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microRNAs (miRNAs) are small, non-coding RNA mole-
cules that regulate gene expression by targeting specific
mRNAs. microRNAs play a role in several physiological
processes in the cell, including migration, proliferation,
differentiation and apoptosis. Apart from their role in
regular metabolism, abnormal profiles of miRNA ex-
pression accompany cancer transformation, including
colorectal cancer (CRC) metastasis. microRNAs may play
a role in each phase of CRC metastasis including angio-
genesis, invasion, intravasation, circulation, extravasa-
tion and metastatic colonization. microRNA levels may
serve as a predictive CRC marker, which was confirmed
by the serum level of miR-29a targeting KLF4, a marker
of cell stemness, and the plasma level of miR-221 down-
regulating c-Kit, Stat5A and ETS1, which are signal trans-
ducers and transcription factor, respectively. In turn, the
level of miR-143 in CRC cells decreasing the amount of
MACC1 (metastasis-associated in colon cancer-1) and on-
cogenic KRAS protein, may be utilized as a prognostic
marker. Also, single nucleotide polymorphisms of genes
encoding miRNAs, including miR-423 and miR-608,
which correlate with tumor recurrence, may be useful as
diagnostic, prognostic and predictive indicators in CRC
metastasis. Pre-miR-34a and pre-miR-199a decreased the
level of Axl, a tyrosine-protein kinase receptor, so they
can be considered as drugs in antimetastatic therapy.
On the other hand, miR-222 targeting ADAM-17, a dis-
integrin and metalloproteinase, and miR-328 interacting
with ABCG2, an ABC transporter, may overcome drug
resistance of cancer cells. microRNAs may be considered
in wide-range application to facilitate CRC metastasis di-
agnosis, prognosis, prediction and therapy, however, fur-
ther clinical, epidemiological and in vitro studies should
be conducted to verify their utility.
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INTRODUCTION

Colorectal cancer (CRC) has one of the highest rates
of morbidity and mortality worldwide. Approximately
1.23 million of CRCs are diagnosed yearly worldwide
and 0.6 million CRC patients died of it in 2008 (Fer-
lay et al, 2010). Metastasis in CRC is the prime cause of
death of patients with this disease. Metastasis is a multi-
step process of cell spread from the primary tumor to
non-adjacent organs and formation of a secondary tu-
mor. This process includes growth of the primary can-

cer, angiogenesis, invasion of cancer cells, intravasation
into lymphatic/blood vessels, extravasation into a distant
organ and colonization and growth of metastatic tumors.
Since treatment of CRC in its non-metastatic phase in-
creases the survival rate, an insight into molecular path-
ways of CRC metastasis may be important for develop-
ing new prognostic and predictive molecular markers fa-
cilitating the reduction of CRC metastates. The emerging
perspective of anticancer treatment is the utilization of
mictoRNA (miRNA) (Zheng et al, 2010a). mictoRNAs
are small, endogenous, regulatory RNA molecules that
modulate expression of their target genes. They are con-
served in evolution and may play a role in physiologi-
cal and pathological processes including CRC metastasis
by influencing cancer-stem-cell biology, angiogenesis, the
epithelial-mesenchymal and mesenchymal-epithelial tran-
sition or drug resistance (Bhardwaj ez al, 2010). Aberra-
tion in the expression of miRNA accompanies the pro-
gression of CRC (Vickers ez al, 2012). This effect may
be underlined by deletions, amplifications or point mu-
tations of miRNA loci, epigenetic silencing, deregulation
of transcription factors — modifiers of miRNA expres-
sion or inhibition of processing of primary miRNA to its
mature form (Ha, 2011). Applying miRNAs in antican-
cer therapy could be efficient since single miRNA can
modulate the expression of various genes (Muniyappa ef
al., 2009).

