, Gillespie J, Pallente M,
Ensley JF, Koontongkaew S, et al. Distinct pattern of
expression of differentiation and growth-related
genes in squamous cell carcinomas of the head and
neck revealed by the use of laser capture microdis-
section and cDNA arrays. Oncogene.
2000;19(28):3220-4.

Kessler M, Hoffmann K, Brinkmann V, Thieck O,
Jackisch S, Toelle B, et al. The Notch and Wnt path-
ways regulate stemness and differentiation in human
fallopian tube organoids. Nat Commun. 2015;6:8989.
Sul, Wu S, WuH, Li L, Guo T. CD44 is functionally
crucial for driving lung cancer stem cells metastasis
through Wnt/beta-catenin-FoxM1-Twist signaling.
Mol Carcinog. 2015. doi:10.1002/mc.22443.

Yang K, Wang X, Zhang H, Wang Z, Nan G, Li Y,
et al. The evolving roles of canonical WNT signaling
in stem cells and tumorigenesis: implications in tar-
geted cancer therapies. Lab Invest. 2015.

Li JL, Sainson RC, Oon CE, Turley H, Leek R,
Sheldon H, et al. DLL4-Notch signaling mediates
tumor resistance to anti-VEGF therapy in vivo.
Cancer Res. 2011;71(18):6073-83.

McAuliffe SM, Morgan SL, Wyant GA, Tran LT,
Muto KW, Chen YS, et al. Targeting Notch, a key
pathway for ovarian cancer stem cells, sensitizes
tumors to platinum therapy. Proc Natl Acad Sci U S
A.2012;109(43):E2939-48.


http://dx.doi.org/10.5115/acb.2014.47.1.1
http://dx.doi.org/10.1002/mc.22443

106

D.Fanale etal.

43.

44,

45

46.

47.

48.

49.

50

51.

52.

53.

54.

55.

56.

57.

Huang B, Jolly MK, Lu M, Tsarfaty I, Ben-Jacob E,
Onuchic JN. Modeling the transitions between col-
lective and solitary migration phenotypes in cancer
metastasis. Sci Rep. 2015;5:17379.

Li P, Yang R, Gao WQ. Contributions of epithelial-
mesenchymal transition and cancer stem cells to the
development of castration resistance of prostate can-
cer. Mol Cancer. 2014;13:55.

. Peinado H, Olmeda D, Cano A. Snail, Zeb and

bHLH factors in tumour progression: an alliance
against the epithelial phenotype? Nat Rev Cancer.
2007;7(6):415-28.

Wu Y, Zhou BP. Inflammation: a driving force
speeds  cancer  metastasis.  Cell  Cycle.
2009;8(20):3267-73.

Garzon R, Fabbri M, Cimmino A, Calin GA, Croce
CM. MicroRNA expression and function in cancer.
Trends Mol Med. 2006;12(12):580-7.
Sakaki-Yumoto M, Katsuno Y, Derynck R. TGF-
beta family signaling in stem cells. Biochim Biophys
Acta. 2013;1830(2):2280-96.

Saigusa S, Tanaka K, Toiyama Y, Yokoe T, Okugawa
Y, Ioue Y, et al. Correlation of CD133, OCT4, and
SOX2 in rectal cancer and their association with dis-
tant recurrence after chemoradiotherapy. Ann Surg
Oncol. 2009;16(12):3488-98.

. Moran VA, Perera RJ, Khalil AM. Emerging func-

tional and mechanistic paradigms of mammalian
long non-coding RNAs. Nucleic Acids Res.
2012;40(14):6391-400.

Ohnuki M, Tanabe K, Sutou K, Teramoto I,
Sawamura Y, Narita M, et al. Dynamic regulation of
human endogenous retroviruses mediates factor-
induced reprogramming and differentiation poten-
tial. Proc Natl Acad Sci U S A.
2014;111(34):12426-31.

Martin L, Chang HY. Uncovering the role of
genomic “dark matter” in human disease. J Clin
Invest. 2012;122(5):1589-95.

Caruso S, Bazan V, Rolfo C, Insalaco L, Fanale D,
Bronte G, et al. MicroRNAs in colorectal cancer
stem cells: new regulators of cancer stemness?
Oncogenesis. 2012;1:e32.

Monzo M, Navarro A, Bandres E, Artells R, Moreno
I, Gel B, et al. Overlapping expression of microRNAs
in human embryonic colon and colorectal cancer.
Cell Res. 2008;18(8):823-33.

Yu Y, Kanwar SS, Patel BB, Oh PS, Nautiyal J,
Sarkar FH, et al. MicroRNA-21 induces stemness by
downregulating transforming growth factor beta
receptor 2 (TGFbetaR2) in colon cancer cells.
Carcinogenesis. 2012;33(1):68-76.

Yu Y, Nangia-Makker P, Farhana L, S GR, Levi E,
Majumdar AP. miR-21 and miR-145 cooperation in
regulation of colon cancer stem cells. Mol Cancer.
2015;14:98.

Jahid S, Sun J, Edwards RA, Dizon D, Panarelli NC,
Milsom JW, et al. miR-23a promotes the transition

58.

59.

60.

61.

62.

63

64.

65.

66.

67.

68.

69.

70.

from indolent to invasive colorectal cancer. Cancer
Discov. 2012;2(6):540-53.

Saarikangas J, Mattila PK, Varjosalo M, Bovellan
M, Hakanen J, Calzada-Wack J, et al. Missing-in-
metastasis MIM/MTSS1 promotes actin assembly at
intercellular junctions and is required for integrity of
kidney epithelia. J Cell Sci. 2011;124(Pt
8):1245-55.

Sancho R, Jandke A, Davis H, Diefenbacher ME,
Tomlinson I, Behrens A. F-box and WD repeat
domain-containing 7 regulates intestinal cell lineage
commitment and is a haploinsufficient tumor sup-
pressor. Gastroenterology. 2010;139(3):929-41.
Babaei-Jadidi R, Li N, Saadeddin A, Spencer-Dene
B, Jandke A, Muhammad B, et al. FBXW?7 influ-
ences murine intestinal homeostasis and cancer, tar-
geting Notch, Jun, and DEK for degradation. J Exp
Med. 2011;208(2):295-312.

Siemens H, Jackstadt R, Kaller M, Hermeking
H. Repression of c-Kit by p53 is mediated by miR-
34 and is associated with reduced chemoresistance,
migration and stemness. Oncotarget.
2013;4(9):1399-415.

Bu P, Chen KY, Chen JH, Wang L, Walters J, Shin
YJ, et al. A microRNA miR-34a-regulated bimodal
switch targets Notch in colon cancer stem cells. Cell
Stem Cell. 2013;12(5):602—-15.

. Neumuller RA, Knoblich JA. Dividing cellular

asymmetry: asymmetric cell division and its impli-
cations for stem cells and cancer. Genes Dev.
2009;23(23):2675-99.

Dey-Guha I, Wolfer A, Yeh AC, ] GA, Darp R, Leon
E, et al. Asymmetric cancer cell division regulated
by AKT. Proc Natl Acad Sci U S A.
2011;108(31):12845-50.

O’Brien CA, Kreso A, Ryan P, Hermans KG, Gibson
L, Wang Y, et al. ID1 and ID3 regulate the self-
renewal capacity of human colon cancer-initiating
cells through p21. Cancer Cell. 2012;21(6):777-92.
Pine SR, Ryan BM, Varticovski L, Robles Al, Harris
CC. Microenvironmental modulation of asymmetric
cell division in human lung cancer cells. Proc Natl
Acad Sci U S A. 2010;107(5):2195-200.

van Es JH, van Gijn ME, Riccio O, van den Born M,
Vooijs M, Begthel H, et al. Notch/gamma-secretase
inhibition turns proliferative cells in intestinal crypts
and adenomas into goblet cells. Nature.
2005;435(7044):959-63.

Yoo YD, Kwon YT. Molecular mechanisms control-
ling asymmetric and symmetric self-renewal of can-
cer stem cells. J Anal Sci Technol. 2015;6(1):28.
Hwang WL, Jiang JK, Yang SH, Huang TS, Lan HY,
Teng HW, et al. MicroRNA-146a directs the sym-
metric division of Snail-dominant colorectal cancer
stem cells. Nat Cell Biol. 2014;16(3):268-80.
Lerner RG, Petritsch C. A microRNA-operated
switch of asymmetric-to-symmetric cancer stem cell
divisions. Nat Cell Biol. 2014;16(3):212-4.



5 Non-coding RNAs Functioning in Colorectal Cancer Stem Cells

107

71.

72.

73

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Yu XF, Zou J, Bao ZJ, Dong J. miR-93 suppresses
proliferation and colony formation of human colon

cancer stem cells. World J Gastroenterol.
2011;17(42):4711-7. doi:10.3748/wjg.v17.
i42.4711.

Zheng L, Zhang Y, Liu Y, Zhou M, Lu Y, Yuan L,
et al. MiR-106b induces cell radioresistance via the
PTEN/PI3K/AKT pathways and p21 in colorectal
cancer. J Transl Med. 2015;13:252.

. Zhang Y, Zheng L, Huang J, Gao F, Lin X, He L,

et al. MiR-124 Radiosensitizes human colorectal
cancer cells by targeting PRRX1. PLoS ONE.
2014;9(4):€93917.

Chen J, Chen Y, Chen Z. MiR-125a/b regulates the
activation of cancer stem cells in paclitaxel-resistant
colon cancer. Cancer Invest. 2013;31(1):17-23. doi:
10.3109/07357907.2012.743557.

Douville J, Beaulieu R, Balicki D. ALDHI1 as a func-
tional marker of cancer stem and progenitor cells.
Stem Cells Dev. 2009;18(1):17-25.

Schwickart M, Huang X, Lill JR, Liu J, Ferrando R,
French DM, et al. Deubiquitinase USP9X stabilizes
MCL1 and promotes tumour cell survival. Nature.
2010;463(7277):103-7.

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A,
Zhou AY, et al. The epithelial-mesenchymal transi-
tion generates cells with properties of stem cells.
Cell. 2008;133(4):704-15.

Hollier BG, Evans K, Mani SA. The epithelial-to-
mesenchymal transition and cancer stem cells: a
coalition against cancer therapies. J Mammary
Gland Biol Neoplasia. 2009;14(1):29-43.

Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu
F, Sonntag A, et al. The EMT-activator ZEB1 promotes
tumorigenicity by repressing stemness-inhibiting
microRNAs. Nat Cell Biol. 2009;11(12):1487-95.
Burk U, Schubert J, Wellner U, Schmalhofer O,
Vincan E, Spaderna S, et al. A reciprocal repression
between ZEB1 and members of the miR-200 family
promotes EMT and invasion in cancer cells. EMBO
Rep. 2008;9(6):582-9.

Korpal M, Lee ES, Hu G, Kang Y. The miR-200
family inhibits epithelial-mesenchymal transition
and cancer cell migration by direct targeting of
E-cadherin transcriptional repressors ZEB1 and
ZEB2. J Biol Chem. 2008;283(22):14910-4.

Park SM, Gaur AB, Lengyel E, Peter ME. The
miR-200 family determines the epithelial pheno-
type of cancer cells by targeting the E-cadherin
repressors ZEB1 and ZEB2. Genes Dev.
2008;22(7):894-907.

Pichler M, Ress AL, Winter E, Stiegelbauer V,
Karbiener M, Schwarzenbacher D, et al. MiR-200a
regulates epithelial to mesenchymal transition-
related gene expression and determines prognosis in
colorectal cancer patients. Br J Cancer.
2014;110(6):1614-21.

Ono H, Imoto I, Kozaki K, Tsuda H, Matsui T,
Kurasawa Y, et al. SIX1 promotes epithelial-

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

mesenchymal transition in colorectal cancer through
ZEB1 activation. Oncogene. 2012;31(47):4923-34.
Lu YX, Yuan L, Xue XL, Zhou M, Liu Y, Zhang C,
et al. Regulation of colorectal carcinoma stemness,
growth, and metastasis by an miR-200c-Sox2-
negative feedback loop mechanism. Clin Cancer
Res. 2014;20(10):2631-42.

Ju SY, Chiou SH, Su Y. Maintenance of the stemness
in CD44(+) HCT-15 and HCT-116 human colon can-
cer cells requires miR-203 suppression. Stem Cell
Res. 2014;12(1):86-100.

