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Abstract: Non-coding RNAs (ncRNAs) have recently gained attention because of their
involvement in different biological processes. An increasing number of studies have
demonstrated that mutations or abnormal expression of ncRNAs are closely associated
with various diseases including cancer. The present review is a comprehensive
examination of the aberrant regulation of ncRNAs in colorectal cancer (CRC) and
a summary of the current findings on ncRNAs, including long ncRNAs, microRNAs, small
interfering RNAs, small nucleolar RNAs, small nuclear RNAs, Piwi-interacting RNAs, and
circular RNAs. These ncRNAs might become novel biomarkers and targets as well as
potential therapeutic tools for the treatment of CRC in the near future and this review may
provide important clues for further research on CRC and for the selection of effective
therapeutic targets.
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1. Introduction

High-throughput approaches revealed that most of the eukaryotic genome can be transcribed, with
approximately 20,000-25,000 genes encoding proteins [1], whereas the vast majority of untranslated
fractions of the transcriptome are transcribed as ncRNAs. However, functional ncRNAs may arise from
only a small fraction of the total genome, and the most optimistic estimates for the number of ncRNAs in
the genome from various sources would place these as being transcribed from less than 2% of
the genome [2].

These ncRNAs were recently recognized as a novel class of RNA molecules that are involved in
the regulation of biological processes, including gene expression; epigenetic processes; cell
differentiation, proliferation, migration, and apoptosis; transcriptional regulation; post-transcriptional
regulation; organ regeneration; and human diseases [3—6]. Although these genomes have important
biological roles, several controversies exist [2], and further research efforts are necessary to explore
the functions of these ncRNAs.

The ncRNAs can be systematically classified into two groups according to size, namely small
ncRNAs (sncRNAs), which are shorter than 200 nucleotides (nt), and long ncRNAs (IncRNAs), which
are longer than 200 nt. The sncRNAs can be divided into microRNAs (miRNAs), small interfering
RNAs (siRNAs), small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs), PIWI-interacting
RNAs (piRNAs), and other sncRNAs. The classification of IncRNAs is based on four major
characteristics, namely genomic location and context, effect exerted on DNA sequences, mechanism of
action, and their targeting mechanism [7]. In addition, they can generally be classified into
the following categories: intergenic, intronic, bidirectional, sense, and antisense IncRNAs [8] (Figure 1).
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Figure 1. Five categories of IncRNAs. According to the position in the genome, they can
generally be classified into the following categories: intergenic, intronic, bidirectional,
sense, and antisense IncRNAs.

Colorectal cancer (CRC) is one of main causes of cancer-related death among males and females,
and the mortality from CRC is markedly higher in developed countries than in less developed
countries. The risk factors for CRC include tobacco use, being overweight, and physical inactivity;
however, the mortality from CRC has decreased in many countries because of early CRC screening
and improved treatments [9], and the survival rate of patients diagnosed with colon and rectal cancer
was 60% or higher between 2005 and 2009 in 22 countries [10]. However, the biological processes and
molecular mechanisms of CRC remain unclear.
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The dysregulation of ncRNAs has recently gained attention because of its close association with
human diseases including cancer. ncRNAs can act as oncogenes or tumor suppressors in CRC, and are
potential diagnostic or prognostic biomarkers, with possible clinical applications. In a previous study,
we comprehensively summarized current advances in the roles of ncRNAs in gastric cancer [11].
In the present review, we performed a full-scale overview of several ncRNAs and their roles in
the development and progression of CRC. This information may provide important clues for further
research on CRC and for the selection of effective therapeutic targets.

2. MicroRNAs in CRC

MiRNA-lin-4 was first identified in Caenorhabditis elegans in 1993 [12]. Since then, an increasing
number of miRNAs have attracted attention because of their biological roles in different human
diseases, including various cancers. Relevant studies on miRNAs will help clarify the molecular
mechanisms underlying their function.

Advances in analytical methods have enabled the identification of several miRNAs involved in
CRC. These miRNAs can exhibit dysregulated expression and play important roles in signaling events
as oncogenes or tumor suppressors. The gene regulatory role of these miRNAs is mediated by binding
to the 3'-untranslated region (3'-UTR) of their target mRNAs, resulting in translational repression.
The miRNA-mRNA interactions and their roles in CRC have been studied extensively [13].
Furthermore, these miRNAs may be involved in each process of CRC metastasis, including
angiogenesis, invasion, intravasation, circulation, extravasation, and metastatic colonization [14], and
serve as potential prognostic or diagnostic markers and therapeutic targets in CRC, and could be
developed as therapeutic tools in the future [15-17].

2.1. Dysregulated Expression of MicroRNAs and Their Putative Roles
2.1.1. Oncogenic miRNAs

Accumulating evidence suggests that miRNAs are aberrantly expressed in CRC and may serve
as oncogenes or tumor suppressors depending on their downstream targets or associated signaling
pathways [18]. Certain oncogenic miRNAs, such as miR-18a, -21, -31, and -92a, are involved in
the development and progression of CRC (Figure 2).

Aberrant expression of miR-18a, which belongs to the miR-17-92 cluster, has been reported in
several cancers such as bladder [19] and pancreatic cancer [20]. miR-18a upregulation was detected in
45 primary rectal tumor tissues compared with adjacent normal tissues. Ataxia telangiectasia mutated
(ATM), which was identified as a miR-18a target gene and a key enzyme in the repair of DNA
double-strand breaks, is downregulated in CRC tissues and its expression is inversely associated with
the levels of miR-18a. miR-18a overexpression significantly inhibited the repair of damaged DNA and
enhanced etoposide-induced cell apoptosis. miR-18a was shown to play an oncogenic role in CRC
partly through the downregulation of ATM, and it may serve as a potential biomarker for CRC [21].
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Figure 2. Representative oncogenic miRNAs and their target genes in CRC.

B7-H1 was shown to contribute to cancer immune evasion by promoting T-cell apoptosis [22].
Zhu et al. [23] showed that miR-21 is involved in the suppression of phosphatase and tensin homolog
(PTEN), and PTEN expression is negatively correlated with B7-H1 expression, suggesting that miR-21
upregulation in CRC downregulates the expression of PTEN. miR-21 was also shown to be
significantly overexpressed in CRC tissues from 30 patients, and knockdown of miR-21 inhibited cell
proliferation. PTEN was similarly identified as a target gene of miR-21, and miR-21 regulates
the expression of human telomerase reverse transcriptase (hTERT) through the PTEN/ERK1/2
signaling pathway [24]. Meanwhile, PDCD4 was identified as another miR-21 direct target whose
expression is inversely correlated with that of miR-21. miR-21 upregulation was only observed in
precancerous adenomas, but not in non-tumorigenic polyps from endoscopic samples [25].
Quantitative RT-PCR analysis of samples from a Japanese cohort (stage [-IV) and a German cohort
(stage II) showed that miR-21 overexpression in CRC tissues is associated with poor survival in both
cohorts, which may estimate the prognostic outcome and identify CRC patients who may benefit from
adjuvant chemotherapy [26].

