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Abstract: Colorectal cancer (CRC) is a leading cause of cancer death worldwide, and about 20% is
metastatic at diagnosis and untreatable. Increasing evidence suggests that the heterogeneous nature
of CRC is related to colorectal cancer stem cells (CCSCs), a small cells population with stemness
behaviors and responsible for tumor progression, recurrence, and therapy resistance. Growing
knowledge of stem cells (SCs) biology has rapidly improved uncovering the molecular mechanisms
and possible crosstalk/feedback loops between signaling pathways that directly influence intestinal
homeostasis and tumorigenesis. The generation of CCSCs is probably connected to genetic changes
in members of signaling pathways, which control self-renewal and pluripotency in SCs and then
establish function and phenotype of CCSCs. Particularly, various deregulated CCSC-related miRNAs
have been reported to modulate stemness features, controlling CCSCs functions such as regulation of
cell cycle genes expression, epithelial-mesenchymal transition, metastasization, and drug-resistance
mechanisms. Primarily, CCSC-related miRNAs work by regulating mainly signal pathways known
to be involved in CCSCs biology. This review intends to summarize the epigenetic findings linked to
miRNAome in the maintenance and regulation of CCSCs, including their relationships with different
signaling pathways, which should help to identify specific diagnostic, prognostic, and predictive
biomarkers for CRC, but also develop innovative CCSCs-targeted therapies.

Keywords: colorectal carcinoma; cancer stem cells; miRNAs; regulatory network; signaling pathways;
feedback loop

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second most frequent
source of cancer-related mortality worldwide [1]. Arnold et al. recognized three distinct
global temporal patterns to CRC development trends: A rise in both incidence and mortality
(Baltic countries, Russia, China, and Brazil); an increasing incidence, but decreasing in
mortality (Canada, the United Kingdom, Denmark, and Singapore); and reduction in both
incidence and mortality (the United States, Japan, and France) [2]. In highly advanced
nations, the increased cancer-incidence highlights the influence of dietary habits, obesity,
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and lifestyle. The reduced cancer-mortality is attributable to population-based screenings
and significant progresses in therapeutic options improving CRC patient’s management [2].
Approximately 10% of CRC patients under 55 years showed more severe and unfavorable
pathological features than older cohorts, resulting in a negative impact on their survival
outcome [3].

CRC is a well-studied malignancy for which extensive and heterogeneous genomic
aberrations, well-defined risk factors, slow progression, and identifiable and treatable
preneoplastic lesions have been described [4,5]. In patients at stage I of the disease, the
five-year survival rate is 90%, but we observed that a drastic reduction of slightly more
than 10% is observed when cancer patients reach stage IV [6]. Approximately 20% of CRC
patients already have metastases at diagnosis, and metastatic CRC (mCRC) is generally an
incurable disease [7]. CRC is a heterogeneous multifactorial disease presenting significant
differences in prognoses and responses to treatment. The importance of detecting specific
pathway abnormalities is crucial to improve diagnosis, prognosis, and therapeutic strate-
gies. CRC molecular alterations permit us to identify two distinct genetic pathways. The
adenoma-carcinoma pathway, defined as chromosomal instability (CIN) responsible for
up to 85% of CRC, and the serrated neoplasia pathway, accounting for the remaining 15%.
CIN mechanisms involved chromosome alterations and DNA damage response network,
affecting critical genes involved in cell function (APC, KRAS, PI3K, TP53) and pathways
(WNT, MAPK, PI3K, TGF-β) [8]. The serrated neoplasia pathway is associated with RAS
and BRAF gene mutations and epigenetic instability, characterized by the CpG island
methylator phenotype (CIMP). Genome-wide studies identified new markers and pheno-
typic subtypes based on polymerase-mutations or mismatch repair deficiency leading to a
hypermutated phenotype [8]. These two latter molecular events explain the microsatellite
instability (MSI) identified in the 15–20% of CRCs [9].

Current biomarkers in mCRC treatment decision involve evidence of KRAS and NRAS
mutations. A clear clinical meaning has only been achieved by KRAS oncogene in CRC
patient management. KRAS oncogene regulates the activation of downstream effectors of
several pathways, such as BRAF/RAS/MAPK, PI3K/AKT, RalGDS/p38-MAPK, etc., thus
influencing normal cell physiology, neoplastic cell biology, and therapeutic responses. At
least 40% of CRCs reported KRAS mutations that are biomarkers predictive of treatment
efficacy and patient outcome [10]. Particularly, exon 2 KRAS mutations are correlated to
advanced stage tumors and adverse prognosis [11]. Identification of KRAS mutations is a
key molecular test for evaluating targeted therapies in mCRC. The presence of wild-type
KRAS sequences guarantees the success of targeting by monoclonal antibodies (Cetuximab
or Panitumumab) of the EGFR axis [12]. BRAF gene mutation (V600E) has been associated
with aggressive clinical outcome in CRC patients [13]. Five percent of mCRC patients
show a link between MSI-high (MSI-H) and a striking response to immune checkpoint
blockade with anti-PD1 therapy [14]. Moreover, 3–8% of KRAS-wildtype CRC patients
exhibit anti-EGFR therapy resistance explained by the presence of HER2 amplification.

Despite extensive knowledge of CRC biology and improvements in therapy, such as
surgery, chemotherapy, and targeted therapies, this tumor remains one of the hard-to-treat
cancers considering the high frequency of metastases and recurrences after surgery, and
frequent resistance to first or second-line of treatment.

Cancer stem cells (CSCs) are multipotent and self-renewing cells whose role was first
identified in hematologic malignancies and recently in solid tumors, including CRC [15].
Some evidence supports the hypothesis that onset, progression, and development of drug
resistance in CRC might be related to the maintenance of a CSCs phenotype by deregu-
lation of pathways involved in transformation, differentiation, growth, and epithelial to
mesenchymal transitions (EMT) [16].

Recent data have validated the significant role of epigenetics in regulating the function
of CRC cells [17] and colorectal cancer stem cells (CCSCs) [18]. Non-coding RNAs (ncRNAs)
such as microRNAs (miRNAs) and long-non-coding RNAs (lncRNAs) control several cell
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functions and regulate gene expression by interacting with target mRNAs, resulting in
either mRNA degradation or translational repression [19].

The relationship between miRNAs gene expression profile and CRC clinical outcome
has been extensively analyzed [20]. MiRNAs control several cellular functions, including
self-renewal and cellular differentiation, that make SCs insensitive to environmental stimuli
that would normally stop most cells at the G1/S checkpoint. It could be proposed that the
mechanisms used by SCs to overcome this checkpoint should be used by tumor cells to
progress [21].

This review summarizes the role of CSCs in the CRC pathogenesis, describes the
emerging roles of miRNAs in the epigenetic regulation of CCSCs properties, and discusses
their potential clinical utility.

2. Intestinal Stem Cells Are Key Drivers of Epithelial Homeostasis and Regeneration

The intestinal stem cells (ISCs) are characterized by unlimited self-renewal ability,
long cell cycling, and an initial undifferentiated status that has the ability to differentiate
into specific cell lineages. They are also capable of genome repair and protection from
the microenvironment under attack [22,23]. The intestinal epithelium is the most rapidly
renewing tissue in our body. It undergoes a continuous and complete cell turnover (every 4
to 5 days) during entire life [24]. The cells at the villus tip are dispersed in intestinal lumen
and constantly replaced by new specialized epithelial cells, a process termed homeostasis.
The intestinal epithelium undergoes continuous aggression from the luminal contents:
More than 1011 epithelial cells are being lost every day in humans [25]. The intestinal
SCs, inserted at the base of the crypt of Lieberkühn, are responsible for homeostasis and
injury repair processes. We distinguish them in the rapidly cycling intestinal stem cells
(ISCs) positive for LGR5 marker, also called crypt base columnar (CBC), located at the crypt
base and interspaced between Paneth cells, and the slow-cycling label-retaining HOPX+,
LRIG1+, BMI1+, TERT+, DLL1+ ISCs, also called label-retaining cells (LRC), located at the
+4-position relative to the crypt base. All of these cells are surrounded by the niche [26–30].

During intestinal homeostasis, the actively LGR5+ ISCs split up symmetrically and
stochastically and generate transit-amplifying (TA) cells, which cover the rest of the crypt.
TA cells possess a high proliferative and migratory ability and undergo differentiation in
short-lived nutrient-absorbing enterocytes [26,31,32]. LGR5+ ISCs can also activate DLL1
expression and commit to the secretory progenitor cells, which supply mucin-secreting
goblet cells, peptide hormone-secreting neuroendocrine cells, and tuff cells. This process
replaces cells that are lost via anoikis at the villus tip. Paneth cell turnover is the only
exception to rapid self-renewal (every 3–6 weeks), generated from dedicated secretory cell
progenitors located in the TA compartment, which mature into differentiated defensing-
Paneth cells and follow a migratory path to the crypt bottom [31,33,34].

Accumulating evidence has suggested the existence of quiescent SCs in the intestinal
epithelium, called reserve SCs [27,28,35–39]. The tissue injury causes a loss of actively
proliferating LGR5+ ISCs: A regenerative response needs to recover their pool. Two models
have been postulated: The reserve SC model and the dedifferentiation model. The first one
considered the reserve ISCs playing their main function in the injured intestinal epithelium
regeneration, being resistant to DNA-damaging and able to active a proliferative response
increasing CBC lineage in response to such injury [40]. The reserve ISC are considered indis-
pensable during intestinal homeostasis [41] undergoing periodically division to generate
CBCs driven by high WNT signaling and marked by LGR5 expression. The second model
suggests the capacity of progenitor cells or terminally differentiated cells to enter again in
the cell cycle and recover the SC activity, regenerating the damaged epithelium [42–46].

The niche is a term conceived by Schofield in 1978 [47]. It has a complex biochemical
composition and biophysical architecture. It provides and integrates a plentiful of local and
systemic signals decisive for maintaining SCs functions, especially to ensure appropriate
and coordinated SCs responses to support the changing of tissues [48], both in the intestinal
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epithelium homeostasis and in the regenerative processes of the intestinal epithelium under
injury conditions.

The WNT signaling is the main pathway in regulating intestinal epithelial self-renewal
and proliferation. The gradient of WNT signaling exists along the crypt-villus axis explain-
ing the progressive loss of proliferative capacity and the acquisition of differentiation of the
cells migrated away from the WNT source at the base of the crypt [49]. WNT signaling is
responsible for the expression of EphB/EphrinB, which affect the position of the different
cells along the crypt-villus axis [50].

An inverse gradient of BMP signaling occurs alongside the crypt-villus axis. High vil-
lus activity inhibits cell proliferation and lower activity within the crypt, where a restricted
gradient of BMP antagonists originates from stromal cells, supports WNT signaling in
ISCs [51]. Notch signaling activity also contributes to the development of an absorptive
progenitor and ultimately mature enterocytes [52].

Different feedback signals between SCs and cell progeny have been identified. Paneth
cells release important signaling molecules such as WNT3, EGF, and Notch ligand DLL4,
which represent an important signal to ISCs [53,54]. Alternative pathways, such as stro-
mal secretion of WNTs, support intestinal homeostasis [55–57]. WNT signaling promotes
LGR5+ ISC self-renewal by additional signals from R-spondin receptors (LGR4, LGR5,
LGR6), which were stabilized and enabled to drive ISC expansion by WNT itself [58].
Furthermore, Paneth cells produce and provide lactate to ISCs, which increase the oxida-
tive phosphorylation with ROS production and differentiation [59]. ISCs send feedback
signals to cell progeny, maintaining their terminally differentiation and participating in
self-signaling loops. In the intestine, Notch signaling promotes LGR5+ ISCs proliferation
and prevents differentiation in secretory cell lineage by tuning local WNT signaling activity.
ISCs regulate homeostasis of their daughter cells and control the balance between self-
renewal and differentiation [60–62]. In the niche, various stromal cells (mesenchymal cells,
endothelial cells, immune cells) showed an active role in maintaining ISCs by secreting
signaling factors such as WNT, Notch, and BMP [63]. Several studies have proven that
intestinal progenitor cells, and even more differentiated cell types, exhibit deep plasticity,
giving them the ability to transdifferentiate and dedifferentiate under specific homeostatic
and regenerative conditions. These processes have been orchestrated by WNT signaling
of the niche [64]. New evidence suggests the role of the architecture of the niche and the
mechanical regulation of ISCs positioning, density, contractility, and compression within
the niche as strong self-organizing conditions that control ISC functions [64].

Identification of unambiguous intestinal SC-markers and molecular signaling between
the cells and stroma, aside from the development “in vitro” and “in vivo” of new tech-
nologies, should allow huge progress in knowing how intestinal SCs interact with niche
to maintain homeostasis in healthy intestinal epithelia, and how they could contribute
to intestinal cancer initiation and progression [65–67]. The ISC features make them ideal
for regenerative medicine approaches and an excellent candidate for accumulation of
mutations that promote cancer growth and therefore attractive as therapeutic targets.

3. Cancer Stem Cells in Colorectal Cancer

Recent technological progresses have identified several genetic and epigenetic aber-
rations explaining the heterogeneous nature of CRC and justifying the requirement of
personalized medicine for CRC patients. Additionally, CRC consists of heterogeneous
cell populations differing for markers expression, proliferative capacity, morphology, and
malignant potential. CRC intra-tumor heterogeneity is the seed of cancer formation due
to the presence of CSCs. The context in which the tumor should be studied by apply-
ing the principles of stem cell biology is given by the clonal expansion and repopulation
characteristics of the various cell lineages of CSCs within the tumor [68].

ISCs and transit-amplifying cells are the best candidates for the origin of CCSCs, given
that their high proliferative capacity allows easy acquisition of genetic and epigenetic
aberrations. Although, studies on histology of intestine and CRC suggested that CCCSs
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might arise from terminally differentiated cells [69]. Recent studies on de-differentiation
process suggested that intestinal non-stem cell mutated and persevered could lead to
adenoma progression in the presence of additional genomic events (e.g., b-catenin mutation
combined with increased NFKB signaling or changes in the microenvironment) [70]. ISC
features could be sustained by genetic/epigenetic aberrations acquired into different
neoplastic subclones [71]. Stemness is responsible for three key processes that trigger
tumor progression: Cell growth and proliferation, recurrence and metastasization, and
therapy resistance (Figure 1).
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mutation would be needed to transform a transit-amplifying (TA) or differentiated cell into a CCSC.

A convincing link between EMT and CSCs explained their crucial role in CRC pro-
gression and therapeutic resistance [72]. EMT-associated gene expression gives invasive
and metastatic characteristics, resistance to therapies, and CSCs phenotypes on cancer
cells [73–76]. The clinical implication is that by removing the CCSC, the tumor will no
longer be capable of growing. Based on the CSC hypothesis, our diagnostic and therapeutic
goals will be specifically discovered and targeted CCSCs [76].

Colorectal CSCs have been characterized based on specific markers. CD133 is well
documented: It is a membrane-bound glycoprotein involved in primordial cell differen-
tiation and EMT [77–80]. CD133+ cells produce IL-4 and use it to evade apoptosis. The
treatment with IL-4-neutralizing antibody or with IL-4Rα antagonist will greatly enhance
the sensitivity of CD133+ cells to chemotherapeutic drugs increasing antitumor efficacy,
confirming previous observation [81]. CD133+ CRC cells manifested the CSC-like proper-
ties, such as higher levels of SC markers OCT4 and SOX2, tumor sphere forming ability,
and more tumorigenic in NOD/SCID mice [82], which is consistent with OCT4 and SOX2
overexpression in poorly differentiated human tumors [83]. CSCs display EMT phenotype,
possess high levels of transcription factors SNAIL and TWIST, mesenchymal markers
vimentin and fibronectin, and low levels of epithelial protein E-cadherin. CD133+ CSCs
might escape immune surveillance by expressing inhibitory molecule B7H1. The EMT
phenotype was determined in human CRC cells in which CD133 was co-expressed with
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B7H1 [82]. All these findings do speculate that CD133+ CCSCs showing EMT phenotype
and co-expressing B7H1 may evade immune surveillance. Schmohl et al. demonstrated
that innate immune system can be effectively recruited to kill CCSCs using bispecific
antibodies targeting CD133. An innovative engineering technology has developed a new
anti-cancer molecule. Two fully humanized single chain DNA fragment variable antibodies,
recognizing CD16 on NK-cells and CD133 on CSC, were spliced creating a novel drug
defined 16 × 133 novel bispecific killer cell engager (BiKE). This molecule simultaneously
recognizes antigens to facilitate an immunologic synapse. 16×133 BiKE is a potent en-
gager of the innate immune system capable of inducing NK-cell degranulation and IFN-γ
production and mediating selective targeting of CD133+ CSCs. 16×133 BiKE may have
therapeutic potential in a clinical NK-cell therapy program for carcinomas, as it could serve
as an alternative therapy for drug resistant CSCs by its unique mechanism of action [84].

Analysis of CCSC lysate indicates that they may be a sufficient resource of tumor
antigens, and CCSC lysate-based vaccines could stimulate proliferation and differentiation
of immune cells overcoming the weak immunogenicity of CCSCs [85,86]. Mice subcuta-
neously immunized with the CCSC lysate reduced the tumor growth via a target killing
of CCSCs. They decrease CD133+ and ALDH+ cells in tumors vs. control vaccine groups,
resulting in elevated NK cytotoxicity, perforin production, granzyme B, IFN-γ, memory
B cells, and anti-MUC1 antibodies. MUC1 could induce metastasis, cell invasion and
proliferation, drug resistance, and angiogenesis in CRC [87]. Further, the antitumor efficacy
of CCSC vaccine in MUC1 knockdown was partially impaired [88].

ALDH1+ cells are found at low levels at crypt bases, but increase during progression
from normal to APC-mutant adenoma [89]. A high percentage of tumor cells expressing
ALDH1 correlate with poor prognosis in various cancers, and display properties of CSCs.
ALDH1 is a promising marker to identify CCSCs and a potential candidate for CSC-directed
therapy, due to the low expression of ALDH1 in normal colon compared to tumor [90,91].

CD44 is a cell surface glycoprotein involved in cell–cell interactions, adhesion of the
cytoskeleton to the extracellular matrix and cell migration [15,92] and, depending on WNT
signaling, its overexpression is an early event in the transformation of adenoma to CRC.
CD44+/CD24−/CD133− cells form the most aggressive colon tumors, removing the re-
quirement of CD133 in tumor onset [93]. Numerous studies have isolated and characterized
EpCAM+/CD44+ cells from CRCs. Dalerba et al. found that normal colon and CRC both
contain two populations of cells: EpCAMHigh/CD44+ and EpCAMLow/CD44−. Only the
first one develops tumors when injected into non-obese diabetic/SCID mice [15]. Using
a FACS-based selection, Kemper et al. identified in primary CRCs, a small population
of EpCAM+/LGR5+ cells. Spheroid cultures resulting from primary CRC are enriched
for CSCs and express high levels of LGR5, while cellular differentiation reduces LGR5
expression. The LGR5high CRC cells are more clonogenic and tumorigenic than LGR5low

CRC cells. LGR5 overexpression results in higher clonogenic growth, indicating that LGR5
is a new functional marker for CCSCs [94].

OCT4, SOX2, and NANOG are transcription factors that play a main role in the regu-
lation of pluripotency and implement the self-regulation of their expressions by linking
to their promoting regions [95]. OCT4 influences embryogenesis, stem cell maintenance,
tumor growth, and metastasis [95,96]. Though it is an important CSC marker, its expres-
sion has also been noted in colonic normal tissue. OCT4 expression has been principally
identified in the cytoplasm of CRC cells, suggesting a drive factor of recurrence, presum-
ably by preventing apoptosis [96]. OCT4 expression in CRC was present in cells which
are undergoing EMT, a key stage in progression and metastasis, and increasing the cell
stem-like phenotype [97]. SOX2 is reported to prevent differentiation of neural progenitor
cells and to be overexpressed in CRC stage III [96]. Talebi et al. comparing normal colon,
dysplastic polyps, and adenocarcinomas identified a significant correlation between SOX2
expression and CRC [98]. High level of SOX2 in CRCs positively correlates with metastases
and lymph node infiltration. SOX2 controls OCT4 expression, and this combination of tran-
scription factors promote pluripotency [95]. NANOG also influences pluripotency through
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transcriptional control [96]. Ibrahim et al. found NANOG in a subpopulation of colon
epithelial cells in primary CRC. The OCT4/SOX2 complex regulates NANOG expression
and controls the expression of pluripotency-related genes [99]. The high expression of
NANOG is correlated with poor prognosis in CRC patients [95].

Pathways Regulating Intestinal Stem Cell and Cancer Stem Cell Functions

The increasing knowledge of ISC biology has uncovered the molecular mechanisms
and possible crosstalk/feedback between signaling pathways that directly influence intesti-
nal homeostasis and tumorigenesis.

Solid evidence indicates that WNT/β-catenin pathway is the most relevant molecular
signaling in controlling cell fate through the crypt–villus axis. Mutations in key mediators
of the WNT pathway were present in about 90% of CRC [100]. Loss of APC frequently
occurs in heritable and sporadic CRC. It transforms epithelial cells through activation of the
WNT signaling, leading to the inappropriate stabilization of β-catenin. Rare mutations of
the scaffolding protein AXIN2, or β-catenin that remove its N-terminal Ser/Thr destruction
motif, underscore the central role of the inappropriate persistence of β-catenin/TCF com-
plex in the epithelial cell transformation [101–104]. In CRC cells, a constitutive activation
of the β-catenin/TCF complex drives a transcriptional program regulating cell fate, cell
proliferation, and stem cell maintenance, establishing the primary transforming CRC event.
This program is physiologically expressed in crypt stem/progenitor cells. The progenitor
proliferating cells at the bottom-crypt accumulate nuclear β-catenin with a consequent
hierarchical target genes expression. As the cells reach the mid-crypt, the reduction of
β-catenin/TCF activity results in cell cycle arrest and differentiation. The c-MYC down-
regulation releases p21(CIP1/WAF1) transcription, which sequentially mediates G1 arrest
and differentiation. Cells with APC or β-catenin aberrations become independent of the
physiological β-catenin/TCF signals. As a consequence, they continue to behave as crypt
progenitor cells in the surface epithelium, giving rise to CRC. Thus, the β-catenin/TCF
complex represents the switch that controls proliferation/differentiation in healthy and
malignant intestinal epithelial cells [105].

Increased WNT activity was identified in the CD133+ CCSC and in LGR5+ ISC,
which are supposed to be the origin of adenocarcinomas [106,107]. LGR5 is a WNT
pathway target gene and a well-established ISC marker [26]. APC deletion in LGR5+
colonic crypt base SCs induce the rapid transformation into adenomas: Aberrant WNT
activity in the LGR5+ SC compartment might be responsible for the tumor-initiating
process [107,108]. LGR5 positivity is sufficient for isolation of CSC fraction from tissue
defining the CSCs state. CRCs with cells overexpressing LGR5 showed a strong metastatic
and recurrence potential [109]. A comparative gene expression analysis between primary
CRC and its liver metastases tissues showed ASCL2 overexpression, an ISC marker, and
WNT target gene in the metastatic tumors together with several other WNT-induced ISC
markers, including LGR5, EphB3, ETS2, and SOX96 [110]. In summary, the canonical WNT
signaling is involved in the maintenance and expansion of CSCs. It acts directly on CSCs
themselves and indirectly through CSC-stromal/immune interactions. The activation of
WNT signaling directly influences the expression of stemness signature genes.

Interactions between WNT signaling and other pathways have been identified and
contribute to the early carcinogenesis, CSC maintenance, and CRC progression.