Song B, Wang Y, Xi Y, Kudo K, Bruheim S, Botchkina
GI, et al. Mechanism of chemoresistance mediated by
miR-140 in human osteosarcoma and colon cancer
cells. Oncogene. 2009;28(46):4065-74.

Song B, Wang Y, Titmus MA, Botchkina G,
Formentini A, Kornmann M, et al. Molecular mecha-
nism of chemoresistance by miR-215 in osteosar-
coma and colon cancer cells. Mol Cancer. 2010;9:96.
Jones MF, Hara T, Francis P, Li XL, Bilke S, Zhu Y,
et al. The CDXI1-microRNA-215 axis regulates
colorectal cancer stem cell differentiation. Proc Natl
Acad Sci U S A. 2015;112(13):E1550-8.

Zhu R, Yang Y, Tian Y, Bai J, Zhang X, Li X, et al.
Ascl2 knockdown results in tumor growth arrest by
miRNA-302b-related inhibition of colon cancer pro-
genitor cells. PLoS ONE. 2012;7(2):e32170.

Xu XT, Xu Q, Tong JL, Zhu MM, Nie F, Chen X,
et al. MicroRNA expression profiling identifies miR-
328 regulates cancer stem cell-like SP cells in colorec-
tal cancer. Br J Cancer. 2012;106(7):1320-30.

Fang Y, Gu X, Li Z, Xiang J, Chen Z. miR-449b
inhibits the proliferation of SW1116 colon cancer
stem cells through downregulation of CCND1 and
E2F3 expression. Oncol Rep. 2013;30(1):399—406.
Bitarte N, Bandres E, Boni V, Zarate R, Rodriguez J,
Gonzalez-Huarriz M, et al. MicroRNA-451 is
involved in the self-renewal, tumorigenicity, and
chemoresistance of colorectal cancer stem cells.
Stem Cells. 2011;29(11):1661-71.

Vermeulen L, De Sousa EMF, van der Heijden M,
Cameron K, de Jong JH, Borovski T, et al. Wnt activ-
ity defines colon cancer stem cells and is regulated
by the microenvironment. Nat Cell Biol.
2010;12(5):468-76.

Zhang H, Li W, Nan F, Ren F, Wang H, Xu Y, et al.
MicroRNA expression profile of colon cancer stem-
like cells in HT29 adenocarcinoma cell line. Biochem
Biophys Res Commun. 2011;404(1):273-8.
Vaiopoulos AG, Kostakis ID, Koutsilieris M,
Papavassiliou AG. Colorectal cancer stem cells.
Stem Cells. 2012;30(3):363-71.

Guttman M, Amit I, Garber M, French C, Lin MF,
Feldser D, et al. Chromatin signature reveals over a
thousand highly conserved large non-coding RNAs
in mammals. Nature. 2009;458(7235):223-7.

Khalil AM, Guttman M, Huarte M, Garber M, Raj
A, Rivea Morales D, et al. Many human large inter-
genic noncoding RNAs associate with chromatin-


http://dx.doi.org/10.3748/wjg.v17.i42.4711
http://dx.doi.org/10.3748/wjg.v17.i42.4711
http://dx.doi.org/10.3109/07357907.2012.743557
http://dx.doi.org/10.3109/07357907.2012.743557

108

D.Fanale etal.

99.

100.

101.

modifying complexes and affect gene expression.
Proc Natl Acad Sci U S A. 2009;106(28):
11667-72.

Wang G, Li Z, Zhao Q, Zhu Y, Zhao C, Li X, et al.
LincRNA-p21 enhances the sensitivity of radiother-
apy for human colorectal cancer by targeting the
Wht/beta-catenin signaling pathway. Oncol Rep.
2014;31(4):1839-45.

Boo K, Bhin J, Jeon Y, Kim J, Shin HJ, Park JE,
et al. Pontin functions as an essential coactivator for
Oct4-dependent lincRNA expression in mouse
embryonic stem cells. Nat Commun. 2015;6:6810.
Sheik Mohamed J, Gaughwin PM, Lim B, Robson P,
Lipovich L. Conserved long noncoding RNAs tran-
scriptionally regulated by Oct4 and Nanog modulate
pluripotency in mouse embryonic stem cells. RNA.
2010;16(2):324-37.

102.

103.

104.

105.

Loewer S, Cabili MN, Guttman M, Loh YH, Thomas
K, Park IH, et al. Large intergenic non-coding RNA-
RoR modulates reprogramming of human induced
pluripotent stem cells. Nat Genet.
2010;42(12):1113-7.

Gui X, Li H, Li T, Pu H, Lu D. Long noncoding
RNA CUDR regulates HULC and beta-catenin to
govern human liver stem cell malignant differentia-
tion. Mol Ther. 2015.

Dragu DL, Necula LG, Bleotu C, Diaconu CC,
Chivu-Economescu M. Therapies targeting cancer
stem cells: current trends and future challenges.
World J Stem Cells. 2015;7(9):1185-201.

Fanale D, Caruso S, Bazan V, Bronte G, Di Piazza F,
Rolfo C et al. MicroRNAs in colorectal cancer drug
resistance: shooters become targets. J Carcinog
Mutag. 2013;04(02).



MicroRNA Methylation
in Colorectal Cancer

Sippy Kaur, Johanna E. Lotsari-Salomaa,
Riitta Seppanen-Kaijansinkko, and Pdivi Peltomaki

Abstract

Epigenetic alterations such as DNA methylation, histone modifications
and non-coding RNA (including microRNA) associated gene silencing
have been identified as a major characteristic in human cancers. These
alterations may occur more frequently than genetic mutations and play a
key role in silencing tumor suppressor genes or activating oncogenes,
thereby affecting multiple cellular processes. In recent years, studies have
shown that microRNAs, that act as posttranscriptional regulators of gene
expression are frequently deregulated in colorectal cancer (CRC), via
aberrant DNA methylation. Over the past decade, technological advances
have revolutionized the field of epigenetics and have led to the identifica-
tion of numerous epigenetically dysregulated miRNAs in CRC, which are
regulated by CpG island hypermethylation and DNA hypomethylation. In
addition, aberrant DNA methylation of miRNA genes holds a great prom-
ise in several clinical applications such as biomarkers for early screening,
prognosis, and therapeutic applications in CRC.
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remodeling and small non-coding RNAs) sub-
groups. The most common epigenetic phenome-
non is DNA methylation which regulates gene
activity [1]. 60% of methylation patterns are
detected within CG-rich regions called CpG
islands, located at the 5’ end of human gene pro-
moters [2, 3]. In cancer, DNA methylation can be
used to silence the function of tumor suppressor
genes controlling many essentials functions such
as proliferation, differentiation or promoting cell
cycle arrest or apoptosis [4, 5]. However, it
should be noticed that methylation also regulates
the silencing of gene expression as part of normal
development or to maintain homeostasis in a cell
by inactivating X chromosome or by silencing
the imprinted genes [3]. The methylation process
in mammals is catalyzed by DNA methyltrans-
ferase (DNMT) enzymes, so-called maintenance
methylator DNMT1 and de novo methylators
DNMT3A and DNMT3B [4]. In addition to
tumor suppressor gene silencing by promoter
methylation, tumorigenesis may benefit from
global hypomethylation in both gene-coding and
non-coding regions of the genome to increase
chromosomal instability (CIN) and to activate
proto-oncogenes and other transposable elements
[4,5].

CIN occurs in 80 % of sporadic colon cancers
(CRC)s [6]. CIN leads to missegregation of chro-
mosomes and aneuploidy or unbalanced struc-
tural rearrangements and loss of heterozygosity
(LOH) [6, 7]. Colon carcinomas are generally
divided to microsatellite-stable (MSS) and
microsatellite-unstable (MSI) cancers [6]. The
term CpG island methylator phenotype (CIMP)
is a distinct form of epigenomic instability which
indicates high frequency of CpG island promoter
methylation of tumor suppressor genes originally
described in sporadic colon carcinomas [8].
Aging promotes methylation in normal colonic
mucosa but methylation of tumor suppressor
genes is seen at high frequency especially with
CIMP-positive colon tumors which have specific
molecular and clinical features [9]. If the MLH1
gene is among the methylated genes in colon car-
cinoma, microsatellite instability (MSI) is
detected [10]. Failure in proof-reading mecha-
nisms leads to numeric errors in microsatellite
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repeats when deleted or inserted nucleotides are
not corrected in the tumor genome. MSI is
detected in 10-15% of sporadic colon tumors
[11,12].

Micro-RNAs (miRNAs) are an abundant class
of non-coding RNAs whose abnormalities
accompany multistep colorectal tumorigenesis
[13]. Increased expression of miR-135 sup-
presses the gatekeeper gene APC, which results
in the Wnt pathway activation and early adenoma
formation. Dysregulation of additional miRNAs
leads to activation of EGFR signaling, inactiva-
tion of TGF-f response, loss of p53 function, and
epithelial-mesenchymal transition as tumorigen-
esis proceeds towards adenomas with increasing
dysplasia, CRC, and metastasis [13]. CRCs are
composed of various subtypes based on histo-
logical characteristics and molecular features,
including MSI and CIMP status. MSI can result
from overexpression of miRNAs targeting mis-
match repair genes, including miR-155 [14] and
miR-21 [14]. Conversely, precursor genes for
miRNAs (e.g., miR-1303) may contain repeat
sequences that can be targets for MSI in CRC
[15]. Expression profiling has demonstrated
unique patterns of miRNAs depending on the
MSI status of CRCs [16, 17]. While the mecha-
nistic basis of the associations between miRNA
expression and MSI mostly remains unknown,
they may have important clinical significance
since CRCs with vs. without MSI and CIMP have
distinct clinical outcomes [18]. In addition to
expression patterns, the methylation status of
miRNAs has also been shown to be associated
with MST status [19, 20]. Epigenetic regulation of
miRNAs and its correlations with clinicopatho-
logical parameters of CRCs will be discussed in
greater detail below.

6.2 Epigenetic Regulation

of Micro-RNAs

Mature miRNAs are approximately 22 nucleo-
tide single-stranded non-coding RNAs which
post-transcriptionally inhibit gene expression in a
sequence-specific manner [21]. These small
genes take part in controlling several essential
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functions in a cell including embryonic develop-
ment, cell differentiation, proliferation, and
apoptosis [22, 23]. The first described miRNA,
line-4, was identified in the genetic model organ-
ism Caenorhabditis elegans [24]. miRNAs can
be encoded from gene-coding, non-coding, and
intronic regions of the genome, and be oriented in
antisense or sense direction relative to the host
gene [21, 23]. Some miRNAs are clustered as
polycistronic transcripts regulated together, for
example, with certain developmental stages [21].
The maturation of miRNAs starts from primary
miRNA (pri-miRNA) and can proceed along
canonical and non-canonical pathways; the for-
mer pathway involves the enzyme Drosha to gen-
erate precursor miRNA (pre-miRNA) whereas
the latter pathway (“mirtrons”) uses the splicing
machinery for the same purpose [23, 25].

There are two separate miRNA-related ways
to control gene activity [22]. If miRNA binds
complementary to its target messenger-RNAs
(mRNAs) the RNA-mediated interference
(RNAI) pathway will be induced leading to deg-
radation of mRNA [22]. The initiation of transla-
tion will be inhibited when miRNAs are
imperfectly binding to the 3" untranslated regions
(UTRs) of target mRNAs [22].