miR-31 was significantly upregulated in 25 pairs of CRC tissues and was negatively correlated
with the expression of its target, factor inhibiting HIF-1a (FIH-1), both in tissue samples and in cells.
The miR-31/FIH-1 axis was shown to promote CRC cell proliferation, migration, and invasion in vitro,
and to modulate xenograft tumor growth in vivo, and was associated with CRC progression and poor
prognosis [27]. This was supported by another study which showed that miR-31 is upregulated in
colon cancer tissues and cells, and the suppression of miR-31 inhibits anchorage-independent colony
formation and cell proliferation. The tumor suppressor RhoBTB1, a new target gene of miR-31, is
downregulated in colon cancer tissues. By targeting RhoBTB1, miR-31 could contribute to
the development and progression of colon cancer [28]. An inverse correlation between miR-31 and
RAS p21 GTPase activating protein 1 (RASA1) expression was demonstrated in vivo, and RASA1 was
identified as a novel direct target of miR-31. Furthermore, miR-31 could play an important role in
modulating the RAS signaling pathway by inhibiting RASA1, thus promoting CRC cell growth [29].
These results indicate the potential of miR-31 as a biomarker and therapeutic target in CRC.
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PTEN is also a target gene of miR-92a, and the expression of miR-92a is significantly upregulated
in CRC patients with lymph node metastasis. Moreover, miR-92a induces epithelial to mesenchymal
transition (EMT) and regulates cell growth, migration, and invasion by downregulating PTEN
expression [30]. Analysis of clinicopathologic features showed that miR-92a overexpression is closely
associated with advanced clinical stage, lymph node metastasis, distant metastasis, and poor overall
survival (OS), which indicated that miR-92a could serve as a prognostic marker for CRC [31].

Several important oncogenic miRNAs are associated with the development and progression of
CRC, including miR-29a [32], miR-32 [33], miR-95 [34], miR-96 [35], miR-103 [36], miR-181a [37,38],
miR-182 [39], miR-196b [40], and miR-223 [41] (Table 1).

Table 1. Oncogenic miRNAs in CRC.

Names Expression  Targets Biological Events References
miR-18a + ATM cell ap9ptosis, repair o.f DNA da.mage, 21]
sensitive to genotoxin (etoposide)
miR21 PTEN, cell prolife.ration, prognosis, [23-26]
PDCDA4 response to adjuvant chemotherapy
miR-29a 1 KLF4 cell invasion, metastasis, prognosis [32]
FIH-1, . . S .
miR-31 + RhoBTBL, cell proliferation, migration, 11.1vas10n, (27-29]
RASAI tumor growth, prognosis
miR-32 1 PTEN cell proliferation, migration, invasion, apoptosis [33]
miR-92a + PTEN cell proliferation, migratif)n, invasion, clinical stage., (30.31]
lymph node metastases, distant metastases, prognosis
miR-95 1 SNX1 cell proliferation, tumor growth [34]
TP53INP1,
miR-96 1 FOXOI, cell proliferation [35]
FOXO3a
miR-103 1 DICER, cell proliferation, migration, tumor growth [36]
PTEN
WIF-1 cell proliferation, migration, invasion, tumor growth,
miR-181a 1 PTEN’ liver metastasis, metabolic shift, EMT, [37,38]
advanced stage, distant metastasis, prognosis
miR-182 T ] tumor size, lymph node me'tastasis, [39]
TNM stage, prognosis
miR-196b 1 FAS cell apoptosis [40]
miR-223 1 - cell proliferation, migration, invasion, clinical stage [41]

1: upregulated; -: unknown.
2.1.2. Tumor Suppressor miRNAs

Certain miRNAs, such as miR-18a, are known as oncogenes in CRC, whereas they simultaneously
possess the characteristics of tumor suppressors. miR-18a repression was shown to significantly
increase cell proliferation and promote the anchorage-independent growth of colon adenocarcinoma
HT-29 cells. Moreover, the expression of miR-18a and Kirsten-Ras (K-Ras) were inversely correlated in
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A431, HT-29, and WRL-68 cells, indicating that miR-18a specifically targets K-Ras but not other
Ras isoforms [42].

The importance of miR-133a in CRC has been demonstrated [43]. The expression of miR-133a was
significantly downregulated in 17 pairs of CRC tissues and three cell lines, including HT-29, SW-480, and
SW-620. Fascinl (FSCN1) was shown to be a direct target gene of miR-133a by dual luciferase
reporter assay, and the protein expression of FSCN1 was negatively associated with that of miR-133a.
Meanwhile, miR-133a could suppress cell invasion through direct inhibition of FSCN1. miR-133a was
also shown to inhibit cell proliferation, migration, and overexpression of miR-133a-suppressed tumor
growth and intrahepatic and pulmonary metastasis in vivo. Further investigation into the mechanisms
of action of miR-133a showed that miR-133a acts via the MAPK signaling pathway by inhibiting
the phosphorylation of ERK and MEK [44]. miR-133b can function as a tumor suppressor and
negatively regulate TATA box-binding protein-like protein 1 (TBPL1), a novel target of miR-133b in
CRC that is associated with cell proliferation [45]. In addition, the overexpression of miR-133b
suppressed CRC cell invasion and migration and promoted apoptosis partly through the negative
regulation of CXC chemokine receptor 4 (CXCR4) [46].

Investigation of the biological mechanisms and clinical significance of miR-194 in CRC showed
that it is downregulated in tissues and cell lines. miR-194 inhibits CRC cell proliferation, apoptosis,
migration, and invasion and is associated with tumor size, lymph node metastasis, and poor survival.
miR-194 acts as a tumor suppressor in CRC by targeting the PDK1/AKT2/XIAP signaling pathway,
and miR-194 could serve as a significant diagnostic and prognostic biomarker for CRC [47].
Downregulation of miR-194 was also associated with tumor size, differentiation, and TNM stage in
CRC tissues. Furthermore, miR-194 promotes cell cycle arrest at the Gl phase. MAP4K4 was
identified as direct target gene of miR-194 and shown to regulate MDM?2 expression through
the transcription factor c-Jun. These results indicate that miR-194 acts as a tumor suppressor by
regulating the MAP4K4/c-Jun/MDM2 signaling pathway [48].

miR-126 was previously reported to play important roles in promoting vascular integrity and
angiogenesis by vascular endothelial growth factor (VEGF) [49]. However, recent studies showed
that miR-126 plays a role in tumor progression in CRC [50-53]. The expression of miR-126 is
downregulated in primary CRC tissues and cell lines, and overexpression of miR-126 inhibits cell
proliferation, migration, and invasion, and causes cell cycle arrest at the GO/G1 phase, though it is not
associated with apoptosis. The knockdown of miR-126 promotes AKT and ERK1/2 activation by
upregulating the expression of IRS-1, a target gene of miR-126 [51]. VEGF was identified as a direct
target of miR-126, and DNA methylation-induced silencing of miR-126 partly contributes to tumor
invasion and angiogenesis in CRC via the upregulation of VEGF [52]. miR-126 may also be a tumor
suppressor by regulating CXCR4 through the AKT and ERK1/2 signaling pathways [53]. In brief,
miR-126 may play an important role in CRC and could serve as an important biomarker.