In CRC, c-MET overexpression is usually correlated with tumor progression, metasta-
sis, and poor prognosis [111]: Seemingly, accounted for by enhanced c-MET transcription
driven by aberrant WNT signaling. c-MET expression is prevalent at the invasive front of
the tumor [112], where the neoplastic cells interact with HGF expressing cancer-associated
fibroblasts and macrophages, inducing cell growth and survival, cell motility, and tumor
metastasis. c-MET activation might promote WNT signaling inducing stemness on tumor
cells [113], by involving AKT-mediated GSK3β activation and leading to phosphorylation
of LRP5/6 and stabilization of β-catenin [114,115].
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BMP and WNT signaling show multiple interconnections in CRC development.
SMAD4 downregulation is correlated with β-catenin overexpression, while functionally
the BMP signaling mediates by SMAD4 inhibits β-catenin expression [116]. BMP/SMAD
signaling stabilizes the hyperproliferation of ISCs induced by WNT signaling suppressing
the expression of SC genes, without a direct interference with WNT signaling [117]. Gene
expression analysis of SMAD4, TP53, and β-catenin has found nuclear β-catenin overex-
pression in the 84% of the CRC showing SMAD4-downregulation and/or TP53 deficient,
suggesting that the SMAD4 and TP53 activities control the effect of BMP signaling on the
WNT pathway [118]. A regulatory network has been identified between BMP and WNT
pathways mediates by PI3K/AKT signaling, which controls SCs behavior and transition of
quiescent and activated states, producing a balanced control of SC self-renewal through
regulating the β-catenin convergent downstream component [119].

The Hippo pathway was recently included between the signaling involved in CRC
pathogenesis and its deregulation associated with poor patients’ prognosis [120]. The
crucial interactions between Hippo and WNT signaling maintain cell homeostasis and
control ISC proliferation and CRC development. Varelas et al. observed a negative crosstalk
between Hippo and WNT signaling by interaction of TAZ and DVL in the cytoplasm, which
inhibits CK1 binding and WNT3A-induced DVL phosphorylation, thereby inhibiting the
WNT3A-induced transcriptional response. In CRC, the Hippo signaling is repressed, lead-
ing to increased nuclear TAZ and reduced TAZ-DVL complex, which results in increased
WNT-stimulated DVL phosphorylation, β-catenin nuclear accumulation, and induction
of WNT-target genes [121]. Azzolin et al. found that in the absence of WNT signaling,
the activation of the β-catenin destruction complex is responsible for TAZ degradation in
the cytoplasm [122]. Nuclear YAP physically forms a complex with β-catenin, resulting
in the cooperation of YAP/TAZ with β-catenin to induce cell proliferation and promote
tumor development.

Aberrant RSPO/LGR signaling is frequently associated with CRC. In a recent model,
a crosstalk has been identified between RSPOs protein and WNT signaling that is related
to cell surface clearance of the homologous transmembrane E3 ubiquitin ligases RNF43
and ZNRF3, identified as negative modulators of the WNT signaling [123,124]. Without
RSPOs, a negative feedback maintains both canonical and non-canonical WNT signaling
regulation due to the activity of ZNRF3/RNF43 complex that favors the ubiquitination
and degradation of WNT receptors. These ligases decrease the availability of FZD promot-
ing membrane clearance through endocytosis and ubiquitin-mediated degradation. With
RSPOs, the assembling of a specific RSPO/LGR/RNF43/ZNRF3 complex suppresses the
RNF43/ZNRF3 activity [125] causing the auto-ubiquitination of ZNRF3/RNF43 and im-
proving the availability of FZD receptors [126]. The RSPO/LGR4 complex could improve
WNT pathways through the recruitment of IQGAP1 in a ZNRF3/RNF43-independent man-
ner and recruiting the cytoplasmic mediator of WNT signaling DVL. The complex promotes
LRP5/6 phosphorylation leading to activation of canonical WNT signaling [127]. Aber-
rant RSPO/LGR signaling is frequently associated with CRC and a promoter methylation
caused RSPO2 downregulation. The RSPO2 anti-oncogenic role on CRC growth depends
on the LGR5 presence on neoplastic cells: RSPO2 may function as a tumor suppressor by
negatively regulating WNT signaling through a LGR5-dependent manner [128].

Notch signaling maintains the intestinal development and homeostasis regulating
differentiation of colonic goblet cells and stem/progenitor cells [129]. In CRC cells, a direct
interaction between β-catenin and Notch signaling regulated by Jagged1 expression has
been identified. The interaction of β-catenin with Notch1 decreases its ubiquitination,
causing an increase of HES-1 gene expression, which is associated with tumorigenesis. The
GSK3β is an important junction between WNT and Notch signaling crosstalk, and mediates
the phosphorylation of Notch intracellular domain-1 (NICD-1), which localizes it in the
nucleus, enhancing its transcriptional activity and stabilizing it [130]. The non-canonical
WNT/Ca2+ pathway relates with Notch signaling: Activation of CaMKII by WNT5a
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promotes phosphorylation of RBP-J-interacting corepressor SMRT increasing promoter
activity of Notch-responsive genes [131].

Hedgehog signaling plays a crucial role in CRC pathogenesis. Different members of
this pathway such as SHH, PTCH1, SMO, and Gli are shown to be overexpressed in CRC
and positively correlated with tumor progression [132,133]. Hedgehog signaling maintains
CSCs survival and expansion [134]. A crosstalk between Hedgehog and WNT pathways is
important for CRC recurrence and metastatic potential [135,136]: The kinases GSK3β and
CK1 worked to phosphorylate and degrade both β-catenin and full-length Gli-3. The latter
is recognized by b-TrCP leading to the degradation of C-terminal peptides to generate
Gli3R, which subsequently blocks Gli-1 activity [137]. SFRP-1 is a negative regulator of
both WNT and Hedgehog pathways, it interacts with Gli-1, but also binds to β-catenin to
control their nuclear–cytoplasmic distributions [138,139]. Moreover, both pathways are
regulated by common modulators such as TP53, PTEN, SMO, and KRAS [137,140,141].

Single gene mutation of members of WNT and RAS/MEK/ERK pathways often does
not induce significant neoplastic transformation while multiple variations of both pathway
genes work synergically to promote onset and progression of tumorigenesis. A growing
body of evidence indicates that APC and KRAS gene mutations, playing a role in WNT and
RAS/MEK/ERK pathways, respectively, cooperatively interact, inducing cell proliferation,
neoplastic transformation, CSCs activation, and metastasis. A further mechanism based on
the stabilization of β-catenin and mutation status of KRAS was described depending on the
status of WNT signaling. The APC loss could explain a positive cooperation due to usage of
a common kinase GSK3β in the phosphorylation of β-catenin and KRAS, increasing nuclear
β-catenin and RAS/MEK/ERK signaling activation, which induce transcription of target
genes as CSCs markers CD44, CD133, and LGR5 and EGFR involved in the progression of
malignancy phenotype [142,143].

PI3K/AKT/mTOR signaling is hyperfunctioning in CRC and contributes to keep
cell growth and metastasis in CRC [144]. The inhibition of this pathway might represent
a potential targeted therapeutic approach [145]. mTOR signals, activated through the
RAS/MEK/ERK and PI3K/AKT pathways induced by tyrosine kinase receptors EGFR
and IGFR, regulate cell growth and proliferation, cell metabolism by mediating multi-
ple signals: growth factors, nutrients, hormones, and energy/stress status [146,147]. A
crosstalk between RAS/MEK/ERK and PI3K/AKT pathways in CSCs has been reported
in CRC [143,148]. PI3K/AKT pathway could deactivate GSK3β increasing nuclear β-
catenin [149]. The combined expression of CSC markers (CD166, CD44), active mTOR
signals (pS6), and WNT signal markers (β-catenin) increase CRC aggressiveness such as
metastasis and resistance to chemotherapy via synergic interactions. Specific patterns
of CSC markers and β-catenin/mTOR signaling could predict poor survival in stage II
CRC [150].

In intestinal epithelium, EphB receptors and ligands are WNT signaling target genes
that control cell compartmentalization along the crypt axis, defining crypt–villus bound-
aries and positioning Paneth cells at the bottom-crypt [50]. EphB receptors are suppressors
of CRC progression, showing that the entity of EphB2 silencing correlates inversely with
patient survival [151,152]. The EphB downregulation in CRC, in spite of the constitutive
activation of the WNT signaling, should suggest a mechanism of transcriptional silencing
of EphB genes that acts in a dominant way over the β-catenin/TCF complex.

Inflammation-related signal is a crucial regulator in cancers driven by WNT signal-
ing [153]. Gavert et al. demonstrated that the neural cell-adhesion molecule L1CAM, which
is a target of WNT signaling, is exclusively expressed in the invasive front in CRC, increases
cell growth and motility, and promotes liver metastasis through the NF-κB signaling acti-
vation. Overexpression of the NF-κB p65-subunit was demonstrated to increase CRC cell
proliferation, motility, and metastasis. Using the inhibitor of κB super repressor (IκB-SR),
the L1CAM-mediated metastatic process could be blocked [154,155]. The metastatic capac-
ity of CRC relates to a complex between the cytoskeletal crosslinking protein Ezrin, L1CAM,
and the active phosphorylated p65-subunit in the juxtamembrane region of neoplastic cells,
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suggesting that L1CAM-mediated activation of NF-κB signaling involving Ezrin is a key
mechanism of CRC progression [156].

Figure 2 shows a graphical representation of the main complex positive and negative
feedback loops existing between WNT signaling and other signaling pathways involved in
CRC pathogenesis. We underline their essential role in deregulation of important biological
cell processes such as growth and proliferation, apoptosis, invasion and motility, CSCs
maintenance, and EMT leading to progression, invasiveness, and therapy resistance.
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phosphorylation and β-catenin stabilization; deregulation of BMP signaling stabilizes β-catenin
by downregulation of SMAD4 and PTEN phosphorylation; Hippo signaling repression stabilizes
β-catenin reducing the TAZ-DVL complex in the cytoplasm, while the increasing of TAZ/YAP
complex in the nucleus cooperates with β-catenin. (B) RSPOs induce RNF43/ZNRF3 ubiquitination
improving WNT canonical and non-canonical signaling. (C) The interactions between Notch and
WNT signaling improve Notch activity, GSK3β phosphorylates NICD-1 favoring localization in the
nucleus, CaMKII induces phosphorylation of SMRT increasing promoter activity of Notch-responsive
genes; the crosstalk between Hedgehog and WNT signaling includes Gli-3 phosphorylation by
GSK3β/CK1 blocking Gli-1 activity, SFRP-1 interacts with Gli-1 and β-catenin to control their
nuclear–cytoplasmic distributions.

4. MicroRNAs Dysregulation on Colorectal Cancer Stem Cells: An Overview

MiRNAs are a family of small endogenous single-stranded (21–25-nucleotide) noncod-
ing RNAs that regulate gene expression by different feedback mechanisms, such as recog-
nition of proprietary sequences, seed region, 3′UTR or 5′UTR, or open reading frame (ORF)
of the mRNA target, triggering mRNA degradation or translational repression [157,158].
One miRNA can target up to several hundred mRNAs, alternatively, the expression of a
gene can be controlled by several miRNAs. Deregulation of miRNA expression could affect
a multitude of transcripts and influence several functions of the cancer pathway. MiRNAs
regulate the expression of gene involved in biological processes whose dysregulation is
strongly related to initiation and progression of cancer [159].

The recognition of miRNAs as regulators of gene expression has made them the most
widely investigated epigenetic elements involved in cancer: They potentially represent
therapeutic targets, but also diagnostic and prognostic biomarkers for malignancy. MiRNA
expression level variations were identified between colorectal neoplastic vs. normal tissues.
Evidence from in vitro and animal models (nude mice) has shown that anti-tumor “miRNA
mimics” inhibit cell proliferation, migration, and induce apoptosis in CRC [160,161] while
several miRNAs are indicative of response to chemotherapy [162]. MiRNAs could have
critical clinical significance in the diagnosis, treatment, and prediction of outcomes in
CRC patients.

MiRNAs are involved in controlling the SCs growth and regulatory mechanisms, such
as maintenance, reprogramming, pluripotency, and differentiation by targeting various
signaling pathways [163,164]. MiRNAs expression profiles were related to SCs vs. differen-
tiated cells tissue [165]. MiRNAs expression variations causing deregulation of signaling
pathways in CCSCs, influence CSC features, EMT, angiogenesis, metastasis, and pharmaco-
resistance processes [166]. MiRNAs regulate functions of CCSCs interacting with the main
signaling pathways required for maintenance of SC pluripotency (WNT/β-catenin, Notch,
BMP, inflammatory signaling pathways, etc.) [167].

MiR-21 was one of the most deeply studied oncomiR in CCSCs. MiR-21 is overex-
pressed in chemotherapy-resistant (CR) CRC cells highly enriched in CSCs. It controls
tumor growth, recurrence, invasion, and metastasis acting on downregulation of oncosup-
pressor genes including PTEN, which is normally involved in the rule of SCs self-renewal. A
strong downregulation of PTEN in SCID mice xenografts of miR-21-overexpressing HCT116
cells leads to an increase of 60-80% in the self-renewal capacity of CCSCs. Colonospheres
highly enriched in CCSCs show miR-21 overexpression and PTEN downregulation [168],
and their downstream effectors, such as TIAM1, promote EMT and cell migration [169].
Conversely, miR-21 downregulation results in a significant reduction in CD44 expression
and regulation of the tumorigenic properties of colonospheres enriched in CCSCs [168]. In-
teresting results were obtained using the difluorinated curcumin (CDF), which inhibits the
growth of 5-Flurouracil-Oxaliplatin-resistant HCT116, HT-29, and metastatic SW620 CRC
cell lines, decreasing miR-21 levels and restoring PTEN levels with following reduction
in AKT phosphorylation miR-21/AKT/PTEN axis could be responsible of differentiation
of CRC cells and enhance susceptibility to therapeutic regimens [168]. MiR-21 plays an
important regulator role in CRC stemness cells by activating WNT/β-catenin signaling
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modulated by downregulation of TGFβR2, which is a direct target of miR-21 [170]. Re-
cently, a negative feedback between miR-21 and miR-145 mediated by the RAS/MEK/ERK
pathway has been identified and related to CSC proliferation and/or differentiation in
CRC cell lines. It has been hypothesized that miR-21 increases RAS/MEK/ERK signaling
activity leading through RREB1 to the repression of miR-143/145 cluster, and that miR-145
inhibits miR-21 transcription through blocking KRAS and decreasing AP1, which is the
main transcription factor of miR-21. MiR-21 controls its upregulation by a positive feedback
loop with AP1. In vivo experimentation proved that growth inhibition reduces CSCs pro-
liferation and differentiation, as evidenced by CD44 downregulation and CK20 induction
following miR-145 overexpression or miR-21 downregulation [171]. MiR-21 overexpression
was observed in CRC neoplastic tissues, serum, and stool, and increased with disease
progression and between TNM stages of CRC [172–174]. MiR-21 overexpression in serum
and tissue has been significantly related with poor response to chemotherapy and disease-
free survival [175]. Notably, miR-21 was downregulated in serum from patients who
underwent curative surgery [174]. Bullock et al. demonstrated that deregulation of miR-21
is a stromal phenomenon in CRC, highlighting a potential mechanism through which
upregulated stromal miR-21 increases invasion in vitro. MiR-21 overexpression in stro-
mal fibroblasts induces TGF-β-dependent fibroblast-to-myofibroblast trans-differentiation
and negatively controls RECK protein expression, which regulate negatively MMP2 via
post-transcriptional mechanisms, then enhanced tumor invasion through upregulated
MMP2 activity [176]. MiR-21 is also implicated in drug interaction with Regorafenib, a
broad-spectrum kinase inhibitor approved for CRC treatment in combination with clas-
sical chemotherapeutic drugs. An in silico and in vitro integrated analysis exhibited a
direct intermolecular interaction between Regorafenib and miR-21 pre-element to stabilize
miR-21 pre-element and prevent RNase Dicer-mediated cleavage of the pre-element to
mature miR-21. Describing a potential alternative mechanism for anti-CRC treatment with
Regorafenib [177].

MiR-221 is a CCSC-related miRNA, overexpressed in 90% of CRC and positively
associated with advanced TNM stage, local invasion, and poor prognosis [178,179]. MiR-
221 overexpression in plasma and stool could be considered as a non-invasive diagnostic
and prognostic marker correlated with poor overall survival in CRC patients [180,181].
MiR-221 binds to the 3′-UTR of the CDKN1C/p57 mRNA in an incomplete complementary
pairing pattern and inhibits mRNA translation without a complete degradation. In vitro
experiments confirmed that miR-221 overexpression promotes the CRC cells growth in-
creasing the S-phase population by CDKN1C/p57 downregulation. MiR-221-specific
inhibitor inhibits cell proliferation and induces apoptosis in CRC, inducing overexpres-
sion of CDKN1C/p57 [178]. A miR-221/222-mediated positive feedback loop provides
constitutive activation of NF-κB and STAT3 pathways in CRC, suggesting a link between
inflammatory signaling and oncogenic addiction. MiR-221/222 control NF-κB and STAT3
signaling by binding to and stabilizing RELA mRNA. MiR-221/222 upregulate both RELA
and STAT3 protein binding the PDLIM2, reducing the ubiquitination and degradation of
both proteins [182]. MiR-221 overexpression improves invasion and metastasis in CRC
through targeting RECK [183], and its inhibition enhances the radiosensitivity of CRC
cells inducing PTEN overexpression [184]. A mechanistic link between miR-221 and QKI
highlighted their key role in regulating CSC properties in CRC. MiR-221 is mainly ex-
pressed in the EpCAM+/CD44+ population and represents a required component of the
tumor growth in vivo. QKI-5 has been identified as a functional target of miR-221 and
a tumor growth suppressor in vivo. These results suggest that the functional interaction
between miR-221 and QKI represents a molecular network involved in the regulations of
CSC biology in CRCs [185].

Monzo et al. found that the miR-17-92 cluster and its target gene E2F1 exhibit a similar
expression pattern comparing human colon tissue and CRC regulating cell proliferation in
both tissues. In situ hybridization identified miR-17-5p overexpression in the crypt progen-
itor compartment, suggesting a controller role in colon stem/progenitor cell proliferation
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and differentiation [186]. MiR-17-mediated CYP7B1 regulation promotes EMT and the
formation of a stem cell-like population in human CRC cells [187]. Expression profile in
exfoliated colonocytes isolated from feces in CRC and healthy patients, showed miR-17-92
cluster and miR-135 overexpression in CRC patients vs. healthy volunteers. MiRNA ex-
pression profile of the isolated colonocytes may be useful for CRC screening [188]. MiR-18a
upregulation in in vitro models and tissues/sera of CRC patients, revealed association
to CSC phenotype, metastasis and age, suggesting its role as metastatic biomarkers in
CRC [189]. CSC-related miR-17 expression increases during progression from the primary
CRC to liver metastasis [190]. MR-92a overexpression is present in chemoresistant CRC
tissues and cells. In vitro experimentation showed that the miR-92a expression conferred
resistance to 5-Fluorouracil (5-FU), while antagomiR-92a significantly enhanced the drug
sensitivity of CRC cells in vivo, establishing a role of miR-92a in supporting the develop-
ment of chemoresistance in CRC. A newly IL-6/STAT3/miR-92a/WNT axis is involved
with chemoresistance, where IL-6/STAT3 pathway raise up miR-92a expression by direct
target of its promoter, switching on WNT/β-catenin signaling activation by targeting
KLF4, GSK3β, and DKK3, and subsequently stimulating the stem-like phenotype of CRC
cells [191]. Viswanathan et al. demonstrated that miR-92a downregulates LRIG1, that
there exists a positive correlation between miR-92a levels and CRC cell numbers, and that
miR-92a overexpression was identified in ALDH-positive CCSCs, which do not express
LRIG1. Considering that LRIG1 is known as a pan-ERBB negative regulator and that
LRIG1 promotes SC quiescence especially in intestinal system, it has been hypothesized
that miR-92a overexpression, by LRIG1 downregulation, decreases differentiation and
increases proliferative potential of ALDH-positive CSCs during CRC development [192].
MiR-492, miR-200a, miR-338, miR-29c, miR-101, miR-148a, miR-92a, miR-424, and miR-210
were proven to be promising diagnostic and prognostic markers in the clinic outcome of
CRC patients [193].

MiR-371/373 cluster is a specific regulator of SCs maintenance, and strongly dysreg-
ulated in various cancers, particularly in CRC. WNT/β-catenin signaling transactivated
miR-372/373 in a β-catenin/LEF1/miR-372-373/DKK1 regulatory feedback loop way sug-
gesting that miR-372/373 upregulation provides to CSC-like properties in CRC [194]. MiR-
371/373 overexpression improves the stemness of CRC cells by enriching the CD26/CD24-
positive cell population responsible for chemoresistance, self-renewal, and metastases. A
mechanistic model identified as responsible for miRNA-372/373-induced stemness in-
cludes upregulation of NANOG and Hedgehog stemness-pathways and repression of
NF-kB, MAPK/ERK, and VDR differentiation-related pathways. Important regulator
genes of cell differentiation such as SPOP, VDR, and SETD7 are target genes of miR-
372/373, and their downregulation reveals poor differentiation of CRC cells. MiR-372/373
improves CRC cell stemness by repressing differentiation genes [195]. Contrariwise, miR-
371-373/TGFβR2/ID1 signaling axis represents an innovative regulatory mechanism of
self-renewal and metastatic colonization in TICs obtained by primary cultures enriched
in CCSCs. The loss of miR-371/373 cluster expression and the consequent induction of
TGFβR2 and ID1 signaling improve the self-renewal capacity and metastatic outgrowth
potential of disseminated TICs [196].

The bone marrow-derived mesenchymal stem/stromal cells (BM-MSCs) play impor-
tant roles in tumor development through the release of cytokines or exosomes. BM-MSC-
derived exosomes contained distinct miRNAs including miR-142-3p, which promotes
the CSCs phenotype in CRC by targeting Numb and thus promoting the Notch pathway
activation [197]. The treatment with Antrodia cinnamomea (AC) decreases the number,
cell viability, inhibits self-renewal capacity, and induces apoptosis of colon tumor spheres,
due to the downregulation of cancer-associated stemness marker such as β-catenin, SOX2,
NANOG, and of EMT-related genes such as vimentin and MMP3, and upregulation of
miR142-3p. AC combined with 5-FU increase the sensitivity of CRC cells to chemothera-
peutic drugs and synergistically suppress the neoplastic cell viability by stimulating the
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expression of apoptosis-related genes and suppressing inflammation and metastasis-related
genes through miR142-3p [198].

MiR-196b-5p was markedly upregulated in CRC tissues and in the serum exosomes
of CRC patients and its high expression correlates with poor survival. MiR-196b-5p
stimulates stemness and 5-FU-chemoresistance of CRC cells, giving rise to activation of
STAT3 signaling by targeting negative regulators of the pathway such as SOCS1 and
SOCS3 [199].

MiR-26b is associated with high lymph node metastasis in CRC patients. It promotes
metastasis and invasion in the CRC cell lines contributing to induce EMT and stem cell-like
phenotype in a subpopulation of CRC cells by simultaneously suppressing PTEN and WNT5A
mRNAs [200]. Preclinical CRC model and retrospective studies have identified new poten-
tial prognostic and predictive targets, such as EphA2/EFNA1/EGFR/PTPN12/ATF2/mir-
200a/mir-26b, which could be helpful in selecting CRC patients with poor prognosis and
Cetuximab (CTX)-resistance [201].