BIOGENESIS OF miRNA

microRNA is a non-coding, small RNA molecule con-
sisting of 22 nucleotides on average, found in ecukary-
otic cells. microRNA genes are transcribed primarily by
RNA polymerase II producing a molecule of hundreds
of nucleotides in length, which is called primary miRNA
(pri-miRNA) (Lee e al, 2004) (Fig. 1). Typically, the re-
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sulting transcript has a cap at the 5' end and a poly(A)
tail at the 3' end and is spliced. To yield the functional
mature miRNA, several post-transcriptional processing
steps are required. Pri-miRNA forms a stem loop which
is recognized by the DGCR8 (DiGeorge Syndrome Criti-
cal Region 8) protein associated with the Drosha en-
zyme that processes pri-miRNA into a double-stranded
(ds) hairpin structure of approximately 70 nucleotides in
length, which is termed precursor miRNA (pre-miRNA)
(Lee et al, 2003; Han et al, 2004). Then, pre-miRNA is
exported from the nucleus to the cytoplasm by the Ex-
portin-5 and Ran proteins in a GTP-dependent manner
(Bohnsack et al, 2004). In the cytoplasm, pre-miRNA
is cleaved into dsRNAs by the Dicer RNaselll enzyme.
One strand of dsRNA is degraded, this strand is usually
denoted miRNA”, and the other, mature single-stranded
(ss) miRNA, forms the miRNA-associated RNA-induced
silencing complex (miRISC) (Gregory e al, 2005). The
degradation of the miRNA strand is nonrandom but
the reason for this specificity is unknown. microRNA
in miRISC may influence gene expression by binding to
the 3"-untranslated region (3'-UTR) in the target mRNA.
This region consists of sequences recognized by miRNA,
while miRNA comprises a region of 2-8 nucleotides
at its 5' end, called the seed region that determines its
specificity and binds to mRNA at its 3-UTR (Bartel,
2009; Lewis et al., 2005). If the complementarity of the
miRNA:mRNA complex is perfect, the mRNA is de-
graded by Ago2, a protein belonging to the Argonaute
family. However, if the complementarity is not perfect,
the translation of the target mRNA is suppressed. To
date, more than 1900 human mature miRNAs have been
identified (http://www.miRbase.org/index.shtml), which
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Figure 1. Schematic representation of microRNA (miRNA) bio-
genesis and function.

are estimated to regulate more than 10% of all protein
coding genes.

MICRORNA IN CANCER TRANSFORMATION

Carcinogenesis is a complex process occurring in a
stepwise manner, including primary tumor initiation, pro-
motion and progression. Tumor progression leads to the
creation of blood vessels in the proximity of the tumor,
cancer cell detachment from the tumor mass, migration
and invasion, through cancer cell intravasation, transport
through circulation, extravasation to the ultimate forma-
tion of secondary tumor(s) located distant from the pri-
mary progenitor.