In addition to these common miRNAs, several other miRNAs are associated with CRC and could
function as tumor suppressors, including miR-100 [54], miR-124 [55,56], miR-139 [57,58], miR-145 [59],
miR-148b [60], miR-206 [61], miR-214 [62], miR-218 [63], miR-224 [64], miR-320a [65,66],
miR-342 [67], miR-375 [68], miR-378 [69], miR-429 [70], miR-455 [71], and miR-638 [72] (Table 2,
Figure 3). Several recent reviews have also systematically summarized these “small molecules with
big functions” [73].
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Table 2. Tumor suppressive miRNAs in CRC.

Names  Expression Targets Biological Events References
miR-18a - K-Ras cell proliferation, anchorage-independent growth [42]
miR-100 l RAP1B cell proliferation, invasion, apoptosis [54]
miR.124 ! STAT3 cell prolife.ration, .apoptosis, tum.or growth, (55.56]

differentiation, prognosis
IRS-1, 1 liferati oration. i . 1 evel )
cells proliferation, migration, invasion, cell cycle arrest,
miR-126 l VEGE, ! an iogenesis diagnosis ’ [50-53]
CXCR4 glogenesis, dlag
FSCN1 cell proliferation, invasion, migration, tumor growth,
miR-133a l LASP 1’ intrahepatic and pulmonary metastasis, [43,44]
phosphorylation of ERK/MEK
iR-133b TBPLI, 11 proliferation, i i igrati tosi [45,46]
miR- l CXCR4 cell proliferation, invasion, migration, apoptosis ,

) IGF-IR, cell proliferation, migration, invasion, apoptosis,

R-139 57,58
m ! NOTCH1 tumor growth, cell cycle arrest [ ]
miR-145 ! Fascin- 1 cell proliferation, invasion, tur.nor growth, [59]

pulmonary metastasis
miR-148b l CCK2R cell proliferation, tumor growth, tumor size [60]
PDK1, . . TR .
cell proliferation, apoptosis, migration, invasion, cell

_ AKT?2, . . o

miR-194 l XIAP cycle arrest, tumor growth, tumor size, differentiation, [47,48]

MAP4KA TNM stage, lymph node metastasis, prognosis

miR-206 l NOTCH3 cell proliferation, migration, apoptosis, cell cycle arrest [61]

miR.214 ! FGFR1 cell proliferation, m-igration, inv§sion, 62]
tumor growth, liver metastasis

miR-218 l BMI-1 cell proliferation, apoptosis, cell cycle arrest [63]

miR-224 l Cdc42 cell migration [64]

-cateni
miR-320a l b (I:{a er;m, cell proliferation, migration, invasion, cell cycle arrest [65,66]
ac

miR.342 ! DNMTI cell proliferation, invasion, cell cyc?e arrest, [67]
tumor growth, lung metastasis

miR-375 l PIK3CA cell proliferation, cell cycle arrest, tumor growth [68]

miR.378 ! vimentin cell proliferation, invasi.on, tL'm-mr growth, tumor ‘size, [69]

lymph node metastasis, clinical stage, prognosis

miR-429 l Onecut2 cell migration, invasion, EMT [70]

miR-455 l RAF1 cell proliferation, invasion [71]

miR-638 l SOX?2 cell invasion, migration, EMT [72]

|: downregulated; -: unknown.
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Figure 3. Representative tumor suppressor miRNAs and their target genes in CRC.
2.2. MicroRNAs in Clinical Applications
2.2.1. miRNAs as Potential Biomarkers for CRC

Although current screening methods for CRC such as colonoscopy and the fecal occult blood test
are commonly used, they are limited by their low specificity and sensitivity, as well as by high
invasiveness, high cost, and increased risk [74]. Therefore, effective and stable methods to assess CRC are
necessary. A growing number of studies have reported that miRNAs could function as potential diagnostic
and prognostic biomarkers for CRC in stool, serum, plasma, and tissues as non-invasive methods.

miRNAs in stool: Certain miRNAs show higher expression levels in stool samples from CRC
patients than in those from healthy controls. Ahmed et al. [75] identified 12 miRNAs (miR-7, -17,
-20a, -21, -92a, -96, -106a, -134, -183, -196a, -199a-3p, and -214) that are upregulated in the stool of
CRC patients. By contrast, eight miRNAs (miR-9, -29b, -127-5p, -138, -143, -146a, -222, and -938)
were shown to be downregulated by PCR analysis.

miR-221 and miR-18a are significantly upregulated in CRC tissues compared with adjacent normal
tissues. These two miRNAs showed increased expression levels in 198 stool samples from patients
with CRC stages I and II and stages III and IV; however, there was no obvious association between
their levels and the location of CRC, such as the proximal colon, the distal colon, and the rectum.
Moreover, miR-221 and miR-18a expression levels are not associated with antibiotic intake [76].
However, these results have not been replicated and the small sample sizes of advanced adenoma
and antibiotic intake groups may have caused bias so that larger-scale validation will be needed for
further confirmation.

A study of fecal samples from 17 CRC patients and 28 healthy subjects identified several potential
miRNA markers, and the expression of miR-223 and miR-451 was higher in CRC patients than in
healthy controls. Fecal miR-223 showed a sensitivity of 76.5% and specificity of 96.4%, whereas fecal
miR-451 produced a sensitivity of 88.2% and specificity of 100.0% [77]. Similarly, CRC patients had
higher stool levels of miR-21 and miR-92a, but their expression was significantly downregulated
after the removal of tumors, suggesting that they could be useful for CRC screening [78]. The
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immunochemical fecal occult blood test (iFOBT) has been widely used for CRC screening. However,
a novel method termed the fecal microRNA test (FmiRT) is currently used to detect CRC. One study
reported that among 117 CRC patients and 107 healthy volunteers, the expression of fecal miR-106a
was significantly higher in iFOBT+ and iFOBT— patients than in healthy controls. Most importantly,
25% of CRC patients with false-negative iFOBT are likely to be true positive with the combined
analysis of iIFOBT and fecal miR-106a, which reveals the value of miR-106a to accurately diagnose
CRC in cases of negative iFOBT results [79]. miR-135b could also be used as a potential non-invasive
biomarker for CRC screening, although the expression of miR-135b is significantly downregulated
after tumor removal, and there is no obvious relationship between the levels of miR-135b and
proximal, distal, and colorectal lesions [80]. miR-144 is overexpressed both in the tissues and feces
of CRC patients, with a sensitivity of 74% and a specificity of 87%, suggesting that it could be
a diagnostic marker for CRC [81].