In addition to chromosomal abnormalities,
miRNA expression is regulated by epigenetic

mechanisms, such as promotor methylation or
histone modifications to promote tumorigenesis
as shown in Fig. 6.1 [22, 26]. Approximately half
of the miRNAs are associated with CpG islands,
suggesting that DNA methylation is crucially
involved in the normal regulation as well as dys-
regulation of miRNAs. Based on the annotation
of their genomic location, most of the miRNAs
are located within intergenic regions (transcribed
independently), although their location within
exonic and intronic regions of the host gene (co-
transcribed) either in the sense or antisense orien-
tation is also observed [27]. A comprehensive
characterization to map miRNA promoter
sequences in order to identify the role of epigen-
etic mechanisms in the regulation of miRNA
expression revealed that the distance of miRNA
promoter sequences to the miRNA coding
sequence can span up to up to 50 kb. One third of
intragenic miRNAs have independent transcrip-
tion sites and more than half of all miRNA tran-
scription sites are associated with a CpG island.
The probability of an independent promoter
increases when the distance of the mature miRNA
sequence to the host gene promoter exceeds
10 kb, whereas miRNAs in the vicinity of the
host gene promoter are generally co-expressed
with the host transcript. Moreover, as the protein
coding genes, miRNA promoters are also associ-
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Table 6.1 MiRNAs aberrantly methylated in various
cancers and their verified and/or putative target genes

miRNA Target genes (databases)*

miR-1-1 FOXPI, MET, HDAC4, ANXA2,
BDNF

miR-9 family | FGFRI, CDK6, CDX2, CDH1

miR-10b MAPREI

miR-34 MET, CDK4, CCNE2, C-MYC, CDK®6,

family E2F3, NOTCH4

miR-124 CDK6, VIM, SMYD3, E2F6, IQGAP1,

family IGFBP7, EZH2, ROCK2

miR-125b ETS1

miR-127 BCL6

miR-129-2 SOX4

miR-132 TALIN2

miR-137 CDK6, CDC42, LSD1

miR-143 MLL-AF4

miR-148a TGIF2

miR-152 DNMTI, E2F3, MET, RICTOR

miR-181c NOTCH4, KRAS

miR-193a SRSF2, KIT

miR-200 ZEBI, ZEB2

family

miR-203 ABLI, ABCEI, CDK6

miR-205 ZEBI, ZEB2

miR-218 RICTOR

miR-335 SOX4, TNC

miR-345 BAG3

miR-375 IGFIR, PDK]

miR-512 MCLI

*www.mirtarbase.mbc, www.targetscan.org

ated with TATA-box elements, TFIIB recognition
elements or an initiator [28-30].

Advances in microarray and sequencing tech-
nologies have enabled comprehensive analysis of
the epigenome and miRNA expression in cancer
cells, which has led to the identification of
miRNA promotors which are frequent targets of
aberrant DNA methylation in cancer, followed by
the identification and verification of their mRNA
targets (Table 6.1). A majority of studies, includ-
ing colon cancer-related investigations to be
described below, are focused on methylation of
CpG islands located in the promoter regions of
miRNAs. In addition to CpG islands, CpG island
shores, the regions located within 2 kb of CpG
islands are also involved in regulation of miR-
NAs and protein coding genes [31]. In bladder

cancer it was pointed out that as compared to
CpG island methylation, miRNAs were more
methylated in CpG island shore regions, which
also showed clinical correlation with tumor
grade, stage and prognosis [32].

Identification and further validation of miRNA
targets is critical for understanding the functional
role of miRNAs in the context of normal biologi-
cal processes and their roles in the development
of disease. Since a large number of potential tar-
get sites exist for a single miRNA, and due to
lack of high-throughput biological methods to
identify the miRNA targets, many computational
methods (www.microrna.org/; http://mirdb.org;
www.targetscan.org, www.mirtarbase.mbc,
www.ma.uni-heidelberg.de/apps/zmf/mirwalk/)
are freely available for predicting miRNA targets
which facilitates the process of narrowing down
putative targets for experimental validation.

Tumor suppressive miRNAs, whose expres-
sion is decreased in cancer, target oncogenes
whereas oncogenic miRNAs, which show ele-
vated expression, target suppressor genes. In
addition to controlling growth-regulatory genes,
miRNAs can control the epigenetic machinery by
targeting the components responsible for DNA
methylation and histone modifications. Such
miRNAs are called epi-miRNAs. Several epi-
miRNA identified in various cancers are listed in
Table 6.2. The mir-29 family directly targets
DNMT3A and DNMT3B in lung cancer [33] and
represented the first epi-miRNAs identified. In
prostate carcinoma cells, miR-34b can target
both methyltransferase enzymes and histone
deacetylases (HDACsS) [34]. To sum up, miRNAs
can serve as drivers of tumor-suppressive and
oncogenic functions, and tumorigenesis-related
dysregulation of certain miRNAs may induce
aberrant methylation of specific gene promoters
[30].

Besides promoter CpG island methylation
which silences tumor suppressor genes, global
hypomethylation is also observed in various can-
cers mediating overexpression of oncogenes.
Hypomethylation generally occurs at repetitive
sequences including LINE-1 [35] and several
miRNAs are also upregulated by hypomethyl-
ation. The first hypomethylated miRNA identi-
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Table 6.2 List of epi-miRNAs targeting enzymes of the
epigenetic machinery in various cancers

miRNA Epi targets References
miR-29a, b, ¢ | DNMT3A, Fabbri et al. [33]
DNMTS3B,
TSFPI
miR-124a EZH?2 Zheng et al. [45]
miR-148a,b | DNMT3B Duursma et al. [104]
miR-152, DNMTI1 Braconi et al. [105]
miR-301
miR-101 EZH2 Varambally et al.
[106]
miR-1 HDAC4 Chen et al. [107]
miR-449a HDACI Noonan et al. [108]
miR-137 LSDI/KDM1A, | Althoff et al. [60],
KDM5, EZH2 | Denis et al. [61],

Ren et al. [62]

fied was let-7a-3 in lung cancer. It was methylated
in normal tissue and unmethylated in cancer tis-
sue which caused an oncogenic effect [36]. Since
then many hypomethylated miRNAs in cancers
have been identified [37, 38]. Therefore, DNA
hyper- and hypo-methylation leading to silencing
of tumor suppressor genes or activating onco-
genes, respectively, indicates a mechanism used
by the tumor cell to favor carcinogenesis.

6.2.1 Methylation of miRNA Genes

in Colorectal Cancer

The CIMP phenotype appears early in colorectal
tumorigenesis. For example, certain antagonists
of Wnt signaling may be inactivated by promoter
methylation already in transition from normal
colonic epithelium to aberrant crypt foci, the ear-
liest detectable lesions of the colon [39]. Since
methylation of miRNA-associated CpG islands
has been shown to correlate with methylation of
conventional tumor suppressor genes [19], it is
conceivable that methylation of many miRNAs,
too, takes place early in CRC development. A
systematic screen for miRNAs regulating the
canonical Wnt pathway identified 38 candidate
miRNAs that either repress or activate the canon-
ical Wnt pathway [40]. The former group of miR-
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NAs includes several known to be targeted by
CpG island methylation, such as miR-1 silenced
in early and advanced CRC and miR-200a altered
late in tumorigenesis (see below). The following
paragraphs will provide brief individual descrip-
tions of selected CRC-associated miRNAs.

miR-124 Family The first evidence of epigene-
tic silencing of miR-124 was reported in CRC
[41]. Since then this miRNA is known to be
methylated in several other cancers. MiR-124 is
associated with CpG islands and is encoded by
three independent loci (miR-124-1, 2 and 3).
Methylation of miR-124 family is reported in
over 70 % of CRC tissues and in hematological
malignancies, and also in cervical cancer [42—
44]. Tumor suppressor effect of miR-124 is
caused by targeting various oncogenes, such as
the CDK6 (cyclin-dependent kinase 6), which is
activated as a result of miR-124 silencing, lead-
ing to phosphorylation and inactivation of the
retinoblastoma protein [27]. MiR-124 also func-
tions as epi-miRNA by suppressing EZH2, a key
component of the polycomb repressive complex
two and responsible for H3K27 methylation [45].

miR-9 Family In breast and pancreatic cancer,
methylation of the CpG island in miR-9 was first
identified [46, 47]. Methylation of other family
members of miR-9 (miR-9-1, 2, 3) have been
reported in various cancers including lymph node
metastasis in CRC [48-50]. MiR-9 targets
FGFRI1,CDK6,CDX2, and CDHI genes [51-53]
and functions as tumor suppressor miRNA.

miR-34 Family miR-34 family members (miR-
34a and mir-34b/c) are direct targets of p53.
MiR-34a is located on chromosome 1p36, while
mir-34b/c are co-transcribed from chromosome
11g23. All members of miR-34 family are targets
of CpG island methylation in CRC and various
other cancers such as esophageal and oral [54,
55]. Methylation of miR-34b/c was associated
with cancer metastases and invasion in several
cancers. MiR-34 members act as tumor
suppressors targeting MET, CDK4, CCNE2 and
MYC [56, 57].
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miR-200 Family MiR-200 gene family con-
tains five members which are divided into two
polycistronic units: miR-200b/200a/429 located
on chromosome one and miR-200c/141 located
on chromosome 12. This miRNA family and
miR-205 encode important  epithelial-
mesenchymal transition regulators and it directly
targets ZEB1 and ZEB2 which are direct repres-
sors of the E-cadherin [58]. In colorectal cancer it
was demonstrated that CpG island DNA methyl-
ation of the miR-200 family was a dynamic pro-
cess which could be shifted to hypermethylation
or unmethylation depending on epithelial or mes-
enchymal origin of the cells. CpG islands were
unmethylated in cancers displaying epithelial
features and methylated in cancer cells with mes-
enchymal characteristics. Thus epigenetic silenc-
ing of the miR-200 family, specifically miR-200c
plays an important role in metastatic behavior of
CRC [59].

miR-137 This miRNA was first reported in oral
cancer, and then subsequently identified in colon
and other cancers. MiR-137 is embedded in a
CpG island and reported to be frequently methyl-
ated in several cancers [48, 55]. Candidate genes
targeted by miR-137 include AURKA, CDK6
[55], and several members of the epigenetic
machinery, such as the histone demethylases
LSDI/KDMI1A [60] and KDM5 [61] and the his-
tone methyltransferase EZH2 [62]. miR-137 acts
a tumor suppressor and is frequently silenced in
colorectal adenomas through promoter hyper-
methylation, which suggests that silencing of
miR-137 by methylation is an early event in
CRC, which could have prognostic and therapeu-
tic implications [48, 63].

Other miRNA Genes/Families CpG island
methylation of miR-1 has been reported in CRC
and other malignancies [30, 64, 65]. MiR-1 was
reported to be frequently methylated in early and
advanced CRC and it may act as a tumor suppres-
sor. Ectopic expression of miR-1 in CRC sup-
pressed cell growth, motility, and invasion and
two novel targets identified for miR-1 are ANXA2
and BDNF [30, Tables 6.1 and 6.2].
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Numerous miRNA expression studies have
demonstrated differential expression of miRNAs
depending on MMR status [16, 17, 66, 67]
miRNA methylation profiles in the context of
microsatellite instability (MSI) status, even
though less studied, have also been demonstrated
to discriminate tumors according to their MMR
status. For example, a genome-wide miRNA
assay was utilized to explore the miRNA signa-
ture in CRC displaying MSS and MSI pheno-
types [20]. Eight miRNAs were identified that
could distinguish the MSI status of CRCs. Due to
promotor methylation miR-484 expression was
significantly decreased in the MSI CRC group
compared with the MSS group. MiR-484 was
identified as a tumor suppressor miRNA which
targeted and repressed the CDI37L, leading to
decreased production of IL-8 and possibly, atten-
uated anti-tumor immune response in MSI-CRC
cells [20].

Recently, three miRNAs (miR-129-2, miR-
345, and miR-132) emerged as promising targets
for subgroup-specific methylation in Finnish and
Australian CRC populations [68, Fig. 6.2].
Methylation of miR-132 was linked with spo-
radic MSI CRC as compared to MSS CRC and
moreover, distinguished sporadic MSI CRC from
Lynch-CRC. In the clinical correlation analysis
for methylated miR-132, MSI CRCs showed a
significant association with miR-132 methylation
and female gender, increased age and proximal
location in the bowel. In the same study, miR-
129-2 and miR-345 hypermethylation were also
more frequent in MSI than MSS CRC tumors
(the difference was statistically significant for
miR-345) [68].

6.2.2 Methylation of Other Non-
coding RNA Genes

Besides miRNAs, non-coding RNA includes sev-
eral other classes of genes that are highly abun-
dant and functionally important [69]. These are
broadly divided into two groups based on their
size: small noncoding RNAs, which are less than
200 nucleotides and constitute RNAs such as
piRNA and small nucleolar RNA, and long non-
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Fig.6.2 Methylation frequency of miRNA genes in vari-
ous colon cancer groups. Average hypermethylation fre-
quencies of miRNA genes are shown between Finnish
sporadic MSI vs. MSS tumors (a); Australian sporadic

coding RNAs that are than 200
nucleotides.