First evidence of miR-34a as a tumor suppressor in cancer dates back to 2008. A
positive feedback loop was identified in which TP53 induces miR-34a expression, which
through inhibition of SIRT1, increases TP53 activity in CRC cell lines [202]. The Notch
pathway is affected by miR-34a expression: This signaling shows a major role in cell fate
determination either during development or oncogenesis. MiR-34a binds the Notch recep-
tors mRNA, reducing protein levels and dampening downstream Notch signaling. The
Notch signaling is a critical regulator of asymmetric/symmetric division in several normal
SCs, including colon SCs. The decision of a CCSC to perform either symmetric or asymmet-
ric division is strongly depended on miR-34a expression levels, which acts as a bimodal
switch to target Notch in CCSCs, regulating the choice of daughter cells to self-renew or to
differentiate during division [203]. Furthermore, the activation of a conditional miR-34a
allele in DLD-1 CRC cells reduces c-KIT expression and suppresses sphere formation,
demonstrating that miR-34 directly targets c-KIT, interfering with c-KIT-mediated effects
on CRC cells as well as expression of markers of stemness and β-catenin, activation of
ERK signaling, invasion and metastasis and chemoresistance [204]. A further feed-forward
regulatory loop between SNAIL/miR-34a/ZNF281 which regulates the EMT process was
identified. ZNF281 interacts with NANOG, OCT4, SOX2 transcription factors, and c-MYC
regulating pluripotency and stemness [205]. A new regulatory model conducted by Lnc34a,
strongly enriched in CCSCs, causes miR-34a spatial imbalance by directly targeting it and
promoting asymmetric division of CCSCs. Lnc34a silences miR-34a gene, independently
of TP53, by recruiting DNMT3a via PHB2 and HDAC1 to methylate and deacetylate the
miR-34a promoter. Besides, Lnc34a levels affect CCSC self-renewal and growth in xenograft
CRC models [206]. More importantly, miR-34a regulates chemosensitivity in CRC [10].
CRC patients treated with Oxaliplatin (OXA)-based chemotherapy showed miR-34a down-
regulation and TGF-β and SMAD4 overexpression, as well as in vitro experiments in
OXA-resistant or not CRC cells by OXA treatment. OXA-induced miR-34a downregulation
increased drug resistance activating macro-autophagy in CRC cells. Expression of SMAD4
and miR-34a in CRCs shows a significant inverse correlation, while overexpression of miR-
34a inhibits macro-autophagy activation by targeting SMAD4 through the TGF-β/SMAD4
pathway [207]. Regorafenib treatment reduces stemness phenotypes, as well as number
of colonies, tumor spheres, and stem-like phenotypes and WNT1, mTOR/STAT3, Notch1
markers. Mechanistically, regorafenib-treated CRC cells showed overexpression of tumor
suppressor miRNAs, especially miR-34a, suggesting that regorafenib treatment suppresses
CCSCs via the induction of miR-34a levels, explaining why patients with metastatic and
drug-resistant responded towards the treatment of regorafenib [208]. MiR-34a in combina-
tion with paclitaxel strongly decrease cells viability in CRC cell lines, through targeting
and downregulating SIRT1 and BCL2 genes [209].

The ZEB1-2 transcription factors are critical EMT activators, unlike to the miR-200
family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429), which induces epithelial
differentiation. A reciprocal feedback loop between the members of the TGF-β/ZEBs/miR-
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200f axis has been identified. EMT prevalently controls cellular motility, but it is also
related to SC properties, and miR-200f plays an important role as an SC regulator through
negative EMT modulation [210]. MiR-200f is one of the most remarkable tumor suppressor
miRNA in various types of cancer [211]. In CRC patients, miR-200a downregulation
represents an independent prognostic factor, based on differences in the EMT and SC
formation capacity [212]. High miR-200c serum levels might represent an interesting
noninvasive prognostic CRC marker [213]. High levels of miR-141 in plasma are associated
with the capacity to detect stage IV CRC when combined with CEA marker, and were
negatively associated with overall survival in patients [214]. In CRC cells, the miR-200c
downregulation increases the expression of SCs markers, such as CD166 and CD133, and
improves SCs characters. MiR-200c and SOX2 reciprocally control their expression through
a feedback loop: MiR-200c suppresses the expression of SOX2 to block the activity of
the PI3K/AKT pathway [215]. The EMT inducer ZEB1 could trigger EMT and preserve
stemness, enhancing the invasiveness of cancer cells in the whole body, and promoting
stemness-associated growth and differentiation in metastasis.

Mechanistically, ZEB1 connects EMT-activation and stemness-maintenance by sup-
pressing stemness-inhibiting miRNAs, such as miR-200c, miR-203, and miR-183 that co-
operate to suppress expression of SC factors in neoplastic cells. It can be concluded that
ZEB1 is a promoter of CCSs migration [216]. ZEB1 overexpression is induced by SPRY2 by
induction of ETS1 transcription factor and repression of miR-200 family and miR-150 [217].
ASCL2 is a downstream target of WNT signaling that controls the fate of intestinal cryptic
SCs and CRC progenitor cells. Its downregulation promotes the reversion of mesenchymal
phenotypes by increasing the miR-200f levels through a direct binding to miR-200b-a-429
promoter [218]. NANOG is a SC gene that could potentiate tumorigenic cooperating with
other molecules. It demonstrated its direct repression on transcription of the miR-200c
and miR-200b genes, which mediated NANOG-induced EMT [219]. miR-200c is also in-
volved in chemotherapeutic drug resistance. The miR-200c repression in CRC leads to an
increase in 5-FU chemoresistance and early EMT while decreasing the levels of E-cadherin
and PTEN protein [220]. The inhibitory effect of Zerumbone on the EMT process and
CSC markers, in the presence or absence of miR-200c, could be a promising candidate for
reducing the risk of CRC progression by suppressing the WNT/β-catenin signaling via
miR-200 [221].

Low miR-302a expression especially in CTX-resistant cells, patient-derived xenografts,
and CRC tissues, correlates with poor overall survival in CRC patients. Restoring miR-302a
expression in vitro and in vivo inhibits metastasis by directly targeting NFIB, which is a
transcriptional activator of ITGA6, and restores CTX-sensitivity directly suppressing CD44,
which induces CSCs properties and activates EGFR-dependent MAPK and AKT signal-
ing [222]. MiR-302a overexpression is a useful strategy for inhibiting IGF1-R, inactivating
AKT, and enhancing 5-FU-induced cell death and viability inhibition in CRC cells [223].

MiR-20b is correlated with clinicopathological features and survival rate in CRC. It
reduces 5-FU-resistance by suppressing the ADAM9/EGFR signaling in CRC cells [224].
The expression of miR-20b-5p is negatively correlated with MALAT1 and OCT4 levels
in CRC cells, assuming that there might be some targeted regulatory axis between them.
MALAT1, a competing endogenous RNA, might interfere with miR-20b to mediate the
expression of OCT4, a transcription and maintenance factor for stemness, growth, and
tumor metabolism [225].

MiR-451 controls the ability of CCSCs to self-renew and resist drugs. Restoring of
miR-451 results in reduction of colon sphere formation and growth and inhibition of
tumorigenicity in vivo by inducing downregulation of COX-2 and WNT pathway, while
the sensitization to the irinotecan in CSCs is induced by the targeting of ATP-binding
cassette [226]. MiR-451 overexpression reduces CRC cell proliferation and accumulation at
the G0/G1 phase of the cell cycle and increases apoptosis, with a corresponding cellular
arrest in the G2/M phase. MiR-451 reduces the expression of OCT4, SOX2, and SNAIL,
indicating its role in SCs and EMT regulation [227].



Int. J. Mol. Sci. 2021, 22, 1603 16 of 35

MiR-137 inhibits stem function in various types of SCs, such as neural SCs and
embryonic SCs [228]. MiR-137 directly regulates MSI1 and is inversely correlated in a
panel of CRC cell lines and rectal tumors vs. paired normal mucosa. In vitro, miR-137 over-
expression reduces MSI1 expression, cell and tumor sphere growth, and colony formation
while restoring miR-137 expression in xenograft tumor models minimizes tumor growth
in vivo [229]. MiR-137 suppresses CCSCs tumorigenicity, and its expression in normal SCs
suppresses uncontrolled cell proliferation through inhibition of DCLK1 expression [230].

Initial findings identified low miR-93 expression levels in human CCSCs vs. differen-
tiated CRC cells, indicating the involvement of miR-93 in the development or replication of
CCSCs. Restoring miR-93 inhibits cell proliferation and colony formation of CCSCs [231].
Mir-93 downregulation represents a prognostic factor for CRC: It is significantly associated
with adverse clinicopathologic features and short overall survival in CRC patients [232].
Recent data identify a lncRNA–miRNA functional network on a subpopulation of highly
tumorigenic human CRC cells, in which miR-93 directly binding the lncRNA LOCCS
reducing cell proliferation, invasion, migration, and generation of tumor xenografts [233].

MiR-215 is involved in the transcriptional network regulated by CDX1 and facilitates
the repression of cell cycle and stemness genes downstream of CDX1-mediated differentia-
tion switch. MiR-215 targets BMI1 mRNA, which varies inversely with CDX1, promoting
stemness and self-renewal [234]. MiR-194/miR-215 cluster suppresses growth and at-
tenuates the stemness of intestinal tumor organoids [235]. The lncRNAs UICLM acts as
endogenous molecular sponges to compete with miR-215 to regulate ZEB2 expression
involved in EMT phenotype and stem cell properties and affecting cell invasion and liver
metastasis in CRC cells [236]. MiR-215–5p is one of the main hypoxia-induced miRNAs
in different primary colon TICs cultures. It showed strong tumor- and TIC-suppressor
potential, acting as a negative feedback regulator of hypoxia-induced TIC activity. LGR5
has been identified as a new hypoxia/miR-215 downstream target: Low expression could
suggest a selective depletion of tumorigenic cells in specific cultures [237].

In CRC, miR-203 downregulation was correlated with advanced TNM stage and
lymph node metastasis. CRC patients with miR-203 downregulation had worse prognosis
than patients with a high miR-203 expression. MiR-203 overexpression abolishes in vitro
cell proliferation and invasion, promotes apoptosis, and inhibits in vivo tumor growth and
metastasis, by directly blocking EIF5A2 expression [238]. The overexpression of miR-203
enhanced the sensitivity of paclitaxel to TP53-mutated CRC cells, through the inhibition of
AKT2 activity. MiR-203 represents an inhibitor not only for tumor growth and metastasis,
but also revers chemoresistance in CRC [239].

The hyaluronan (HA) is a component of the extracellular matrix of mammal cells
that interacts with its receptor to activate c-SRC-dependent signaling that promotes cell
migration and tumor progression. CD44+ CSCs obtained by CRC cell lines treated with
HA show downregulation of miR-203 and overexpression of SNAIL protein and its nuclear
accumulation. Direct binding between SNAIL and the E-box-containing region of the
miR-203 promoter is responsible of CSCs maintenance in CRC [240].

The role of miR-16-5p was evaluated in in vitro experiments revealing that the BMSCs-
derived exosomes overexpressing miR-16-5p inhibit proliferation, migration, and invasion,
and simultaneously stimulate the apoptosis of the CRC cells via downregulation of ITGA2.
BMSCs-derived exosomes overexpressing miR-16-5p repressed the tumor growth [241].
MiR-16 targets survivin at both mRNA and gene levels. A regulatory loop between miR-16
and TP53 has been identified: TP53 inhibits the cyclin D1, CDK6, and survivin expression
through upregulating miR-16 in CRC cells. This process blocks proliferation and induction
of apoptosis of CRC cells through the intrinsic apoptosis pathway [242,243].

Shen et al. reported that the miR-139-5p levels decrease with the increase of clinical
malignancy features in CRC patients [244]. They confirmed its regulatory role in CRC cell
invasion and metastasis and in the reversal of multidrug resistance in CD133+/CD44+
CCSCs. A multiple drug resistance (MDR) cell model, which overexpresses CD44 and
CD133, demonstrated miR-139-5p downregulation and Notch1 overexpression. The latter
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is an important protein for SC maintenance and function, as a direct target of miR-139-5p,
both in vitro and in a knockout mouse model, maintains cell drug resistance [245]. MiR-139-
5p targets the WNT/β-catenin/TCF7L2 downstream effector E2-2 in CCSCs, regulating
the CCSCs stemness maintenance and metastasis, especially by EMT [246].

Some evidence underlies a close link between the oncosuppressor miR-147 and EMT,
which is reverted by the ectopic expression of miR-147 in CRC cells. A miR-147/TGF-β
signaling network is a regulator of EMT and progression of CRC. High levels of miR-147 in
CRC cells decreases AKT phosphorylation inducing EMT reversion, cell cycle arrest, and
recovering the epithelial EGFR inhibitor sensitivity at gefitinib in CRC resistance cells [247].
The ectopic expression of miR-147 in CRC cell lines, inhibits stem cell-like traits with
downregulation of CCSC markers, OCT4, SOX, and NANOG. Mechanistically, miR-147
inhibited stem cell-like traits in CRC cells by suppressing EMT via the WNT/β-catenin
pathway [248]. Recently, the inhibitory effect of miR147 overexpression on CRC cells
growth has been related to RAP2B gene levels that represent a target for miR-147 [249].

Strong and complex regulatory networks have been identified between dysregulated
miRNAs and disruption of the cell signaling balance involved in CSCs survival and
proliferation. An increasing number of studies have established that miRNAs, acting
as tumor suppressor or oncogene, could moderate and/or deregulate various signaling
pathways involved in regulatory mechanisms of CSCs as well as cell cycle, self-renewal,
and differentiation, EMT and drug resistance (Figure 3).
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The miRNAome deregulation is responsible of abnormalities in gene expression and
signaling pathways functions in CRC, shows differentiated miRNA expression profiles
associated with different features of CRC and represents the mechanism to induce CRC
initiation and progression. Table 1 provides an illustration of oncomiR and anti-oncomiR
involved in CRC pathogenesis.

Table 1. MiRNAs involved in CRC pathogenesis.

Function MiRNAs Validated Targets Biological Function
and Effect References

Oncogenic
(promotion)

miR-31 RASA1 LATS2 TNS1

Proliferation; migration and
invasion; mesenchymal

transitions (EMT); Immune
cell infiltration

[250–254]

miR-106b-5p FAT4 Proliferation, migration and
invasion; angiogenesis [255]

miR-10b TP53 P21 PTEN KLF4 Proliferation,
Migration, and invasion [256–258]

miR-100-5p ATG5 SMAD4
Apoptosis and autophagy;

proliferation, migration,
and invasion

[259,260]

miR-124 PLCB1 IQGAP1 ITGA3
Apoptosis and invasion;

growth and colony formation
ability; anoikis

[261–263]

miR-576-5p WNT5a AKT3 EMT; proliferation
and apoptosis [264–266]

miR-200a-3p FOXA1 EMT; migration and
invasion; proliferation [193]

miR-934 PTEN Induction of M2
macrophages polarization [267]

miR-151-3p CHL-1 Proliferation and invasion [268]

miR-96 AMPKα2 Proliferation and apoptosis [269,270]

miR-425-5p CTNND1
Discriminate KRAS-mutated

CRC vs. KRAS-wildtype CRC;
growth and metastasis

[250,271]

miR-224

GSK3β SFRP-2 BTRC
Caspase3-7 CPNE8
PHLPP2 NEDD4L

LGALSL SH3KBP1 ID3
MAFG PDE8A TMEM9B

CHP2 CEP85 FZD5S
LC4A4 RIOK3

Proliferation; migration
and invasion [272–275]

Oncogenic
(promotion)

miR-31 RASA1 LATS2 TNS1

Proliferation; migration and
invasion; mesenchymal

transitions (EMT); Immune
cell infiltration

[250–254]

miR-106b-5p FAT4 Proliferation, migration and
invasion; angiogenesis [255]

miR-10b TP53 P21 PTEN KLF4 Proliferation,
Migration, and invasion [256–258]

miR-100-5p ATG5 SMAD4
Apoptosis and autophagy;

proliferation, migration,
and invasion

[259,260]
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Table 1. Cont.

Function MiRNAs Validated Targets Biological Function
and Effect References

miR-124 PLCB1 IQGAP1 ITGA3
Apoptosis and invasion;

growth and colony formation
ability; anoikis

[261–263]

miR-576-5p WNT5a AKT3 EMT; proliferation
and apoptosis [264–266]

miR-200a-3p FOXA1 EMT; migration and
invasion; proliferation [193]

miR-934 PTEN Induction of M2
macrophages polarization [267]

miR-151-3p CHL-1 Proliferation and invasion [268]

miR-96 AMPKα2 Proliferation and apoptosis [269,270]

miR-425-5p CTNND1
Discriminate KRAS-mutated

CRC vs. KRAS-wildtype CRC;
growth and metastasis

[250,271]

miR-224

GSK3β SFRP-2 BTRC
Caspase3-7 CPNE8
PHLPP2 NEDD4L

LGALSL SH3KBP1 ID3
MAFG PDE8A TMEM9B

CHP2 CEP85 FZD5S
LC4A4 RIOK3

Proliferation; migration
and invasion [272–275]

Tumor
suppressive
(inhibition)

miR-486-5p PLAGL2 NRP-2
Inhibits of stemness genes;

proliferation, migration, and
apoptosis; EMT

[276–278]

miR-101 EZH2 Migration [279]

miRNA-137 c-MET Proliferation; growth;
migration and invasion [280]

miRNA-18a CDC42 KRAS Proliferation;
migration; apoptosis [281,282]

miR-149 IGF2BP1 EPHB3 TCF12
HOXB8 FZD5

Proliferation; migration and
invasion; EMT; apoptosis [273,283–285]

miR-150-5p

SEMA3A SMC2 LRRC58
EPHB2 SLC7A11 PALD1

RPL7L1 GRIN2B HILPDA
IL1A INCENP IPO5 SP5
NEK2 MCM10 PRKDC
PRPS1 TP53 HMGA2

LRP11 PKP4 JADE3 GINS1
LRG1 CTNNB1

Proliferation; migration and
invasion; EMT [273,286–288]

miR-150-5p

SEMA3A SMC2 LRRC58
EPHB2 SLC7A11 PALD1

RPL7L1 GRIN2B HILPDA
IL1A INCENP IPO5 SP5
NEK2 MCM10 PRKDC
PRPS1 TP53 HMGA2

LRP11 PKP4 JADE3 GINS1
LRG1 CTNNB1

Proliferation; migration and
invasion; EMT [273,286–288]
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Table 1. Cont.

Function MiRNAs Validated Targets Biological Function
and Effect References

miR-133b

SMC4 DHRS2 SMYD5
NEBL CCT2 SMC2 CENPF

PLK4 PDE10A CHEK1
TMEM123 LRRC58 PAQR4

E2F7 AHCY EPHB4
LRCH1 NUP205 SULF1

NCAPH PATZ1 DCAF13
PHF19 SLCO1B3 HELLS

HMGA1 HOXA9 KCNN4
SAMD5 MAD2L1 MKI67

ABCC1 PFAS DDIT4 ATRX
PARPBP CDCA8 LRRC36
BRIX1 ZNF280C PRPS2

SLC39A10 PPM1H ALPK3
KIAA1549 PTPRO RFC3
BICD1 XPO4 RANBP17

SIM2 SLC6A6 BMP7 HLTF
FSCN1 SOX4 SOX9 SQLE
TCF7 TM4SF4 MYRF CA8
SH3TC2 FAM57A PGAP1
TTYH3 REG4 TMPRSS13

ZNRF3 NKD1 STC2
ADAM9 CCNB1 DUSP27

FOXQ1 CD44 LZTS3 CDK1
MELK

Proliferation and metastasis [273,289]

miR-133a

MAD2L1 NEBL TMEM123
E2F7 HOXA9 KRT7
SAMD5 PFAS ATRX

ZNF280C PRPS2 ALPK3
KIAA1549 PTPRO XPO4

SLC6A6 HLTF FSCN1
SOX4 SQLE TCF7 MYRF
FAM57A ZNRF3 STC2

FOXQ1 RHOA

Cell motility [273,290]

miR-489

IPO7 SMC2 PAICS
PDE10A AP3M2 ZNF618
ESCO2 DUSP4 SLC7A11
DCAF13 OSBPL3 IPO5

ZDHHC9 PKP1 GPCPD1
WDR35 RAN SLC28A3

TFAP4 FZD3 LRP11 PKP4
STC2 ADAM9 CDK1

Proliferation, migration,
and invasion [273,291–293]

miR-139-5p

PTPRU TSPAN5 CDK6
TMEM123 SSX2IP RPL22L1
DPY19L1 CLEC5A HOXA9
ITGA2 MAD2L1 PHKA1
PODXL DNAJC10 DDIT4

ATRX BCOR PSPH PTPRO
ROBO2 RYR2 SNTB1 TCF3
TCF12 TGIF1 TOP2A FZD3
PROSER1 ADGRG1 YAP1

Notch1

Proliferation, migration,
and invasion [273,294]

miR-145-5p FSCN1 MYRF TUG1 IGF1
CDCA3 RHBDD1

Proliferation and
migration; EMT [273,295–298]
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Table 1. Cont.

Function MiRNAs Validated Targets Biological Function
and Effect References

miR-222-3p

PTEN SYNCRIP IPO7
SMC2 ZNF618 SH3BP4
OSBPL3 GRB10 AQP3
SBK1 STMN1 MMP1

NAP1L1 DDIT4 SYBU
PRPS1 SLC39A10 WDR35

SLC22A3 HLTF TCF12
TFAP2A FZD3 NAA25

AXIN2 CBFB MST3

Migration and invasion [273,299,300]

miR-126 mTOR SLUG
TWIST VEGFA

Apoptosis and autophagy;
angiogenesis; EMT [301]

miR-206 hnRNPA1 CCL2 CXCR4
VEGF-A YAP1

Warburg effect; proliferation;
migration and invasion [302–305]

miR-330 HMGA2 PFN1 LASP1 Migration and viability;
proliferation [306–308]

miR-144 NRAS SMAD4
ANO1 EZH2

Proliferation; migration
and invasion [309–311]

miR-218-5p SEC61A1 c-FLIP Proliferation; migration
and invasion; apoptosis [312,313]

miR-654-3p SRC Proliferation; migration
and invasion [314]

miR-497-5p FOXK1 BCL2 ACSL5 AVL9 Proliferation; migration
and invasion [315–318]

5. Conclusions

A growing body of evidence suggests that the heterogeneous nature of CRC is related
to CSCs, neoplastic cells with stemness behaviors responsible for tumor progression, recur-
rence, and resistance to therapy. It is important to establish the critical role of miRNAs as
modulators of the stemness features of CCSCs, achieved through modulation/deregulation
of the key SC signaling pathways. Here we discuss the diagnostic/prognostic clinical
utility of several miRNAs, the regulation of miRNA-mediated chemosensitivity in CCSCs
highlighting the potential predictive role of miRNAs in CRCs. Conventional chemotherapy
typically relies on the elimination of differentiated CRC cells while failing to eliminate
the CCSCs with tumor persistence. A treatment approach combining targeted drugs with
conventional chemotherapy has achieved more favorable results. Interestingly, CSCs have
specific surface markers that should be targeted in development of therapies, in addition
to targeting members of the signaling pathways, the tumor microenvironment, modifying
the epigenetics of CSCs, and focusing on eliminating CSCs by stimulating the immune
system. Stem cell miRNAs, miRNA-mimics, and miRNA-antagonists could be potential
targets for development of individualized therapies and considering for clinical application.
Considering that drug-targeted renewal and differentiation processes of CSCs are insuffi-
cient, stem cell miRNA-targeted therapy should provide advantages towards development
of new therapeutic options against CRC. Moreover, targeting of CCSCs should increase
chemosensitivity and reduce metastatic potential of neoplastic cells, leading to a better
outcome for CRC patients. To confirm the results obtained in CRC preclinical models,
clinical translated analysis will be required before a miRNA-based therapeutic approach
can be applied into clinical applications.

Author Contributions: Conceptualization, M.R.D.M., A.A., and A.M.S.; literature survey and
database curation, M.R.M., C.A., G.P., G.D., M.C.N. and V.R.; writing—original draft preparation,
M.R.D.M., A.A., and A.M.S.; writing—review and editing the full content of the manuscript: C.C.