The abnormal DNA methylation of miR-34a in the stool is useful for the detection of CRC, as 63 of
82 samples were methylated, whereas only 2 of 40 healthy samples were methylated. Furthermore,
the abnormal methylation of miR-34a was found to be correlated with lymph metastasis. Regarding
miR-34b/c methylation, it was found in 74 of 79 cancer stool samples. These results indicate that
methylation of miR-34a and miR-34b/c might play a role in the non-invasive screening and diagnosis
of CRC [82].

Certain miRNAs, such as miR-143 and miR-145, show lower expression in the stool of CRC
patients than in that of healthy controls [83]. The fecal expression levels of miR-4487 and miR-1295b-3p
are significantly decreased in CRC patients with early stage I and II compared with that of normal
controls [84]. These miRNAs in the stool could function as potential non-invasive molecular
biomarkers for CRC diagnosis. However, additional studies are needed to further explore the role of
these miRNAs in the detection of CRC (Table 3).

Table 3. miRNAs as potential biomarkers in stool of CRC.

Names QS;‘::l[t)iltey Expression  Sensitivity  Specificity Biomarkers References
miR-221 595 T 62% 74% diagnosis [76]
miR-18a 595 1 61% 69% diagnosis [76]
miR-223 45 1 76.5% 96.4% diagnosis [77]
miR-451 45 1 88.2% 100% diagnosis [77]

miR-21 246 1 55.7% 73.3% diagnosis [78]
miR-92a 246 1 71.6% 73.3% diagnosis [78]

miR-106a 224 1 34.2% 97.2% diagnosis [79]
miR-135b 424 1 78% 68% diagnosis [80]
miR-144 75 T 74% 87% diagnosis [81]
miR-143 51 ! - - diagnosis [83]
miR-145 51 l - - diagnosis [83]
miR-4478 56 ! - - diagnosis [84]
miR-1295b-3p 56 ! - - diagnosis [84]

1: upregulated; |: downregulated; -: unknown.
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miRNAs in serum or plasma: Circulating miRNAs, which exist in the serum or plasma of CRC
patients, can be important biomarkers for CRC screening and prognostic evaluation. Nine miRNAs
(miR-18a, -20a, -21, -29a, -92a, -106b, -133a, -143, and -145) are differentially expressed in CRC
patients [85]. Analysis of the association between the expression of miRNAs and clinicopathological
features showed that the expression of miR-181b was associated with lymph node metastasis;
however, none of the miRNAs was associated with age, tumor site, or tumor stage. Meanwhile,
miR-181b showed a higher expression in the plasma of late stage CRC patients than in that of early
stage patients. The plasma levels of miR-221 were increased in CRC and could play important roles in
molecular diagnosis, with a sensitivity of 86% and a specificity of 41%, in addition to the value of
miR-221 as a prognostic marker for differentiating CRC patients from controls. Circulating miR-221
levels are also correlated with p53 expression levels [86]. miR-21 was previously shown to negatively
regulate tumor suppressor genes, and the levels of serum miR-21 were significantly increased in CRC
in several studies. In a study analyzing 282 serum samples, including those from patients with CRC,
adenomatous polyps, and normal controls, high expression of miR-21 in serum was significantly
associated with tumor size, distant metastasis, and poor survival, suggesting that serum miR-21 levels
could serve as a marker for the early diagnosis and prognosis of CRC [87]. The increased expression of
serum miR-21 was also associated with clinical stage in CRC patients [88]. In addition, the expression of
serum miR-21 was shown to be correlated with recurrence and mortality in CRC patients [89]. miR-183
was shown to serve as a circulating biomarker that is significantly overexpressed in plasma samples
from CRC patients. Its expression decreased significantly after surgery, and the area under the
receiver operating characteristic (ROC) curve for miR-183 was 0.829, which was higher than that of
carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9). Furthermore, this study
showed that miR-183 was associated with lymph node metastasis, distant metastasis, high TNM
stage (III-1V), tumor recurrence, and poor OS [90]. Regarding miR-106a, there is no correlation
between preoperative plasma expression and clinicopathological features such as lymph node
metastasis and TNM stage, despite the fact that plasma miR-106a levels were significantly higher in
CRC patients and decreased after surgery [91]. Studies have confirmed that miR-19a is dysregulated in
FOLFOX chemotherapy-resistant patients, indicating that serum miR-19a could be a novel biomarker
for predicting and monitoring resistance to FOLFOX in advanced CRC patients [92]. Serum
expression of miR-18a and miR-29a is significantly upregulated in stage III CRC patients, and these
findings indicated that both serum miR-18a and miR-29a levels could serve as promising markers for
the identification of CRC patients [93]. These circulating miRNAs could be used as potential
non-invasive diagnostic or prognostic molecular markers in CRC (Table 4).

Blood-based miRNAs appear to be more sensitive but less specific than fecal miRNAs for
the diagnosis of CRC, and assays based on multiple miRNAs are more accurate for diagnosis than
single-miRNA assays. In addition, miRNA-based diagnoses appear to be more accurate in Asian than
in Caucasian patients [94].
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Table 4. miRNAs as potential biomarkers in blood and tissues of CRC.

Names Samples Samp.le Expression Sensitivity  Specificity Biomarkers References
Quantity
miR-221 plasma 140 T 86% 41% diagnosis and prognosis [86]
miR-21 serum 282 1 82.8% 90.6% diagnosis and prognosis [87]
miR-106a  plasma 97 T 62.3% 68.2% diagnosis [91]
predicting and
miR-19a serum 72 T 66.7% 63.9% monitoring resistance [92]
to FOLFOX
miR-18a serum 56 i - - diagnosis [93]
miR-29a serum 56 1 - - diagnosis [93]
. tumor recurrence,
miR-183 plasma 179 1 73.7% 88.5% . . . [90]
diagnosis and prognosis
miR-126 tissues 92 l - - prognosis [95]
miR-630 tissues 206 1 - - prognosis [96]
miR-378 tissues 84 l - - prognosis [69]

1: upregulated; |: downregulated; -: unknown.

miRNAs in tissues: miRNAs in tissues could also be developed as prognostic biomarkers. miR-126
is downregulated in CRC tissues and associated with distant metastasis, TNM stage, and poor survival,
indicating its clinical significance as a prognostic biomarker in CRC [95]. RT-PCR analyses in 206 CRC
patients showed that miR-630 is upregulated in tumor tissues compared with adjacent normal tissues,
and its expression is associated with tumor invasion, lymph node metastasis, distant metastasis, and
TNM stage [96]. miR-378 was shown to be downregulated in 84 paired tissues and inhibited cell
growth as well as invasion, acting as a tumor suppressor and independent prognostic factor in CRC [69].
miR-92a was suggested as a novel potential biomarker for the diagnosis of CRC in a meta-analysis that
included six studies with a total of 521 CRC patients and 379 normal controls [97] (Table 4).