Long non-coding (Inc) RNAs are the second
most commonly studied classes of non-coding
RNAs after miRNAs. Recently it was reported by
Di Ruscio and colleagues [70] that IncRNA
termed ecCEBPA arising from the CEBPA gene
locus, by virtue of association with DNA methyl-
transferase 1 (DNMT1) regulates DNA methyla-
tion patterns. This study was only focused on
DNMT]I, and it is very likely that other DNA
methyltransferase enzymes may also show simi-
lar association with IncRNA. Using RNA co-
immunoprecipitation (RIP) followed by next
generation RNA sequencing (RIP-seq) a subset
of IncRNAs were identified that interact with
DNMT1 in a colon cancer cell line. The IncRNA
DACORI1 identified with this method depicted
high tissue-specific expression in the normal
colon, but was repressed in a panel of colon
tumors [71]. Accordingly, their study showed
that deregulation of DNMT 1-associated IncRNAs
contributes to aberrant DNA methylation and

gene expression during colon tumorigenesis.
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(d). Y axis indicates percentage of tumors with
hypermethylation

Collectively, regulation of DNA methylation by
IncRNAs indicates new regulatory functions for
noncoding RNAs which are likely to be impor-
tant in controlling gene expression during devel-
opment and disease. Furthermore, in addition to
DNA methylation, specific interactions between
IncRNAs and several chromatin-modifying com-
plexes have been identified and it has also been
demonstrated that these interactions are required
for regulating gene expression [72].

6.3  Methods to Identify

Methylation of miRNA Genes

One of the most common mechanisms by which
tumor suppressor genes are inactivated during
tumorigenesis is via epigenetic gene silencing
due to promoter CpG island hypermethylation.
As described above, accumulating evidence indi-
cates that in addition to coding genes, non-coding
genes such as miRNAs are also targets of epigen-
etic silencing in cancer. Currently there are sev-
eral methods available to identify methylated
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miRNA from the sample of interest. In the end,
the method of choice depends on the research
question, required data resolution and the avail-
able budget for the experiment. Examples of vari-
ous methods used to identify methylated miRNAs
will follow.

1. Drugs targeting the epigenetic machinery in

combination with miRNA microarrays: A
common approach to study genome-wide

silencing of miRNAs as a result of epigenetic
mechanisms is to use miRNA gene expression
microarrays for cell lines treated with drugs
targeting DNA methyl transferase inhibitors
and histone deacetylase inhibitors. These
drugs reactivate epigenetically silenced miR-
NAs and allow to identify candidate tumor-
suppressive  miRNAs whose silencing is
associated with CpG island methylation. For
example, in bladder cancer, 17 genes were
upregulated by drug treatment [73]. Among
these, miR-127 was shown to be embedded
within a CpG island and was regulated by
both DNA methylation and histone modifica-
tions. Subsequently, this miRNA was experi-
mentally verified to target the proto-oncogene
B-cell lymphoma 6 (BCL6). Among other
miRNAs, miR-373, miR-345, and miR-133b
were identified by drug screens in CRC [74—
76]. Similarly, miR-345 and miR-132 were
identified as novel differentially methylated
miRNAs allowing the sub classification of
CRC, and miR-129 methylation turned out to
be a marker of progression in early endome-
trial tumorigenesis [68]. By unmasking epige-
netically silenced miRNAs by drug treatment,
a number of other methylated miRNAs have
been identified in several cancers [55, 77, 78].
An alternative approach to identify epigeneti-
cally regulated miRNAs is to use RNA from
genetically disrupted cell lines for profiling on
microarrays. In CRC, the HCT116 cell line
where the DNA methyltransferases DNMT1
and DNMT3B were genetically knocked out
(DNMT KO) was utilized to identify epige-
netically regulated miRNAs [41].

2. Genome-wide methylation analysis by micro-
arrays: Genome wide DNA methylation anal-
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ysis using various platforms has also enabled
to uncover many miRNA genes as targets of
DNA methylation. For instance, in gastric
cancer DNA methylation microarrays identi-
fied miR-10b altered by DNA methylation
[47]. In colon cancer, a variety of methylated
miRNAs like miR-941, miR-1237, and miR-
1247 were identified by genome-wide methy-
lome  analysis [79]. Recently, in
hepatocarcinoma genome-wide arrays for
profiling DNA  methylation (Infinium
Methylation 450 K array which includes 3439
CpG sites covering 727 human miRNAs) and
miRNA expression (TagMan Low Density
Arrays) were applied on a large sample size,
which provided comprehensive data with suf-
ficient statistical power to identify miRNAs
regulated by DNA methylation [80]. In that
study, miR-125b and miR-199a were shown
to be dramatically regulated by DNA hyper-
methylation, supporting their tumor suppres-
sor role in the repression of downstream target
oncogenes which play a key role in hepatocar-
cinogenesis. In breast cancer, DNA methyla-
tion of miRNA gene promoters was
comprehensively  evaluated by  using
5-methylcytosine immunoprecipitation com-
bined with miRNA tiling microarray hybrid-
ization [81]. One third (55/167) of miRNA
promoters were targets for aberrant methyla-
tion, which surprisingly exceeds the percent-
age of protein coding genes targeted for
aberrant DNA methylation in cancer. MiR-31,
miR-130a, let-7a-3/let-7b, miR-155 and miR-
34b/mir-34c were found to be silenced by
aberrant DNA methylation [81].

. Targeted methylation analysis by different

methods:  Methylation-specific ~ multiplex
ligation-dependent probe amplification (MS-
MLPA, MRC-Holland, Netherlands) is based
on selective amplification of methylated
sequences that the methylation-sensitive
enzyme Hhal is unable to cut [82]. It has been
proven to be a semiquantitative, convenient
and fast technique for evaluating the methyla-
tion status of multiple sequences simultane-
ously in all types of samples including
formalin-fixed paraffin embedded (FFPE) tis-
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sues [35, 68, 83]. Even 10 ng of DNA is
enough for methylation analysis and no
sodium bisulphite conversion is needed [82,
84]. The sensitivity limit of MS-MLPA is con-
sidered to be 10 % and lower methylation lev-
els are usually interpreted as background [82].
The methylation statuses of multiple gene loci
can be detected in the same analysis, and gene
copy number variations as well as point muta-
tions analyzed [82, 85]. The methylation anal-
yses are limited to GCGC sites recognized by
Hhal [85]. With paraffin-embedded tumors,
the methylation analysis will be restricted to a
specific block and not the whole tumor [85].
Other options for targeted methylation analy-
sis are also available such as methylation sen-
sitive PCR (MSP) and combined bisulphite
restriction analysis (COBRA). Bisulphite con-
version of DNA is needed for the methylation
analysis and also the quality of DNA is critical
with these methods, since the amplified
genomic region will be restricted [86, 87].

4. Next generation sequencing: Next-generation
sequencing (NGS) of the methyl-CpG binding
domain allows an in-depth focus on the meth-
ylated regions in the genome. For instance in
breast cancer, in order to clarify the associa-
tion between DNA methylation and transcrip-
tion of miRNAs, NGS and microarrays were
used to analyze the methylation and expres-
sion of miRNAs and other genes. Though this
approach epigenetic similarities and differ-
ences between miRNA and protein-coding
genes were identified [88]. In pancreatic can-
cer, hypermethylation of miR-130b and miR-
210 were discovered by a combination of
several methods such as methyl capture
sequencing (methylCap-seq), methylation-
specific PCR (MSP), bisulfite sequencing
PCR (BSP), and methylation sensitive restric-
tion enzyme-based qPCR [89].

5. Functional screening: Tumor suppressor miR-
NAs silenced by DNA hypermethylation were
identified by a function-based screening and a
series of sequential analyses in endometrial
and oral cancer [90, 91]. The screen included
327 synthetic miRNAs, of which nearly 100
showed growth suppressive effects, and half
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were associated with CpG islands. Integrated
DNA methylation and expression analysis
identified miR-218 and miR-152 as targets of
DNA methylation in oral and endometrial
cancer, respectively.

6.4 Clinical Application
of Epigenetically Silenced

miRNAs

The expression profiles of miRNAs can be useful
indicators for detecting disease and predicting
disease outcome, and epigenetically silenced
miRNAs also hold a promise as biomarkers in
cancer management [92, 93]. Methylation of
tumor suppressor miR-34b/c in case of non-small
cell lung cancer was associated with a high inci-
dence of recurrence and poor overall survival
[94]. Methylation of miR-124 family genes in
acute lymphoblastic leukemia was identified as
an independent prognostic factor for disease-free
and overall survival [42]. In another study on
acute lymphoblastic leukemia, 13 methylated
miRNA genes (miR-9-1, miR-9-2, miR-9-3,
miR-10b, miR-34b/c, miR-124-1, miR-124-2,
miR-124-3, miR-132/212, miR-196b, and miR-
203) were identified. At least one methylated
miRNA gene was an important prognostic factor
since patients with miRNA methylation dis-
played significantly poorer disease-free and over-
all survival than the unmethylated patient group
[95]. In non-small cell lung cancer, methylation
of several miRNA gene loci is strongly linked
with larger tumor size and also poorer
progression-free survival [96].

Regarding translational applications of CRC-
related miRNAs specifically, epigenetic silencing
of miR-124a and miR-34b/c occurred frequently
in normal adjacent colonic mucosa, and likewise
miR-342 methylation was detected in adenomas
as well as in normal colorectal mucosa [97], indi-
cating that methylation of these miRNAs is an
early event in CRC. Moreover, methylation of
miR-124a in adjacent normal colonic mucosa
was associated with MSI status of CRCs, while
methylation of miR-34b/c correlated with older
age at diagnosis [98]. MiR-34b/c methylation
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was also evaluated in fecal specimens of CRC
patients, which represents a noninvasive method
for early CRC detection [99]. Methylation of
miR-375 was associated with lymph node metas-
tasis and worse histological type in CRC [75]. In
another investigation, miR-204-5p was found to
be downregulated by promoter methylation in
CRC and adjacent noncancerous tissue and
shown to be a marker of poor prognosis through
overexpression of RAB22, a member of the RAS
oncogene family and a direct target of miR-
204-5p [100]. The authors suggested that thera-
peutic overexpression of miR-204-5p might be
useful in CRC by targeting RAB22A and thereby
improving sensitivity to chemotherapy. The asso-
ciations of miR-132 and miR-345 methylation
with sporadic MSI (vs. MSS) CRC [68] were dis-
cussed above. The methylation status of certain
CRC-relevant protein-coding genes can already
be monitored in blood plasma or stool as com-
mercial tests [101], and it is likely that similar
diagnostic or prognostic tests based on epigeneti-
cally regulated miRNAs will become available in
the near future.

Some of the epigenetically silenced miRNA
genes possess tumor suppressor potential, and
restoration of their expression by demethylation
drugs has a major potential as an alternative strat-
egy in cancer treatment. Several experiments
using in vitro and in vivo models have demon-
strated the promising effect that restoring the
expression of methylation-silenced tumor sup-
pressor miRNAs can have on inhibiting cancer
growth by downregulating target oncogenes [41,
57]. For example, restoration of expression of the
tumor suppressive miR-34 family in pancreatic
cancer led to the reduction of tumor initiating
cells [102]. Analogous therapeutic opportunities
exist in the case of miRNAs methylated in CRC
[103].

6.5 Conclusions

Discovery of the functional role of noncoding
RNA and particularly miRNAs over two decades
ago has revolutionized our knowledge regarding
their impact on carcinogenesis and also provided
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important insights into their potential use as clin-
ically important biomarkers of disease. It is well
known that miRNA expression is epigenetically
regulated and methylation of miRNAs is involved
in CRC pathogenesis. As DNA methylation, a
reversible process, is mainly catalyzed by mem-
bers of the DNMT family, DNMT inhibitors may
be suitable as demethylation drugs and have a
great potential as anticancer agents. More exten-
sive studies concerning the methylation of miR-
NAs are required to fully elucidate the role of
methylated miRNAs in cancer initiation and pro-
gression and their biomarker potential (see
Fig. 6.2). The ongoing developments in research
on aberrant DNA methylation and alterations in
noncoding RNAs suggest that epigenetic altera-
tions might be routinely used in the diagnosis and
treatment of CRC in the future.
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Abstract

Colorectal cancer (CRC) is a complex disease that develops as a conse-
quence of both genetic and environmental risk factors in interplay with
epigenetic mechanisms, such as microRNAs (miRNAs). CRC cases are
predominantly sporadic in which the disease develops with no apparent
hereditary syndrome. The last decade has seen the progress of genome-
wide association studies (GWAS) that allowed the discovery of several
genetic regions and variants associated with weak effects on sporadic
CRC. Collectively these variants may enable a more accurate prediction of
an individual’s risk to the disease and its prognosis. However, the number
of variants contributing to CRC is still not fully explored.