Int. J. Mol. Sci. 2021, 22, 1603 22 of 35

and P.U.; funding acquisition, M.R.D.M., A.P. and A.M.S.; supervision, P.C.-R., and A.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was partly supported by grants from Fondazione Banco di Sardegna,
Italy, and “Fondo di Ateneo per la Ricerca 2019 and 2020” from the University of Sassari, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CRC colorectal cancer
CCSCs colorectal-cancer stem cells
SCs stem cells
mCRC metastatic CRC
CIN CIN
CIMP CpG island methylator phenotype
MSI microsatellite instability
EMT epithelial to mesenchymal transitions
ncRNAs non-coding RNAs
miRNAs microRNAs
lncRNAs long non-coding RNAs
ASCs adult stem cells
TA transit-amplifying
ISCs intestinal stem cells
CBC crypt base columnar
LRC label-retaining cells
BiKE killer cell engager
NICD-1 Notch intracellular domain-1
IκB-SR inhibitor of κB super repressor
ORF open reading frame
CR chemotherapy-resistant
CDF difluorinated curcumin
5-FU 5-Fluorouracil
BM-MSCs marrow-derived mesenchymal stem/stromal cells
AC Antrodia cinnamomea
OXA Oxaliplatin
CTX Cetuximab
TIC tumor-initiating cells
HA Hyaluronan
MDR multiple drug resistance

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Arnold, M.; Sierra, M.S.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global patterns and trends in colorectal cancer

incidence and mortality. Gut 2017, 66, 683–691. [CrossRef]
3. Perrott, S.; Laurie, K.; Laws, K.; Johnes, A.; Miedzybrodzka, Z.; Samuel, L. Young-onset colorectal cancer in the North East of

Scotland: Survival, clinico-pathological features and genetics. BMC Cancer 2020, 20, 108. [CrossRef]
4. Pira, G.; Uva, P.; Scanu, A.M.; Rocca, P.C.; Murgia, L.; Uleri, E.; Piu, C.; Porcu, A.; Carru, C.; Manca, A.; et al. Landscape of

transcriptome variations uncovering known and novel driver events in colorectal carcinoma. Sci. Rep. 2020, 10, 432. [CrossRef]
[PubMed]

5. Uleri, E.; Piu, C.; Caocci, M.; Ibba, G.; Sanges, F.; Pira, G.; Murgia, L.; Barmina, M.; Giannecchini, S.; Porcu, A.; et al. Multiple
Signatures of the JC Polyomavirus in Paired Normal and Altered Colorectal Mucosa Indicate a Link with Human Colorectal
Cancer, but Not with Cancer Progression. Int. J. Mol. Sci. 2019, 20, 5965. [CrossRef]

6. Brenner, H.; Kloor, M.; Pox, C.P. Colorectal cancer. Lancet 2014, 383, 1490–1502. [CrossRef]
7. Riihimaki, M.; Hemminki, A.; Sundquist, J.; Hemminki, K. Patterns of metastasis in colon and rectal cancer. Sci. Rep. 2016, 6.

[CrossRef] [PubMed]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1136/gutjnl-2015-310912
http://doi.org/10.1186/s12885-020-6606-0
http://doi.org/10.1038/s41598-019-57311-z
http://www.ncbi.nlm.nih.gov/pubmed/31949199
http://doi.org/10.3390/ijms20235965
http://doi.org/10.1016/S0140-6736(13)61649-9
http://doi.org/10.1038/srep29765
http://www.ncbi.nlm.nih.gov/pubmed/27416752


Int. J. Mol. Sci. 2021, 22, 1603 23 of 35

8. Muzny, D.M.; Bainbridge, M.N.; Chang, K.; Dinh, H.H.; Drummond, J.A.; Fowler, G.; Kovar, C.L.; Lewis, L.R.; Morgan, M.B.;
Newsham, I.F.; et al. Comprehensive molecular characterization of human colon and rectal cancer. Nature 2012, 487, 330–337.
[CrossRef]

9. Marzouk, O.; Schofield, J. Review of histopathological and molecular prognostic features in colorectal cancer. Cancers 2011, 3,
2767–2810. [CrossRef] [PubMed]

10. Bahrami, A.; Hassanian, S.M.; ShahidSales, S.; Farjami, Z.; Hasanzadeh, M.; Anvari, K.; Aledavood, A.; Maftouh, M.; Ferns, G.A.;
Khazaei, M.; et al. Targeting RAS signaling pathway as a potential therapeutic target in the treatment of colorectal cancer. J. Cell.
Physiol. 2018, 233, 2058–2066. [CrossRef]

11. Li, W.; Qiu, T.; Zhi, W.; Shi, S.; Zou, S.; Ling, Y.; Shan, L.; Ying, J.; Lu, N. Colorectal carcinomas with KRAS codon 12 mutation are
associated with more advanced tumor stages. BMC Cancer 2015, 15. [CrossRef] [PubMed]

12. Amado, R.G.; Wolf, M.; Peeters, M.; Van Cutsem, E.; Siena, S.; Freeman, D.J.; Juan, T.; Sikorski, R.; Suggs, S.; Radinsky, R.; et al.
Wild-type KRAS is required for panitumumab efficacy in patients with metastatic colorectal cancer. J. Clin. Oncol. 2008, 26,
1626–1634. [CrossRef] [PubMed]

13. Van Cutsem, E.; Köhne, C.H.; Láng, I.; Folprecht, G.; Nowacki, M.P.; Cascinu, S.; Shchepotin, I.; Maurel, J.; Cunningham, D.;
Tejpar, S.; et al. Cetuximab plus irinotecan, fluorouracil, and leucovorin as first-line treatment for metastatic colorectal cancer:
Updated analysis of overall survival according to tumor KRAS and BRAF mutation status. J. Clin. Oncol. 2011, 29, 2011–2019.
[CrossRef]

14. Le, D.T.; Uram, J.N.; Wang, H.; Bartlett, B.R.; Kemberling, H.; Eyring, A.D.; Skora, A.D.; Luber, B.S.; Azad, N.S.; Laheru, D.; et al.
PD-1 Blockade in Tumors with Mismatch-Repair Deficiency. N. Engl. J. Med. 2015, 372, 2509–2520. [CrossRef] [PubMed]

15. Dalerba, P.; Dylla, S.J.; Park, I.K.; Liu, R.; Wang, X.; Cho, R.W.; Hoey, T.; Gurney, A.; Huang, E.H.; Simeone, D.M.; et al. Phenotypic
characterization of human colorectal cancer stem cells. Proc. Natl. Acad. Sci. USA 2007, 104, 10158–10163. [CrossRef]

16. Frank, N.Y.; Schatton, T.; Frank, M.H. The therapeutic promise of the cancer stem cell concept. J. Clin. Investig. 2010, 120, 41–50.
[CrossRef]

17. Fadda, A.; Gentilini, D.; Moi, L.; Barault, L.; Leoni, V.P.; Sulas, P.; Zorcolo, L.; Restivo, A.; Cabras, F.; Fortunato, F.; et al. Colorectal
cancer early methylation alterations affect the crosstalk between cell and surrounding environment, tracing a biomarker signature
specific for this tumor. Int. J. Cancer 2018, 143, 907–920. [CrossRef]

18. Li, F.; Xu, Y.; Xu, X.; Ge, S.; Zhang, F.; Zhang, H.; Fan, X. lncRNA HotairM1 Depletion Promotes Self-Renewal of Cancer Stem
Cells through HOXA1-Nanog Regulation Loop. Mol. Ther. Nucleic Acids 2020, 22, 456–470. [CrossRef]

19. Guo, L.; Lu, Z. The Fate of miRNA* Strand through Evolutionary Analysis: Implication for Degradation As Merely Carrier Strand
or Potential Regulatory Molecule? PLoS ONE 2010, 5, e11387. [CrossRef]

20. Baek, D.W.; Kim, G.; Kang, B.W.; Kim, H.J.; Park, S.Y.; Park, J.S.; Choi, G.S.; Kang, M.K.; Hur, K.; Kim, J.G. High expression of
microRNA-199a-5p is associated with superior clinical outcomes in patients with locally advanced rectal cancer. J. Cancer Res.
Clin. Oncol. 2020, 146, 105–115. [CrossRef]

21. Croce, C.M.; Calin, G.A. miRNAs, cancer, and stem cell division. Cell 2005, 122, 6–7. [CrossRef]
22. Chen, J.; Liu, H.; Liu, J.; Qi, J.; Wei, B.; Yang, J.; Liang, H.; Chen, Y.; Chen, J.; Wu, Y.; et al. H3K9 methylation is a barrier during

somatic cell reprogramming into iPSCs. Nat. Genet. 2013, 45, 34–42. [CrossRef]
23. Miles, D.C.; de Vries, N.A.; Gisler, S.; Lieftink, C.; Akhtar, W.; Gogola, E.; Pawlitzky, I.; Hulsman, D.; Tanger, E.; Koppens, M.;

et al. TRIM28 is an Epigenetic Barrier to Induced Pluripotent Stem Cell Reprogramming. Stem Cells 2017, 35, 147–157. [CrossRef]
[PubMed]

24. Cheng, H.; Leblond, C.P. Origin, differentiation and renewal of the four main epithelial cell types in the mouse small intestine V.
Unitarian theory of the origin of the four epithelial cell types. Am. J. Anat. 1974, 141, 537–561. [CrossRef] [PubMed]

25. Leblond, C.P.; Walker, B.E. Renewal of cell populations. Physiol. Rev. 1956, 36, 255–276. [CrossRef]
26. Barker, N.; Van Es, J.H.; Kuipers, J.; Kujala, P.; Van Den Born, M.; Cozijnsen, M.; Haegebarth, A.; Korving, J.; Begthel, H.; Peters,

P.J.; et al. Identification of stem cells in small intestine and colon by marker gene Lgr5. Nature 2007, 449, 1003–1007. [CrossRef]
[PubMed]

27. Montgomery, R.A.; Lonze, B.E.; King, K.E.; Kraus, E.S.; Kucirka, L.M.; Locke, J.E.; Warren, D.S.; Simpkins, C.E.; Dagher, N.N.;
Singer, A.L.; et al. Desensitization in HLA-Incompatible Kidney Recipients and Survival. N. Engl. J. Med. 2011, 365, 318–326.
[CrossRef] [PubMed]

28. Takeda, N.; Jain, R.; LeBoeuf, M.R.; Wang, Q.; Lu, M.M.; Epstein, J.A. Interconversion between intestinal stem cell populations in
distinct niches. Science 2011, 334, 1420–1424. [CrossRef] [PubMed]

29. Marshman, E.; Booth, C.; Potten, C.S. The intestinal epithelial stem cell. BioEssays 2002, 24, 91–98. [CrossRef] [PubMed]
30. Bjerknes, M.; Cheng, H. Intestinal Epithelial Stem Cells and Progenitors. Methods Enzymol. 2006, 419, 337–383. [CrossRef]
31. Barker, N. Adult intestinal stem cells: Critical drivers of epithelial homeostasis and regeneration. Nat. Rev. Mol. Cell Biol. 2014, 15,

19–33. [CrossRef]
32. Vermeulen, L.; Snippert, H.J. Stem cell dynamics in homeostasis and cancer of the intestine. Nat. Rev. Cancer 2014, 14, 468–480.

[CrossRef]
33. Crosnier, C.; Stamataki, D.; Lewis, J. Organizing cell renewal in the intestine: Stem cells, signals and combinatorial control. Nat.

Rev. Genet. 2006, 7, 349–359. [CrossRef] [PubMed]
34. Liu, Y.; Xiong, X.; Chen, Y.G. Dedifferentiation: The return road to repair the intestinal epithelium. Cell Regen. 2020, 9. [CrossRef]

http://doi.org/10.1038/nature11252
http://doi.org/10.3390/cancers3022767
http://www.ncbi.nlm.nih.gov/pubmed/24212832
http://doi.org/10.1002/jcp.25890
http://doi.org/10.1186/s12885-015-1345-3
http://www.ncbi.nlm.nih.gov/pubmed/25929517
http://doi.org/10.1200/JCO.2007.14.7116
http://www.ncbi.nlm.nih.gov/pubmed/18316791
http://doi.org/10.1200/JCO.2010.33.5091
http://doi.org/10.1056/NEJMoa1500596
http://www.ncbi.nlm.nih.gov/pubmed/26028255
http://doi.org/10.1073/pnas.0703478104
http://doi.org/10.1172/JCI41004
http://doi.org/10.1002/ijc.31380
http://doi.org/10.1016/j.omtn.2020.09.008
http://doi.org/10.1371/journal.pone.0011387
http://doi.org/10.1007/s00432-019-03099-4
http://doi.org/10.1016/j.cell.2005.06.036
http://doi.org/10.1038/ng.2491
http://doi.org/10.1002/stem.2453
http://www.ncbi.nlm.nih.gov/pubmed/27350605
http://doi.org/10.1002/aja.1001410407
http://www.ncbi.nlm.nih.gov/pubmed/4440635
http://doi.org/10.1152/physrev.1956.36.2.255
http://doi.org/10.1038/nature06196
http://www.ncbi.nlm.nih.gov/pubmed/17934449
http://doi.org/10.1056/NEJMoa1012376
http://www.ncbi.nlm.nih.gov/pubmed/21793744
http://doi.org/10.1126/science.1213214
http://www.ncbi.nlm.nih.gov/pubmed/22075725
http://doi.org/10.1002/bies.10028
http://www.ncbi.nlm.nih.gov/pubmed/11782954
http://doi.org/10.1016/S0076-6879(06)19014-X
http://doi.org/10.1038/nrm3721
http://doi.org/10.1038/nrc3744
http://doi.org/10.1038/nrg1840
http://www.ncbi.nlm.nih.gov/pubmed/16619050
http://doi.org/10.1186/s13619-020-00048-2


Int. J. Mol. Sci. 2021, 22, 1603 24 of 35

35. Li, N.; Clevers, H. Coexistence of quiescent and active adult stem cells in mammals. Science 2010, 327, 542–545. [CrossRef]
[PubMed]

36. Powell, A.E.; Wang, Y.; Li, Y.; Poulin, E.J.; Means, A.L.; Washington, M.K.; Higginbotham, J.N.; Juchheim, A.; Prasad, N.; Levy,
S.E.; et al. The pan-ErbB negative regulator lrig1 is an intestinal stem cell marker that functions as a tumor suppressor. Cell 2012,
149, 146–158. [CrossRef] [PubMed]

37. Tian, H.; Biehs, B.; Warming, S.; Leong, K.G.; Rangell, L.; Klein, O.D.; De Sauvage, F.J. A reserve stem cell population in small
intestine renders Lgr5-positive cells dispensable. Nature 2011, 478, 255–259. [CrossRef]

38. Wong, V.W.Y.; Stange, D.E.; Page, M.E.; Buczacki, S.; Wabik, A.; Itami, S.; Van De Wetering, M.; Poulsom, R.; Wright, N.A.; Trotter,
M.W.B.; et al. Lrig1 controls intestinal stem-cell homeostasis by negative regulation of ErbB signalling. Nat. Cell Biol. 2012, 14,
401–408. [CrossRef]

39. Yan, K.S.; Chia, L.A.; Li, X.; Ootani, A.; Su, J.; Lee, J.Y.; Su, N.; Luo, Y.; Heilshorn, S.C.; Amieva, M.R.; et al. The intestinal stem cell
markers Bmi1 and Lgr5 identify two functionally distinct populations. Proc. Natl. Acad. Sci. USA 2012, 109, 466–471. [CrossRef]

40. Bankaitis, E.D.; Ha, A.; Kuo, C.J.; Magness, S.T. Reserve Stem Cells in Intestinal Homeostasis and Injury. Gastroenterology 2018,
155, 1348–1361. [CrossRef]

41. Gracz, A.D.; Magness, S.T. Defining hierarchies of stemness in the intestine: Evidence from biomarkers and regulatory pathways.
Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 307, G260–G273. [CrossRef]

42. Buczacki, S.J.A.; Zecchini, H.I.; Nicholson, A.M.; Russell, R.; Vermeulen, L.; Kemp, R.; Winton, D.J. Intestinal label-retaining cells
are secretory precursors expressing lgr5. Nature 2013, 495, 65–69. [CrossRef] [PubMed]

43. de Sousa e Melo, F.; de Sauvage, F.J. Cellular Plasticity in Intestinal Homeostasis and Disease. Cell Stem Cell 2019, 24, 54–64.
[CrossRef] [PubMed]

44. Van Es, J.H.; Sato, T.; Van De Wetering, M.; Lyubimova, A.; Yee Nee, A.N.; Gregorieff, A.; Sasaki, N.; Zeinstra, L.; Van Den Born,
M.; Korving, J.; et al. Dll1 + secretory progenitor cells revert to stem cells upon crypt damage. Nat. Cell Biol. 2012, 14, 1099–1104.
[CrossRef] [PubMed]

45. Yan, K.S.; Gevaert, O.; Zheng, G.X.Y.; Anchang, B.; Probert, C.S.; Larkin, K.A.; Davies, P.S.; Cheng, Z.F.; Kaddis, J.S.; Han, A.; et al.
Intestinal Enteroendocrine Lineage Cells Possess Homeostatic and Injury-Inducible Stem Cell Activity. Cell Stem Cell 2017, 21,
78–90.e6. [CrossRef] [PubMed]

46. Yu, S.; Tong, K.; Zhao, Y.; Balasubramanian, I.; Yap, G.S.; Ferraris, R.P.; Bonder, E.M.; Verzi, M.P.; Gao, N. Paneth Cell Multipotency
Induced by Notch Activation following Injury. Cell Stem Cell 2018, 23, 46–59.e5. [CrossRef] [PubMed]

47. Schofield, R. The relationship between the spleen colony-forming cell and the haemopoietic stem cell. Blood Cells 1978, 4, 7–25.
48. Scadden, D.T. Nice neighborhood: Emerging concepts of the stem cell niche. Cell 2014, 157, 41–50. [CrossRef]
49. Pinto, D.; Gregorieff, A.; Begthel, H.; Clevers, H. Canonical Wnt signals are essential for homeostasis of the intestinal epithelium.

Genes Dev. 2003, 17, 1709–1713. [CrossRef]
50. Batlle, E.; Henderson, J.T.; Beghtel, H.; Van den Born, M.M.W.; Sancho, E.; Huls, G.; Meeldijk, J.; Robertson, J.; Van de Wetering,

M.; Pawson, T.; et al. β-catenin and TCF mediate cell positioning in the intestinal epithelium by controlling the expression of
EphB/EphrinB. Cell 2002, 111, 251–263. [CrossRef]

51. He, X.C.; Zhang, J.; Tong, W.G.; Tawfik, O.; Ross, J.; Scoville, D.H.; Tian, Q.; Zeng, X.; He, X.; Wiedemann, L.M.; et al. BMP
signaling inhibits intestinal stem cell self-renewal through suppression of Wnt-β-catenin signaling. Nat. Genet. 2004, 36, 1117–1121.
[CrossRef]

52. Fre, S.; Huyghe, M.; Mourikis, P.; Robine, S.; Louvard, D.; Artavanis-Tsakonas, S. Notch signals control the fate of immature
progenitor cells in the intestine. Nature 2005, 435, 964–968. [CrossRef]

53. Ganz, T. Paneth cells—Guardians of the gut cell hatchery. Nat. Immunol. 2000, 1, 99–100. [CrossRef] [PubMed]
54. Sato, T.; Van Es, J.H.; Snippert, H.J.; Stange, D.E.; Vries, R.G.; Van Den Born, M.; Barker, N.; Shroyer, N.F.; Van De Wetering,

M.; Clevers, H. Paneth cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature 2011, 469, 415–418. [CrossRef]
[PubMed]

55. Farin, H.F.; Van Es, J.H.; Clevers, H. Redundant sources of Wnt regulate intestinal stem cells and promote formation of paneth
cells. Gastroenterology 2012, 143. [CrossRef]

56. Kabiri, Z.; Greicius, G.; Madan, B.; Biechele, S.; Zhong, Z.; Zaribafzadeh, H.; Aliyev, J.; Wu, Y.; Bunte, R.; Williams, B.O.; et al.
Stroma provides an intestinal stem cell niche in the absence of epithelial Wnts. Development 2014, 141, 2206–2215. [CrossRef]
[PubMed]

57. San Roman, A.K.; Jayewickreme, C.D.; Murtaugh, L.C.; Shivdasani, R.A. Wnt secretion from epithelial cells and subepithelial
myofibroblasts is not required in the mouse intestinal stem cell niche in vivo. Stem Cell Rep. 2014, 2, 127–134. [CrossRef]

58. Yan, K.S.; Janda, C.Y.; Chang, J.; Zheng, G.X.Y.; Larkin, K.A.; Luca, V.C.; Chia, L.A.; Mah, A.T.; Han, A.; Terry, J.M.; et al.
Non-equivalence of Wnt and R-spondin ligands during Lgr5 + intestinal stem-cell self-renewal. Nature 2017, 545, 238–242.
[CrossRef] [PubMed]

59. Rodríguez-Colman, M.J.; Schewe, M.; Meerlo, M.; Stigter, E.; Gerrits, J.; Pras-Raves, M.; Sacchetti, A.; Hornsveld, M.; Oost, K.C.;
Snippert, H.J.; et al. Interplay between metabolic identities in the intestinal crypt supports stem cell function. Nature 2017, 543,
424–427. [CrossRef]

60. Robine, S.; Fre, S.; Huyghe, M.; Artavanis-Tsakonas, S.; Louvard, D. Notch signals control the fate of immature progenitor cells in
the intestine. Med. Sci. 2005, 21, 780–781.

http://doi.org/10.1126/science.1180794
http://www.ncbi.nlm.nih.gov/pubmed/20110496
http://doi.org/10.1016/j.cell.2012.02.042
http://www.ncbi.nlm.nih.gov/pubmed/22464327
http://doi.org/10.1038/nature10408
http://doi.org/10.1038/ncb2464
http://doi.org/10.1073/pnas.1118857109
http://doi.org/10.1053/j.gastro.2018.08.016
http://doi.org/10.1152/ajpgi.00066.2014
http://doi.org/10.1038/nature11965
http://www.ncbi.nlm.nih.gov/pubmed/23446353
http://doi.org/10.1016/j.stem.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30595498
http://doi.org/10.1038/ncb2581
http://www.ncbi.nlm.nih.gov/pubmed/23000963
http://doi.org/10.1016/j.stem.2017.06.014
http://www.ncbi.nlm.nih.gov/pubmed/28686870
http://doi.org/10.1016/j.stem.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29887318
http://doi.org/10.1016/j.cell.2014.02.013
http://doi.org/10.1101/gad.267103
http://doi.org/10.1016/S0092-8674(02)01015-2
http://doi.org/10.1038/ng1430
http://doi.org/10.1038/nature03589
http://doi.org/10.1038/77884
http://www.ncbi.nlm.nih.gov/pubmed/11248797
http://doi.org/10.1038/nature09637
http://www.ncbi.nlm.nih.gov/pubmed/21113151
http://doi.org/10.1053/j.gastro.2012.08.031
http://doi.org/10.1242/dev.104976
http://www.ncbi.nlm.nih.gov/pubmed/24821987
http://doi.org/10.1016/j.stemcr.2013.12.012
http://doi.org/10.1038/nature22313
http://www.ncbi.nlm.nih.gov/pubmed/28467820
http://doi.org/10.1038/nature21673


Int. J. Mol. Sci. 2021, 22, 1603 25 of 35

61. VanDussen, K.L.; Carulli, A.J.; Keeley, T.M.; Patel, S.R.; Puthoff, B.J.; Magness, S.T.; Tran, I.T.; Maillard, I.; Siebel, C.; Kolterud, Å.;
et al. Notch signaling modulates proliferation and differentiation of intestinal crypt base columnar stem cells. Development 2012,
139, 488–497. [CrossRef] [PubMed]