It is worth noting that the replication of these studies and the statistical power of correlations may
be important influencing factors for the reliability of the studies. Indeed, most of these results have not
been replicated. Moreover, statistical power would be influenced by either the small number of sample
size such as miR-223, miR-451, miR-34a or the large number of miRNAs being sampled. Another
noticeable problem is that some of the reported miRNAs in Table 3 and 4 that putatively serve as
biomarkers are likely false positives as they were not found in many of these studies. Thus, the above
results need to be identified in multiple studies with larger scale validation across multiple centers and
different populations for further confirmation.

2.2.2. miRNAs in the Evaluation of Treatment Response in CRC Patients

Surgical resection is currently the main treatment for CRC, with adjuvant chemotherapy and
radiotherapy used concomitantly. In CRC patients at advanced stages, clinical practice has
demonstrated that palliative chemotherapy, such as the use of fluorouracil (5-FU) combined with
irinotecan and oxaliplatin, can successfully improve survival. Chemotherapy resistance in CRC has
become a severe problem and an important challenge that needs to be overcome.
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miRNAs in chemotherapy: In a cohort of 295 patients, miR-17-5p was found to be upregulated in
chemoresistant patients compared with chemosensitive patients. Moreover, high expression of miR-17-5p
in CRC patients is associated with worse prognosis, distant metastases, and higher clinical stage,
indicating that miR-17-5p could function as a predictive biomarker for chemotherapy response [98].
In a search for potential and novel molecular biomarkers to predict the resistance to FOLFOX, which
is the most commonly used first-line therapy for advanced CRC patients, 62 miRNAs were found to be
differentially expressed, with a fold-change >2 by microarray analysis. Among these miRNAs, miR-19a
was significantly upregulated in the serum of drug-resistant patients, and it could discriminate resistant
patients from responsive ones with sensitivity of 66.7% and specificity of 63.9%. These results
suggested that serum miR-19a could act as a potential biomarker for resistance to FOLFOX
chemotherapy regimens in advanced CRC patients [92].

Bevacizumab is a widely accepted and used monoclonal antibody and it has been shown to improve
clinical results; however, it is associated with several adverse events. Two circulating miRNAs
(miR-1254 and miR-579) have been shown to be upregulated in CRC patients with bevacizumab-induced
cardiotoxicity and could help distinguish between bevacizumab-induced cardiotoxicity and acute
myocardial infarction (AMI). Therefore, these two miRNAs could be developed as biomarkers for
the clinical diagnosis of bevacizumab-induced cardiotoxicity [99]. The expression levels of
miR-200 family members, including miR-200a, -200b, -200c, -141, and miR-429, were shown to be
higher in the tumor tissues of 127 stage I-IIT CRC patients. In addition, patients showing high levels of
miR-200a, miR-200c, miR-141, or miR-429 that were treated with fluoropyrimidines had better overall
and disease-free survival (DFS). Studies have shown that overexpression of miR-429 combined with
5-FU treatment inhibits cell invasion in the LoVo cell line. These results indicate that these miRNAs
may possess the capacity to identify CRC patients who would benefit from adjuvant chemotherapy [100].
Zhang et al. [101] reported that a novel p53/miR-520g/p21 signaling pathway plays an important role
in the response of CRC patients to chemotherapy. miR-520g was shown to mediate drug resistance to
5-FU or oxaliplatin-induced apoptosis in vitro and to suppress the ability of 5-FU to inhibit tumor
growth in vivo by downregulating p21 expression. Meanwhile, p53 downregulated miR-520g
expression, and the inhibition of miR-520g in p53 (—/—) cells increased the sensitivity to 5-FU treatment.

miRNAs in radiotherapy: Resistance to radiation has been shown to be one of the most severe
challenges in CRC treatment. Several miRNAs may be involved in the biological response to
radiation therapy.

In one study, miR-124 was shown to be significantly downregulated in CRC tissues and cell lines,
and miR-124 sensitized CRC cells to ionizing radiation both in vitro and in vivo. Furthermore, this
study demonstrated that PRRX1, a new EMT inducer, could be a novel target gene of miR-124,
and knockdown of PRRX1 sensitized CRC cells to radiation [102]. After exposure to different doses
of X-rays (0, 2, 4, 6, and 8 Gy), all of the RNAs and proteins in CRC cell lines were extracted 24 h
after irradiation, which showed that the expression of miR-221 was increased with the increase in
the irradiation dose, whereas PTEN protein expression levels were reduced. These results showed that
anti-miR-221 could improve the radiosensitivity of CRC cells by upregulating PTEN, indicating that
miR-221 may act as a potential useful biomarker and therapeutic target in CRC [103].
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3. Small Interfering RNAs in CRC

SiRNAs are sncRNAs of 21-25 nt that are formed by Dicer of the RNAase III family, which is
a specific enzyme for double-stranded RNAs. They are generally not endogenously produced,
but function as significant members of siRISCs and are used to silence target mRNAs by exogenously
introduced into cells by the researchers and to. The following siRNAs were recently found to be “star
ncRNAs” in CRC.

Stromal interaction molecule 1 (STIM1) is a factor associated with cancer progression that is
upregulated in highly invasive CRC cell lines and tissues, and promotes cell metastasis both in vitro
and in vivo. SiRNA-mediated silencing of STIM1 showed the opposite effect. Moreover, silencing of
STIMI inhibited EMT and STIM1 was shown to be a direct target of miR-185 [104]. Leukemia
inhibitory factor (LIF) expression was shown to be stimulated by hypoxia in human CRC cells, and
LIF induction under hypoxia was mainly mediated by HIF-2a. The knockdown of endogenous HIF-2a
by siRNA largely inhibited the induction of LIF by hypoxia [105]. The peroxiredoxins (Prdxs), as
important scavengers of reactive oxygen species (ROS), are upregulated in CRC tissues and cell lines.
SiRNA-mediated silencing of the Prdx2 gene decreases cell proliferation, increases cell apoptosis, and
induces endogenous production of ROS. Furthermore, Prdx2 was shown to be involved in the regulation of
the Wnt/B-catenin signaling pathway [106].

4. Piwi-Interacting RNAs in CRC

PiRNAs are a novel type of sncRNAs of 26-31 nt that specifically interact with
the P-element-induced wimpy testis (Piwi) protein. They can control and silence the transposable
elements (TEs) to protect the genome [107,108], whereas the uncontrolled expression of TEs can lead
to the loss of genome integrity.

Recent studies showed that they play crucial roles in carcinogenesis in humans [109,110]. PiR-651
was found to be significantly upregulated in gastric cancer and colon cancer tissues [111]. One study
showed that piRNAs are important determinants of CRC risk by binding to Piwi, and that genetic
variants in piRNAs modulate CRC susceptibility. They identified seven piRNA SNPs in a search of all
known human piRNAs available, and investigated the association between these seven SNPs and
the risk of CRC [112]. The SNP rs11776042 in piR-015551, which may be generated from a type of
IncRNA called LNC00964-3, was significantly associated with a decreased risk of CRC in an additive
model; however, the protective effect was not significant after multiple comparison correction.
Nevertheless, the results indicated that piR-015551 may be involved in the development of CRC.