Angiogenesis

The formation of a network of blood vessels, angio-
genesis, near the tumor is essential for its growth and
contact of the cancer with the bloodstream. Angio-
genesis is regulated by pro- and anti-angiogenic factors
(Jain, 2005). The results of studies indicate that miRNA
may exert pro-angiogenic or anti-angiogenic effects thus
regulating angiogenesis (Poliseno ez al., 2006; Bonauer ef
al, 2009). miR-194 modulated the expression level of
THBS7, which encodes thrombospondin-1 (TSP-1), an
endogenous inhibitor of angiogenesis, in the HTC116
CRC cell line (Sundaram ef @/, 2011). miR-194 bound to
the complementary sequence on mRNA of THBS1 re-
sulting in an increased microvascular density, vessel size
and angiogenesis. miR-221 and miR-222 are frequently
and highly expressed in CRC, which correlated with
TNM stage and local invasion (Sun et al, 2011; Ota et
al., 2012). Both miR-221 and miR-222 inhibited the an-
glogenic activity by targeting the mRNA of c-Kit (v-kit
Hardy-Zuckerman 4 feline sarcoma viral oncogene ho-
molog), Stat5A (signal transducer and activator of tran-
scription 5A), endothelial nitric oxide synthase and ETS1
(v-ets erythroblastosis virus E26 oncogene homolog 1) in
HUVEC (human umbilical vein endothelial cells) (Polise-
no et al, 2006; Dentelli ez al, 2010; Suarez et al, 2007;
Zhu et al, 2011). The polycistronic miR-17-92 cluster,
also denoted as Oncomir-1, contains six precursor-se-
quence members (Tanzer & Stadler, 2004). Pre-miR-17
is the precursor of both miR-17 and of miR-91. The
other members of this cluster are miR-18, miR-19, miR-
19b, miR-20, and miR-92. Oncomir-1 enhanced tumor
angiogenesis by targeting a number of anti-angiogenic
targets in various cancers (Bonauer ez al, 2009). The pro-
angiogenic function of these miRNAs was attributed to
the down-regulation of the mRNA of TSP-1 and CTGF
(connective tissue growth factor), which were targeted
by miR-18 and miR-19 in mye-transfection-induced CRC
tumors (Dews ef al, 2006). The expression of the miR-
17-92 cluster was significantly higher in CRC patients
than in the control group (Koga e al, 2010; Chang ez
al, 2011). A few miR-17-92 targets were reported to be
deregulated in CRC (Humphreys ¢ al, 2012) and only
two of them, PTEN (phosphatase and tensin homolog)
and BCL2LT7 (Bcl-2-like protein 11), may have a role
in angiogenesis in CRC. PTEN is a phosphatase relat-
ed to the phosphatidylinositol-3-kinase (PI3K) pathway
which regulates angiogenesis in endothelial cells (Rodri-
guez & Huynh-Do, 2012). BCL2L11 is a pro-apoptotic
factor and its inhibition led to endothelial cell apoptosis
which is essential mechanism of angiogenesis (Chavakis
& Dimmeler, 2002). However, over-expression of only
one miRNA from the miR-17-92 cluster, miR-92a, had
an anti-apoptotic effect (Bonauer e @/, 2009). In human
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endothelial cells an increased level of miR-92a blocked
sprout formation, inhibited vascular network formation,
reduced epithelial cell migration and impaired cell adhe-
sion to fibronectin. miR-126 was expressed specifically
in epithelial cells where it modulated the expression of
sprouty-related protein SPRED1 and PIK3R2 (PI3K
regulatory subunit 2) thus promoting VEGF (vascular
endothelial growth factor) signaling in response to angio-
genic growth factors (Fish ez al, 2008; Wang ez al., 2008).
miR-126 loss in mice caused the loss of vascular integti-
ty and defects in endothelial cell proliferation, migration
and angiogenesis. Apart from these results, down-reg-
ulation of miR-126 was noted in primary CRC relative
to normal adjacent mucosa (Schepeler ¢ al, 2012; Guo
et al, 2008). Reintroduction of miR-126 inhibited CRC
cell growth 7z witro. The target of miR-126 was mRNA
of p85beta (phosphatidylinositol-3-kinase regulatory sub-
unit beta), a regulatory subunit involved in stabilizing
and propagating the PI3K signal (Guo ez al, 2008). It
is hypothesized that down-regulation of miR-126 could
abolish check point of p85beta by increasing the p85beta
level contributing to the amplification of PI3K signal.
An up-regulated level of miR-210 was noted in CRC
patients with accompanying KRAS (V-Ki-ras2 Kirsten
rat sarcoma viral oncogene homolog) mutation (Ota et
al,, 2012). miR-210 is a hypoxia-induced miRNA whose
over-expression stimulated angiogenesis and migration
of epithelial cells, while inhibition of miR-210 decreased
hypoxia-induced tube formation in these cells (Fasanaro
et al, 2008). miR-497 is a suppressor of the insulin-like
growth factor 1 receptor gene (IGF7-R) (Guo et al,
2012). IGF1-R was found to exert favorable effects on
angiogenesis (Dobrucki e a/, 2010). Down-regulation of
IGF7-R by miR-497 in CRC cells compared to normal
mucosa was associated with inhibition of cell sutrvival,
proliferation, invasion, and increased sensitivity to apop-
tosis, thus down-regulation of miR-497 may contribute
to angiogenesis (Guo et al, 2012). miR-296 was lost in
86% (13 out of 16) of CRC tumors (Vaira e al, 2012).
One of the miR-296 targets is mRNA of Scribble pro-
tein (Scrib). The loss of miR-296 and subsequent elevat-
ed level of Scrib inhibited cell migration and invasion.
Re-expression of miR-296 inhibited tumor growth 7z vivo.
An elevated level of miR-424 was observed in CRC cell
lines and in CRC tumors compared with normal colorec-
tal samples, which may be a result of hypoxia-induced
deregulation of its expression (Wang e# al, 2012b; Ghosh
et al., 2010). Increased level of miR-424 led to activation
of genes governing angiogenesis (Ghosh e a/, 2010).

It seems that miRNA may exert distinct roles in CRC
angiogenesis through regulation of the level of mRNA
encoding inhibitors or activators of angiogenesis. Apart
from the changes of miRNA level accompanying an-
giogenesis, which could serve for early CRC diagnosis,
some miRNAs were reported to exert a therapeutic ef-
fect such as miR-126, miR-497 or miR-296. Interestingly,
there may be a link between genetic and epigenetic aber-
rations since a KRAS mutation induced over-expression
of miR-210 in a DLD-1 colorectal cancer cells in three-
dimensional culture.

