Chapter 6
microRNAs and Colorectal Cancer

Anna Lena Ress, Samantha Perakis, and Martin Pichler

Abstract Colorectal cancer (CRC) is one of the most common types of human
cancer with high cancer-related morbidity and mortality rates. The development
and clinical validation of novel therapeutic avenues have improved the clinical
outcome, but metastatic CRC still remains an incurable disease in most cases. The
interest in discovering novel pathophysiological drivers in CRC is intensively
ongoing and the search for novel biomarkers for early diagnosis, for patient’s
stratification for prognostic purposes or for predicting treatment response are war-
ranted. microRNAs are small RNA molecules that regulate the expression of
larger messenger RNA species by different mechanisms with the final conse-
quence to provide a fine tuning tool for global gene expression patterns. First
discovered in worms, around 15 years ago it became clear that microRNAs are
also existing in humans and that they are widely involved in human carcinogene-
sis. Within the last years, tremendous progress in the understanding of microR-
NAs and their role in CRC carcinogenesis has been developed. In this book
chapter, several examples of previously identified microRNAs and how they influ-
ence colorectal carcinogenesis will be discussed. The information starting at the
underlying molecular mechanisms towards clinical applications will be depicted
and an overview what great potential these small molecules might carry in future
colorectal cancer medicine, will be discussed.
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Introduction

In their seminal review paper “The hallmarks of Cancer,” D. Hanahan and R. Weinberg
described the traits that most forms of cancer have in common [1]. Colorectal cancer
(CRO) is determined by these hallmarks, which were later expanded upon in 2011 to
include the so-called emerging hallmark capabilities. The exact role of the regulatory cir-
cuits regulated by epigenetic mechanisms including microRNAs (miRNAs) in the context
of the eight hallmarks has yet to be determined. However, at present, dozens of regulatory
miRNAs have been explored and discovered and almost all of them demonstrate differen-
tial expression and effects that are involved in the pathogenesis of CRC [2].

In general, CRC is the third most commonly diagnosed cancer and the second lead-
ing cause of cancer-related death. The high mortality rates are mainly related to the
development of metastatic disease, which is associated with only a 12 % 5-year sur-
vival rate [3]. Therapeutic decision-making mainly relies on the tumor stage, ranging
from surgical treatment alone for localized stages to a multimodal treatment strategy
in advanced forms. For several years now, the therapeutic backbone of all current
treatment schedules has contained 5-fluorouracil and it is frequently used in combina-
tion with oxaliplatin or irinotecan [4], both classical cytotoxic chemotherapeutic
drugs. In addition, within the last 10 years monoclonal antibodies against the vascular
endothelial growth factor-A (bevacizumab) or the epidermal growth factor receptor
(cetuximab and panitumumab), as well as protein-traps (aflibercept) or small mole-
cules (regorafnib) against other soluble or membrane-located angiogenic factors have
extended the progression-free and overall survival time for CRC patients [5-7].

In the following pages, we summarize the involvement of miRNAs in the patho-
genesis of CRC, relating them to the hallmarks of cancer and highlighting their poten-
tial clinical utility in CRC patients. There are different modes of miRNA functioning
described in the literature. Apart from the basic approach of a single miRNAs -mRNA
interaction, there is the broad approach of one miRNA influencing many mRNAs.
Additionally, not only are miRNAs able to target transcripts, but they can also interact
with other functionally related miRNAs to obtain certain effects. Adding to their com-
plexity, miRNAs can belong to a cluster of miRNAs which regulates similar transcrip-
tion factors and target several proteins within a defined pathway [8]. Knowing that
miRNAs function in a network explains the involvement of one miRNA in many
pathways as well as its ability to cause various effects as demonstrated in the different
following topics. In the following sections, our main goal is to exemplify the involve-
ment of miRNAs in CRC; however, these examples are by no means exhaustive.