5. Long Non-Coding RNAs in CRC

LncRNAs are newly identified ncRNAs that have been shown to play key regulatory roles in many
diseases including cancer, and have emerged as significant participants in tumor development and
progression. Additionally, the close association between dysregulated IncRNAs and the diagnosis and
prognosis of CRC patients indicated their potential capacity as novel biomarkers or therapeutic targets.
Several recent reports and reviews have described the role of IncRNAs in cancer, including
CRC [8,113—-116]. Furthermore, with the development of high-throughput microarray assays and
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bioinformatic approaches, many differently expressed IncRNAs have been identified in CRC.
In a microarray expression study, 23,920 IncRNAs were identified in paired CRC tissues, with
762 remarkably differentially expressed IncRNAs [117]. A different study [118] focused on screening
lymph node metastasis-associated IncRNAs in CRC patients, resulting in the identification of
1133 IncRNAs differentially expressed in metastatic lymph nodes (MLNs) compared with normal
lymph nodes (NLNs), of which 260 were upregulated and 873 were downregulated. Here, we
summarized several representative IncRNAs that are commonly detected in CRC.

5.1. MALATI

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a functional IncRNA that is
located on chromosome 11ql3 and was reported to be involved in multiple cancers including
osteosarcoma [119], hepatocellular carcinoma [120], and esophageal squamous cell carcinoma [121].
Its biological functions in the development and progression of CRC have recently attracted attention.

In a study of 146 CRC tissue samples obtained from stage II and III patients, the expression of
MALAT]1 was 2.26 times higher than that in adjacent normal tissues and significantly overexpressed in
male patients. However, there was no association between MALATI1 and other clinicopathological
factors. Moreover, patients with higher MALAT1 expression had shorter DFS and OS. The above
results indicate that the overexpression of MALATI1 could act as a negative prognostic marker for
CRC patients with stage II/III diagnoses [122]. At the same time, the expression of MALAT1 was
upregulated in LoVo and SW620 cells compared with SW480, HCT116, LS174T, and HCT8 cells, and
was higher in CRC tissues [123]. MALAT]1 significantly increased colony formation and migration of
cells in soft agar colony formation and wound healing assays in vitro and it promoted tumor growth
and lung metastasis in a mouse model in vivo. Regarding the underlying molecular mechanisms,
MALATI1 showed the ability to competitively bind to the tumor suppressor gene SFPQ and release
the proto-oncogene PTBP2 from the SFPQ/PTBP2 complex, while the increased SFPQ-detached
PTBP2 could promote tumor growth and migration. At the same time, the 3" end of MALAT! could
play crucial roles in promoting the invasion and migration of CRC cells [124]. Meanwhile, MALAT]1
is upregulated in CRC tissues and its expression is higher in tissues with lymph node metastasis,
as shown by Yang and colleagues [125]. The overexpression of MALAT1 promoted CRC cell
proliferation, invasion, and migration in vitro and tumor growth and metastasis in vivo. Interestingly,
MALATI1 might promote these biological functions by targeting PRKA kinase anchor protein 9
(AKAP-9), although further investigation is necessary.

Resveratrol, which is extracted from the Chinese herbal medicine “polygonum cuspidatum”, has
been suggested as a new Chinese medicine monomer anticancer drug for different cancers [126,127].
Furthermore, it has been shown to be effective against CRC through the caspase/cyclin-CDK
pathways [128] and the TGF-B1/Smads signaling pathway [129]. It significantly inhibited
the expression of MALATI1 in LoVo cells by directly inhibiting the promoter activity of MALATI,
and it inhibited cell proliferation, invasion, and migration in a dose-dependent manner in CRC.
The expression of MALAT]1 was statistically significantly associated with clinicopathological features
including metastasis and invasion. MALATI1 was shown to increase the cytoplasmic levels of B-catenin,
concomitant with the downregulation of its nuclear expression. The knockdown of MALATI could
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downregulate the expression of B-catenin downstream target genes such as c-myc and MMP-7.
Resveratrol suppressed CRC cell invasion and migration by inhibiting the Wnt/B-catenin signaling
pathway through the downregulation of MALAT1 [130] (Figure 4).
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Figure 4. The biological mechanisms of MALAT1 in CRC. Resveratrol could suppress
CRC cell invasion and migration by inhibiting Wnt/B-catenin signaling pathway through
downregulating MALATI1; MALATI1 might promote CRC development via targeting
AKAP-9; MALATI could bind to SFPQ and release PTBP2 from the SFPQ/PTBP2
complex that promotes tumor growth and migration.

5.2. HOTAIR

HOX transcript antisense intergenic RNA (HOTAIR) was found to transcribe the homeobox C gene
on chromosome 12q13.13 in an antisense manner. An increasing number of studies have shown that
the expression of HOTAIR is closely associated with a variety of cancers, suggesting that it is
a cancer-associated IncRNA [131,132]. Moreover, relevant studies have demonstrated that HOTAIR
could function as an underlying biomarker for lymph node metastasis, prognosis, and a therapeutic
target in tumors [133-136].

Several recent studies have analyzed the role of HOTAIR in CRC. The expression of HOTAIR was
found to be upregulated in cancer tissues from 95 CRC patients. The investigation of the association
between HOTAIR tag SNPs and the risk of CRC showed that patients with the rs7958904 CC
genotype had a decreased risk of CRC and the rs7958904 C allele was associated with the inhibition of
cell proliferation compared with the rs7958904 G allele, indicating that genetic variants of HOTAIR
play important roles in CRC [137]. Other studies showed that high HOTAIR expression is
accompanied with less differentiated histology, greater tumor depth, and liver metastasis. Patients with
high HOTAIR expression had poor prognosis, indicating that HOTAIR could be an independent
prognostic indicator in CRC patients by multivariate analysis. HOTAIR also promotes cell invasion in
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CRC and shows a close correlation with members of polycomb-repressive complex 2 (PRC2), such as
SUZ12, EZH2, and H3K27me3 in a ¢cDNA array [138]. Similarly, high expression of HOTAIR is
correlated with tumor depth, lymph node metastasis, organ metastasis, histological differentiation,
vascular invasion, and advanced tumor stage, and patients with HOTAIR upregulation show a poor
clinical prognosis such as lower metastasis-free survival and OS. Moreover, HOTAIR significantly
promotes cell migration and invasion, and has a mild effect on the inhibition of cell proliferation.
The knockdown of HOTAIR upregulated E-cadherin and downregulated vimentin and matrix
metalloproteinase 9 (MMP9), indicating that HOTAIR might be an important factor in the process of
EMT [139]. In addition to CRC tissues, the expression of HOTAIR in patients’ blood was higher than
that in healthy controls. The upregulation of HOTAIR in primary tumors and blood were both
associated with poor prognosis, which suggested that the expression of HOTAIR in blood could also
function as a prognostic marker in CRC [140].