CANCER CELL INVASION

Cancer cell invasion from the tumor mass to adjacent
tissue is an eatly step in tumor progression. This process
includes directional activation of proteolytic enzymes, in-
cluding metalloproteases, degradation of extracellular ma-
trix, transition of the cancer phenotype from epithelial

to mesenchymal (EMT) and translocation of cancer cells.
The elevated level of miR-31 is attributed to the invasive
nature of CRC cells 7z vitro and in vivo (Wang et al., 2010,
Chang e al, 2011). The level of miR-122 was increasing
from non-neoplastic tissue to dysplasia, but decreasing
from dysplasia to inflammatory bowel disease-associated
CRC (Kanaan ¢ al, 2012). The deregulation of the miR-
200 family was associated with acquiring an aggressive
phenotype. Hypomethylation of the miR-200c promoter
region resulted in an increase in miR-200c expression
and was up-regulated in CRC liver metastates compared
to primary CRC (Hur e al, 2012). Transfection with
pre-miR-200c resulted in an enhanced cell proliferation,
but reduced invasion and migration of CRC cell lines.
It reduced the expression of the miR-200c target genes:
ZEBT1 (zinc finger E-box binding homeobox 1), ETS7
and FLLT7 (fms-related tyrosine kinase 1) and resulted in
increased E-cadherin and reduced vimentin levels. Thus,
miR-200c may play an important role in mediating EMT
and metastatic behavior in CRC. Studies conducted on
CRC cell lines showed that over-expression of SIX7 re-
pressed CDHT expression and promoted EMT in CRC
partly through repression of miR-200-family expression
and activation of ZEB7 (Ono ¢/ al, 2012). In CRC, a re-
duction of miR-328 expression accompanied a high frac-
tion of side population (SP) cells showing cancer stem-
like properties (Xu e¢# al, 2012b). The level of miR-328
was relatively higher in non-SP cells compared with SP
cells. The over-expression of miR-328 inhibited cell inva-
sion of SP cells. The direct targets of miR-328 were mR-
NAs of the ABCG2 (ATP-binding cassette sub-family
G member 2) protein and MMP16 (matrix metallopro-
teinase-16). miR-143 and miR-145 showed reduced lev-
els in CRC tumor samples and were undetected in CRC
cell lines (Arndt ez al, 2009). miR-143 targeted MACCT
(metastasis-associated in colon cancer-1) — a newly
identified gene which is highly expressed in CRC and
promotes tumor metastasis through trans-activating me-
tastasis-inducing HGF/MET signaling pathway (Boatd-
man, 2009). Restoration of miR-143 in SW620 CRC cells
attenuated cell growth, migration and invasion (Arndt ez
al., 2009). Conversely, reduction of miR-143 stimulated
these phenotypes. Expression of miR-145 in SW620/
miR-145 cell line at a level similar to that observed in
normal colon epithelial cells led to effects typical for a
mesenchymal-like phenotype: an elongated cell shape,
reduced level of E-cadherin and increased cell prolif-
eration and metabolism. An over-expression of miR-103
and miR-107 was observed in CRC tumor cells and was
stimulated in the presence of hypoxia (Chen ef al., 2012).
The miR-103 and miR-107 directly targeted mRNAs
of DAPK (death-associated protein kinase 1) or KLF4
(Krtippel-like factor 4), respectively, which resulted in
an increased cell motility and cell-matrix adhesion and
decreased cell-cell adhesion as well as epithelial marker
expression. In CRC mouse models, a miR-103/107 el-
evated level promoted local invasion and liver metastasis.
These effects wete inhibited by miR-103/107-mediated
re-expression of DAPK and KLLF4. The expression of
miR-29a was elevated in CRC tumor samples compared
to normal epithelial tissue accompanying the down-reg-
ulation of its target gene, KLLI'4, expression (Fu et al,
2012; Huang et al, 2010). KLLF4 is associated with cell
cycle arrest and its level is influenced by several factors,
including miR-29a (Zhao et al, 2004; Fu e al, 2012).
Mir-29a was a specific and sensitive marker discriminat-
ing CRC with liver metastates from non-metastatic CRC
(Wang et al., 2012a). The over-expression of miR-21 is
frequently observed in CRC (Fu et al, 2012; Faltejskova
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et al, 2012). miR-21, miR-17 and miR-19a-induced ex-
pression by PRL-3 (phosphatase of regenerating liver-3)
— encoded by an oncogene promoting tumor metas-
tasis — favored cell proliferation and CRC metastasis
(Zhang et al., 2012a). miR-21 targets mRNAs of a num-
ber of tumor suppressor genes including PDCD4 (pro-
grammed cell death 4), CCIL20 (chemokine (C-C motif)
ligand 20) and Cde25A (cell division cycle 25 homolog
A), but not PTEN in CRC (Asangani ef al, 2008; Vici-
nus et al., 2012; Wang ez al, 2009; Vickers et al., 2012). A
higher expression of miR-21 correlated with a decreased
level of PDCD4 in dysplasia and invasive CRC (Fas-
san et al, 2011). Suppression of miR-21 decreased cell
migration ability of DLD-1 CRC cells (Faltejskova ez
al, 2012). Also epidermal growth factor (EGF)/Ras ef-
ficiently increased the miR-21 transcription, but not the
mature miR-21 level. However, Pea3 (E-twenty six factor
ets variant 4) repressed miR-21 transcription (Kern ez al,
2012).