MiRNAs and Their Relationship to the Hallmarks of Cancer

Regulation of Cell Proliferation and Evasion of Growth Suppressors

The most fundamental characterization of cancer cells is their ability of uncon-
trolled proliferation. As the growth of normal cells is tightly controlled, healthy
cells are able to influence cell growth and antiproliferative signals through strict cell
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cycle regulations in order to guarantee a normal tissue architecture and function.
Malfunction of this fundamental process can happen when, for example, tumor sup-
pressor genes become deactivated. MiRNAs can function as tumor suppressor-
targeting oncomirs. Among other oncogenes, K-ras is the most commonly
dysregulated proto-oncogene in CRC patients and influences cell proliferation, but
it is also prone as a target for let-7a, mir-143, and mir-133 [9]. Another example of
a K-ras-targeting miRNA, which thereby influences cell growth in CRC, is miR-
96-5p [10]. Elevated miR-21 expression leads to increased cell proliferation and is
one of the most important oncogenic miRNAs that is relevant in most cancer types
[11]. DHFR, directly targeted by miR-24, miR-192, and miR-215, is an S-phase-
specific enzyme, converting dihydrofolate to tetrahydrofolate. This is essential for
the synthesis of purin and thymidylate and partly influences cell proliferation [12].
MiR-145 affects cell growth and its tumor suppressor activity is mediated through
different targets. These include the inhibition of the oncogenic insulin receptor sub-
strate-1 (IRS-1), c-Myc, Yamaguchi sarcoma viral oncogene homolog 1 (YES1),
signal transducer and activator of transcription (STAT1) and, as recently reported,
Friend leukemia integration 1 (FLI1) [13].

MiR-30a-5p suppresses tumor growth in colon carcinoma by affecting denticle-
less homolog (DTL) [14]. By influencing macrophage migration inhibitory factor
(MIF), upregulated miR-451 leads to reduced proliferation in gastrointestinal can-
cer [15]. MiR-675 influences CRC tumor growth via downregulation of its target
pRB [16]. In summary, miRNAs that influence this hallmark can be useful as prog-
nostic factors or as therapeutic targets to improve clinical outcomes in CRC patients.

Evasion of Apoptosis

Apoptosis is the process of programmed cell death that occurs in multicellular
organisms, regulated by pro- and anti-apoptotic factors. Cancer cells can interrupt
this controlled process of cell death and thereby promote cell survival. The central
apoptosis-regulating gene in the miRNA-protein-coding gene network of CRC is
the anti-apoptotic factor Bcl-2. Bcl-2 is directly targeted by the tumor suppressors
miR-195, miR-129, miR-365, and miR-143 [17-20]. Other suppressors of Bcl-2
include miR-34a and BAG3 (Bcl-2-associated athanogene 3), which is linked with
miR-345 and miR-491 and which is also promoted by the frequently overexpressed
BCL-xI [21-23]. The central miRNAs for apoptosis are considered to be those of
the miR-17-92 cluster, particularly oncomir-1, which has wide influence in CRC
apoptosis processes. MiR-17 and miR-92 take part in a negative feedback loop with
the E2F1/3 transcription factors, including c-Myc. Also, the BcL-2 like 11 gene,
the proapoptotic factor BNIP2 and BIM are putative targets of miR-17-92 and
influence apoptosis in CRC [24-26]. The expression of the oncomir miR-21 is sup-
posed to be induced by CD24 via Src signaling and the programmed cell death
protein 4 (PDCD4) influences CRC cells in apoptosis-related processes [27, 28].
MiR-30a-5p induces apoptosis by binding to the mRNA of denticleless protein
homolog (DTL) [14].
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MiR-218 promotes apoptosis by downregulating BMI-1 and was found to be
significantly lower in CRC when compared to adjacent normal tissue [29]. In addi-
tion, overexpression of miR-429 and miR-96 represses apoptosis by directly target-
ing SOX2 and the transcription factor CHES]1, respectively [30].