5.3.HI9

H19 is a maternally imprinted oncofetal ncRNA that is located on chromosome 11p15.5. H19 is
highly expressed during the early stages of embryogenesis, whereas it is downregulated after birth,
without the function of a coding protein [141]. Recent studies showed that the dysregulation of H19
plays a role in different cancers including CRC. In a study conducted in 2002, the H19 differentially
methylated region (DMR) as well as a DMR upstream of exon 3 of IGF2 were shown to be
hypo-methylated in both CRC tissues and normal mucosa [142], whereas a 2012 study showed that
hypo-methylation of the sixth CTCF-binding site in the DMR of IGF2/H19 is related to loss of
imprinting (LOI), indicating that the LOI of IGF2 plays an important role in CRC [143]. H19 was also
strongly expressed in the liver metastasis of colon carcinoma via in situ hybridization (ISH) [144]. H19
could act as the precursor of miR-675, since both of H19 and miR-675 are upregulated in CRC tissues
and cell lines, and the tumor suppressor retinoblastoma (RB) was shown to be a direct target gene of
miR-675. Based on these results, the HI9/miR-675/RB pathway was suggested to play crucial roles in
CRC, and both H19 and miR-675 are important factors associated with CRC [145].

5.4. CCAT Family

Colon cancer-associated transcript 1 (CCAT1) maps to chromosome 8q24.21, which was first
discovered in CRC with strong expression [146]. CCATI is upregulated both in the early phase of
tumors, such as adenomatous polyps and tumor-proximal colonic epithelium, and in the later stages of
CRC, such as liver or peritoneal metastasis. Moreover, CCATI1 is upregulated in the peripheral blood
of CRC patients and in CRC-associated lymph nodes. CCAT1 expression has been investigated during
the development of colon carcinoma: from normal tissues, adenoma, invasive carcinoma to lymph
node and distant metastasis. The expression of CCAT1 was upregulated during the colon
adenoma-carcinoma sequence and through all disease stages [147]. Furthermore, CCAT1-specific
peptide nucleic acid (PNA)-based molecular beacons (TO-PNA-MB) were shown to generate
a specific fluorescence signal when hybridized to the specific CCAT]1 target in living cells and in
human biopsies, which demonstrated that CCAT1 TO-PNA-MB could be a novel diagnostic tool for
the detection of CRC [148]. CCAT1-L, as a novel CRC-specific IncRNA, was shown to be abundantly
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transcribed from a locus 515 kb upstream of MYC, and CCATI-L could influence MYC
transcriptional regulation and promote long-range chromatin looping in which CCATI-L may interact
with CTCF and modulate chromatin conformation [149].

Colon cancer-associated transcript 2 (CCAT2) was recently identified as a novel IncRNA in colon
cancer in 2013, and it maps to the highly conserved 8q24.21 region encompassing the rs6983267 SNP,
whose expression is not only upregulated in CRC tissues, but also in microsatellite-stable (MSS)
cancers compared with microsatellite-unstable (MSI-H) cancers and normal mucosae. Moreover,
CCAT2 was shown to promote cancer growth, metastasis, and induce chromosomal instability, and
CCAT2 upregulated MYC expression through the activation of the Wnt signaling pathway by
promoting TCF7L2 transcriptional activity rather than by increasing the quantity of TCF7L2 [150].
In addition to its role in CRC, CCAT2 is involved in breast cancer [151] and non-small cell lung
cancer [152], indicating that it may play an important role in tumorigenesis.

5.5. Other Significant LncRNAs in CRC

Several IncRNAs have been shown to be involved in the development of CRC, including
LOC285194 [153,154], uc.73 [155], uc.388 [155], lincRNA-p21 [156,157], GASS5 [158], ncRAN [159],
ncRuPAR [160], MEG3 [161], RP11-462C24.1 [162], PRNCRI1 [163], PVT-1 [164], CRNDE [165,166],
HULC [167], PCAT-1 [168], BANCR [169,170], UCA1 [171], ATB [172], LINC01296 [173], and
CCAL [174]. The associated biological processes and putative roles of these IncRNAs are
described in Table 5.

However, their roles as diagnostic or prognostic biomarkers in CRC have not been identified in
multiple studies, although some of these were identified in other cancers such as UCA1, BANCR,
PCAT-1, and HULC, and these results need further confirmation.

Table 5. Other significant IncRNAs in CRC.

Names Location Expression Biological Events Putative Roles References
tumor size, TNM stage, distant diagnostic and
LOC285194  Chr3ql3.31 l metastasis, prognosis, p53 transcription prognostic [153,154]
target, repression of miR-211, cell growth biomarker

diagnostic and
uc.73 Chr2q22.3 l overall survival prognostic [155]

biomarker

diagnostic and
uc.388 Chr12q13.13 l distal location of CRC prognostic [155]
biomarker

higher expression in rectum, stage III

tumors, pT and vascular invasion, .
sensitivity of

lincRNA- sensitivity of radiotherapy by targeting
Chr6p21.2 ! o CRC [156,157]
p21 the Wnt/B-catenin signaling pathway, )
. . radiotherapy
cell apoptosis, promote pro-apoptosis
gene Noxa expression
tumor size, histological grade, TNM prognostic
GASS Chrlg25.1 ! [158]

stage, prognosis, cell proliferation biomarker
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Table 5. Cont.

Names Location Expression Biological Events Putative Roles References
histological grade, tumors with diagnostic and
ncRAN Chr17q25.1 l liver metastases, prognosis, prognostic [159]
cell migration, invasion biomarker

lymph node metastasis,
distant metastasis, Duck’s stage, diagnostic
ncRuPAR Chr5q13.3 ! . . . [160]
histological grade, TNM stage, biomarker

negatively associated with PAR-1

. . . . diagnostic and
histological grade, tumor invasion, .
MEG3 Chr14q32.2 l . . . prognostic [161]
TNM stage, prognosis, cell proliferation