62. Tian, H.; Biehs, B.; Chiu, C.; Siebel, C.W.; Wu, Y.; Costa, M.; De Sauvage, F.J.; Klein, O.D. Opposing activities of notch and wnt
signaling regulate intestinal stem cells and gut homeostasis. Cell Rep. 2015, 11, 33–42. [CrossRef] [PubMed]

63. Roberts, K.J.; Kershner, A.M.; Beachy, P.A. The Stromal Niche for Epithelial Stem Cells: A Template for Regeneration and a Brake
on Malignancy. Cancer Cell 2017, 32, 404–410. [CrossRef] [PubMed]

64. Chacón-Martínez, C.A.; Koester, J.; Wickström, S.A. Signaling in the stem cell niche: Regulating cell fate, function and plasticity.
Development 2018, 145, dev165399. [CrossRef]

65. Blanpain, C.; Simons, B.D. Unravelling stem cell dynamics by lineage tracing. Nat. Rev. Mol. Cell Biol. 2013, 14, 489–502.
[CrossRef]

66. Sato, T.; Clevers, H. Growing self-organizing mini-guts from a single intestinal stem cell: Mechanism and applications. Science
2013, 340, 1190–1194. [CrossRef] [PubMed]

67. Barker, N.; Bartfeld, S.; Clevers, H. Tissue-resident adult stem cell populations of rapidly self-renewing organs. Cell Stem Cell
2010, 7, 656–670. [CrossRef]

68. Shimokawa, M.; Ohta, Y.; Nishikori, S.; Matano, M.; Takano, A.; Fujii, M.; Date, S.; Sugimoto, S.; Kanai, T.; Sato, T. Visualization
and targeting of LGR5 + human colon cancer stem cells. Nature 2017, 545, 187–192. [CrossRef]

69. Shih, I.M.; Wang, T.L.; Traverso, G.; Romans, K.; Hamilton, S.R.; Ben-Sasson, S.; Kinzler, K.W.; Vogelstein, B. Top-down
morphogenesis of colorectal tumors. Proc. Natl. Acad. Sci. USA 2001, 98, 2640–2645. [CrossRef]

70. Schwitalla, S.; Fingerle, A.A.; Cammareri, P.; Nebelsiek, T.; Göktuna, S.I.; Ziegler, P.K.; Canli, O.; Heijmans, J.; Huels, D.J.;
Moreaux, G.; et al. Intestinal tumorigenesis initiated by dedifferentiation and acquisition of stem-cell-like properties. Cell 2013,
152, 25–38. [CrossRef]

71. Iyer, D.N.; Sin, W.Y.; Ng, L. Linking stemness with colorectal cancer initiation, progression, and therapy. World J. Stem Cells 2019,
11, 519–534. [CrossRef]

72. Fan, F.; Samuel, S.; Evans, K.W.; Lu, J.; Xia, L.; Zhou, Y.; Sceusi, E.; Tozzi, F.; Ye, X.C.; Mani, S.A.; et al. Overexpression of Snail
induces epithelial-mesenchymal transition and a cancer stem cell-like phenotype in human colorectal cancer cells. Cancer Med.
2012, 1, 5–16. [CrossRef]

73. Dalerba, P.; Clarke, M.F. Cancer Stem Cells and Tumor Metastasis: First Steps into Uncharted Territory. Cell Stem Cell 2007, 1,
241–242. [CrossRef]

74. Mani, S.A.; Guo, W.; Liao, M.J.; Eaton, E.N.; Ayyanan, A.; Zhou, A.Y.; Brooks, M.; Reinhard, F.; Zhang, C.C.; Shipitsin, M.; et al.
The Epithelial-Mesenchymal Transition Generates Cells with Properties of Stem Cells. Cell 2008, 133, 704–715. [CrossRef]

75. Hollier, B.G.; Evans, K.; Mani, S.A. The epithelial-to-mesenchymal transition and cancer stem cells: A coalition against cancer
therapies. J. Mammary Gland Biol. Neoplasia 2009, 14, 29–43. [CrossRef]

76. Pardal, R.; Clarke, M.F.; Morrison, S.J. Applying the principles of stem-cell biology to cancer. Nat. Rev. Cancer 2003, 3, 895–902.
[CrossRef] [PubMed]

77. O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. Expression of CD133 enriches for colon cancer stem cells. Ann. Surg. Oncol. 2007,
14, 22.

78. Ieta, K.; Tanaka, F.; Haraguchi, N.; Kita, Y.; Sakashita, H.; Mimori, K.; Matsumoto, T.; Inoue, H.; Kuwano, H.; Mori, M. Biological
and genetic characteristics of tumor-initiating cells in colon cancer. Ann. Surg. Oncol. 2008, 15, 638–648. [CrossRef]

79. Vaiopoulos, A.G.; Kostakis, I.D.; Koutsilieris, M.; Papavassiliou, A.G. Concise review: Colorectal cancer stem cells. Stem Cells
2012, 30, 363–371. [CrossRef]

80. Todaro, M.; Francipane, M.G.; Medema, J.P.; Stassi, G. Colon Cancer Stem Cells: Promise of Targeted Therapy. Gastroenterology
2010, 138, 2151–2162. [CrossRef] [PubMed]

81. Todaro, M.; Alea, M.P.; Di Stefano, A.B.; Cammareri, P.; Vermeulen, L.; Iovino, F.; Tripodo, C.; Russo, A.; Gulotta, G.; Medema, J.P.;
et al. Colon Cancer Stem Cells Dictate Tumor Growth and Resist Cell Death by Production of Interleukin-4. Cell Stem Cell 2007, 1,
389–402. [CrossRef]

82. Zhi, Y.; Mou, Z.; Chen, J.; He, Y.; Dong, H.; Fu, X.; Wu, Y. B7H1 Expression and Epithelial-To-Mesenchymal Transition Phenotypes
on Colorectal Cancer Stem-Like Cells. PLoS ONE 2015, 10, e0135528. [CrossRef] [PubMed]

83. Ben-Porath, I.; Thomson, M.W.; Carey, V.J.; Ge, R.; Bell, G.W.; Regev, A.; Weinberg, R.A. An embryonic stem cell-like gene
expression signature in poorly differentiated aggressive human tumors. Nat. Genet. 2008, 40, 499–507. [CrossRef] [PubMed]

84. Schmohl, J.U.; Gleason, M.K.; Dougherty, P.R.; Miller, J.S.; Vallera, D.A. Heterodimeric Bispecific Single Chain Variable Fragments
(scFv) Killer Engagers (BiKEs) Enhance NK-cell Activity Against CD133+ Colorectal Cancer Cells. Target. Oncol. 2016, 11, 353–361.
[CrossRef] [PubMed]

85. Pan, T.; Xu, J.; Zhu, Y. Self-renewal molecular mechanisms of colorectal cancer stem cells. Int. J. Mol. Med. 2017, 39, 9–20.
[CrossRef] [PubMed]

86. Zeuner, A.; Todaro, M.; Stassi, G.; De Maria, R. Colorectal cancer stem cells: From the crypt to the clinic. Cell Stem Cell 2014, 15,
692–705. [CrossRef] [PubMed]

87. Rajabi, H.; Hiraki, M.; Kufe, D. MUC1-C activates polycomb repressive complexes and downregulates tumor suppressor genes in
human cancer cells. Oncogene 2018, 37, 2079–2088. [CrossRef]

http://doi.org/10.1242/dev.070763
http://www.ncbi.nlm.nih.gov/pubmed/22190634
http://doi.org/10.1016/j.celrep.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25818302
http://doi.org/10.1016/j.ccell.2017.08.007
http://www.ncbi.nlm.nih.gov/pubmed/29017054
http://doi.org/10.1242/dev.165399
http://doi.org/10.1038/nrm3625
http://doi.org/10.1126/science.1234852
http://www.ncbi.nlm.nih.gov/pubmed/23744940
http://doi.org/10.1016/j.stem.2010.11.016
http://doi.org/10.1038/nature22081
http://doi.org/10.1073/pnas.051629398
http://doi.org/10.1016/j.cell.2012.12.012
http://doi.org/10.4252/wjsc.v11.i8.519
http://doi.org/10.1002/cam4.4
http://doi.org/10.1016/j.stem.2007.08.012
http://doi.org/10.1016/j.cell.2008.03.027
http://doi.org/10.1007/s10911-009-9110-3
http://doi.org/10.1038/nrc1232
http://www.ncbi.nlm.nih.gov/pubmed/14737120
http://doi.org/10.1245/s10434-007-9605-3
http://doi.org/10.1002/stem.1031
http://doi.org/10.1053/j.gastro.2009.12.063
http://www.ncbi.nlm.nih.gov/pubmed/20420952
http://doi.org/10.1016/j.stem.2007.08.001
http://doi.org/10.1371/journal.pone.0135528
http://www.ncbi.nlm.nih.gov/pubmed/26284927
http://doi.org/10.1038/ng.127
http://www.ncbi.nlm.nih.gov/pubmed/18443585
http://doi.org/10.1007/s11523-015-0391-8
http://www.ncbi.nlm.nih.gov/pubmed/26566946
http://doi.org/10.3892/ijmm.2016.2815
http://www.ncbi.nlm.nih.gov/pubmed/27909729
http://doi.org/10.1016/j.stem.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25479747
http://doi.org/10.1038/s41388-017-0096-9


Int. J. Mol. Sci. 2021, 22, 1603 26 of 35

88. Guo, M.; Luo, B.; Pan, M.; Li, M.; Zhao, F.; Dou, J. MUC1 plays an essential role in tumor immunity of colorectal cancer stem cell
vaccine. Int. Immunopharmacol. 2020. [CrossRef] [PubMed]

89. Huang, E.H.; Hynes, M.J.; Zhang, T.; Ginestier, C.; Dontu, G.; Appelman, H.; Fields, J.Z.; Wicha, M.S.; Boman, B.M. Aldehyde
dehydrogenase 1 is a marker for normal and malignant human colonic stem cells (SC) and tracks SC overpopulation during
colon tumorigenesis. Cancer Res. 2009, 69, 3382–3389. [CrossRef]

90. Deng, S.; Yang, X.; Lassus, H.; Liang, S.; Kaur, S.; Ye, Q.; Li, C.; Wang, L.P.; Roby, K.F.; Orsulic, S.; et al. Distinct expression levels
and patterns of stem cell marker, aldehyde dehydrogenase isoform 1 (ALDH1), in human epithelial cancers. PLoS ONE 2010, 5.
[CrossRef]

91. Tomita, H.; Tanaka, K.; Tanaka, T.; Hara, A. Aldehyde dehydrogenase 1A1 in stem cells and cancer. Oncotarget 2016, 7, 11018–11032.
[CrossRef]

92. Morath, I.; Hartmann, T.N.; Orian-Rousseau, V. CD44: More than a mere stem cell marker. Int. J. Biochem. Cell Biol. 2016, 81,
166–173. [CrossRef]

93. Shmelkov, S.V.; Butler, J.M.; Hooper, A.T.; Hormigo, A.; Kushner, J.; Milde, T.; St Clair, R.; Baljevic, M.; White, I.; Jin, D.K.; et al.
CD133 expression is not restricted to stem cells, and both CD133 + and CD133- metastatic colon cancer cells initiate tumors. J.
Clin. Investig. 2008, 118, 2111–2120. [CrossRef]

94. Kemper, K.; Prasetyanti, P.R.; De Lau, W.; Rodermond, H.; Clevers, H.; Medema, J.P. Monoclonal antibodies against Lgr5 identify
human colorectal cancer stem cells. Stem Cells 2012, 30, 2378–2386. [CrossRef] [PubMed]

95. Hadjimichael, C.; Chanoumidou, K.; Papadopoulou, N.; Arampatzi, P.; Papamatheakis, J.; Kretsovali, A. Common stemness
regulators of embryonic and cancer stem cells. World J. Stem Cells 2015, 7, 1150–11584. [CrossRef] [PubMed]

96. Amini, S.; Fathi, F.; Mobalegi, J.; Sofimajidpour, H.; Ghadimi, T. The expressions of stem cell markers: Oct4, Nanog, Sox2,
nucleostemin, Bmi, Zfx, Tcl1, Tbx3, Dppa4, and Esrrb in bladder, colon, and prostate cancer, and certain cancer cell lines. Anat.
Cell Biol. 2014, 47, 1–11. [CrossRef]

97. Dai, X.; Ge, J.; Wang, X.; Qian, X.; Li, X. OCT4 regulates epithelial-mesenchymal transition and its knockdown inhibits colorectal
cancer cell migration and invasion. Oncol. Rep. 2013, 29, 155–160. [CrossRef] [PubMed]

98. Talebi, A.; Kianersi, K.; Beiraghdar, M. Comparison of gene expression of SOX2 and OCT4 in normal tissue, polyps, and colon
adenocarcinoma using immunohistochemical staining. Adv. Biomed. Res. 2015, 4, 234. [CrossRef]

99. Ibrahim, E.E.; Babaei-Jadidi, R.; Saadeddin, A.; Spencer-Dene, B.; Hossaini, S.; Abuzinadah, M.; Li, N.; Fadhil, W.; Ilyas, M.; Bonnet,
D.; et al. Embryonic NANOG activity defines colorectal cancer stem cells and modulates through AP1- and TCF-dependent
mechanisms. Stem Cells 2012, 30, 2076–2087. [CrossRef] [PubMed]

100. Dreesen, O.; Brivanlou, A.H. Signaling pathways in cancer and embryonic stem cells. Stem Cell Rev. 2007, 3, 7–17. [CrossRef]
101. Kinzler, K.W.; Vogelstein, B. Lessons from hereditary colorectal cancer. Cell 1996, 87, 159–170. [CrossRef]
102. Rubinfeld, B.; Albert, I.; Porfiri, E.; Fiol, C.; Munemitsu, S.; Polakis, P. Binding of GSK3β to the APC-β-catenin complex and

regulation of complex assembly. Science 1996, 272, 1023–1026. [CrossRef]
103. Liu, W.; Dong, X.; Mai, M.; Seelan, R.S.; Taniguchi, K.; Krishnadath, K.K.; Halling, K.C.; Cunningham, J.M.; Qian, C.; Christensen,

E.; et al. Mutations in AXIN2 cause colorectal cancer with defective mismatch repair by activating β-catenin/TCF signalling. Nat.
Genet. 2000, 26, 146–147. [CrossRef] [PubMed]

104. Morin, P.J.; Sparks, A.B.; Korinek, V.; Barker, N.; Clevers, H.; Vogelstein, B.; Kinzler, K.W. Activation of β-catenin-Tcf signaling in
colon cancer by mutations in β-catenin or APC. Science 1997, 275, 1787–1790. [CrossRef]

105. Van de Wetering, M.; Sancho, E.; Verweij, C.; De Lau, W.; Oving, I.; Hurlstone, A.; Van der Horn, K.; Batlle, E.; Coudreuse, D.;
Haramis, A.P.; et al. The β-catenin/TCF-4 complex imposes a crypt progenitor phenotype on colorectal cancer cells. Cell 2002,
111, 241–250. [CrossRef]

106. Holland, J.D.; Klaus, A.; Garratt, A.N.; Birchmeier, W. Wnt signaling in stem and cancer stem cells. Curr. Opin. Cell Biol. 2013, 25,
254–264. [CrossRef]

107. Barker, N.; Ridgway, R.A.; Van Es, J.H.; Van De Wetering, M.; Begthel, H.; Van Den Born, M.; Danenberg, E.; Clarke, A.R.; Sansom,
O.J.; Clevers, H. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature 2009, 457, 608–611. [CrossRef]

108. Schepers, A.G.; Snippert, H.J.; Stange, D.E.; Van Den Born, M.; Van Es, J.H.; Van De Wetering, M.; Clevers, H. Lineage tracing
reveals Lgr5+ stem cell activity in mouse intestinal adenomas. Science 2012, 337, 730–735. [CrossRef]

109. Merlos-Suárez, A.; Barriga, F.M.; Jung, P.; Iglesias, M.; Céspedes, M.V.; Rossell, D.; Sevillano, M.; Hernando-Momblona, X.; Da
Silva-Diz, V.; Muñoz, P.; et al. The intestinal stem cell signature identifies colorectal cancer stem cells and predicts disease relapse.
Cell Stem Cell 2011, 8, 511–524. [CrossRef]

110. Stange, D.E.; Engel, F.; Longerich, T.; Koo, B.K.; Koch, M.; Delhomme, N.; Aigner, M.; Toedt, G.; Schirmacher, P.; Lichter, P.; et al.
Expression of an ASCL2 related stem cell signature and IGF2 in colorectal cancer liver metastases with 11p15.5 gain. Gut 2010, 59,
1236–1244. [CrossRef] [PubMed]

111. Kammula, U.S.; Kuntz, E.J.; Francone, T.D.; Zeng, Z.; Shia, J.; Landmann, R.G.; Paty, P.B.; Weiser, M.R. Molecular co-expression of
the c-Met oncogene and hepatocyte growth factor in primary colon cancer predicts tumor stage and clinical outcome. Cancer Lett.
2007, 248, 219–228. [CrossRef]

112. Bradley, C.A.; Dunne, P.D.; Bingham, V.; McQuaid, S.; Khawaja, H.; Craig, S.; James, J.; Moore, W.L.; McArt, D.G.; Lawler, M.;
et al. Transcriptional upregulation of c-MET is associated with invasion and tumor budding in colorectal cancer. Oncotarget 2016,
7, 78932–78945. [CrossRef] [PubMed]

http://doi.org/10.1016/j.intimp.2020.106631
http://www.ncbi.nlm.nih.gov/pubmed/32470879
http://doi.org/10.1158/0008-5472.CAN-08-4418
http://doi.org/10.1371/journal.pone.0010277
http://doi.org/10.18632/oncotarget.6920
http://doi.org/10.1016/j.biocel.2016.09.009
http://doi.org/10.1172/JCI34401
http://doi.org/10.1002/stem.1233
http://www.ncbi.nlm.nih.gov/pubmed/22969042
http://doi.org/10.4252/wjsc.v7.i9.1150
http://www.ncbi.nlm.nih.gov/pubmed/26516408
http://doi.org/10.5115/acb.2014.47.1.1
http://doi.org/10.3892/or.2012.2086
http://www.ncbi.nlm.nih.gov/pubmed/23076549
http://doi.org/10.4103/2277-9175.167958
http://doi.org/10.1002/stem.1182
http://www.ncbi.nlm.nih.gov/pubmed/22851508
http://doi.org/10.1007/s12015-007-0004-8
http://doi.org/10.1016/S0092-8674(00)81333-1
http://doi.org/10.1126/science.272.5264.1023
http://doi.org/10.1038/79859
http://www.ncbi.nlm.nih.gov/pubmed/11017067
http://doi.org/10.1126/science.275.5307.1787
http://doi.org/10.1016/S0092-8674(02)01014-0
http://doi.org/10.1016/j.ceb.2013.01.004
http://doi.org/10.1038/nature07602
http://doi.org/10.1126/science.1224676
http://doi.org/10.1016/j.stem.2011.02.020
http://doi.org/10.1136/gut.2009.195701
http://www.ncbi.nlm.nih.gov/pubmed/20479215
http://doi.org/10.1016/j.canlet.2006.07.007
http://doi.org/10.18632/oncotarget.12933
http://www.ncbi.nlm.nih.gov/pubmed/27793046


Int. J. Mol. Sci. 2021, 22, 1603 27 of 35

113. Vermeulen, L.; De Sousa, E.; Melo, F.; Van Der Heijden, M.; Cameron, K.; De Jong, J.H.; Borovski, T.; Tuynman, J.B.; Todaro, M.;
Merz, C.; et al. Wnt activity defines colon cancer stem cells and is regulated by the microenvironment. Nat. Cell Biol. 2010, 12,
468–476. [CrossRef] [PubMed]

114. Koraishy, F.M.; Silva, C.; Mason, S.; Wu, D.; Cantley, L.G. Hepatocyte growth factor (Hgf) stimulates low density lipoprotein
receptor-related protein (Lrp) 5/6 phosphorylation and promotes canonical Wnt signaling. J. Biol. Chem. 2014, 289, 14341–14350.
[CrossRef] [PubMed]

115. Rasola, A.; Fassetta, M.; De Bacco, F.; D’Alessandro, L.; Gramaglia, D.; Di Renzo, M.F.; Comoglio, P.M. A positive feedback loop
between hepatocyte growth factor receptor and β-catenin sustains colorectal cancer cell invasive growth. Oncogene 2007, 26,
1078–1087. [CrossRef]

116. Freeman, T.J.; Smith, J.J.; Chen, X.; Washington, M.K.; Roland, J.T.; Means, A.L.; Eschrich, S.A.; Yeatman, T.J.; Deane, N.G.;
Beauchamp, R.D. Smad4-mediated signaling inhibits intestinal neoplasia by inhibiting expression of β-catenin. Gastroenterology
2012, 142, 562–571.e2. [CrossRef]

117. Qi, Z.; Li, Y.; Zhao, B.; Xu, C.; Liu, Y.; Li, H.; Zhang, B.; Wang, X.; Yang, X.; Xie, W.; et al. BMP restricts stemness of intestinal Lgr5
+ stem cells by directly suppressing their signature genes. Nat. Commun. 2017, 8. [CrossRef]

118. Voorneveld, P.W.; Kodach, L.L.; Jacobs, R.J.; Van Noesel, C.J.M.; Peppelenbosch, M.P.; Korkmaz, K.S.; Molendijk, I.; Dekker, E.;
Morreau, H.; Van Pelt, G.W.; et al. The BMP pathway either enhances or inhibits the Wnt pathway depending on the SMAD4 and
p53 status in CRC. Br. J. Cancer 2015, 112, 122–130. [CrossRef]

119. Tian, Q.; He, X.C.; Hood, L.; Li, L. Bridging the BMP and Wnt pathways by PI3 kinase/Akt and 14-3-3ζ. Cell Cycle 2005, 4,
215–216. [CrossRef]

120. Zhou, D.; Zhang, Y.; Wu, H.; Barryg, E.; Yin, Y.; Lawrence, E.; Dawson, D.; Willis, J.E.; Markowitz, S.D.; Camargo, F.D.; et al. Mst1
and Mst2 protein kinases restrain intestinal stem cell proliferation and colonic tumorigenesis by inhibition of Yes-associated
protein (Yap) overabundance. Proc. Natl. Acad. Sci. USA 2011, 108. [CrossRef]

121. Varelas, X.; Miller, B.W.; Sopko, R.; Song, S.; Gregorieff, A.; Fellouse, F.A.; Sakuma, R.; Pawson, T.; Hunziker, W.; McNeill, H.; et al.
The Hippo Pathway Regulates Wnt/β-Catenin Signaling. Dev. Cell 2010, 18, 579–591. [CrossRef]

122. Azzolin, L.; Panciera, T.; Soligo, S.; Enzo, E.; Bicciato, S.; Dupont, S.; Bresolin, S.; Frasson, C.; Basso, G.; Guzzardo, V.; et al.
YAP/TAZ incorporation in the β-catenin destruction complex orchestrates the Wnt response. Cell 2014, 158, 157–170. [CrossRef]

123. De Lau, W.; Barker, N.; Low, T.Y.; Koo, B.K.; Li, V.S.W.; Teunissen, H.; Kujala, P.; Haegebarth, A.; Peters, P.J.; Van De Wetering, M.;
et al. Lgr5 homologues associate with Wnt receptors and mediate R-spondin signalling. Nature 2011, 476, 293–297. [CrossRef]

124. Carmon, K.S.; Gong, X.; Lin, Q.; Thomas, A.; Liu, Q. R-spondins function as ligands of the orphan receptors LGR4 and LGR5 to
regulate Wnt/β-catenin signaling. Proc. Natl. Acad. Sci. USA 2011, 108, 11452–11457. [CrossRef] [PubMed]