Regulating Immortalization or Senescence

Immortalization is one of the first steps a normal cell takes towards malignancy
and requires at least two to three genetic events, typically ones that affect the p53
and/or pRb pathway. More specifically, replicative senescence is modulated by key
regulatory pathways. These pathways can be categorized as follows: pRb/p53
activity, telomerase maintenance, epigenetic modulation, miRNAs regulation, and
oxidative stress response [31]. A direct target of p53 is the activation of
transcription of the miR-34 family. Overexpression of miR-34a represses SIRT1,
which deacetylates p53 and allows for increased p53 activity. Additionally, during
B-RAF-induced senescence, which is independent of p53, a member of E-twenty-
six oncogene family of transcription factors (ELK1) activates miR-34a expression.
MiR-34 again represses Myc, which provokes senescence [32, 33]. Specific to
CRC, transient introduction of miR-34a causes complete suppression of cell
proliferation and induces senescence-like growth arrest through modulation of the
E2F signaling pathway [34].

Induction of Angiogenesis

Once a primary tumor has reached a certain size or cancer cells have spread to dis-
tant organs, they require and therefore induce the generation of new blood vessels
to ensure the supply of oxygen and nutrients which are necessary for further tumor
growth. In this process, many pro- and antiangiogenic factors are involved, which
are again targets of certain miRNAs as several studies have indicated [35]. Hypoxia
is one of the dominant drivers for neovascularization in tumor cells and HIF-1 pro-
tein plays a central role in hypoxia-activated gene expression. In CRC, miR-145 and
miR-107 regulate HIF-1 by targeting p70S6K1 [36, 37]. MiR-17-92 and miR-194
were found to promote angiogenesis by regulating p53 in colon cancer. Both miR-
NAs repress TSP-1 (thrombospondin-1), which acts as a barrier to neovasculariza-
tion in CRC [38, 39]. Additionally, the polycistronic miR-17-92 cluster produces
six mature miRNAs (mir-17, mir-18a, mir-19a, mir-20a, mir-19b-1, and mir-92-1)
and can coordinate multiple functions in tumorigenesis. Among other methods, it is
activated by the Myc oncogene and stimulates angiogenesis by inhibiting the TGF-f
pathway [40].

MiR-27b plays an important role in angiogenesis and controls the fine balance
between stimulators and suppressors of endothelial cell proliferation, migration,
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and differentiation by targeting the endogenous angiogenesis inhibitor SEMAG6A or
by controlling EfnB2, EfnB4, Flt1, and Flt4 [9, 41]. MiR-126, an endothelial cell-
restricted miRNA, mediates developmental angiogenesis in vivo and enhances the
pro-angiogenic actions of VEGF and FGF. In addition, by repressing the intracel-
lular inhibitor of the angiogenic signaling Spred-1, miR-126 promotes blood vessel
formation [42].

Migration Invasion and Metastasis

The major cause of death in CRC patients arises from migration, invasion, and
metastasis of the primary tumor cells. This two-step system is followed by prolif-
eration and colonization of the tumor cells into their new secondary site. Leading
mechanisms associated with these two steps and the mechanism of metastasis are
the epithelial-mesenchymal transition (EMT) and mesenchymal to epithelial transi-
tion (MET). Vimentin, p-Catenin, TCF8-ZEB1, E-Cadherin, Snail, and Slug are
established EMT markers [43]. In CRC, miR-21 and miR-31 act as downstream
effectors in the TGF-§ /Wnt signaling pathway, which is one of the prominent path-
ways in EMT [44] MiR-574-5p and miR-17 downregulate Qki6/7 and P130, which
inversely correlate with f-Catenin [45]. In CRC, also a decrease in expression of the
miR-200 family (for instance mir-200a and mir-200c), a master regulator of the
epithelial phenotype, represses EMT by targeting ZEB1/2. ZEB1/2 upregulates
Vimentin and downregulates E-cadherin [46-48]. MiR-147 was found to induce
MET through the TGF-f signaling pathway [49]. The elevated expression of miR-
103/107 is responsible for local invasion and liver metastasis and these miRNAs
induce their effects through DAPK and KLF4 [50]. Prospero Homebox 1 (PROX1)
inhibits E-cadherin via miR-9 [51]. Mucin-1, which is frequently upregulated in
CRC patients, is a metastasis gene associated with cell invasion and metastasis and
is targeted by miR-145 [52].

Further studies which investigate the role of miRNAs in metastasis are supported
and are highly desired, as currently about 90 % of patients diagnosed with meta-
static CRC die due to metastases [9, 53, 54].