SNPs in genes encoding the miRNA sequence or in 3'UTR regions of
the corresponding binding sites may affect miRNA transcription, miRNA
processing, and/or the fidelity of the miRNA-mRNA interaction. These
variants could plausibly impact miRNA expression and target mRNA
translation into proteins critical for cellular integrity, differentiation, and
proliferation.
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In the present chapter, we describe the different aspects of variations
related to miRNAs and other non-coding RNAs (ncRNAs) and evidence
from studies investigating these candidate genetic alterations in support to
their role in CRC development and progression.

Keywords

Colorectal cancer * Risk factors ¢ Polymorphism ¢ SNP ¢ miRSNP e

miRNA target site

7.1  Introduction
Human genomic variation consists of changes in
the sequence and structure of DNA that include
single-nucleotide or multi-nucleotide variants,
short insertions/deletions, copy number variants,
and copy neutral inversions and translocations.
These changes underlie a phenotypic variability
either in the sense of adaptive traits and selective
advantage or inherited susceptibility towards var-
ious diseases, including malignancy [1]. Single-
nucleotide polymorphisms (SNPs), the most
frequent form of genetic variation, are single-
base-pair changes without any net gain or loss of
genetic material and occur with a frequency >1 %
in individuals. Recently, the 1000 Genomes
Project has summed up more than 38 million
SNPs (nearly a half was previously unknown) in
14 different populations worldwide [2]. The
advent of new technologies for massive mapping
of the entire spectrum of genetic variants at the
genome-wide level has led to a better understand-
ing of human genomic variation from the func-
tional point of view (i.e. the effect on gene
expression) and its contribution to disease devel-
opment. However, genetic differences do not suc-
cessfully explain the entire phenotypic variability.
Epigenetic changes (such as DNA methylation
and chromatin modification) are also important
players in modulating gene expression [3, 4].
Colorectal cancer (CRC) is a complex disease
that develops as a consequence of both genetic
and environmental risk factors. Diet, smoking
and drinking habit are among environmental fac-
tors frequently associated with CRC risk [5].
The majority of CRC cases is “sporadic” where
the disease develops with no obvious hereditary

syndrome (only 2-5 % of cases are in fact hered-
itary) [6]. Epidemiological studies have sug-
gested interactions between genetic variations,
environmental factors and sporadic CRC risk [4,
7, 8]. However, still little is known about the
genetic mechanisms that contribute to the risk
modulation, especially by common variants [9].
Polymorphisms in oncogenes, tumor suppressor
genes, or genes modifying the colon microenvi-
ronment and those involved in the DNA repair,
signaling as well as in genes implicated in other
important pathways have been for long consid-
ered as possible candidates for modulating CRC
susceptibility. Interestingly, those candidate
SNPs have been rarely associated with CRC
[10-12]. GWAS have enabled the discovery of
over 40 genetic regions and variants associated
with weak effects on sporadic CRC [6]. Some of
the identified variants are in genes involved in
important biological pathways (such as SMAD?7,
MLH1, APC) while others reside in the so-called
gene desert regions. For the latter the mechanism
by which they contribute to CRC remains
unclear. Experimental validations have identified
the variant(s) related to the disease in a limited
number of these genetic regions. Thus, it remains
still unknown whether the observed variants are
causal or just surrogates that are in linkage dis-
equilibrium with the real functional loci that
could be represented by other coding/noncoding
regions of the genome, with still undisclosed
role [3].

Currently, over 2000 human microRNA
(miRNA) sequences are reported in repositories
(http://www.mirbase.org/) and additional thou-
sands constitute other non-coding RNAs
(ncRNAs). The functional association of noncod-
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ing RNAs with cancer, their small gene size and
their potential to simultaneously affect a multi-
tude of genes make them good candidate loci for
conferring cancer susceptibility. SNPs in miRNA
genes or miRNA machinery and in different cat-
egories of non-coding RNAs may have effects on
CRC risk, prognosis and treatment response. In
addition, miRNAs alone are thought to regulate
expression of more than 1/3 of human protein-
coding genes. Thus, in turn, each miRNA may
potentially regulate hundreds of potential targets
in the human genome. The identification of
allele-specific miRNA:mRNA interactions may
help us to understand the role of many SNPs for
which functionality is still unknown.

Variations in miRNA Genes
and Binding Sites:
Modulation of miRNA-Gene
Regulation

7.2

Nearly 98 % of human RNA is not translated into
proteins and  constitutes the so-called
ncRNA. Small ncRNAs (miRNAs, small nucleo-
lar RNAs (snoRNAs), transfer RNAs (tRNAs),
endogenous small interfering RNAs (siRNAs)
and PiWi-interacting RNAs (piRNAs)) were ini-
tially discarded as RNA turnover artefacts.
However, the potentialities of small ncRNAs are
enormous, since accumulating evidence revealed
that they may have functional activities in normal
and malignant cells [13]. miRNAs in particular,
are a family of endogenous, short ncRNAs (~22
nucleotides in length) that modulate posttran-
scriptional gene regulation by binding to either
full or partial complementary sequences primar-
ily in the 3’ untranslated region (UTR). miRNAs
constitutes an attractive biomarker source for
cancer research since their altered expression
have been observed in several cancer tissues [14].
The role of miRNAs in human cancer pathogen-
esis has been further confirmed by the identifica-
tion of genetic alterations in miRNA loci, miRNA
expression signatures that define different neo-
plastic phenotypes, and numerous oncogenes and
tumor suppressor genes as miRNA targets [15].
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Deregulation of miRNAs in cancer can occur
through epigenetic changes (for example, pro-
moter CpG island hypermethylation in the case
of the miR-200 family [16]) and genetic altera-
tions, which can affect the production of the
primary miRNA transcripts, their processing to
mature miRNAs and/or interactions with
mRNA targets. The changes in miRNA/mRNA
expression levels observed in CRC may be
finely influenced or modulated by genetic vari-
ations that are residing in one or more of the
elements involved in the regulation of gene
expression.

The 3'UTR heterogeneity can derive from the
presence of polymorphisms or alternative poly-
adenylation (APA) of mRNAs and strongly
impacts miRNA-mediated posttranscriptional
regulation. This aspect has to be taken into
account for the prediction of miRNA target sites
within mammalian cells. In humans, 3'UTR
associated SNPs have been linked to malignant
disease susceptibility [17], but the subsets of
polymorphisms with a functional role in regulat-
ing gene expression are yet to be defined.
Polymorphisms within miRNA binding sites may
potentially disrupt miRNA binding or even to
introduce novel binding sites in 3’'UTRs, and the
biological relevance of these polymorphisms is
currently being examined in large case—control
studies [18].

Considering the prevalence of miRNA-
mediated gene regulation, sequence variations in
miRNAs can significantly contribute to changes
in critical cellular pathways and thus impact
pathological processes. Genetic variations in
miRNA sequences are unique as they can influ-
ence both the expression levels and functionality
of these molecules (Fig. 7.1a, b). A SNP located
in the crucial “seed” sequence of a miRNA
affects its complementarity with target genes and
leads to deregulation of multiple cellular path-
ways. Moreover, since the expression of miRNAs
is highly tissue- and disease-specific, changes
within the miRNA sequence can indeed specifi-
cally predispose particular organs to cancers and
mediate different molecular changes in various
tissues [19].
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SNPs in mature miRNAs

a) In the seed

Wildtype

Variant

b) Not in the seed
Wildtype

Differentefficiencyin
RISC complexformation

Fig. 7.1 Effect of genetic variations in mature miRNA
sequences: (a) a SNP located in the crucial seed sequence
may affect its complementarity with target genes and lead
to deregulation of multiple cellular pathways; (b) varia-

SNPs in miRNA target genes can influence
miRNA binding by two distinct mechanisms.
SNPs can directly disrupt or create a miRNA
binding site altering the range of miRNAs target-
ing one gene (Fig. 7.2a). Alternatively, the pres-
ence of a SNP in target region may modify the
efficacy of miRNA binding, with a consequent
increased/decreased miRNA:mRNA binding effi-
ciency (Fig. 7.2b). On the other hand, SNPs can
interrupt or create novel polyadenylation (APA)
signals that lead to transcript isoforms indirectly
altering a miRNA binding site availability [20]. A
screening of human SNPs indicates that a sub-

Differentrange
of target genes

OR 5
€
[ ORF |
Differentefficiencyin
binding with target gene(s)

tions outside the seed region may modify the efficiency of
binding with RISC complex element (therefore changing
the efficacy of post-transcriptional regulation) or alter the
complementarity of binding with the target region

stantial fraction of them may potentially create or
disrupt APA signals. Therefore, these last poly-
morphisms have been defined as APA-SNPs [21].
The polymorphisms altering miRNA seed region
or modifying a miRNA binding site on mRNA
are called miRSNPs [22, 23].

A single miRSNP may interfere with the func-
tion of a miRNA and consequently affect the
expression of multiple genes involved in path-
ways regulating drug absorption, metabolism,
disposition, stem cell function, DNA damage
repair and the cell cycle, and impact the overall
sensitivity/resistance towards the chemothera-
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SNPs in miRNA target genes

a) Creation or destruction of a miRNA target site (ON/OFF model)

miRNA target
site created

L ORFY AAAAAA
Example: CD86 (rs17281995)

!

Decrease in mRNA
translation

b) Variation in the efficiency- of binding

Target gene
expression: ++++

Target gene
repression: -

!

Less efficient cleavagelrepression
of targetmRNA

Fig. 7.2 Effect of genetic variations in miRNA binding
site: (a) SNPs can disrupt or create a novel miRNA bind-
ing site generating selective mRNA translation; (b) SNPs

peutic drug. It has been described that conserved
miRNA binding sites may contribute to natural
negative selection more than other conserved
sequence motifs in 3’'UTRs, demonstrating the
contribution of miRNAs to Darwinian fitness.
[24]. Analysis of the publicly available SNP data-

SNP

' miRNA target

site destroyed
'-llml"g

Example: KRAS (rs61764370)

Increase in mRNA
translation

~ SNP

Target gene
expression: ++

Target gene
repression: -

!

More efficient cleavage/repression
of targetmRNA

can variate efficiency of binding creating an alteration/
modulation of repression of target mRNA

base revealed the presence of a relatively high
level of variations in the 3'UTR regions of
miRNA target genes [25]. Conversely, there is
relatively low level of variation in the miRNA
seed region of a functional miRNA [25]. To date,
there are only 1940 SNPs included in the
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pre-miRNA regions [26]. On the other hand,
414,510 SNPs are known in humans to be poten-
tially involved in the miRNA:mRNA interac-
tions, causing either loss or creation of a miRNA
binding site [19, 26]. Functional polymorphisms
in the 3'UTRs of several genes have been reported
to be associated with malignant diseases by
affecting gene expression [27].

Recently it has been demonstrated that a
loss of miR24 function polymorphism in the
3'UTR of dihydrofolate reductase (DHFR) gene
results in high steady-state levels of DHFR pro-
tein and mRNA levels, and a two-fold increase in
the half-life of the target mRNA. This example
suggests that target mRNA destabilization may
be a principle mechanism of miRNA action in
mammalian cells [28].

miRSNPs may be classified into several
classes:

1. Polymorphisms in
transcripts

2. Polymorphisms in mature miRNA sequences

3. Polymorphisms in miRNA target sites

pri-/pre-miRNA

Examples of the impact of SNPs in relation to
miRNA or mRNA expression are described in
Figs. 7.1 and 7.2.