biomarker
RP11- ) ) ) prognostic
Chr4q25 l distant metastasis, prognosis . [162]
462C24.1 biomarker
SNPs in PRNCR1 may be involved in the
PRNCRI Chr8q24.21 - risk of CRC (rs13252298, rs1456315, - [163]
rs7007694, rs16901946 and rs1456315)
cell proliferation, invasion, prognostic
PVT-1 Chr8q24.21 1 ) . . [164]
apoptosis, prognosis biomarker
1 (tissue regulating cellular metabolism by insulin/ di .
iagnostic
CRNDE Chrl6ql2.2 and IGFs, a downstream target of the PI3K/Akt/ bi g N [165,166]
iomarker
plasma) mTOR pathway or Raf/MAPK pathway
1 (colorectal  neither expressed in primary CRC samples
HULC Chr6p24.3 hepatic nor normal tissues but upregulated in - [167]
metastasis) colorectal hepatic metastasis
) ) ) prognostic
PCAT-1 Chr8q24.21 i distant metastasis, prognosis . [168]
biomarker
lymph node metastasis, tumor stage,
contribute to cell migration by inducing .
. therapeutic
BANCR Chr9 tor] EMT via an MEK/ERK-dependent licati [169,170]
application
mechanism, cell proliferation, apoptosis, PP
GO/G1 cell cycle arrest, targeting p21
cell proliferation, apoptosis, cell cycle, diagnostic and
UCA1 Chr19p13.12 i tumor size, histological grade, prognostic [171]
tumor depth, prognosis biomarker
tumor size, tumor depth,
lymphatic invasion, vascular invasion, prognostic
ATB Chr14 - . . [172]
lymph node metastasis, biomarker
hematogenous metastases, prognosis
. prognostic
LINC01296  Chrl4qll.2 i prognosis . [173]
biomarker
promoting CRC progression and induced
multidrug resistance by targeting activator therapeutic
CCAL - 1 . . i [174]
protein 2a, shorter overall survival, application

worse response to adjuvant chemotherapy

1: upregulated; |: downregulated; -: unknown.
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6. Small Nucleolar RNAs in CRC

SnoRNAs are a subclass of sncRNAs, ranging in size from 60 to 300 nt, that exist in the nucleolus
of eukaryotic cells and are involved in the modification of ribosomal RNAs (rRNAs) [175]. SnoRNAs
are located within introns of protein-coding genes and are transcribed by RNA polymerase II.
SnoRNAs are classified as box C/D snoRNAs and box H/ACA snoRNAs, and box C/D snoRNAs are
responsible for 2'-O-ribose methylation of rRNAs [176], whereas box H/ACA snoRNAs are
responsible for pseudouridylation of rRNAs [177]. Several snoRNAs show differential expression
patterns in many human diseases [178] including several malignancies such as breast cancer [179],
prostate cancer [180], lung cancer [181], and hepatocellular carcinoma [182]. Their biological
behaviors and functions in cancer have been summarized previously [183,184]. SnoRNAs could serve
as reference genes to test the expression of miRNAs [185].

In the present review, we focused on current studies assessing the association of snoRNAs with
carcinogenesis in CRC. One study [186] showed that GASS5-derived snoRNA expression was
influenced by doxorubicin-induced DNA damage under the control of p53 in CRC cell lines and was
not affected by Dicer. This study also found that p53 expression was correlated with GAS5-derived
snoRNA levels in CRC. At the same time, a positive correlation was shown between the expression
levels of miR-34a and both snoRNA U44 and snoRNA U47 in CRC samples. The host gene-associated
5'-CpG islands of snoRNAs such as SNORD123, U70C, and ACA59B were completely unmethylated
in the normal colon mucosa, whereas they were hypermethylated in CRC cell lines, and these
hypermethylations were closely involved in transcriptional silencing in CRC cells. However,
the hypermethylation of snoRNAs is not limited to CRC, and it is a common phenomenon in other
cancers, especially in leukemias, as shown in a DNA methylation microarray platform [187].

7. Small Nuclear RNAs in CRC

The snRNAs form the core components of the spliceosome and catalyze the removal of introns from
pre-mRNA [188]. SnRNAs can form complexes with several proteins to form small nuclear
ribonucleo-proteins (snRNPs). There are five major classes of snRNAS, including U1, U2, U4, US,
and U6. The expression of U2 snRNA fragments (RNU2-1f) was shown to be stable both in the serum
and plasma of CRC patients, with a sensitivity of 97.7% and specificity of 90.6%, indicating that it
could be a potential diagnostic biomarker for CRC. The RNU2-1f assay might correctly identify CRC
patients as early as UICC stage II, suggesting that it could function as a potential non-invasive
screening method for detecting early CRC with a good prognosis [189]. In addition to its use in CRC,
RNU2-1f was also shown to be a diagnostic marker for cholangiocarcinoma [190].

8. Circular RNAs in CRC

Circular RNAs (circRNAs) are a special kind of endogenous ncRNA molecule, and they are
the most popular RNAs in research recently. Animal genomes can express thousands of circRNAs
from different genomic locations, and approximately 2000 human, 1900 mice, and 700 nematode
circRNAs were identified using sequencing; however, the true number of circRNAs is thought to be
higher [191]. CircRNAs play important roles in the regulation of gene expression at the transcriptional
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or post-transcriptional level. Certain circRNAs act as highly stable sponges for specific miRNAs,
such as CiRS-7 and SRY for miR-7 and miR-138, and are involved in competing endogenous RNA
networks [192]. Compared with the traditional linear RNAs, circRNAs form a closed loop structure
generated by the head-to-tail splicing of exons without 5’ to 3 polarity or a polyadenylated tail [193].
This unique structure may be attributed to the fact that exon circularization is dependent on flanking
intronic complementary sequences [194]. They are not affected by RNA enzymes, resulting in their
stable expression, and they are not easily degraded.

Recently, researchers showed that circRNAs are involved in the development of several types of
diseases including cancer [195-197]. In CRC, there are 39 circRNAs differentially expressed in
the normal colon mucosa and CRC samples, 11 of which are upregulated and 28 are downregulated [198].
The ratio of circular to linear RNA isoforms is lower in tumors than in normal samples, and it is even
lower in CRC cell lines. Furthermore, this ratio was shown to be negatively correlated with
the proliferation index. However, further studies are needed to explore their roles and mechanisms in CRC.

9. Transfer RNAs in CRC

Transfer RNA (tRNA) is an adaptor molecule composed of RNA, 76 to 90 nts in length [199].
tRNAs mainly carry amino acids into the ribosomes, and they are involved in protein synthesis under
the guidance of mRNA. It is noteworthy that tRNAs could be cleaved into tRNA fragments (tRFs)
when cells are exposed to various stresses with a potential impact on cell physiology such as
translation, apoptosis, disease progression, and especially cancer [200]. For example, hypoxic stress
can induce the production of tRFs, and they could suppress the development of breast cancer
metastasis through binding to oncogenic RNA-binding protein YBX1 and displacing pro-oncogenic
transcripts [201]. Although tRNAs have yet to be linked specifically to CRC, this may represent
a potential future avenue of research.

10. Conclusions and Future Perspectives

NcRNAs, such as miRNAs, IncRNAs, siRNAs, snoRNAs, snRNAs, circRNAs, and piRNAs, have
recently been shown to play a role in the development and progression of various cancers including
CRC, and they have been identified as novel diagnostic and prognostic biomarkers. The growing
number of studies on ncRNAs in CRC has increased our understanding of their molecular mechanisms
and biological processes, which has opened new fields of research in CRC.

In the present review, we comprehensively summarized the findings of recent original studies and
reviews on the role of ncRNAs in CRC, highlighting their usefulness and potential roles. Our findings
suggest that these “star ncRNAs” will function as strong therapeutic tools in the clinical treatment of
CRC in the future.
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