Promotion of Genomic Instability

Calin et al. have shown that miRNAs are frequently clustered in fragile sites of
chromosomes or regions of genomic instability. These areas are often associated
with various human cancers, including CRC. This association between the location
of miRNAs and chromosomal aberrations is significant, as it leads to chromosomal
abnormalities, which in turn results in the disruption of miRNA expression. It is
currently known that the abnormal expression of miRNAs plays a central role in
cancer progression [55-57]. The first described miRNAs in CRC influenced by
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chromosomal rearrangements belong to the miR-145/142 cluster, which is located
on 5q32 and is affected by a deletion of the 5932 band [58]. Other changes involve
miR-21 (7q23.2, 3'UTR of the vacuole membrane protein 1) and mirR-155
(21g21.3) [99]. Besides the fact that miRNAs are frequently affected by chromo-
somal aberration, they can influence chromosomal instability on their own by tar-
geting different protein-coding genes (see also to an excellent review recently
published) [60].

Reprogramming of Energy Metabolism

Particularly in gastrointestinal malignancies, significant malnutrition accompanies
malignant processes in approximately 30-50 % of deaths. Cancer cachexia is a com-
plex syndrome characterized by progressive tissue depletion, increased metabolic
expenditure, and dysfunctional metabolic processes [61]. “The Warburg effect” may
be an approach to explain these dramatic symptoms. This metabolic phenotype in
cancer cells allows the cells, even in the presence of oxygen, to shift their ATP gen-
eration from oxidative phosphorylation to glycolysis. Contrary to normal cells, can-
cer cells predominantly generate energy from aerobic glycolysis. Incoming glucose
is converted to lactate rather than being metabolized through oxidative phosphoryla-
tion. This reprogramming of energy metabolism in the cell allows ATP to be gener-
ated more rapidly in comparison to oxidative phosphorylation, but production is less
efficient in respect to the amount of ATP produced per unit of glucose consumed.
Consequently, cancer cells need an extremely high rate of glucose uptake to fulfill
their energy demand [2, 62]. Recent studies have shown that miRNAs play impor-
tant roles in CRC energy metabolism. MiR-26a regulates glucose metabolism of
CRC cells by targeting the pyruvate dehydrogenase protein X component (PDHX),
which inhibits the conversion of pyruvate to acetyl CoA in the tricarboxylic acid
cycle [63]. The adaptor protein p66Shc, also found in CRC, has the potential to
respond to energy status changes and regulate mitogenic signaling [64].

Evasion of Immune System and Inflammation

Inflammation-associated CRC is mainly colitic cancer and develops in patients with
inflammatory bowel disease (IBD) or celiac disease [65, 66]. Most of the changes in
miRNA expression observed in inflammatory tissues are likely the result of immune
cells participating in hematopoietic tumorigenesis. For this reason, it is important to
examine changes in miRNA, in immune and epithelial cells when investigating the
various miRNA functions in inflammatory-associated cancer development. During
inflammation, miRNA expression can be altered in epithelial cells and miRNAs can
adopt a tumor suppressor function. In CRC, genomic locations of lethal-7 (let-7)
family members, miRNAs targeting the RAS family and ¢c-MYC family, are
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frequently deleted [55]. Also, IL-6, a cytokine frequently produced in cancers cells,
is directly inhibited by let-7 [67]. Recent studies have shown a direct link between
high levels of miR-155 and the development of gastric and colon cancers. MiR-155
is associated with hematopoiesis and the regulation of lymphocyte homeostasis and
tolerance, which is substantially influenced by a bic/microRNA-155 interaction in
B and T cells. In addition, some genes involved in normal immune functions are
regulated by miR-155, including cytokines (IL-4), chemokines (CCL5) and tran-
scription factors (c-Maf) [68, 69].

A positive feedback loop underlying the epigenetic switch which links inflam-
mation to cancer was observed in CRC. STAT3, a transcription factor and down-
stream target of IL-6, activates miR-21 and miR-181b-1. Both miRNAs inhibit
tumor suppressors (PTEN and CYLD), leading to increased NF-kB activity, which
is required to support the transformed switch [70]. MiR-31 is associated with the
stepwise transformation from IBD to IBD-related neoplasia by regulating the
expression of factor inhibiting hypoxia inducible factor 1 [71]. Further studies will
be required to improve our understanding of the role of tumor-related miRNAs in
inflammation-associated cancer development [72].