The phenotype of cancer cells may be influenced by
shifts in the expression of miRNA, such as miR-122,
leading to cancer cell spread to adjacent regions. micro-
RNA may play a role in acquiring stem-cell-like proper-
ties by cancer cells or regulating EMT. The latter was
demonstrated by the effect of down- or up-regulation
of miR-200 family and downstream increase/decrease
of ZEB1 level and stimulation/repression of EMT, ac-
cordingly. The control of the miR-200c expression was
carried out, at least partially, through DNA methylation,
showing cooperation between these epigenetic mecha-
nisms. mictoRNA expression may also be regulated by
other factors such as the concentration of oxygen in
tissue. The hypoxia-stimulated over-expression of miR-
103 and miR-107 led to a decrease in KILLF'4, which pro-
moted CRC invasion. The decrease in the KLF4 level
may be due to a joint action of miR-103, miR-107 and
miR-29a, indicating synergistic effects of gene silencing
by RNA interference.

INTRAVASATION, CIRCULATION AND EXTRAVASATION

The exact mechanism of cancer cell dissociation from
tumor mass, passing through the basement membrane
and reaching the blood/lymph vessels in CRC is elusive.
Despite the fact that these mechanisms are complex and
not fully understood, some studies clucidating this is-
sue were conducted. It was reported that miR-21 might
play a role in intravasation through down-regulation of
the tumor suppressor Pded4 (Asangani et al, 2008). A
higher expression of miR-21 was noted in metastatic
than in non-metastatic CRC and miR-21 was associated
with lymph node metastasis (Vickers ez al, 2012; Slaby
et al., 2007). Up-regulation of miRNA-21 led to initia-
tion of tumor formation but also increased cancer inva-
sion, intravasation and metastatic potential (Asangani ez
al., 2008; Wang et al., 2009a). Thus, miRNA is supposed
to control CRC metastasis at least at the level of tumor
growth, invasion and intravasation.

Cancer cells which enter the bloodstream are exposed
to shear stress and attack from the immune system
which may result in cancer cell degradation (Bockhorn ez
al, 2007). A number of miRNAs have been discovered
to play critical roles in modulation of T and B lympho-
cyte activation, innate and adaptive immune responses
(Lu & Liston, 2009). The studies on epithelial model
cells, HUVEC, showed that expression of miR-126 in-
hibited 1VCAM-1 (vascular cell adhesion molecule 1)
expression (Harris ez a/, 2008). VCAM-1 is an adhesion

molecule expressed on the surface of dividing epithelial
cells, which mediates leukocyte adherence to these cells,
promoting inflammation. The results of that study dem-
onstrated an inverse correlation between miR-126 and
VCAM-1 expression. miR-155 is required for adaptive
and innate immunity and miR-17-92 cluster for adaptive
differentiation of B cells and conventional T' cells (Lu &
Liston, 2009). Although the exact role of miRNA in can-
cer cell intravasation is unknown, it seems that miRNA
helps cancer cells to evade recognition by the immune
system in the blood/lymph vessels.

The escape of cancer cells from capillaries to invade
the parenchyma is a step before creating cancer cell col-
onies in the site far from the primary tumor. Although
the role of miRNA in this process is unknown, it is hy-
pothesized that these molecules may influence cancer cell
extravasation. Only two studies have shown that miRNA
regulated cancer cell extravasation in breast cancer and
melanoma (Valastyan ez al, 2009; Penna e al., 2011).