7.2.1 SNPs in pri-/pre-miRNA
Transcripts and in Mature

miRNA Sequences

Polymorphisms residing in pri-, pre- and mature
miRNA can potentially affect miRNA function,
consequently influencing the expression of hun-
dreds of genes and pathways. Sequence varia-
tions in miRNA genes may influence the
processing and/or target selection of miRNAs
(Fig. 7.1a, b) [16]. To date, several studies have
suggested that the functional consequences of
SNPs in pri-miRNAs are related to molecule pro-
cessing and affect levels of the mature form. For
example, SNPs in the pri- regions of let-7e and
miR-16 lead to decreased levels of their mature
miRNA. Some of these polymorphisms have also
been associated with cancer, but not with CRC

P. Vodicka et al.

(as reviewed in [29]). A summary of the available
studies on polymorphisms in pri-/pre-miRNA
transcripts and in mature miRNA sequences are
presented in Table 7.1.

Variations in pri-miRNAs may affect drug
resistance, efficacy, and metabolism, opening
new avenues of pharmacogenomics research. For
instance, two SNPs in pri-miRNAs (rs7372209 in
pri-miR26a-1 and rs1834306 in pri-miR-100)
have been associated with a better tumor response
and longer time to progression in metastatic CRC
patients undergoing 5-fluorouracil and irinotecan
treatment [32].

The first reports on germline sequence varia-
tions in a miRNA precursor (pre-miRNAs)
appeared for human miR-125a [16] and miR-
146a [57] and showed reduced processing, low-
ered levels, and disrupted function of the
corresponding mature miRNA. These studies
demonstrated that a SNP disrupting the base
pairing in the hairpin stem of a pre-miRNA
results in an important impairment in the pro-
cessing and expression of the corresponding
mature miRNA. The rs12975333 in miR-125a,
resulting in a G — T change at the eighth nucleo-
tide of the mature miRNA, severely reduces its
transcription [16]. This polymorphism was asso-
ciated with a significantly increased risk for
breast cancer [58]. It was proposed that lowered
levels of the mature miR-125a result in overex-
pression of its target gene, HER2, whose
increased levels are implicated in numerous
breast cancer cases [59].

A bioinformatics approach was used to study
79 polymorphisms in 129 cancer-associated
genes 3'UTRs: seven SNPs were found to be
located in pre-miRNA hairpins and one in the
miR-608 mature sequence [60]. In a screen of
227 known human miRNAs, a total of 323 SNPs
were identified, of which 12 were found to be
located within the pre-miRNA sequences [16]. A
C—T germline alteration in the primary tran-
script of miR-15a/miR-16 was found in some
patients with familial chronic lymphocytic leuke-
mia (CLL) [61, 62]. This specific polymorphism
resulted associated with miR-15 and miR-16
reduced expression. It is known that approxi-
mately 70 % of CLL cases express low levels of
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Table 7.1 Overview of the studies investigating SNPs in miRNA encoding genes in relation with CRC risk and
prognosis

SNP Allele Outcome with
Study miRNA change Ethnicity | Cases |Controls | CRC Notes
Chen et al. miR- rs11614913 AS 126 407 No Frequency of CT
[30] 196a2 C>T association or CC carriers |
in CRC
Zhan et al. miR- rs11614913 AS 252 543 CCorC CC or C allele
[31] 196a2 C>T allele carriers | with 1 level of
with 1 risk mature miR-196a
Boni et al. pri- 1s7372209 CAU 61 - CCand CT
[32] miR26a-1 | T>C carriers with
favorable
tumor
response and
1 PFS
pri- rs1834306 CCand CT
miR-100 | T>C carriers with
1 PFS
Xing et al. pre- 1s6505162 AS 408 - CC carriers The effects were
[33] miR-423 A>C with | OS evident only in
and PFS patients receiving
chemotherapy
pre- rs4919510 CC carriers The effects were
miR-608 |C>G with 1 OS evident only in
and PFS patients receiving
chemotherapy
Zhu et al. miR- rs11614913 AS 573 588 CT or CC
[34] 196a2 C>T carriers with
1 risk
Ryan et al. pre- rs4919510 CAU and | 245 446 No GG carriers with
[35] miR-608 C>G AA association 1 risk of death in
CAU and with |
risk of death in
AA
Lin et al. [36] | pre- rs4919510 CAUand | 1097 |- 1 risk for In patients with
miR-608 |C>G AA both PES and | stage III disease
death
mir219-1 | rs213210 1 risk for In patients with
A>G death stage III disease
Huetal. [37] | miR-146a | 1rs2910164 276 373 CG carriers Association with
G>C with | risk histological
differentiation
Ohetal. [38] | miR- 154938723 AS 545 428 No All genotypes
34b/c T>C association together with
diabetes mellitus
associated with 1
CRC risk
Parlayan miR-146a | rs2910164 AS 116 524 No
et al. [39] G>C association
miR- rs11614913 No
196a2 C>T association

(continued)
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Table 7.1 (continued)

Study

Wang et al.
[40]

Pardini et al.
[41]

Cao et al.
[42]

Gao et al.
[43]

Tang et al.
[44]

Vinci et al.
[45]

Dikaiakos
et al. [46]

Kupcinskas
et al. [47]

miRNA
pre-miR-
27a

pre-

miR-608

mir219-1

miR-27a

miR-
34b/c
pre-

miR-1307
miR-146a
miR-149
miR-

196a2
miR-499

miR-146a

miR-
196a2
miR-499

miR-146a
miR-492
miR-

196a2
miR-608

SNP Allele
change
rs895819
A>G

rs4919510
C>G

rs213210
A>G

rs895819
A>G

rs4938723
T>C
rs7911488
T>C

rs2910164
G>C
1s2292832
T>C
rs11614913
C>T
rs3746444
A>G

rs2910164
G>C

rs11614913
C>T
rs3746444
A>G
rs2910164
G>C
rs2289030
G>C
rs11614913
C>T
rs4919510
C>G

Ethnicity
AS

CAU

AS

AS

AS

not
available

CAU

CAU

Cases | Controls
205 455
1083

254 238

347 488
1026 | 1026
160 178

157 299

193 428

Outcome with
CRC

GG carriers 1
risk

G carriers
with 1 PFS

CT+TT
carriers with
1 OS and
PFS

AG+GG
with 1 risk

CC or C with
| risk

C carriers
with 1 CRC
risk

No
association
No
association
No
association

GG carriers
with 1 risk

CCorC
allele carriers
with 1 risk
No
association
No
association
CC carriers
with | risk
No
association
No
association

No
association

P. Vodicka et al.

Notes

GG and G allele
carriers with 1
risk of metastasis

In stage III
patients and
receiving 5-FU
chemotherapy
Receiving 5-FU
chemotherapy

In older (>60
years) and male
subjects

in GG or G allele
carriers
expression of
miR-27a 1 in
tumor tissues

Reduction of
miRNA
expression in
CRC related to a
specific genotype

(continued)
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Table 7.1 (continued)

SNP Allele
Study miRNA change Ethnicity
miR-27a  |rs895819 T>C
Min et al. miR- rs11614913 AS
[48] 196a2 C>T
Lvetal. [49] | miR- rs11614913 AS
196a2 C>T
Hezovaetal. |miR- rs11614913 CAU
[50] 196a2 C>T
miR-27a | rs895819 T>C
miR-146a | rs2910164
G>C
Wang et al. miR-603 rs11014002 AS
[51] C>T
Wuetal. [52] | miR- rs11614913 meta-
196a2 C>T analysis
miR-146a |rs2910164
G>C
miR-149 | rs2292832
T>C
Liuetal. [53] 'miR-146a |rs2910164 meta-
G>C analysis
miR-149 | rs2292832
T>C
miR- rs11614913
196a2 C>T
miR-499 | rs3746444
A>G
Xie et al. [S4] | miR-146a | rs2910164 meta-
G>C analysis
Yi et al. [55] miR- 1s4938723 meta-
34b/c T>C analysis
Lietal. [56] | miR- rs4938723 meta-
34b/c T>C analysis

Outcome with

Cases | Controls | CRC Notes
No
association
446 502 CC carriers
with 1 risk
353 540 T carriers
with 1 risk
212 197 No
association
No
association
No
association
102 204 CTorTT
carriers with
1 risk
2209 2803 C carriers in Asians
with 1 risk
2349 | 2663 No
association
1409 1115 No
association
5486 | 7184 No GC + GG carriers
association 1 risk in
hospital-based
studies
No CT+TT carriers 1
association risk in population-
based studied
No CC carriers with |
association risk, after
excluding studies
with HWE
inconsistence
No AA carriers with
association | risk (in
Caucasians)
2978 | 3576 No
association
6036 | 7490 CC carriers
(all) with | risk
7753 8014 CC carriers
(all) with | risk

CAU Caucasians, AA Afro-Americans; AS Asians, EAEuropean ancestry, OSoverall survival, PFS progression-free

survival

these two miRNAs, suggesting a possible role of
this genetic polymorphism to leukemogenesis
[61, 62]. With only a few exceptions, variations
in pre-miRNAs seem not to be crucial in modu-
lating CRC risk. For instance, the GG genotype
of rs895819 in pre-miR27a or C-allele carriers of

rs7911488 in pre-miR-1307 were more prevalent
in CRC patients than in healthy controls in two
Chinese populations [40, 44]. However, SNPs in
pre-miRNAs are of particular interest for clinical
outcomes. As an example, 1s4919510, a polymor-
phism in pre-miR-608, has been repeatedly asso-
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ciated with survival and risk of recurrence in
large CRC patient cohorts [29, 32, 33, 41].

SNPs residing in the mature miRNA sequence
seem to have the most pronounced effect in mod-
ulating the post-transcriptional regulation of its
targets (Fig. 7.1). Mature miRNAs consist of two
main regions: the seed and the so-called 3'-mis-
match tolerant region (3’'MTR). The seed, from
nucleotides 2-7 in the 5'region of the mature
molecule, confers the highest target recognition
specificity. The 3'MTR is able to tolerate mis-
matches with certain flexibility. The seed region
is very important for miRNA binding, but it is not
a unique predictor of the actual miRNA target
[63]. miRNA seed sequences are short and highly
conserved, and the probability of the presence of
a SNP occurring in a miRNA seed region is less
than 1% [25]. A recent study identified a poly-
morphism present in the seed region of miR-125a
that significantly inhibited the processing of pri-
miRNA to pre-miRNA, resulting in reduced
miRNA-mediated translational repression [64].

Particularly interesting is the example of
rs2910164, a G — C variation in miR-146a. This
SNP impairs processing and downregulation of
the mature miRNA levels with a consequent
decrease of the impact on its target gene regula-
tion. Mature miRNAs may derive from both the
Sp and 3p arms of the pre-mir-146a. The pres-
ence of the variant rs2910164, located in the seed
region of miR-146a-3p, generates two isoforms
that regulate distinct sets of target genes. Notably,
carriers of the homozygous genotypes with GG
or CC alleles produce two mature molecules
(miR-146a-5p from the leading strand, and miR-
146a-3p(G) or 146a-3p(C), respectively, from the
passenger strand). Conversely, GC heterozygotes
produce 3 mature miRNAs: miR-146a-5p and
both miR-146a-3p(G) and miR-146a-3p(C) [57,
65]. The SNP has been associated with predispo-
sition to various cancers, such as papillary thy-
roid carcinoma [57], prostate cancer [66], bladder
cancer [67], and CRC [68].

Several SNPs in miRNA-related genes have
been previously associated with the risk of CRC
[69] and a polymorphism in miR-26a-1 was
linked to differential response to irinotecan-based
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chemotherapy in CRC patients [32]. More
recently, Lin et al. found that a polymorphism
(rs4919510) in miR-608 was associated with
increased risk for both recurrence and death and
a polymorphism (rs213210) in miR-219-1 was
related to increased risk for death in a mixed pop-
ulation of stage III CRC patients from USA
undergoing 5-FU-based chemotherapy [36].
These last results were also independently vali-
dated on a European population [41] implicating
that variations in miRNA-encoding genes may
modulate CRC prognosis and predict therapy
response.