Clinical Implications of miRNAs in Colorectal Cancer

MiRNAs as Diagnostics
Circulating miRNAs

The carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) are
widely-used blood-based biomarkers for CRC detection. Nevertheless, for early-
stage CRC, the sensitivity and specificity seems to be insufficient [73]. Therefore,
novel noninvasive biomarkers are urgently required for the advancement of diag-
nostics in CRC. Recent studies have shown a high amount of circulating miRNAs
in the blood which are able to withstand adverse and labile conditions (pH, tempera-
ture, multiple freeze/thaw cycles) and still show consistent expression levels [74]. It
has been hypothesized that most extracellular miRNAs are part of complexes with
the Argonaute? protein, derived from dead or dying cells. In this form, they could
serve as a reflection of the underlying disease or help monitor pathological changes
during the clinical course of disease. Due to the relatively easy access to plasma and
serum, circulating miRNAs are one of the most promising biomarkers for cancer
detection and prognosis [75].

Currently, there are several ways of taking advantage of circulating miRNAs.
They have been used either alone or in a set of miRNAs as well as in combination
with well-established biomarkers to enhance the predictive accuracy of prognostic
factors/models. Almost 5 years ago, the overrepresentation of miRNAs in preop-
erative serum samples of CRC patients was described for the first time and a sen-
sitivity of 89 % and specificity of 70 % was reported for miR-92. One year later, an
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independent group confirmed these results of miR-92 as a potential noninvasive
biomarker for CRC diagnosis with even higher sensitivity and specificity values
[76, 77]. In another study, the levels of miR-23a and miR-1246 in exosomes
showed a high sensitivity for stage I CRC samples of 95 % and 90 %, respectively,
in comparison to the inferior sensitivities of CA19-9 (10 %) and CEA (15 %) for
stage I samples [78]. Biomarkers detecting TNM stage I or II CRC may bear the
highest potential for reducing the mortality and overall health burden, as tumors in
these stages can be removed by surgery alone and early detection will lead to high
cure rates.

Another impressive clinical finding was that miR-200c levels were significantly
higher in stage I'V than in stage I-III CRCs and showed a positive correlation with
lymph node metastases, distant metastases, and tumor recurrence [79]. MiR-29a
levels in serum have been proposed as a powerful tool to detect liver metastases,
reaching a sensitivity and specificity of 75 % [80].

Wang et al. established a biomarker profile based on six serum miRNAs. In this
panel, miR-21 and let-7 g were described as upregulated markers and miR-181b,
miR-92a, and miR-203 as downregulated markers. Interestingly, this panel was
more accurate for CRC diagnosis (sensitivity and specificity of 93 % and 91 %,
respectively) than CEA and CA19-9 (sensitivity and specificity of 35 % and 23 %,
respectively) using the same serum samples [81].

Another study showed that in combination with CEA levels, miR-141 enhanced
and supplemented the ability to diagnose a subset of stage IV colon cancer patients
[82]. One limitation of miRNAs as blood-based diagnostic markers for screening
purposes is the high costs and long latency time of serum miRNAs [83].

Mucosal Colon Wash Fluid

Conventional colonoscopy is considered the gold standard for detecting CRC by
visual and histological sampling. The wash fluid used in this procedure could pos-
sibly serve as an additional specimen for further diagnostic tests. Kamimae et al.
collected DNA from the mucosal wash fluid of patients undergoing colonoscopy
screening. They assessed methylation levels of miR-34b/c and found that this DNA
fragment had the greatest correlation with the invasion depth of tumors (sensitivity
83 %, specificity 76 %). Further studies for optimization will be necessary; however
the combination of endoscopy and DNA methylation analysis based on miR-34b/c
levels may facilitate accurate preoperative staging of CRC and support the decision-
making process to help avoid unnecessary surgery [84].