METASTATIC COLONIZATION

The final step in cancer metastasis is colonization of
distant organs by cancer cells and formation of second-
ary tumors. The circulating tumor cells or cancer cells in
the bloodstream show affinity for particular organs (Pa-
get, 1989). This organ-specific targeting is explained by
the “seed and soil” hypothesis. The cancer cells are the
“seed” and the specific organ microenvironment is the
“soil”. Metastatic colonization of this microenvironment
may be dependent on the ability of cancer cells to prolif-
erate and to adapt to new conditions. Cancer stem cells
are the subpopulation of cancer cells characterized by
the ability of self-renewal and multipotency, which may
aid in the establishment of distant metastases (Dieter ez
al., 2011). miccoRNA may regulate the pathways that are
required for the phenotype of stem cells. The abnormal
level of miRNA was observed in cancer stem cells com-
pared to their non-stem counterpart. In CRC, the ex-
pression of miR-328 was down-regulated in SP cells (Xu
et al., 2012b). Low miR-328 expression correlated with
high SP fraction and miR-328 had an effect on the num-
ber of SP cells. The expression of miR-26b was down-
regulated in human embryonic stem cell line (HUES-17)
and in CRC cell line (LoVo) (Ma e# al, 2011). Over-ex-
pression of miR-26b significantly suppressed cell growth
and induction of apoptosis in L.oVo cells zz vitro and the
inhibition of tumor growth 7z vive. Since these miRNAs
may regulate the stem-cell properties of cancer cells, they
may play a role in CRC metastasis. Also, miR-103/107-
induced down-regulation of DAPK and KLLF4 enabling
the colonization of CRC cells at a metastatic site, but
the exact mechanism of that action is unknown (Chen
et al., 2012).

CLINICAL APPLICATION

Currently, the gold standard for diagnosing patients
with an elevated risk of CRC is the non-invasive faecal
occult blood test (FOBT), but due to its low sensitiv-
ity, patients with a positive result of FOBT are subject-
ed to colonoscopy (Lieberman, 2009). There are a few
tests of predictive significance including ColoGuideEx,
ColoPrint, Oncospe DX colon cancer assay or Onco-
Defender-CRC, which are based on the multi-gene ex-
pression measurement to distinguish between high and
low risk of tumor recurrence (Agesen ez al, 2012; Tan
& Tan, 2011; Kelley & Venook, 2011; Webber et al,
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2010). Their main drawback is that they require CRC tis-
sue samples and thus can be conducted only after sur-
gery or biopsy. Another method for diagnosing patients
could be assessment of miRNA level since changes in
the expression pattern of miRNA accompany patho-
genesis of most human cancers including CRC (Calin &
Croce, 20006; Iorio & Croce, 2012). microRNA profiling
in cancer cells identified miRNA patterns which distin-
guish between benign and malignant colorectal tumor
(Zhang et al, 2012b; Yamashita ez al,, 2012; Vickers et al.,
2012). Moreover, serum, plasma or faecal material may
be used as samples containing miRNA. Routine predic-
tive and prognostic CRC biomarkers should be present
in non-invasively accessible biological material, specific
for the cancer and sensitive enough to assess the course
of disecase and response to drug treatment. Thus, there
is a need for implementation of a sensitive, specific and
non-invasive method for CRC prognosis and prediction.

microRNAs may be packed into exosomes and excret-
ed into the bloodstream and other body fluids (Valadi
et al, 2007). These extracellular circulating miRNAs are
stable and resistant to degradation by nucleases (Turchi-
novich ez al, 2011). The question is whether specific
miRNA are secreted to the bloodstream. microRNAs
from necrotic or lysed cells were present in the circu-
lation (Wang es al, 2009a). A difference was found be-
tween extracellular and intracellular concentration of
miRNA, suggesting a selective mechanism(s) for miRNA
secretion (Pigati ez al, 2010). mictoRNAs were actively
transported outside cells bound to Argonaute proteins
(Valadi ez al, 2007; Arroyo et al, 2011). Some reports
showed that the secreted miRNA population might play
a role in communication between cells (Valadi e al,
2007). mictoRNAs were found in znter alia plasma, serum
and faecal matter (Cheng e al, 2011; Wang ez al, 2012a;
Kalimutho ez al,, 2011). However, so far only three miR-
NA biomarkers from these materials are of prognostic
value in CRC. The plasma miR-221 level was one of the
independent prognostic factors for poor overall survival
in CRC patients (Pu ez al, 2010). Circulating miR-141
was significantly associated with stage IV CRC (Cheng
et al, 2011). High levels of plasma miR-141 predicted
poor survival and miR-141 was an independent prognos-
tic factor for advanced CRC. The serum miR-29a level
was significantly higher in colorectal liver metastasis pa-
tients than in CRC patients thus enabling discrimination
between metastatic and non-metastatic tumors (Wang ez
al., 2012a).