Although studies have started to disclose the
nature of the association between miRSNPs and
cancer risk, several points remain to be eluci-
dated: a) most of the studies used a candidate
gene approach; b) the few of them using a sys-
tematic approach had outdated lists owing to
enhanced screening techniques that have
identified new miRNA genes and updated builds
of genome-wide SNP repositories [29]. Moreover,
the minor allele frequencies of many of the
miRSNPs already identified have not been deter-
mined. Therefore, population studies should be
conducted with the aim to ascertain whether
these variants are truly polymorphic and what
would be their distribution in various populations
(one example is rs4919510 in miR-608 that
shows significant differences in ethnicities as
observed by [41]). This is an important consider-
ation, as data are emerging to suggest that some
miRSNPs have evolved to a high level of vari-
ance in distinct populations [29].

7.2.2 Polymorphismsin miRNA
Target Sites

In contrast to the polymorphisms in miRNA
genes, miRSNPs located at the 3'UTR of a target
(coding) gene are more abundant in the human
genome and have a more defined and limited
range of effects (Fig. 7.2). MiRSNPs in miRNA
target sites will impact only their encoded target-
mRNA and their downstream effectors, meaning
that they are more specific. A GWAS suggested
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that a gene presenting more than two miRNA tar-
get sites can show an increased variability in its
expression when compared with a gene not regu-
lated by a miRNA. This observed variability may
be furtherly increased by the presence of SNPs in
the miRNA target sites [70]. Considering the
large number of less conserved 3'UTR target
sequences, SNPs in these regions may potentially
harbor a higher frequency of target miRSNPs,
being therefore more important from an epide-
miological standpoint (reviewed in [18, 71]).
Interestingly, it should be considered that poly-
morphisms can be within the target site or nearby
and in both cases they could be efficient in the
modulation of the binding.

The miRNA seed sequence plays an impor-
tant role in target recognition and binding, a
polymorphism in this region or in the 3'-MTR
binding region may therefore have a high proba-
bility of affecting a miRNA function. However,
also nearby polymorphisms outside the miRNA
target site can affect accessibility of the
miRNA. Unlike DNA-protein interactions,
mRNA-protein interactions are based on the
presence/absence of secondary structure motifs
in mRNAs. Most of the miRNAs binding sites in
the 3’'UTRs of a target mRNA lack a complex
secondary structure, thereby facilitating access
for a miRNA [72]. Variations that can create or
abolish a secondary structure near to miRNA
binding site may potentially influence miRNA-
mediated translational repression of a target gene
by affecting the accessibility of a miRNA to its
binding site [73].

It has been demonstrated that under certain
cellular conditions (oxidative stress, pH varia-
tion, etc.) a stable secondary structure could be
unfolded to provide access to a miRNA target site
[74]. This regulation mediated by miRNA can be
then exploited by a cell during stress response or
in case of specific tissues. In addition, two miR-
NAs may bind to the same target mRNA working
in coordination. In fact, the binding of a miRNA
to its target site may induce a remodeling of sec-
ondary structures in the neighboring regions,
facilitating binding of other miRNAs that other-
wise did not have access to the sequence due to
the mRNA spatial conformation [75].

Hence, polymorphisms near to miRNA target
site can potentially influence the accessibility of
a miRNA-RISC complex by affecting the RNA
structural motifs necessary for RNA-protein
interaction. Further analyses on the interactions
between miRNA and other regulatory elements
present in 3’'UTRs will shed more light on the
function of miRNA polymorphisms and will
eventually establish whether 3'UTRs could be
considered as hotspots for pathology [23].

7.2.3 Alternative Polyadenylation
(APA)

A polymorphism near to a miRNA target site
could disrupt the association of a miRNA with
other regulatory elements present in the 3'UTR
of the target transcript. The length of the 3'UTR
of a miRNA target provides significant potential
for miRNA-mediated, transcript-specific gene
regulation, where a target gene can be regulated
by more than one miRNA.

In addition, more than 70 % of human genes
encode primary transcripts that contain multiple
polyadenylation sites (PA sites). APA is a com-
mon regulatory mechanism of gene expression
that generates mRNAs with distinct 3'UTRs as
well as coding sequences [76, 77]. A systematic
screening of 3’'UTRs produced by APA in murine
cells revealed that approximately half of all
miRNA target sites are located downstream of
the first poly(A) site [78]. Several studies empha-
sized the implications of APA in human diseases.
For instance, the deregulated expression of the
gene encoding brain-derived neurotrophic factor
(BDNF) contributes to several neurodegenerative
diseases [79]. The 3'UTR of the BDNF gene har-
bors two PA sites: one distal (~3 Kb from 3'UTR
start, BDNF-L) and one proximal (~350 bps from
3'UTR start, BDNF-S) site [77]. The long iso-
form (BDNF-L) presents ten predicted potential
miRNA binding sites, whereas the short isoform
(BDNF-S) includes only six. In a study on human
embryonic kidney 293 cells (HEK-293) by using
the luciferase reporter assays (see paragraph 7.5)
a direct interaction of BDNF-L with miR-1, miR-
10b, miR-155 and miR-191 was confirmed while
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BDNF-S interacted only with miR-1 and miR-
10b. This is consistent with the observation that
the short BDNF transcript isoform neither carries
a miR-155 nor a miR-191 binding site.
Furthermore, after transfection with miR-1 pre-
cursor, the luciferase activity was significantly
lower for the BDNF-L isoform that carries three
predicted binding sites for this miRNA, com-
pared to BDNF-S which carries only a single
miR-1 binding site [80]. The protein level of
BDNF, thus, largely depends on PA site usage
associated with an altered post-transcriptional
regulation of the encoding mRNA by miRNAs.

The 3'UTR shortening by APA is associated
with carcinogenesis and may represent a mecha-
nism for genes to escape miRNA-mediated post-
transcriptional repression in cancer [81]. Most
cancer cell lines express significantly shorter
APA isoforms with an associated increase of
protein-expression levels that could be attributed
to a loss of post-transcriptional regulation via
miRNAs due to 3'UTR shortening (25-70 %
range) [81].

The number of proteins contributing to or
directly interacting with the pre-mRNA 3’ end for
APA, is quite large (about 90 proteins) [82].
Transcription of mRNA isoforms with distinct
3"UTRs may also modulate the post-transcriptional
fate of these mRNAs through inclusion or exclu-
sion of miRNA binding sites [20]. Thus, a miRNA-
mediated post-transcriptional regulation may be
affected by the altered accessibility of miRNA
binding sites in shorter/longer 3'UTRs due to sec-
ondary structure variations, and by the varying
proximity to the translation machinery [83].

miRNAs are shown to promote polyadenyl-
ation by interacting with cytoplasmic PA ele-
ments and other proteins or protein complexes
within the 3'UTR [22]. MiRSNPs may poten-
tially affect these interactions as well.

miRSNPs Relevant in CRC
Diagnosis, Progression,
and Prognosis

7.3

In the last years, a growing number of studies on
miRNA-related polymorphisms in association
with CRC risk and clinical outcome have been
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performed. However, the number of investigated
SNPs is still limited. A list of studies investigat-
ing SNPs in miRNA encoding genes and CRC
risk and prognosis is reported in Table 7.1.

A recent meta-analysis retrieved all the avail-
able studies investigating SNPs in miRNA
genes in association with cancer risk, progres-
sion, and prognosis [84]. Interestingly, a SNP in
miR-219-1 (rs213210) resulted associated with
an increased risk of CRC recurrence and death
[36, 41]. On the other hand, rs4919510 in miR-
608 was linked with risk of death in Caucasian
(increased risk) and African American
(decreased risk) CRC patients [29] and with an
increased risk of CRC recurrence and death in a
mixed American population [36]. In contrast,
the same SNP, investigated in another Caucasian
population, was associated with a decreased
risk of recurrence [41] and with favorable over-
all and recurrence-free survival in Chinese
patients [33]. Rs6505162 in pre-miR-423 was
associated with unfavorable overall and recur-
rence-free survival in Chinese CRC patients
[33]. Other SNPs (rs11614913, rs895819, and
rs2910164) respectively in miR-196a2, miR-
27a and miR-146a were not associated with
CRC risk [50].

Rs4938723 in the promoter region of pri-miR-
34b/c was not associated with CRC alone in a
case-control study performed in Korea. However,
when combined with another SNP in TP53
(rs1042522), a well-known tumor suppressor
gene involved in CRC, a reduced risk of this can-
cer was observed for a particular combination of
genotypes. Individuals carrying the combined
rs4938723 CC and rs1042522 GG genotypes
showed a lower risk of CRC. miR-34 family is a
direct transcriptional target of 7P53 and loss of
miR-34 function may impair TP53-mediated
functions [38].

Several studies have also highlighted the
impact of SNPs in miRNA binding sites on
CRC. A list of studies investigating SNPs in
miRNA binding sites and CRC risk and progno-
sis is reported in Table 7.2. The first demonstra-
tion of an implication of polymorphisms within
miRNA binding sites in CRC susceptibility was
presented in a study on sporadic CRC cases and
controls from the Czech Republic [85, 86]. More
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precisely in the 3’'UTR of CD86 gene, a C—G
polymorphism (rs17281995), predicted to affect
the binding with miR-337, miR-582, miR-200a,
miR-184, and miR-212, was significantly associ-
ated with increased CRC. The study also identi-
fied rs1051690 in INSR predicted to affect
miR-618 and miR-612, previously found to be
associated with breast cancer [87]. More recently,
several studies conducted on the same population
investigated the role of a large number of variants
in the 3'UTRs of genes involved in different
pathways of the DNA repair [27, 85, 88, 89].

Interestingly, several variants were associated
with cancer risk or clinical outcome and the
majority of them were never previously observed
in association with CRC. In particular, a variant
in the MREIIA gene, involved in the double-
strand break repair pathway, resulted associated
with decreased CRC risk [89], while a variant in
SMUGI (a gene of the base-excision repair) was
associated with increased overall survival of
CRC patients [27]. For both SNPs, the effect of
each different allele was assayed by functional
tests (see paragraph 7.5) and significantly differ-
ent expression levels of the reporter gene were
observed.

Regulation of KRAS gene is critical in colorec-
tal carcinogenesis. Genetic variations may also
contribute to the regulation of this oncogene and
potentially affect response to therapy among
patients with wild-type KRAS. For instance,
miRNA such as has-let-7 may prevent its transla-
tion, and it has been found that a common poly-
morphism (rs61764370) in the KRAS 3'UTR
stemming from a T — G transversion affects the
binding of let-7 family miRNA and results in
lower levels of KRAS expression [104]. A recent
review found no clear association between the
rs6174370 and overall or progression-free sur-
vival among CRC patients. Due to the conflicting
body of literature surrounding clinical utility of
testing for this SNP, rs6174370 by itself is an
insufficient CRC predictor of outcome.

Most probably, more complex sets of molecu-
lar markers may enable the optimization of thera-
peutic regimens within guidelines of precision
medicine.

139

7.4  Identification of miRSNPs

In 2008, when the first studies on CRC and
miRSNPs started to emerge [86] a certain num-
ber of specialized algorithms were available (e.g.
miRBase (http://www.mirbase.org/), miRanda
(http://www.microrna.org/microrna/getDown-
loads.do), PicTar (http://pictar.mdc-berlin.de/),
Microlnspector [105], Diana-MicroT [106], and
TargetScanS [107] (http://genes.mit.edu/tscan/
targetscanS2005.html). These tools allowed to
find putative miRNA binding sites within the
3’UTR of a gene of interest relatively rapidly. On
the contrary, the search of polymorphisms in the
target sequences or any other variation related to
miRNAs or ncRNAs was performed “manually”
by retrieving the particular 3"UTR or the sequence
of interest and by mining all possible SNPs
present in the region by dsSNPs (http://www.
ncbi.nlm.nih.gov/projects/SNP), using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/Blast)
and BLAST-SNP algorithms (http://www.ncbi.
nlm.nih.gov/SNP/snpblast), with the aim to iden-
tify those within a miRNA predicted to bind in
the area. Over the years, the search for polymor-
phisms related to miRNAs has taken advantage
of the growing number of publicly available bio-
informatics tools [26, 108—114]. Currently, sev-
eral different tools provide more rapid and
comprehensive  information about existing
miRSNPs inside gene of interests: they include
for instance features such as the prediction of
miRNA binding and different approaches to eval-
uate the effect of a particular allele in the locus of
interest. We report in Table 7.3 a list and a short
description of the most common tools available.
These databases/tools use algorithms similar to
those utilized by miRNA prediction tools previ-
ously listed in order to detect the effects of the
SNPs on miRNA binding. The algorithms run on
the whole genome for all SNPs present in a
genomic database like dbSNP. Users can query
the results using SNP, gene or miRNA IDs. The
applications interrogate mainly the 3'UTRs and
predict if a SNP within the target site will disrupt/
eliminate or enhance/create a miRNA binding
site. Tools compute these sites and examine the
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effects of SNPs in real time. The main advantages
of these tools include an incredible ease of use,
flexibility, and straightforward graphical repre-
sentation of the results. Among the main limita-
tions are the possibility to investigate only SNPs
that already exist in databases and the preclusion
to work with novel or unreported SNPs. The
newly discovered polymorphisms can be investi-
gated manually; however, in the case of large list
of SNPs the web interface of tools may require an
infeasible amount of manual labor. Additionally,
databases are not always updated to the last
release of either dbSNP or miRBase and it is not
unusual to find discrepancies in the outcomes of
search for both SNPs identified and miRNAs pre-
dicted to bind. Thus, in the end, the recommended
way to perform a SNP selection in miRNA target
sites is to compare results from different data-
bases, waiting for a sort of implementation of
tools like miRWalk [115], which compare and
integrate data from multiple algorithms.