Feces
The fecal occult blood test (FOBT) detects hidden blood in patient stool. A positive

result is not necessarily associated with CRC and may result from any bleeding
occurring in the gastrointestinal system. On the other hand, a false negative test
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result is frequently the consequence of the low sensitivity of the assay. Although the
sensitivity and specificity is not very high, the FOBT is widely used for colorectal
tumor screening [85].

To improve the sensitivity, Yamazaki et al. investigated the usefulness of test-
ing fecal miRNAs out of FOBT residuum and evaluated the best technical condi-
tions for sufficient fecal miRNA extraction from FOBT for PCR analysis. They
found that storage at 4C for 5 days is feasible without the loss of RNA quality for
miRNA analysis [86] In general, it was determined that stool-based miRNAs are
relatively stable and show highly reproducible detection rates. Various studies
have reported different miRNAs which are differentially expressed in CRC
patients in comparison to healthy volunteers. These reports include miR-143,
miR-145 [87], miR-34a, miR-34b/c [88], miR-144* [89], and miR-92a [90]
among the most promising stool-based biomarkers. Other potential stool-based
miRNA biomarkers for the early detection of CRC include miR-4478 and miR-
1295b-3p, as their expression levels are significantly lower when compared to
healthy controls [91].

In addition to the discrimination power of detecting tumors, miR-135b, miR-
221, and miR-18a were increased significantly in stool samples of advanced-stage
CRC [92, 93].

Stool-based miRNAs can either be used as individual biomarkers or be inte-
grated into currently existing marker panels. It is most likely the case that the earli-
est neoplastic changes in the expression pattern of specific miRNAs might be
detected in the feces rather than in the blood, considering the increased number of
exfoliated cancer cells shed in the colon from CRC patients. Although the listed
results need further validation, fecal miRNAs might provide a promising and non-
invasive method for the diagnosis of early colorectal neoplasia and thereby serve as
diagnostic markers [94, 95].

microRNAs as Therapeutics

The applicability of miRNA-based therapy can be explained as a double-edged
sword. On the one hand, modulation of a single miRNA offers the opportunity to
target multiple genes and regulatory networks simultaneously. On the other hand,
caution and careful design are necessary to prevent any unwanted off-target effects
[75]. However, applying miRNAs to anticancer therapy could be efficient and the
off-target effects might even be helpful. As in several preclinical models previ-
ously shown, there are at least two main strategies for miRNA-based therapy: the
restoration of tumor suppressor miRNAs or the inhibition of oncogenic miRNAs.
A good example of this, although not in cancer patients, is the anti-miR-122 drug,
which has progressed to phase II clinical trials to treat the hepatitis C virus in
humans [96].

Drug resistance leads to therapy failure, cancer relapse, and poor prognosis. In
this context, miRNAs can also predict individual chemotherapy response and drugs
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targeting specific miRNAs can influence chemosensitivity in CRC patients. MiR-20,
miR-130, miR-145, miR-216, and miR-372 serum levels are significantly upregu-
lated in oxaliplatin chemotherapy-resistant CRC patients in comparison to chemo-
sensitive patients [97]. MiR-215, miR-99a*, miR-196b, miR-450b-5p, and let-7e
are associated with neoadjuvant chemoradiotherapy response [98]. MiR-10b has
been involved as a predictor of 5-flourouracil-based chemotherapy resistance [99].
The promising results of preclinical models led to the initiation of the first miRNA-
based clinical trial. Recently, it was reported that the data from a phase I clinical
trial of a novel drug (MRX34) targeting miR-34 proposed a manageable safety pro-
file in patients with advanced primary liver cancer (hepatocellular carcinoma), other
solid tumors with liver metastasis and hematological malignancies (source: www.
mirnarx.com).

All the miRNAs described above, as well as many not referred to here, appear to
form a network to coordinate and influence the regulation of colorectal carcinogenesis.

Many underlying mechanisms still remain largely unknown. Further research
regarding the identification of novel miRNAs, their target genes, new drugs, or CRC
characteristics will enhance our knowledge and will be another step towards a more
individual and efficient addition to therapy for CRC patients.
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