The response to anticancer therapy may differ be-
tween patients, thus the personalized approach is needed
in such therapy. Mutations and gene expression levels
may determine the effectiveness of therapy for a single
patient (Garnett ef al, 2012; Xu et al, 2012a). Presum-
ably, the miRNA expression level may serve as a pre-
dictive biomarker in CRC, but only one study has been
reported on the utility of miRNA expression level as a
predictive biomarker in CRC. This study concerned miR-
143, which was frequently down-regulated in CRC and
targeted the KRAS oncogene (Pichler es af, 2012). mi-
croRNA-143 expression levels served as an independent
prognostic biomarker for CRC in KRAS-wild-type pa-
tients.

Other molecular biomarkers obtainable with non-inva-
sive methods from a blood sample or colonocytes are
single nucleotide polymorphisms (SNPs) associated with
miRNA. The presence of SNPs in pri-, pre- and mature
miRNAs can modulate the expression of genes through
alteration of miRNA function. SNPs in pre-miR-423
(rs6505162) and in pre-miR-608 (rs4919510) variant gen-

otypes of these SNPs were significantly associated with
the recurrence-free survival in CRC (Xing e/ al, 2012).
Additionally, SNPs in pre-miR-423 were associated with
overall survival. These effects were significant only in
patients receiving chemotherapy. The combined analysis
of these two SNPs conferred a 2.84-fold increased risk
of recurrence and/or death. A SNP in a lethal-7 (let-7)
miRNA complementary site (LCS6) in the KRAS 3™
UTR region was prognostic in eatly-stage CRC (Smits ef
al, 2011). In patients with KRAS-mutated CRC carrying
the KRAS-LCS6 variant, there was a better outcome, but
in patients with advanced-stage CRC no clear association
between that genotype and CRC risk or survival was ob-
served.

The promising clinical application of miRNA seems
to be their use aimed at overcoming or reducing drug
resistance of CRC cells. ADAM-17 is a protein belong-
ing to a disintegrin and metalloproteinase (ADAM) fam-
ily of peptidase proteins. This transmembrane enzyme
cleaves a variety of transmembrane proteins leading to
the activation of growth factor receptor and release of
the extracellular domain of the receptor (ectodomain),
which regulates the release of cytokines, growth factors
and other molecules (Blanchot-Jossic es @/, 2005). The
increased cleavage of such substrates by ADAM-17 is
likely to be associated with tumor spread and growth.
High expression of ADAM-17 induced the activation of
EGFR (epithelial growth factor receptor) through the
shedding of EGFR ligands. ADAM-17 activity was in-
creased in multidrug-resistant (MDR) CRC cells. It was
a target for miR-222, which was reported to be down-
regulated in MDR-CRC (Xu e al, 2012a). Transfection
of CRC cells by miR-222 reduced ADAM-17 at the pro-
tein and mRNA levels. This suggests that miR-222 could
play a role in the development of MDR by modulation
of ADAM-17 in CRC. Similar studies were conducted
on CRC cells showing stem cell-like properties includ-
ing insensitiveness to chemotherapy (Xu ez af, 2012b).
These cells are characterized by the down-regulation of
miR-328. Restoration of miR-328 level in CRC stem
cell-like cells broke drug resistance. Anticancer treatment
based on the introduction of miR-222 or miR-328 to
CRC cells may help in MDR overcoming. Apart from
miRNA also anti-miRNA may have a potential in anti-
cancer treatment. Knockdown of miRNA-21 was con-
ducted with the locked nucleic acid (LNA) against miR-
21 (anti-miR-21) in CRC cell lines (Valeri ez al, 2010).
LNA is a modified RNA nucleotide that has an extra
bridge linking the 2-oxygen and 4'-carbon. High expres-
sion of miR-21 in CRC tumors was associated with a re-
duced expression of the hMSH2 (human mutS homolog
2) protein. miR-21 targeted and down-regulated hMSH2
and hMSHG6, mismatch repair (MMR) proteins. Cells that
over-expressed miR-21 were less sensitive to 5-fluoro-
uracil (5-FU) treatment, which is typical for cells defec-
tive in MMR. Moreover, in a xenograft tumor model
miR-21 over-expression reduced the therapeutic efficacy
of 5-FU. Transfection with anti-miR-21 increased both
hMSH2 and hMSHG protein expression, but not their
mRNA levels.