After SNPs identification, additional steps are
required before starting an association study on
cancer risk or clinical outcome. The frequency of
a particular SNP in a given population should be
considered for instance in order to reach the
appropriate statistical power of a study. The poly-
morphism could also be within a site of binding
of different regulatory elements, in which case it
may be more complicated to understand the
impact of the different alleles on the mechanism
modulating gene expression.

With the advent of next-generation sequenc-
ing technologies such as RNA-Seq, exome and
whole genome sequencing, thousands of novel
SNPs in 3'UTRs are being identified. RNA-Seq,
which sequences all expressed genes in a sample,
provides concordant gene expression and SNP
data. Since a substantial number of the detected
SNPs is sometimes undocumented, the use of
algorithms that require a SNP to be present in
dbSNP may not meet the needs of researchers
using RNA-Seq or other next-generation
sequencing methods. Currently, when a novel
SNP is encountered, a user can compare the loca-
tion of the SNP against the predicted and vali-
dated miRNA target sites using the current

prediction tools. However, this approach is fairly
labor intensive.

The probability of the SNP disturbing a bind-
ing site can be considered to be proportional to
the distance of the SNP to the seed of the target
site. However, a SNP may not affect binding even
when it is very close to the miRNA target seed
region. Moreover, a SNP may introduce a totally
new binding with a new miRNA, which is impos-
sible to capture with the current databases.

Thus, next-generation sequencing data require
new computational tools to relate the identified
SNPs and gene expression data. In this respect a
new web-based tool, named mrSNP, has been
recently introduced to overcome the shortcom-
ings of existing tools [119].

For variation in miRNA encoding genes, poly-
morphisms are easier to be identified, being the
number of miRNAs and the regions to scan much
smaller. Catalogues of polymorphisms in miRNA
genes are also currently available (see Table 7.3).

7.5 Functional Analyses to Test

miRSNPs Effect

To understand miRNA functions and to function-
ally evaluate a miRSNP effect, it is important to
experimentally test the interaction between the
miRNA and its mRNA targeting site(s). The
luciferase reporter gene assay has been recently
adapted also to this scope. One of the most com-
mon application of luciferase reporter gene assay
is to test the regulation of transcriptional activi-
ties by promoters and transcription factors. To
evaluate the effect of miRNA-mediated, post-
transcriptional regulation on target genes a lucif-
erase gene construct containing the predicted
miRNA targeting sequence (often the 3'UTR of a
target gene) has been engineered. For many
human genes, luciferase constructs containing
the entire 3'UTR can be obtained from a number
of commercial sources (e.g., OriGene
Technologies, GeneCopoeia, SwitchGear
Genomics) [120]. This in vitro assay permits to
measure whether a 3'UTRs with different allele
variants could affect, to some extent, the levels of
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the proteins. Briefly, the assay implicates the cre-
ation of chimeric constructs of the 3'UTRs of the
gene of interest in which the common or variant
allele of the SNP of interest is present. These
constructs are placed as 3'UTRs of the reporter
gene firefly luciferase and co-transfected into
cells together with Renilla luciferase used as ref-
erence. The quantification of each luciferase
luminescence in relation to the luminescence
from the Renilla and, then, the calculation of the
ratio between the construct carrying the common
allele and that with the variant allele are the mea-
surement of the effect of the SNP in the host cell
taking into account its miRNome. A complete
description of the methodology has been reviewed
by Jin and colleagues [120]. There are examples
in CRC research in which the luciferase reporter
gene assay was used to demonstrate the effect of
various miRSNPs in genes important for colorec-
tal tumorigenesis [27, 89, 90, 121].

Reporter assays enable the identification of
direct interactions between a given miRNA and
specific mRNA targets. These assays pose some
limitations due to the fact that are usually
restricted to a fixed set of interactions. Therefore,
promising candidate interactions have to be
defined in advance based on either additional
experimental data or by in silico prediction of
potential miRNA target genes. The identification
of miRNA-mRNA interactions requires sophisti-
cated bioinformatics analyses and/or previous
knowledge of promising candidate interactions.
As a consequence, computational methods need
to be constantly improved and modulated
depending on the available experimental data.
Current computational approaches for in silico
prediction of miRNA targets are based on several
algorithms included in the following tools:
TargetScan [107], miRanda [122], PITA [73] and
PicTar [123]. All of them rely on mRNA 3'UTR
sequence complementarity with the seed region
of a given miRNA. They also consider the sec-
ondary structure of the miRNA and/or its target
site (for example, the free energy of the miRNA—
mRNA binding: AG or costs to unfold the sec-
ondary structure of the target site AAG), the
number of potential binding sites within one tran-
script, and if applicable, conservation of the
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miRNA and/or the target site across mammals
(assuming that conservation increases the likeli-
hood of a functional site). An overview of the
most commonly used databases for miRNA-
mRNA interactions has been provided by [20]
and [124]. However, all these databases are not
taking into account the heterogeneity of 3'UTR
length among different transcripts of the same
genes due to APA or the variability conferred by
the presence of polymorphisms both in the
miRNA and mRNA sequences.

This heterogeneity in 3’'UTR represents one of
the major reasons for the relatively high false
positive rate of available predictions in databases,
which is estimated to reach up to 70 % [125], and
consequently complicates reliable predictions for
interactions in a given tissue.

It has been calculated that the overlaps
between prediction results from different tools/
databases can vary (from 5 to 70 %). The launch
of databases such as miRo [126] or miRWalk
[115], that highlight only predicted interactions
commonly identified by more tools, has helped to
increase the probability of identifying true inter-
actions. More recent tools have attempted to
implement the prediction algorithms with co-
expression information in the effort to consider
also specific biological characteristics of a given
sample. For instance, MirCox [127] and miR-
Connect [128] use miRNA and mRNA sequenc-
ing data publicly available to calculate negative
correlations between mRNA and miRNA expres-
sion levels. Although these correlations are not
completely correct from the biological point of
view (miRNA-mRNA interaction/regulation is
post-transcriptional) this is a first attempt to move
from a “simple” mathematical/physical calcula-
tion to the biological environment.

7.6  Variations in Other ncRNAs

Recently it has become clear that only a small
percentage (7 %) of disease-associated SNPs are
located in protein-coding regions, while the
remaining 93 % are located in gene regulatory
regions or in intergenic regions. Thus, the under-
standing of how genetic variations control the
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expression of ncRNAs (in a tissue-dependent
manner) has far-reaching implications. The asso-
ciation of SNPs with expression levels (eQTLs)
of large intergenic non-coding RNAs (lincRNAs)
was tested, using genome-wide gene expression
and genotype data from five different tissues.
One hundred and twelve cis-regulated lincRNAs
were identified, and 45 % of them could be repli-
cated in an independent dataset. Of the total num-
ber of SNPs affecting lincRNA expression
(lincRNA cis-eQTLs), 75 % were specific to lin-
cRNA alone and did not affect the expression of
neighboring protein-coding genes. This specific
genotype-lincRNA expression correlation was
tissue-dependent and many of these lincRNA cis-
eQTL SNPs were also associated with complex
traits and diseases [129].

Five SNPs in the novel IncRNA PRNCRI1,
located in the 8q24 region, were genotyped in
908 subjects (313 CRC cases and 595 controls).
Rs13252298 and rs1456315 were associated with
significantly decreased risk of CRC. Additionally,
patients with the rs7007694 C allele and
rs16901946 G allele had decreased risk to
develop poorly differentiated CRC, whereas the
G allele carriers of rs1456315 in the same group
of patients showed an increased risk of recur-
rence/progression [130].

Another IncRNA, CCAT?2, encompassing the
rs6983267 SNP, is highly overexpressed in
microsatellite-stable CRC and promotes tumor
growth, metastasis, and chromosomal instability.
Ling et al. demonstrated that CCAT2 may induce
up-regulation of MYC, miR-17-5p, and miR-20a
through TCF7L2-mediated transcriptional regu-
lation. The physical interaction between CCAT2
and TCF7L2 results in an enhancement of WNT
signaling activity. The presence of one of the 2
alleles of rs6983267 affects CCAT2 expression
and the risk G allele produces more CCAT?2 tran-
script. These findings support a new mechanism
of MYC and WNT regulation by the novel
IncRNA CCAT?2 in CRC pathogenesis, and pro-
vide an alternative explanation of the SNP-
conferred cancer risk [131].

piRNAs, another type of identified small
ncRNA, also play a crucial role in germline
development and carcinogenesis. Seven common
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SNPs were found in 9 piRNAs by Chu and col-
leagues in a systematical screening of all known
piRNAs. The role of these polymorphisms in
CRC susceptibility was tested in 1147 cancer
patients and 1203 controls from China.
Rs11776042 in piR-015551 was significantly
associated with a decreased risk of CRC; how-
ever, this protective effect was not significant
after correction for multiple comparisons. A mar-
ginal protective effect was observed in individu-
als who never drank alcoholic beverages and in
CRC patients who had tumors with low differen-
tiation or Dukes stage A and B. Interestingly,
authors also noted that piR-015551 expression
was positively correlated with expression levels
of LNCO00964-3, suggesting that piR-015551
may be generated from this IncRNA [132].

The potentiality of investigating variations in
all classes of ncRNAs is rather huge, but at pres-
ent still not exhaustively explored. In Table 7.3
we show some databases/tool available to mine
these SNPs [109-113].

Conclusions
and Perspectives

7.7

miRNAs are involved in fine-tuning of funda-
mental cellular processes such as proliferation,
cell death and cell cycle control and are believed
to confer robustness to biological responses.
Genetic variations related to miRNAs serve an
additional way to modulate gene expression of
either single target gene or multiple genes.
However, subtle regulation interplay comprising
genetic and epigenetic mechanisms in affecting
fundamental tumor suppressor/oncogenic path-
ways have to be addressed in order to understand
the nature of tumorigenesis. miRSNPS might
also substantially affect therapy response or may
lead to therapy failure, which makes the under-
standing of the underlying processes a necessity.
Characterization of miRNA polymorphisms and
identification of their functional impact may pro-
vide a good basis for miRNA-based therapeutic
approaches in the future.

Several elements must converge for a miRNA
binding site variation to be considered functional:
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(1) a SNP should be associated with cancer (risk
or prognosis); (2) both miRNA(s) and predicted
binding site(s) should be expressed in a particular
tissue under investigation and at the same devel-
opmental stage; (3) the allelic changes must
result in a differential binding of one or more
miRNAs, and affect the expression of the target
gene; (4) a mechanistic verification and proof of
principle have to be substantial preconditions of
each study design.

In respect to CRC, we have seen several stud-
ies exploring the potentiality of ncRNAs varia-
tions in relation to cancer onset and clinical
outcomes, though mainly miRNA-related. First
meta-analyses are providing evidence for the rel-
evance of these variants. The analysis of large
study populations of different ethnic groups in
multicentric design is necessary to verify the
associations and answer questions regarding the
possible impact of ncRNA variation on this can-
cer and the importance of the results in clinical
practice.
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