125. de Lau, W.; Peng, W.C.; Gros, P.; Clevers, H. The R-spondin/Lgr5/Rnf43 module: Regulator of Wnt signal strength. Genes Dev.
2014, 28, 305–316. [CrossRef] [PubMed]

126. Zebisch, M.; Xu, Y.; Krastev, C.; Macdonald, B.T.; Chen, M.; Gilbert, R.J.C.; He, X.; Jones, E.Y. Structural and molecular basis of
ZNRF3/RNF43 transmembrane ubiquitin ligase inhibition by the Wnt agonist R-spondin. Nat. Commun. 2013, 4. [CrossRef]
[PubMed]

127. Carmon, K.S.; Gong, X.; Yi, J.; Thomas, A.; Liu, Q. RSPO-LGR4 functions via IQGAP1 to potentiate Wnt signaling. Proc. Natl.
Acad. Sci. USA 2014, 111. [CrossRef]

128. Wu, C.; Qiu, S.; Lu, L.; Zou, J.; Li, W.F.; Wang, O.; Zhao, H.; Wang, H.; Tang, J.; Chen, L.; et al. RSPO2-LGR5 signaling has
tumour-suppressive activity in colorectal cancer. Nat. Commun. 2014, 5. [CrossRef]

129. Carulli, A.J.; Keeley, T.M.; Demitrack, E.S.; Chung, J.; Maillard, I.; Samuelson, L.C. Notch receptor regulation of intestinal stem
cell homeostasis and crypt regeneration. Dev. Biol. 2015, 402, 98–108. [CrossRef]

130. Collu, G.M.; Hidalgo-Sastre, A.; Brennan, K. Wnt-Notch signalling crosstalk in development and disease. Cell. Mol. Life Sci. 2014,
71, 3553–3567. [CrossRef]

131. Ann, E.J.; Kim, H.Y.; Seo, M.S.; Mo, J.S.; Kim, M.Y.; Yoon, J.H.; Ahn, J.S.; Park, H.S. Wnt5a controls notch1 signaling through
CaMKII -mediated degradation of the SMRT corepressor protein. J. Biol. Chem. 2012, 287, 36814–36829. [CrossRef]

132. Oniscu, A.; James, R.M.; Morris, R.G.; Bader, S.; Malcomson, R.D.G.; Harrison, D.J. Expression of Sonic hedgehog pathway genes
is altered in colonic neoplasia. J. Pathol. 2004, 203, 909–917. [CrossRef] [PubMed]

133. Bian, Y.H.; Huang, S.H.; Yang, L.; Ma, X.L.; Xie, J.W.; Zhang, H.W. Sonic hedgehog-Gli1 pathway in colorectal adenocarcinomas.
World J. Gastroenterol. 2007, 13, 1659–1665. [CrossRef] [PubMed]

134. Varnat, F.; Duquet, A.; Malerba, M.; Zbinden, M.; Mas, C.; Gervaz, P.; Ruiz, I.; Altaba, A. Human colon cancer epithelial cells
harbour active HEDGEHOG-GLI signalling that is essential for tumour growth, recurrence, metastasis and stem cell survival and
expansion. EMBO Mol. Med. 2009, 1, 338–351. [CrossRef] [PubMed]

135. Noubissi, F.K.; Goswami, S.; Sanek, N.A.; Kawakami, K.; Minamoto, T.; Moser, A.; Grinblat, Y.; Spiegelman, V.S. Wnt signaling
stimulates transcriptional outcome of the hedgehog pathway by stabilizing GLI1 mRNA. Cancer Res. 2009, 69, 8572–8578.
[CrossRef]

136. Maeda, O.; Kondo, M.; Fujita, T.; Usami, N.; Fukui, T.; Shimokata, K.; Ando, T.; Goto, H.; Sekido, Y. Enhancement of GLI1-
transcriptional activity by β-catenin in human cancer cells. Oncol. Rep. 2006, 16, 91–96. [CrossRef] [PubMed]

137. Song, L.; Li, Z.Y.; Liu, W.P.; Zhao, M.R. Crosstalk between Wnt/β-catenin and Hedgehog/Gli signaling pathways in colon cancer
and implications for therapy. Cancer Biol. Ther. 2015, 16, 1–7. [CrossRef]

http://doi.org/10.1038/ncb2048
http://www.ncbi.nlm.nih.gov/pubmed/20418870
http://doi.org/10.1074/jbc.M114.563213
http://www.ncbi.nlm.nih.gov/pubmed/24692544
http://doi.org/10.1038/sj.onc.1209859
http://doi.org/10.1053/j.gastro.2011.11.026
http://doi.org/10.1038/ncomms13824
http://doi.org/10.1038/bjc.2014.560
http://doi.org/10.4161/cc.4.2.1412
http://doi.org/10.1073/pnas.1110428108
http://doi.org/10.1016/j.devcel.2010.03.007
http://doi.org/10.1016/j.cell.2014.06.013
http://doi.org/10.1038/nature10337
http://doi.org/10.1073/pnas.1106083108
http://www.ncbi.nlm.nih.gov/pubmed/21693646
http://doi.org/10.1101/gad.235473.113
http://www.ncbi.nlm.nih.gov/pubmed/24532711
http://doi.org/10.1038/ncomms3787
http://www.ncbi.nlm.nih.gov/pubmed/24225776
http://doi.org/10.1073/pnas.1323106111
http://doi.org/10.1038/ncomms4149
http://doi.org/10.1016/j.ydbio.2015.03.012
http://doi.org/10.1007/s00018-014-1644-x
http://doi.org/10.1074/jbc.M112.356048
http://doi.org/10.1002/path.1591
http://www.ncbi.nlm.nih.gov/pubmed/15258993
http://doi.org/10.3748/wjg.v13.i11.1659
http://www.ncbi.nlm.nih.gov/pubmed/17461467
http://doi.org/10.1002/emmm.200900039
http://www.ncbi.nlm.nih.gov/pubmed/20049737
http://doi.org/10.1158/0008-5472.CAN-09-1500
http://doi.org/10.3892/or.16.1.91
http://www.ncbi.nlm.nih.gov/pubmed/16786128
http://doi.org/10.4161/15384047.2014.972215


Int. J. Mol. Sci. 2021, 22, 1603 28 of 35

138. Meng, X.; Poon, R.; Zhang, X.; Cheah, A.; Ding, Q.; Hui, C.C.; Alman, B. Suppressor of Fused Negatively Regulates β-Catenin
Signaling. J. Biol. Chem. 2001, 276, 40113–40119. [CrossRef] [PubMed]

139. Dunaeva, M.; Michelson, P.; Kogerman, P.; Toftgard, R. Characterization of the physical interaction of Gli proteins with SUFU
proteins. J. Biol. Chem. 2003, 278, 5116–5122. [CrossRef]

140. Levina, E.; Oren, M.; Ben-Ze’ev, A. Downregulation of β-catenin by p53 involves changes in the rate of β-catenin phosphorylation
and Axin dynamics. Oncogene 2004, 23, 4444–4453. [CrossRef] [PubMed]

141. Arimura, S.; Matsunaga, A.; Kitamura, T.; Aoki, K.; Aoki, M.; Taketo, M.M. Reduced Level of Smoothened Suppresses Intestinal
Tumorigenesis by Down-Regulation of Wnt Signaling. Gastroenterology 2009, 137, 629–638. [CrossRef]

142. Jeong, W.J.; Yoon, J.; Park, J.C.; Lee, S.H.; Lee, S.H.; Kaduwal, S.; Kim, H.; Yoon, J.B.; Choi, K.Y. Ras stabilization through aberrant
activation of Wnt/β-catenin signaling promotes intestinal tumorigenesis. Sci. Signal. 2012, 5. [CrossRef] [PubMed]

143. Moon, B.S.; Jeong, W.J.; Park, J.; Kim, T.I.; Min, D.S.; Choi, K.Y. Role of oncogenic K-Ras in cancer stem cell activation by aberrant
wnt/β-catenin signaling. J. Natl. Cancer Inst. 2014, 106. [CrossRef]

144. Francipane, M.G.; Lagasse, E. mTOR pathway in colorectal cancer: An update. Oncotarget 2014, 5, 49–66. [CrossRef]
145. Garcia-Echeverria, C.; Sellers, W.R. Drug discovery approaches targeting the PI3K/Akt pathway in cancer. Oncogene 2008, 27,

5511–5526. [CrossRef] [PubMed]
146. Wullschleger, S.; Loewith, R.; Hall, M.N. TOR signaling in growth and metabolism. Cell 2006, 124, 471–484. [CrossRef] [PubMed]
147. Zhang, Y.J.; Dai, Q.; Sun, D.F.; Xiong, H.; Tian, X.Q.; Gao, F.H.; Xu, M.H.; Chen, G.Q.; Han, Z.G.; Fang, J.Y. mTOR signaling

pathway is a target for the treatment of colorectal cancer. Ann. Surg. Oncol. 2009, 16, 2617–2628. [CrossRef] [PubMed]
148. Ribeiro, K.B.; Da Silva Zanetti, J.; Ribeiro-Silva, A.; Rapatoni, L.; De Oliveira, H.F.; Da Cunha Tirapelli, D.P.; Garcia, S.B.; Feres, O.;

Da Rocha, J.J.R.; Peria, F.M. KRAS mutation associated with CD44/CD166 immunoexpression as predictors of worse outcome in
metastatic colon cancer. Cancer Biomark. 2016, 16, 513–521. [CrossRef] [PubMed]

149. Sears, R.; Nuckolls, F.; Haura, E.; Taya, Y.; Tamai, K.; Nevins, J.R. Multiple Ras-dependent phosphorylation pathways regulate
Myc protein stability. Genes Dev. 2000, 14, 2501–2514. [CrossRef] [PubMed]

150. Chang, J.Y.; Kim, J.H.; Kang, J.; Park, Y.; Park, S.J.; Cheon, J.H.; Kim, W.H.; Kim, H.; Park, J.J.; Kim, T. Il mTOR Signaling Combined
with Cancer Stem Cell Markers as a Survival Predictor in Stage II Colorectal Cancer. Yonsei Med. J. 2020, 61, 572. [CrossRef]

151. Jubb, A.M.; Zhong, F.; Bheddah, S.; Grabsch, H.I.; Frantz, G.D.; Mueller, W.; Kavi, V.; Quirke, P.; Polakis, P.; Koeppen, H. EphB2 is
a prognostic factor in colorectal cancer. Clin. Cancer Res. 2005, 11, 5181–5187. [CrossRef]

152. Lugli, A.; Spichtin, H.; Maurer, R.; Mirlacher, M.; Kiefer, J.; Huusko, P.; Azorsa, D.; Terracciano, L.; Sauter, G.; Kallioniemi, O.P.;
et al. EphB2 expression across 138 human tumor types in a tissue microarray: High levels of expression in gastrointestinal cancers.
Clin. Cancer Res. 2005, 11, 6450–6458. [CrossRef]

153. Vaiopoulos, A.G.; Athanasoula, K.C.; Papavassiliou, A.G. NF-κB in colorectal cancer. J. Mol. Med. 2013, 91, 1029–1037. [CrossRef]
154. Gavert, N.; Conacci-Sorrell, M.; Gast, D.; Schneider, A.; Altevogt, P.; Brabletz, T.; Ben-Ze’Ev, A. L1, a novel target of β-catenin

signaling, transforms cells and is expressed at the invasive front of colon cancers. J. Cell Biol. 2005, 168, 633–642. [CrossRef]
155. Gavert, N.; Sheffer, M.; Raveh, S.; Spaderna, S.; Shtutman, M.; Brabletz, T.; Barany, F.; Paty, P.; Notterman, D.; Domany, E.; et al.

Expression of L1-CAM and ADAM10 in human colon cancer cells induces metastasis. Cancer Res. 2007, 67, 7703–7712. [CrossRef]
[PubMed]

156. Gavert, N.; Ben-Shmuel, A.; Lemmon, V.; Brabletz, T.; Ben-Ze’ev, A. Nuclear factor-κB signaling and ezrin are essential for
L1-mediated metastasis of colon cancer cells. J. Cell Sci. 2010, 123, 2135–2143. [CrossRef]

157. Ørom, U.A.; Nielsen, F.C.; Lund, A.H. MicroRNA-10a Binds the 5′UTR of Ribosomal Protein mRNAs and Enhances Their
Translation. Mol. Cell 2008, 30, 460–471. [CrossRef] [PubMed]

158. Qin, W.; Shi, Y.; Zhao, B.; Yao, C.; Jin, L.; Ma, J.; Jin, Y. miR-24 regulates apoptosis by targeting the Open Reading Frame (ORF)
region of FAF1 in cancer cells. PLoS ONE 2010, 5. [CrossRef] [PubMed]

159. Peng, Y.; Croce, C.M. The role of microRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 1–9. [CrossRef]
160. Bao, Y.; Chen, Z.; Guo, Y.; Feng, Y.; Li, Z.; Han, W.; Wang, J.; Zhao, W.; Jiao, Y.; Li, K.; et al. Tumor suppressor MicroRNA-27a in

colorectal carcinogenesis and progression by targeting SGPP1 and Smad2. PLoS ONE 2014, 9. [CrossRef] [PubMed]
161. Liu, L.; Chen, L.; Xu, Y.; Li, R.; Du, X. MicroRNA-195 promotes apoptosis and suppresses tumorigenicity of human colorectal

cancer cells. Biochem. Biophys. Res. Commun. 2010, 400, 236–240. [CrossRef]
162. Hollis, M.; Nair, K.; Vyas, A.; Chaturvedi, L.S.; Gambhir, S.; Vyas, D. MicroRNAs potential utility in colon cancer: Early detection,

prognosis, and chemosensitivity. World J. Gastroenterol. 2015, 21, 8284–8292. [CrossRef]
163. Li, N.; Long, B.; Han, W.; Yuan, S.; Wang, K. MicroRNAs: Important regulators of stem cells. Stem Cell Res. Ther. 2017, 8, 110.

[CrossRef]
164. Mahabadi, J.A.; Sabzalipoor, H.; Nikzad, H.; Seyedhosseini, E.; Enderami, S.E.; Gheibi Hayat, S.M.; Sahebkar, A. The role of

microRNAs in embryonic stem cell and induced pluripotent stem cell differentiation in male germ cells. J. Cell. Physiol. 2019, 234,
12278–12289. [CrossRef] [PubMed]

165. Suh, M.R.; Lee, Y.; Kim, J.Y.; Kim, S.K.; Moon, S.H.; Lee, J.Y.; Cha, K.Y.; Chung, H.M.; Yoon, H.S.; Moon, S.Y.; et al. Human
embryonic stem cells express a unique set of microRNAs. Dev. Biol. 2004, 270, 488–498. [CrossRef] [PubMed]

166. Liu, X.; Fu, Q.; Du, Y.; Yang, Y.C.; Cho, W. MicroRNA as Regulators of Cancer Stem Cells and Chemoresistance in Colorectal
Cancer. Curr. Cancer Drug Targets 2016, 16, 738–754. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M105317200
http://www.ncbi.nlm.nih.gov/pubmed/11477086
http://doi.org/10.1074/jbc.M209492200
http://doi.org/10.1038/sj.onc.1207587
http://www.ncbi.nlm.nih.gov/pubmed/15064706
http://doi.org/10.1053/j.gastro.2009.04.059
http://doi.org/10.1126/scisignal.2002242
http://www.ncbi.nlm.nih.gov/pubmed/22494971
http://doi.org/10.1093/jnci/djt373
http://doi.org/10.18632/oncotarget.1548
http://doi.org/10.1038/onc.2008.246
http://www.ncbi.nlm.nih.gov/pubmed/18794885
http://doi.org/10.1016/j.cell.2006.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16469695
http://doi.org/10.1245/s10434-009-0555-9
http://www.ncbi.nlm.nih.gov/pubmed/19517193
http://doi.org/10.3233/CBM-160592
http://www.ncbi.nlm.nih.gov/pubmed/27062566
http://doi.org/10.1101/gad.836800
http://www.ncbi.nlm.nih.gov/pubmed/11018017
http://doi.org/10.3349/ymj.2020.61.7.572
http://doi.org/10.1158/1078-0432.CCR-05-0143
http://doi.org/10.1158/1078-0432.CCR-04-2458
http://doi.org/10.1007/s00109-013-1045-x
http://doi.org/10.1083/jcb.200408051
http://doi.org/10.1158/0008-5472.CAN-07-0991
http://www.ncbi.nlm.nih.gov/pubmed/17699774
http://doi.org/10.1242/jcs.069542
http://doi.org/10.1016/j.molcel.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18498749
http://doi.org/10.1371/journal.pone.0009429
http://www.ncbi.nlm.nih.gov/pubmed/20195546
http://doi.org/10.1038/sigtrans.2015.4
http://doi.org/10.1371/journal.pone.0105991
http://www.ncbi.nlm.nih.gov/pubmed/25166914
http://doi.org/10.1016/j.bbrc.2010.08.046
http://doi.org/10.3748/wjg.v21.i27.8284
http://doi.org/10.1186/s13287-017-0551-0
http://doi.org/10.1002/jcp.27990
http://www.ncbi.nlm.nih.gov/pubmed/30536380
http://doi.org/10.1016/j.ydbio.2004.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15183728
http://doi.org/10.2174/1568009616666151118114759
http://www.ncbi.nlm.nih.gov/pubmed/26577538


Int. J. Mol. Sci. 2021, 22, 1603 29 of 35

167. Shah, A.; Patel, S.; Pathak, J.; Swain, N.; Kumar, S. The Evolving Concepts of Cancer Stem Cells in Head and Neck Squamous Cell
Carcinoma. Sci. World J. 2014, 2014. [CrossRef] [PubMed]

168. Roy, S.; Yu, Y.; Padhye, S.B.; Sarkar, F.H.; Majumdar, A.P.N. Difluorinated-Curcumin (CDF) Restores PTEN Expression in Colon
Cancer Cells by Down-Regulating miR-21. PLoS ONE 2013, 8, e68543. [CrossRef]

169. Cottonham, C.L.; Kaneko, S.; Xu, L. miR-21 and miR-31 converge on TIAM1 to regulate migration and invasion of colon carcinoma
cells. J. Biol. Chem. 2010, 285, 35293–35302. [CrossRef]

170. Yu, Y.; Kanwar, S.S.; Patel, B.B.; Oh, P.S.; Nautiyal, J.; Sarkar, F.H.; Majumdar, A.P.N. MicroRNA-21 induces stemness by
downregulating transforming growth factor beta receptor 2 (TGFβr2) in colon cancer cells. Carcinogenesis 2012, 33, 68–76.
[CrossRef]

171. Yu, Y.; Nangia-Makker, P.; Farhana, L.; Rajendra, S.G.; Levi, E.; Majumdar, A.P.N. miR-21 and miR-145 cooperation in regulation
of colon cancer stem cells. Mol. Cancer 2015, 14, 98. [CrossRef] [PubMed]

172. Schee, K.; Boye, K.; Abrahamsen, T.W.; Fodstad, Ø.; Flatmark, K. Clinical relevance of microRNA miR-21, miR-31, miR-92a,
miR-101, miR-106a and miR-145 in colorectal cancer. BMC Cancer 2012, 12, 1–8. [CrossRef]

173. Li, J.; Liu, Y.; Wang, C.; Deng, T.; Liang, H.; Wang, Y.; Huang, D.; Fan, Q.; Wang, X.; Ning, T.; et al. Serum miRNA expression
profile as a prognostic biomarker of stage II/III colorectal adenocarcinoma. Sci. Rep. 2015, 5, 12921. [CrossRef] [PubMed]

174. Toiyama, Y.; Takahashi, M.; Hur, K.; Nagasaka, T.; Tanaka, K.; Inoue, Y.; Kusunoki, M.; Boland, C.R.; Goel, A. Serum miR-21 as a
diagnostic and prognostic biomarker in colorectal cancer. J. Natl. Cancer Inst. 2013, 105, 849–859. [CrossRef] [PubMed]

175. Oue, N.; Anami, K.; Schetter, A.J.; Moehler, M.; Okayama, H.; Khan, M.A.; Bowman, E.D.; Mueller, A.; Schad, A.; Shimomura, M.;
et al. High miR-21 expression from FFPE tissues is associated with poor survival and response to adjuvant chemotherapy in
colon cancer. Int. J. Cancer 2014, 134, 1926–1934. [CrossRef]

176. Bullock, M.D.; Pickard, K.M.; Nielsen, B.S.; Sayan, A.E.; Jenei, V.; Mellone, M.; Mitter, R.; Primrose, J.N.; Thomas, G.J.; Packham,
G.K.; et al. Pleiotropic actions of miR-21 highlight the critical role of deregulated stromal microRNAs during colorectal cancer
progression. Cell Death Dis. 2013, 4. [CrossRef]

177. Chen, X.; Xie, B.; Cao, L.; Zhu, F.; Chen, B.; Lv, H.; Fan, X.; Han, L.; Bie, L.; Cao, X.; et al. Direct binding of microRNA-21
pre-element with Regorafenib: An alternative mechanism for anti-colorectal cancer chemotherapy? J. Mol. Graph. Model. 2017, 73,
48–53. [CrossRef]

178. Sun, K.; Wang, W.; Zeng, J.J.; Wu, C.T.; Lei, S.T.; Li, G.X. MicroRNA-221 inhibits CDKN1C/p57 expression in human colorectal
carcinoma. Acta Pharmacol. Sin. 2011, 32, 375–384. [CrossRef]

179. Cai, K.; Shen, F.; Cui, J.H.; Yu, Y.; Pan, H.Q. Original Article Expression of miR-221 in Colon Cancer Correlates with Prognosis.
Int. J. Clin. Exp. Med. 2015, 8, 2794–2798.