The introduction of synthetic oligonucleotides: ma-
ture miRNA mimics, miRNA precursors or pre-miRNA
mimics and others may have a therapeutic effect in
the case of loss or down-regulation of tumor suppres-
sor miRNAs. In CRC, miR-34a and miR-199a expres-
sion inversely correlated with the Axl protein level
(Mudduluru ez al, 2011). Axl is a receptor tyrosine ki-
nase that induces proliferation, migration and invasion
in cancer. Pre-miR-34a or pre-miR-199a transfection
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inhibited 7z vitro migration and invasion and, iz vivo,
reduced the number of liver-metastases. Expression
of miR-137 in CRC cell lines was found to correlate
inversely with Cde42 (cell division control protein 42
homolog) expression (Liu e/ al, 2011). Cdc42 belongs
to the Rho GTPase family and is found to be up-
regulated in CRC, where it may play a role in CRC
initiation and progression. Ectopic expression of miR-
137 decreased Cdc42 at the mRNA and protein levels
and caused the inhibition of proliferation, induction
of G1 cell cycle arrest, and block of invasion of the
CRC cells at similar rate as the knockdown of Cdc42.
Also, the expression of miR-137 suppressed the direct
downstream effector of Cdc42, PAK (p21-activated
kinases). However, the introduction of anti-miR-137
led to the opposite effect. In the study conducted on
p53-mutated DLD-1 cell line corresponding to Duke's
type C, the cells were transfected with a construct
that enabled cocistronic expression of the p53 protein
and artificial microRNAs that targeted mRNA of the
p21 protein (Idogawa et al, 2009). P21 is an inhibi-
tor of p53-mediated apoptosis. The level of p21 was
significantly attenuated following infection with the
construct. Also, an increase in the cell population in
G1 cell cycle phase, which is indicative of apoptosis,
and a significant increase in chemosensitivity of can-
cer cells to adriamycin (doxorubicin) was noted. The
xenograft studies demonstrated that tumor volume
was significantly reduced following the direct injection
of the construct into the tumor.

SUMMARY

Deregulation of gene expression accompanies the
CRC transformation. It seems that a number of steps
of CRC metastasis may be associated with changes
of the miRNA expression profile. This constitutes a
prerequisite for application of miRNAs as molecu-
lar biomarkers for prognosis and prediction in CRC.
Apart from changes in miRNA expression pattern in
CRC tissue, changes are also observed in the pool of
circulating miRNAs. These miRNAs may be consid-
ered as a tool for personalized anticancer therapy as
they are degradation-resistant, specific for the cancer
type, detectable in 10 ng of total RNA and accessi-
ble through non-invasive methods. Due to changes in
miRNA profile during CRC metastasis and influence
of miRNA expression on the phenotype, miRNA may
be used in the treatment of CRC. mictoRNAs may be
especially efficient as they target multiple genes of one
metabolic pathway. However, regulation of several
genes by one miRNA may have severe consequences
since it may cause off-target effects producing toxic
phenotypes. Anticancer therapy with miRNA is based
mainly on the restoration of tumor suppressor genes,
inhibition of oncogenes, sensitizing cells to chemo-
therapy or down-regulating cell stemness. The obstacle
to introducing miRNA into clinical use is the delivery
of miRNA into the tumor since synthetic miRNA are
rapidly degraded by nucleases and pootly taken up by
cancer cells. Fortunately, new methods are being de-
veloped for targeting cancer cells with miRNA. Viral
and non-viral miRNA delivery systems are currently in
progress and new synthetic miRNA characterized by
increased hybridization affinity, target specificity and
resistance to exo- and endonucleases are being intro-
duced. However, miRNA-based therapy and biomark-
ers are still in their infancy but show great promise in

replacement or supplementation of current prognostic
and predictive markers and anticancer treatment.
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