180. Pu, X.X.; Huang, G.L.; Guo, H.Q.; Guo, C.C.; Li, H.; Ye, S.; Ling, S.; Jiang, L.; Tian, Y.; Lin, T.Y. Circulating miR-221 directly
amplified from plasma is a potential diagnostic and prognostic marker of colorectal cancer and is correlated with p53 expression.
J. Gastroenterol. Hepatol. 2010, 25, 1674–1680. [CrossRef]

181. Yau, T.O.; Wu, C.W.; Dong, Y.; Tang, C.M.; Ng, S.S.M.; Chan, F.K.L.; Sung, J.J.Y.; Yu, J. microRNA-221 and microRNA-18a
identification in stool as potential biomarkers for the non-invasive diagnosis of colorectal carcinoma. Br. J. Cancer 2014, 111,
1765–1771. [CrossRef] [PubMed]

182. Liu, S.; Sun, X.; Wang, M.; Hou, Y.; Zhan, Y.; Jiang, Y.; Liu, Z.; Cao, X.; Chen, P.; Liu, Z.; et al. A microRNA 221- and 222-
mediated feedback loop maintains constitutive activation of NFκB and STAT3 in colorectal cancer cells. Gastroenterology 2014, 147,
847–859.e11. [CrossRef] [PubMed]

183. Qin, J.; Luo, M. MicroRNA-221 promotes colorectal cancer cell invasion and metastasis by targeting RECK. FEBS Lett. 2014, 588,
99–104. [CrossRef] [PubMed]

184. Xue, Q. Anti-miRNA-221 sensitizes human colorectal carcinoma cells to radiation by upregulating PTEN. World J. Gastroenterol.
2013, 19, 9307. [CrossRef] [PubMed]

185. Mukohyama, J.; Isobe, T.; Hu, Q.; Hayashi, T.; Watanabe, T.; Maeda, M.; Yanagi, H.; Qian, X.; Yamashita, K.; Minami, H.; et al.
MiR-221 targets QKI to enhance the tumorigenic capacity of human colorectal cancer stem cells. Cancer Res. 2019, 79, 5151–5158.
[CrossRef]

186. Monzo, M.; Navarro, A.; Bandres, E.; Artells, R.; Moreno, I.; Gel, B.; Ibeas, R.; Moreno, J.; Martinez, F.; Diaz, T.; et al. Overlapping
expression of microRNAs in human embryonic colon and colorectal cancer. Cell Res. 2008, 18, 823–833. [CrossRef]

187. Xi, X.P.; Zhuang, J.; Teng, M.J.; Xia, L.J.; Yang, M.Y.; Liu, Q.G.; Chen, J.B. MicroRNA-17 induces epithelial-mesenchymal transition
consistent with the cancer stem cell phenotype by regulating CYP7B1 expression in colon cancer. Int. J. Mol. Med. 2016, 38,
499–506. [CrossRef]

188. Koga, Y.; Yasunaga, M.; Takahashi, A.; Kuroda, J.; Moriya, Y.; Akasu, T.; Fujita, S.; Yamamoto, S.; Baba, H.; Matsumura, Y.
MicroRNA expression profiling of exfoliated colonocytes isolated from feces for colorectal cancer screening. Cancer Prev. Res.
2010, 3, 1435–1442. [CrossRef]

189. Farace, C.; Pisano, A.; Griñan-Lison, C.; Solinas, G.; Jiménez, G.; Serra, M.; Carrillo, E.; Scognamillo, F.; Attene, F.; Montella, A.;
et al. Deregulation of cancer-stem-cell-associated miRNAs in tissues and sera of colorectal cancer patients. Oncotarget 2020, 11,
116–130. [CrossRef]

190. Lai, H.; Zhang, J.; Zuo, H.; Liu, H.; Xu, J.; Feng, Y.; Lin, Y.; Mo, X. Overexpression of miR-17 is correlated with liver metastasis in
colorectal cancer. Medicine 2020, 99. [CrossRef]

http://doi.org/10.1155/2014/842491
http://www.ncbi.nlm.nih.gov/pubmed/24574924
http://doi.org/10.1371/journal.pone.0068543
http://doi.org/10.1074/jbc.M110.160069
http://doi.org/10.1093/carcin/bgr246
http://doi.org/10.1186/s12943-015-0372-7
http://www.ncbi.nlm.nih.gov/pubmed/25928322
http://doi.org/10.1186/1471-2407-12-505
http://doi.org/10.1038/srep12921
http://www.ncbi.nlm.nih.gov/pubmed/26250939
http://doi.org/10.1093/jnci/djt101
http://www.ncbi.nlm.nih.gov/pubmed/23704278
http://doi.org/10.1002/ijc.28522
http://doi.org/10.1038/cddis.2013.213
http://doi.org/10.1016/j.jmgm.2017.02.004
http://doi.org/10.1038/aps.2010.206
http://doi.org/10.1111/j.1440-1746.2010.06417.x
http://doi.org/10.1038/bjc.2014.484
http://www.ncbi.nlm.nih.gov/pubmed/25233396
http://doi.org/10.1053/j.gastro.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/24931456
http://doi.org/10.1016/j.febslet.2013.11.014
http://www.ncbi.nlm.nih.gov/pubmed/24269686
http://doi.org/10.3748/wjg.v19.i48.9307
http://www.ncbi.nlm.nih.gov/pubmed/24409057
http://doi.org/10.1158/0008-5472.CAN-18-3544
http://doi.org/10.1038/cr.2008.81
http://doi.org/10.3892/ijmm.2016.2624
http://doi.org/10.1158/1940-6207.CAPR-10-0036
http://doi.org/10.18632/oncotarget.27411
http://doi.org/10.1097/MD.0000000000019265


Int. J. Mol. Sci. 2021, 22, 1603 30 of 35

191. Zhang, G.J.; Li, L.F.; Yang, G.D.; Xia, S.S.; Wang, R.; Leng, Z.W.; Liu, Z.L.; Tian, H.P.; He, Y.; Meng, C.Y.; et al. MiR-92a promotes
stem cell-like properties by activating Wnt/β-catenin signaling in colorectal cancer. Oncotarget 2017, 8, 101760–101770. [CrossRef]

192. Viswanathan, V.; Opdenaker, L.; Modarai, S.; Fields, J.Z.; Gonye, G.; Boman, B.M. MicroRNA expression profiling of normal
and malignant human colonic stem cells identifies miRNA92A as a regulator of the LRIG1 stem cell gene. Int. J. Mol. Sci. 2020,
21, 2804. [CrossRef]

193. Di, Z.; Di, M.; Fu, W.; Tang, Q.; Liu, Y.; Lei, P.; Gu, X.; Liu, T.; Sun, M. Integrated Analysis Identifies a Nine-microRNA Signature
Biomarker for Diagnosis and Prognosis in Colorectal Cancer. Front. Genet. 2020, 11. [CrossRef] [PubMed]

194. Zhou, A.D.; Diao, L.T.; Xu, H.; Xiao, Z.D.; Li, J.H.; Zhou, H.; Qu, L.H. β-Catenin/LEF1 transactivates the microRNA-371-373
cluster that modulates the Wnt/β-catenin-signaling pathway. Oncogene 2012, 31, 2968–2978. [CrossRef]

195. Wang, L.; Yu, P.; Li, B.; Guo, Y.; Liang, Z.; Zheng, L.; Yang, J.; Xu, H.; Liu, S.; Zheng, L.; et al. miR-372 and miR-373 enhance the
stemness of colorectal cancer cells by repressing differentiation signaling pathways. Mol. Oncol. 2018, 12, 1949–1964. [CrossRef]
[PubMed]

196. Ullmann, P.; Rodriguez, F.; Schmitz, M.; Meurer, S.K.; Qureshi-Baig, K.; Felten, P.; Ginolhac, A.; Antunes, L.; Frasquilho, S.; Zügel,
N.; et al. The miR-371373 cluster represses colon cancer initiation and metastatic colonization by inhibiting the TGFBR2/ID1
signaling axis. Cancer Res. 2018, 78, 3793–3808. [CrossRef]

197. Li, H.; Li, F. Exosomes from BM-MSCs increase the population of CSCs via transfer of miR-142-3p. Br. J. Cancer 2018, 119, 744–755.
[CrossRef]

198. Huang, Y.J.; Yadav, V.K.; Srivastava, P.; Wu, A.T.H.; Huynh, T.T.; Wei, P.L.; Huang, C.Y.F.; Huang, T.H. Antrodia cinnamomea
enhances chemo-sensitivity of 5-fu and suppresses colon tumorigenesis and cancer stemness via up-regulation of tumor
suppressor miR-142-3p. Biomolecules 2019, 9, 306. [CrossRef] [PubMed]

199. Ren, D.; Lin, B.; Zhang, X.; Peng, Y.; Ye, Z.; Ma, Y.; Liang, Y.; Cao, L.; Li, X.; Li, R.; et al. Maintenance of cancer stemness by
miR-196b-5p contributes to chemoresistance of colorectal cancer cells via activating STAT3 signaling pathway. Oncotarget 2017, 8,
49807–49823. [CrossRef]

200. Fan, D.; Lin, X.; Zhang, F.; Zhong, W.; Hu, J.; Chen, Y.; Cai, Z.; Zou, Y.; He, X.; Chen, X.; et al. MicroRNA 26b promotes colorectal
cancer metastasis by downregulating phosphatase and tensin homolog and wingless-type MMTV integration site family member
5A. Cancer Sci. 2018, 109, 354–362. [CrossRef]

201. De Robertis, M.; Loiacono, L.; Fusilli, C.; Poeta, M.L.; Mazza, T.; Sanchez, M.; Marchionni, L.; Signori, E.; Lamorte, G.; Vescovi,
A.L.; et al. Dysregulation of EGFR pathway in EphA2 cell subpopulation significantly associates with poor prognosis in colorectal
cancer. Clin. Cancer Res. 2017, 23, 159–170. [CrossRef] [PubMed]

202. Yamakuchi, M.; Ferlito, M.; Lowenstein, C.J. miR-34a repression of SIRT1 regulates apoptosis. Proc. Natl. Acad. Sci. USA 2008,
105, 13421–13426. [CrossRef] [PubMed]

203. Bu, P.; Chen, K.Y.; Chen, J.H.; Wang, L.; Walters, J.; Shin, Y.J.; Goerger, J.P.; Sun, J.; Witherspoon, M.; Rakhilin, N.; et al. A
microRNA miR-34a-regulated bimodal switch targets notch in colon cancer stem cells. Cell Stem Cell 2013, 12, 602–615. [CrossRef]

204. Siemens, H.; Jackstadt, R.; Kaller, M.; Hermeking, H. Repression of c-Kit by p53 is mediated by miR-34 and is associated with
reduced chemoresistance, migration and stemness. Oncotarget 2013, 4, 1399–1415. [CrossRef]

205. Hahn, S.; Hermeking, H. ZNF281/ZBP-99: A new player in epithelial-mesenchymal transition, stemness, and cancer. J. Mol. Med.
2014, 92, 571–581. [CrossRef]

206. Wang, L.; Bu, P.; Ai, Y.; Srinivasan, T.; Chen, H.J.; Xiang, K.; Lipkin, S.M.; Shen, X. A long non-coding RNA targets microRNA
miR-34a to regulate colon cancer stem cell asymmetric division. Elife 2016, 5. [CrossRef]

207. Sun, C.; Wang, F.-J.; Zhang, H.-G.; Xu, X.-Z.; Jia, R.-C.; Yao, L.; Qiao, P.-F. miR-34a mediates oxaliplatin resistance of colorectal
cancer cells by inhibiting macroautophagy via transforming growth factor-β/Smad4 pathway. World J. Gastroenterol. 2017,
23, 1816. [CrossRef]

208. Cai, M.H.; Xu, X.G.; Yan, S.L.; Sun, Z.; Ying, Y.; Wang, B.K.; Tu, Y.X. Regorafenib suppresses colon tumorigenesis and the
generation of drug resistant cancer stem-like cells via modulation of miR-34a associated signaling. J. Exp. Clin. Cancer Res. 2018,
37, 151. [CrossRef]

209. Soltani-Sedeh, H.; Irani, S.; Mirfakhraie, R.; Soleimani, M. Potential using of microRNA-34A in combination with paclitaxel in
colorectal cancer cells. J. Cancer Res. Ther. 2019, 15, 32–37. [CrossRef] [PubMed]

210. Brabletz, S.; Brabletz, T. The ZEB/miR-200 feedback loop—A motor of cellular plasticity in development and cancer? EMBO Rep.
2010, 11, 670–677. [CrossRef] [PubMed]

211. Song, C.; Liu, L.Z.; Pei, X.Q.; Liu, X.; Yang, L.; Ye, F.; Xie, X.; Chen, J.; Tang, H.; Xie, X. miR-200c inhibits breast cancer proliferation
by targeting KRAS. Oncotarget 2015, 6, 34968–34978. [CrossRef]

212. Pichler, M.; Ress, A.L.; Winter, E.; Stiegelbauer, V.; Karbiener, M.; Schwarzenbacher, D.; Scheideler, M.; Ivan, C.; Jahn, S.W.;
Kiesslich, T.; et al. MiR-200a regulates epithelial to mesenchymal transition-related gene expression and determines prognosis in
colorectal cancer patients. Br. J. Cancer 2014, 110, 1614–1621. [CrossRef] [PubMed]

213. Toiyama, Y.; Hur, K.; Tanaka, K.; Inoue, Y.; Kusunoki, M.; Boland, C.R.; Goel, A. Serum miR-200c is a novel prognostic and
metastasis-predictive biomarker in patients with colorectal cancer. Ann. Surg. 2014, 259, 735–743. [CrossRef] [PubMed]

214. Chen, X.; Ba, Y.; Ma, L.; Cai, X.; Yin, Y.; Wang, K.; Guo, J.; Zhang, Y.; Chen, J.; Guo, X.; et al. Characterization of microRNAs in
serum: A novel class of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008, 18, 997–1006. [CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.21667
http://doi.org/10.3390/ijms21082804
http://doi.org/10.3389/fgene.2020.00192
http://www.ncbi.nlm.nih.gov/pubmed/32265979
http://doi.org/10.1038/onc.2011.461
http://doi.org/10.1002/1878-0261.12376
http://www.ncbi.nlm.nih.gov/pubmed/30171794
http://doi.org/10.1158/0008-5472.CAN-17-3003
http://doi.org/10.1038/s41416-018-0254-z
http://doi.org/10.3390/biom9080306
http://www.ncbi.nlm.nih.gov/pubmed/31349708
http://doi.org/10.18632/oncotarget.17971
http://doi.org/10.1111/cas.13451
http://doi.org/10.1158/1078-0432.CCR-16-0709
http://www.ncbi.nlm.nih.gov/pubmed/27401248
http://doi.org/10.1073/pnas.0801613105
http://www.ncbi.nlm.nih.gov/pubmed/18755897
http://doi.org/10.1016/j.stem.2013.03.002
http://doi.org/10.18632/oncotarget.1202
http://doi.org/10.1007/s00109-014-1160-3
http://doi.org/10.7554/eLife.14620
http://doi.org/10.3748/wjg.v23.i10.1816
http://doi.org/10.1186/s13046-018-0836-x
http://doi.org/10.4103/jcrt.JCRT_267_17
http://www.ncbi.nlm.nih.gov/pubmed/30880751
http://doi.org/10.1038/embor.2010.117
http://www.ncbi.nlm.nih.gov/pubmed/20706219
http://doi.org/10.18632/oncotarget.5198
http://doi.org/10.1038/bjc.2014.51
http://www.ncbi.nlm.nih.gov/pubmed/24504363
http://doi.org/10.1097/SLA.0b013e3182a6909d
http://www.ncbi.nlm.nih.gov/pubmed/23982750
http://doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170


Int. J. Mol. Sci. 2021, 22, 1603 31 of 35

215. Lu, Y.X.; Yuan, L.; Xue, X.L.; Zhou, M.; Liu, Y.; Zhang, C.; Li, J.P.; Zheng, L.; Hong, M.; Li, X.N. Regulation of colorectal carcinoma
Stemness, Growth, and metastasis by an miR-200c-Sox2-negative feedback loop mechanism. Clin. Cancer Res. 2014, 20, 2631–2642.
[CrossRef]

216. Wellner, U.; Schubert, J.; Burk, U.C.; Schmalhofer, O.; Zhu, F.; Sonntag, A.; Waldvogel, B.; Vannier, C.; Darling, D.; Hausen, A.Z.;
et al. The EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-inhibiting microRNAs. Nat. Cell Biol. 2009, 11,
1487–1495. [CrossRef]

217. Barbáchano, A.; Fernández-Barral, A.; Pereira, F.; Segura, M.F.; Ordóñez-Morán, P.; Carrillo-De Santa Pau, E.; González-Sancho,
J.M.; Hanniford, D.; Martínez, N.; Costales-Carrera, A.; et al. SPROUTY-2 represses the epithelial phenotype of colon carcinoma
cells via upregulation of ZEB1 mediated by ETS1 and miR-200/miR-150. Oncogene 2016, 35, 2991–3003. [CrossRef]

218. Tian, Y.; Pan, Q.; Shang, Y.; Zhu, R.; Ye, J.; Liu, Y.; Zhong, X.; Li, S.; He, Y.; Chen, L.; et al. MicroRNA-200 (miR-200) cluster
regulation by achaete scute-like 2 (Ascl2) impact on the epithelial-mesenchymal transition in colon cancer cells. J. Biol. Chem.
2014, 289, 36101–36115. [CrossRef]

219. Pan, Q.; Meng, L.; Ye, J.; Wei, X.; Shang, Y.; Tian, Y.; He, Y.; Peng, Z.; Chen, L.; Chen, W.; et al. Transcriptional repression of
miR-200 family members by Nanog in colon cancer cells induces epithelial–mesenchymal transition (EMT). Cancer Lett. 2017, 392,
26–38. [CrossRef]

220. Heydari, K.; Saidijam, M.; reza Sharifi, M.; Asl, S.S.; Shabab, N.; Najafi, R. The Effect of miR-200c Inhibition on Chemosensitivity
(5- FluoroUracil) in Colorectal Cancer. Pathol. Oncol. Res. 2018, 24, 145–151. [CrossRef]

221. Dermani, F.K.; Amini, R.; Saidijam, M.; Pourjafar, M.; Saki, S.; Najafi, R. Zerumbone inhibits epithelial-mesenchymal transition
and cancer stem cells properties by inhibiting the β-catenin pathway through miR-200c. J. Cell. Physiol. 2018, 233, 9538–9547.
[CrossRef]

222. Sun, L.; Fang, Y.; Wang, X.; Han, Y.; Du, F.; Li, C.; Hu, H.; Liu, H.; Liu, Q.; Wang, J.; et al. MiR-302a inhibits metastasis and
cetuximab resistance in colorectal cancer by targeting NFIB and CD44. Theranostics 2019, 9, 8409–8425. [CrossRef]

223. Liu, N.; Li, J.; Zhao, Z.; Han, J.; Jiang, T.; Chen, Y.; Hou, N.; Huang, C. MicroRNA-302a enhances 5-fluorouracil-induced cell death
in human colon cancer cells. Oncol. Rep. 2017, 37, 631–639. [CrossRef]

224. Fu, Q.; Cheng, J.; Zhang, J.; Zhang, Y.; Chen, X.; Luo, S.; Xie, J. MiR-20b reduces 5-FU resistance by suppressing the ADAM9/EGFR
signaling pathway in colon cancer. Oncol. Rep. 2017, 37, 123–130. [CrossRef]

225. Tang, D.; Yang, Z.; Long, F.; Luo, L.; Yang, B.; Zhu, R.; Sang, X.; Cao, G.; Wang, K. Long noncoding RNA MALAT1 mediates stem
cell-like properties in human colorectal cancer cells by regulating miR-20b-5p/Oct4 axis. J. Cell. Physiol. 2019, 234, 20816–20828.
[CrossRef]

226. Bitarte, N.; Bandres, E.; Boni, V.; Zarate, R.; Rodriguez, J.; Gonzalez-Huarriz, M.; Lopez, I.; Sola, J.J.; Alonso, M.M.; Fortes, P.; et al.
MicroRNA-451 is involved in the self-renewal, tumorigenicity, and chemoresistance of colorectal cancer stem cells. Stem Cells
2011, 29, 1661–1671. [CrossRef] [PubMed]

227. Mamoori, A.; Wahab, R.; Vider, J.; Gopalan, V.; Lam, A.K. yin The tumour suppressor effects and regulation of cancer stem cells
by macrophage migration inhibitory factor targeted miR-451 in colon cancer. Gene 2019, 697, 165–174. [CrossRef] [PubMed]

228. Jiang, K.; Ren, C.; Nair, V.D. MicroRNA-137 represses Klf4 and Tbx3 during differentiation of mouse embryonic stem cells. Stem
Cell Res. 2013, 11, 1299–1313. [CrossRef] [PubMed]

229. Smith, A.R.; Marquez, R.T.; Tsao, W.C.; Pathak, S.; Roy, A.; Ping, J.; Wilkerson, B.; Lan, L.; Meng, W.; Neufeld, K.L.; et al. Tumor
suppressive microRNA-137 negatively regulates Musashi-1 and colorectal cancer progression. Oncotarget 2015, 6, 12558–12573.
[CrossRef]

230. Sakaguchi, M.; Hisamori, S.; Oshima, N.; Sato, F.; Shimono, Y.; Sakai, Y. MIR-137 regulates the tumorigenicity of colon cancer
stem cells through the inhibition of DCLK1. Mol. Cancer Res. 2016, 14, 354–362. [CrossRef]

231. Yu, X.-F. miR-93 suppresses proliferation and colony formation of human colon cancer stem cells. World J. Gastroenterol. 2011, 17,
4711. [CrossRef]

232. Xiao, Z.G.; Deng, Z.S.; Zhang, Y.D.; Zhang, Y.; Huang, Z.C. Clinical significance of microRNA-93 downregulation in human colon
cancer. Eur. J. Gastroenterol. Hepatol. 2013, 25, 296–301. [CrossRef]

233. Yu, X.; Mi, L.; Dong, J.; Zou, J. Long intergenic non-protein-coding RNA 1567 (LINC01567) acts as a “sponge” against microRNA-
93 in regulating the proliferation and tumorigenesis of human colon cancer stem cells. BMC Cancer 2017, 17, 1–15. [CrossRef]

234. Jones, M.F.; Hara, T.; Francis, P.; Li, X.L.; Bilke, S.; Zhu, Y.; Pineda, M.; Subramanian, M.; Bodmer, W.F.; Lal, A. The CDX1-
microRNA-215 axis regulates colorectal cancer stem cell differentiation. Proc. Natl. Acad. Sci. USA 2015, 112, E1550–E1558.
[CrossRef] [PubMed]

235. Nakaoka, T.; Saito, Y.; Shimamoto, Y.; Muramatsu, T.; Kimura, M.; Kanai, Y.; Saito, H. Cluster microRNAs miR-194 and miR-215
suppress the tumorigenicity of intestinal tumor organoids. Cancer Sci. 2017, 108, 678–684. [CrossRef] [PubMed]

236. Chen, D.L.; Lu, Y.X.; Zhang, J.X.; Wei, X.L.; Wang, F.; Zeng, Z.L.; Pan, Z.Z.; Yuan, Y.F.; Wang, F.H.; Pelicano, H.; et al. Long
non-coding RNA UICLM promotes colorectal cancer liver metastasis by acting as a ceRNA for microRNA-215 to regulate ZEB2
expression. Theranostics 2017, 7, 4836–4849. [CrossRef] [PubMed]

237. Ullmann, P.; Nurmik, M.; Schmitz, M.; Rodriguez, F.; Weiler, J.; Qureshi-Baig, K.; Felten, P.; Nazarov, P.V.; Nicot, N.; Zuegel,
N.; et al. Tumor suppressor miR-215 counteracts hypoxia-induced colon cancer stem cell activity. Cancer Lett. 2019, 450, 32–41.
[CrossRef]

http://doi.org/10.1158/1078-0432.CCR-13-2348
http://doi.org/10.1038/ncb1998
http://doi.org/10.1038/onc.2015.366
http://doi.org/10.1074/jbc.M114.598383
http://doi.org/10.1016/j.canlet.2017.01.039
http://doi.org/10.1007/s12253-017-0222-6
http://doi.org/10.1002/jcp.26874
http://doi.org/10.7150/thno.36605
http://doi.org/10.3892/or.2016.5237
http://doi.org/10.3892/or.2016.5259
http://doi.org/10.1002/jcp.28687
http://doi.org/10.1002/stem.741
http://www.ncbi.nlm.nih.gov/pubmed/21948564
http://doi.org/10.1016/j.gene.2019.02.046
http://www.ncbi.nlm.nih.gov/pubmed/30802541
http://doi.org/10.1016/j.scr.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24084696
http://doi.org/10.18632/oncotarget.3726
http://doi.org/10.1158/1541-7786.MCR-15-0380
http://doi.org/10.3748/wjg.v17.i42.4711
http://doi.org/10.1097/MEG.0b013e32835c077a
http://doi.org/10.1186/s12885-017-3731-5
http://doi.org/10.1073/pnas.1503370112
http://www.ncbi.nlm.nih.gov/pubmed/25775580
http://doi.org/10.1111/cas.13165
http://www.ncbi.nlm.nih.gov/pubmed/28092415
http://doi.org/10.7150/thno.20942
http://www.ncbi.nlm.nih.gov/pubmed/29187907
http://doi.org/10.1016/j.canlet.2019.02.030


Int. J. Mol. Sci. 2021, 22, 1603 32 of 35

238. Deng, B.; Wang, B.; Fang, J.; Zhu, X.; Cao, Z.; Lin, Q.; Zhou, L.; Sun, X. MiRNA-203 suppresses cell proliferation, migration and
invasion in colorectal cancer via targeting of EIF5A2. Sci. Rep. 2016, 6, 1–11. [CrossRef]

239. Li, J.; Chen, Y.; Zhao, J.; Kong, F.; Zhang, Y. MiR-203 reverses chemoresistance in p53-mutated colon cancer cells through
downregulation of Akt2 expression. Cancer Lett. 2011, 304, 52–59. [CrossRef]

240. Ju, S.Y.; Chiou, S.H.; Su, Y. Maintenance of the stemness in CD44+ HCT-15 and HCT-116 human colon cancer cells requires
miR-203 suppression. Stem Cell Res. 2014, 12, 86–100. [CrossRef]

241. Xu, Y.; Shen, L.; Li, F.; Yang, J.; Wan, X.; Ouyang, M. microRNA-16-5p-containing exosomes derived from bone marrow-derived
mesenchymal stem cells inhibit proliferation, migration, and invasion, while promoting apoptosis of colorectal cancer cells by
downregulating ITGA2. J. Cell. Physiol. 2019, 234, 21380–21394. [CrossRef] [PubMed]

242. Ma, Q.; Wang, X.; Li, Z.; Li, B.; Ma, F.; Peng, L.; Zhang, Y.; Xu, A.; Jiang, B. MicroRNA-16 represses colorectal cancer cell growth
in vitro by regulating the p53/survivin signaling pathway. Oncol. Rep. 2013, 29, 1652–1658. [CrossRef]

243. Sam, S.; Sam, M.R.; Esmaeillou, M.; Safaralizadeh, R. Effective Targeting Survivin, Caspase-3 and MicroRNA-16-1 Expression by
Methyl-3-pentyl-6-methoxyprodigiosene Triggers Apoptosis in Colorectal Cancer Stem-Like Cells. Pathol. Oncol. Res. 2016, 22,
715–723. [CrossRef] [PubMed]

244. Shen, K.; Liang, Q.; Xu, K.; Cui, D.; Jiang, L.; Yin, P.; Lu, Y.; Li, Q.; Liu, J. MiR-139 inhibits invasion and metastasis of colorectal
cancer by targeting the type I insulin-like growth factor receptor. Biochem. Pharmacol. 2012, 84, 320–330. [CrossRef]

245. Xu, K.; Shen, K.; Liang, X.; Li, Y.; Nagao, N.; Li, J.; Liu, J.; Yin, P. MiR-139-5p reverses CD44+/CD133+-associated multidrug
resistance by downregulating NOTCH1 in colorectal carcinoma cells. Oncotarget 2016, 7, 75118–75129. [CrossRef] [PubMed]

246. Ma, X.; Liu, J.; Li, J.; Li, Y.; Le, V.M.; Li, S.; Liang, X.; Liu, L.; Liu, J. miR-139-5p reverses stemness maintenance and metastasis of
colon cancer stem-like cells by targeting E2-2. J. Cell. Physiol. 2019, 234, 22703–22718. [CrossRef] [PubMed]

247. Lee, C.G.; McCarthy, S.; Gruidl, M.; Timme, C.; Yeatman, T.J. MicroRNA-147 induces a mesenchymal-to-epithelial transition
(MET) and reverses EGFR inhibitor resistance. PLoS ONE 2014, 9. [CrossRef] [PubMed]

248. Ning, X.; Wang, C.; Zhang, M.; Wang, K. Ectopic expression of miR-147 inhibits stem cell marker and epithelial–mesenchymal
transition (EMT)-related protein expression in colon cancer cells. Oncol. Res. 2019, 27, 399–406. [CrossRef]

249. Yi, L.; Zhong, X.; Chen, Z.; Wang, Q.; Yan, Y.; Wang, J.; Deng, X. MicroRNA-147b Promotes Proliferation and Invasion of Human
Colorectal Cancer by Targeting RAS Oncogene Family (RAP2B). Pathobiology 2019, 86, 173–181. [CrossRef]

250. Angius, A.; Pira, G.; Scanu, A.M.; Uva, P.; Sotgiu, G.; Saderi, L.; Manca, A.; Serra, C.; Uleri, E.; Piu, C.; et al. Microrna-425-5p
expression affects BRAF/RAS/MAPK pathways in colorectal cancers. Int. J. Med. Sci. 2019, 16, 1480–1491. [CrossRef]

251. Sun, D.; Yu, F.; Ma, Y.; Zhao, R.; Chen, X.; Zhu, J.; Zhang, C.Y.; Chen, J.; Zhang, J. MicroRNA-31 activates the RAS pathway and
functions as an oncogenic MicroRNA in human colorectal cancer by repressing RAS p21 GTPase activating protein 1 (RASA1). J.
Biol. Chem. 2013, 288, 9508–9518. [CrossRef] [PubMed]

252. Du, Y.L.; Liang, Y.; Shi, G.Q.; Cao, Y.; Qiu, J.; Yuan, L.; Yong, Z.; Liu, L.; Li, J. LINC00689 participates in proliferation,
chemoresistance and metastasis via miR-31-5p/YAP/β-catenin axis in colorectal cancer. Exp. Cell Res. 2020, 395, 112176.
[CrossRef]

253. Mi, B.; Li, Q.; Li, T.; Liu, G.; Sai, J. High miR-31-5p expression promotes colon adenocarcinoma progression by targeting TNS1.
Aging 2020, 12, 7480–7490. [CrossRef] [PubMed]

254. Hsu, H.H.; Kuo, W.W.; Shih, H.N.; Cheng, S.F.; Yang, C.K.; Chen, M.C.; Tu, C.C.; Viswanadha, V.P.; Liao, P.H.; Huang, C.Y. FOXC1
Regulation of miR-31-5p confers oxaliplatin resistance by targeting LATS2 in colorectal cancer. Cancers 2019, 11, 1576. [CrossRef]
[PubMed]

255. Peng, Q.; Shen, Y.; Zhao, P.; Cheng, M.; Zhu, Y.; Xu, B. Biomarker roles identification of miR-106 family for predicting the risk and
poor survival of colorectal cancer. BMC Cancer 2020, 20, 506. [CrossRef]

256. Lu, C.; Jiang, W.; Hui, B.; Rong, D.; Fu, K.; Dong, C.; Tang, W.; Cao, H. The circ_0021977/miR-10b-5p/P21 and P53 regulatory axis
suppresses proliferation, migration, and invasion in colorectal cancer. J. Cell. Physiol. 2020, 235, 2273–2285. [CrossRef]

257. Xie, Y.; Zhao, J.; Liang, Y.; Chen, M.; Luo, Y.; Cui, X.; Jiang, B.; Peng, L.; Wang, X. MicroRNA-10b controls the metastasis and
proliferation of colorectal cancer cells by regulating Krüppel-like factor 4. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1722–1729.
[CrossRef]

258. Cheng, Y.; Yu, C.; Li, W.; He, Y.; Bao, Y. Matrine Inhibits Proliferation, Invasion, and Migration and Induces Apoptosis of
Colorectal Cancer Cells Via miR-10b/PTEN Pathway. Cancer Biother. Radiopharm. 2020. [CrossRef]

259. Zheng, Y.; Tan, K.; Huang, H. Long noncoding RNA HAGLROS regulates apoptosis and autophagy in colorectal cancer cells via
sponging miR-100 to target ATG5 expression. J. Cell. Biochem. 2019, 120, 3922–3933. [CrossRef]

260. Zhou, B.; Yi, F.; Chen, Y.; Li, C.H.; Cheng, Y.S.; Yang, K. Reduced long noncoding RNA PGM5-AS1 facilitated proliferation and
invasion of colorectal cancer through sponging miR-100-5p. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 7972–7981. [CrossRef]
[PubMed]

261. Lu, M.L.; Zhang, Y.; Li, J.; Fu, Y.; Li, W.H.; Zhao, G.F.; Li, X.H.; Wei, L.; Liu, G.B.; Huang, H. MicroRNA-124 inhibits colorectal
cancer cell proliferation and suppresses tumor growth by interacting with PLCB1 and regulating Wnt/β-catenin signaling
pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 121–136. [CrossRef]

262. Fan, J.; Zhang, W.; Wu, Y.; Wan, P.; Guo, Q.; Zhang, Y. MiR-124 inhibits cell growth through targeting IQGAP1 in colorectal cancer.
Mol. Med. Rep. 2018, 18, 5270–5278. [CrossRef]

http://doi.org/10.1038/srep28301
http://doi.org/10.1016/j.canlet.2011.02.003
http://doi.org/10.1016/j.scr.2013.09.011
http://doi.org/10.1002/jcp.28747
http://www.ncbi.nlm.nih.gov/pubmed/31102273
http://doi.org/10.3892/or.2013.2262
http://doi.org/10.1007/s12253-016-0055-8
http://www.ncbi.nlm.nih.gov/pubmed/27055667
http://doi.org/10.1016/j.bcp.2012.04.017
http://doi.org/10.18632/oncotarget.12611
http://www.ncbi.nlm.nih.gov/pubmed/27738333
http://doi.org/10.1002/jcp.28836
http://www.ncbi.nlm.nih.gov/pubmed/31120140
http://doi.org/10.1371/journal.pone.0084597
http://www.ncbi.nlm.nih.gov/pubmed/24454732
http://doi.org/10.3727/096504018X15179675206495
http://doi.org/10.1159/000495253
http://doi.org/10.7150/ijms.35269
http://doi.org/10.1074/jbc.M112.367763
http://www.ncbi.nlm.nih.gov/pubmed/23322774
http://doi.org/10.1016/j.yexcr.2020.112176
http://doi.org/10.18632/aging.103096
http://www.ncbi.nlm.nih.gov/pubmed/32315285
http://doi.org/10.3390/cancers11101576
http://www.ncbi.nlm.nih.gov/pubmed/31623173
http://doi.org/10.1186/s12885-020-06863-9
http://doi.org/10.1002/jcp.29135
http://doi.org/10.1080/21691401.2019.1606006
http://doi.org/10.1089/cbr.2020.3800
http://doi.org/10.1002/jcb.27676
http://doi.org/10.26355/eurrev_202008_22480
http://www.ncbi.nlm.nih.gov/pubmed/32767323
http://doi.org/10.26355/eurrev_201901_16756
http://doi.org/10.3892/mmr.2018.9518


Int. J. Mol. Sci. 2021, 22, 1603 33 of 35

263. Zhang, X.; Li, X.F.; Gu, Z.P.; Yang, A.G.; Zhang, R.; Li, J.P.; Sun, J.Y. A miR-124/ITGA3 axis contributes to colorectal cancer
metastasis by regulating anoikis susceptibility. Biochem. Biophys. Res. Commun. 2018, 501, 758–764. [CrossRef]

264. Luo, J.; Liu, L.; Shen, J.; Zhou, N.; Feng, Y.; Zhang, N.; Sun, Q.; Zhu, Y. miR-576-5p promotes epithelial-to-mesenchymal transition
in colorectal cancer by targeting the Wnt5a-mediated Wnt/β-catenin signaling pathway. Mol. Med. Rep. 2020, 23. [CrossRef]

265. Liu, H.Z.; Shan, T.D.; Han, Y.; Liu, X.S. Silencing long non-coding RNA CASC9 inhibits colorectal cancer cell proliferation by
acting as a competing endogenous RNA of miR-576-5p to regulate AKT3. Cell Death Discov. 2020, 6. [CrossRef]

266. Makondi, P.T.; Wei, P.-L.; Huang, C.-Y.; Chang, Y.-J. Development of novel predictive miRNA/target gene pathways for colorectal
cancer distance metastasis to the liver using a bioinformatic approach. PLoS ONE 2019, 14, e0211968. [CrossRef] [PubMed]

267. Zhao, S.; Mi, Y.; Guan, B.; Zheng, B.; Wei, P.; Gu, Y.; Zhang, Z.; Cai, S.; Xu, Y.; Li, X.; et al. Tumor-derived exosomal miR-934
induces macrophage M2 polarization to promote liver metastasis of colorectal cancer. J. Hematol. Oncol. 2020, 13. [CrossRef]

268. Yue, C.; Chen, X.; Li, J.; Yang, X.; Li, Y.; Wen, Y. miR-151-3p Inhibits Proliferation and Invasion of Colon Cancer Cell by Targeting
Close Homolog of L1. J. Biomed. Nanotechnol. 2020, 16, 876–884. [CrossRef] [PubMed]

269. Yue, C.; Chen, J.; Li, Z.; Li, L.; Chen, J.; Guo, Y. microRNA-96 promotes occurrence and progression of colorectal cancer via
regulation of the AMPKα2-FTO-m6A/MYC axis. J. Exp. Clin. Cancer Res. 2020, 39, 240. [CrossRef] [PubMed]

270. Ge, T.; Xiang, P.; Mao, H.; Tang, S.; Zhou, J.; Zhang, Y. Inhibition of miR-96 enhances the sensitivity of colorectal cancer cells to
oxaliplatin by targeting TPM1. Exp. Ther. Med. 2020, 20, 2134–2140. [CrossRef]

271. Liu, D.; Zhang, H.; Cui, M.; Chen, C.; Feng, Y. Hsa-miR-425-5p promotes tumor growth and metastasis by activating the
CTNND1-mediated β-catenin pathway and EMT in colorectal cancer. Cell Cycle 2020, 19, 1917–1927. [CrossRef] [PubMed]

272. Li, T.; Lai, Q.; Wang, S.; Cai, J.; Xiao, Z.; Deng, D.; He, L.; Jiao, H.; Ye, Y.; Liang, L.; et al. MicroRNA-224 sustains Wnt/β-catenin
signaling and promotes aggressive phenotype of colorectal cancer. J. Exp. Clin. Cancer Res. 2016, 35, 21. [CrossRef] [PubMed]

273. Angius, A.; Uva, P.; Pira, G.; Muroni, M.R.; Sotgiu, G.; Saderi, L.; Uleri, E.; Caocci, M.; Ibba, G.; Cesaraccio, M.R.; et al. Integrated
Analysis of miRNA and mRNA Endorses a Twenty miRNAs Signature for Colorectal Carcinoma. Int. J. Mol. Sci. 2019, 20, 4067.
[CrossRef] [PubMed]

274. Zheng, Q.; Yu, J.J.; Li, C.; Li, J.; Wang, J.; Wang, S. miR-224 targets BTRC and promotes cell migration and invasion in colorectal
cancer. 3 Biotech 2020, 10, 485. [CrossRef]

275. Fassan, M.; Cui, R.; Gasparini, P.; Mescoli, C.; Guzzardo, V.; Vicentini, C.; Munari, G.; Loupakis, F.; Lonardi, S.; Braconi, C.; et al.
miR-224 Is Significantly Upregulated and Targets Caspase-3 and Caspase-7 During Colorectal Carcinogenesis. Transl. Oncol. 2019,
12, 282–291. [CrossRef]

276. Pisano, A.; Griñan-Lison, C.; Farace, C.; Fiorito, G.; Fenu, G.; Jiménez, G.; Scognamillo, F.; Peña-Martin, J.; Naccarati, A.; Pröll, J.;
et al. The Inhibitory Role of miR-486-5p on CSC Phenotype Has Diagnostic and Prognostic Potential in Colorectal Cancer. Cancers
2020, 12, 3432. [CrossRef] [PubMed]

277. Liu, X.; Chen, X.; Zeng, K.; Xu, M.; He, B.; Pan, Y.; Sun, H.; Pan, B.; Xu, X.; Xu, T.; et al. DNA-methylation-mediated silencing
of miR-486-5p promotes colorectal cancer proliferation and migration through activation of PLAGL2/IGF2/β-catenin signal
pathways. Cell Death Dis. 2018, 9. [CrossRef]

278. Liu, A.; Liu, L.; Lu, H. LncRNA XIST facilitates proliferation and epithelial–mesenchymal transition of colorectal cancer cells
through targeting miR-486-5p and promoting neuropilin-2. J. Cell. Physiol. 2019, 234, 13747–13761. [CrossRef]

279. Jiang, M.; Xu, B.; Li, X.; Shang, Y.; Chu, Y.; Wang, W.; Chen, D.; Wu, N.; Hu, S.; Zhang, S.; et al. O-GlcNAcylation promotes
colorectal cancer metastasis via the miR-101-O-GlcNAc/EZH2 regulatory feedback circuit. Oncogene 2019, 38, 301–316. [CrossRef]

280. Chen, T.; Cai, S.L.; Li, J.; Qi, Z.P.; Li, X.Q.; Ye, L.C.; Xie, X.F.; Hou, Y.Y.; Yao, L.Q.; Xu, M.D.; et al. Mecp2-mediated epigenetic
silencing of miR-137 contributes to colorectal adenoma-carcinoma sequence and tumor progression via relieving the suppression
of c-Met. Sci. Rep. 2017, 7. [CrossRef]

281. Tsang, W.P.; Kwok, T.T. The miR-18a* microRNA functions as a potential tumor suppressor by targeting on K-Ras. Carcinogenesis
2009, 30, 953–959. [CrossRef] [PubMed]

282. Humphreys, K.J.; McKinnon, R.A.; Michael, M.Z. Mir-18a inhibits CDC42 and plays a tumour suppressor role in colorectal cancer
cells. PLoS ONE 2014, 9. [CrossRef]

283. Ruan, Z.; Deng, H.; Liang, M.; Xu, Z.; Lai, M.; Ren, H.; Deng, X.; Su, X. Downregulation of long non-coding RNA MAFG-AS1
represses tumorigenesis of colorectal cancer cells through the microRNA-149-3p-dependent inhibition of HOXB8. Cancer Cell Int.
2020, 20, 511. [CrossRef] [PubMed]

284. Chen, D.; Zhang, M.; Ruan, J.; Li, X.; Wang, S.; Cheng, X.; Zhao, H.; Zeng, Y.; Liu, J.; He, K.; et al. The long non-coding RNA
HOXA11-AS promotes epithelial mesenchymal transition by sponging miR-149-3p in Colorectal Cancer. J. Cancer 2020, 11,
6050–6058. [CrossRef]

285. Liu, X.; Li, Y.; Chen, C.; Li, L. miR-149 regulates the proliferation and apoptosis of human colonic carcinoma cells by targeting
FZD5. Int. J. Clin. Exp. Pathol. 2020, 13, 889.

286. Lou, T.; Ke, K.; Zhang, L.; Miao, C.; Liu, Y. LncRNA PART1 facilitates the malignant progression of colorectal cancer via
miR-150-5p/LRG1 axis. J. Cell. Biochem. 2020, 121, 4271–4281. [CrossRef] [PubMed]

287. Zhou, T.; Wu, L.; Ma, N.; Tang, F.; Zong, Z.; Chen, S. LncRNA PART1 regulates colorectal cancer via targeting miR-150-5p/miR-
520h/CTNNB1 and activating Wnt/β-catenin pathway. Int. J. Biochem. Cell Biol. 2020, 118, 105637. [CrossRef]

288. Liu, F.; Di Wang, X. miR-150-5p represses TP53 tumor suppressor gene to promote proliferation of colon adenocarcinoma. Sci.
Rep. 2019, 9. [CrossRef]

http://doi.org/10.1016/j.bbrc.2018.05.062
http://doi.org/10.3892/mmr.2020.11733
http://doi.org/10.1038/s41420-020-00352-5
http://doi.org/10.1371/journal.pone.0211968
http://www.ncbi.nlm.nih.gov/pubmed/30807603
http://doi.org/10.1186/s13045-020-00991-2
http://doi.org/10.1166/jbn.2020.2941
http://www.ncbi.nlm.nih.gov/pubmed/33187583
http://doi.org/10.1186/s13046-020-01731-7
http://www.ncbi.nlm.nih.gov/pubmed/33183350
http://doi.org/10.3892/etm.2020.8936
http://doi.org/10.1080/15384101.2020.1783058
http://www.ncbi.nlm.nih.gov/pubmed/32594834
http://doi.org/10.1186/s13046-016-0287-1
http://www.ncbi.nlm.nih.gov/pubmed/26822534
http://doi.org/10.3390/ijms20164067
http://www.ncbi.nlm.nih.gov/pubmed/31434359
http://doi.org/10.1007/s13205-020-02477-x
http://doi.org/10.1016/j.tranon.2018.10.013
http://doi.org/10.3390/cancers12113432
http://www.ncbi.nlm.nih.gov/pubmed/33227890
http://doi.org/10.1038/s41419-018-1105-9
http://doi.org/10.1002/jcp.28054
http://doi.org/10.1038/s41388-018-0435-5
http://doi.org/10.1038/srep44543
http://doi.org/10.1093/carcin/bgp094
http://www.ncbi.nlm.nih.gov/pubmed/19372139
http://doi.org/10.1371/journal.pone.0112288
http://doi.org/10.1186/s12935-020-01485-4
http://www.ncbi.nlm.nih.gov/pubmed/33093810
http://doi.org/10.7150/jca.49809
http://doi.org/10.1002/jcb.29635
http://www.ncbi.nlm.nih.gov/pubmed/31898365
http://doi.org/10.1016/j.biocel.2019.105637
http://doi.org/10.1038/s41598-019-43231-5


Int. J. Mol. Sci. 2021, 22, 1603 34 of 35

289. Zhou, J.; Zou, Y.; Hu, G.; Lin, C.; Guo, Y.; Gao, K.; Wu, M. Facilitating colorectal cancer cell metastasis by targeted binding of long
non-coding RNA ENSG00000231881 with miR-133b via VEGFC signaling pathway. Biochem. Biophys. Res. Commun. 2019, 509,
1–7. [CrossRef]

290. Yu, X.; Wang, D.; Wang, X.; Sun, S.; Zhang, Y.; Wang, S.; Miao, R.; Xu, X.; Qu, X. CXCL12/CXCR4 promotes inflammation-driven
colorectal cancer progression through activation of RhoA signaling by sponging miR-133a-3p. J. Exp. Clin. Cancer Res. 2019, 38.
[CrossRef]

291. Feng, W.; Li, B.; Wang, J.; Zhang, H.; Liu, Y.; Xu, D.; Cheng, K.; Zhuang, J. Long Non-coding RNA LINC00115 Contributes to
the Progression of Colorectal Cancer by Targeting miR-489-3p via the PI3K/AKT/mTOR Pathway. Front. Genet. 2020, 11, 1083.
[CrossRef]

292. Cheng, Y.; Wu, J.; Qin, B.; Zou, B.C.; Wang, Y.H.; Li, Y. CREB1-induced lncRNA LEF1-AS1 contributes to colorectal cancer
progression via the miR-489/DIAPH1 axis. Biochem. Biophys. Res. Commun. 2020, 526, 678–684. [CrossRef] [PubMed]

293. Gao, S.; Liu, H.; Hou, S.; Wu, L.; Yang, Z.; Shen, J.; Zhou, L.; Zheng, S.S.; Jiang, B. MiR-489 suppresses tumor growth and invasion
by targeting HDAC7 in colorectal cancer. Clin. Transl. Oncol. 2018, 20, 703–712. [CrossRef]

294. Zhu, X.; Bu, F.; Tan, T.; Luo, Q.; Zhu, J.; Lin, K.; Huang, J.; Luo, C.; Zhu, Z. Long noncoding RNA RP11-757G1.5 sponges
miR-139-5p and upregulates YAP1 thereby promoting the proliferation and liver, spleen metastasis of colorectal cancer. J. Exp.
Clin. Cancer Res. 2020, 39. [CrossRef]

295. Wang, X.; Bai, X.; Yan, Z.; Guo, X.; Zhang, Y. The lncRNA TUG1 promotes cell growth and migration via the TUG1/miR-145-
5p/TRPC6 pathway in colorectal cancer. Biochem. Cell Biol. 2020. [CrossRef] [PubMed]

296. Chen, Z.L.; Li, X.N.; Ye, C.X.; Chen, H.Y.; Wang, Z.J. Elevated levels of circrunx1 in colorectal cancer promote cell growth and
metastasis via MiR-145-5p/IGF1 signalling. Onco. Targets. Ther. 2020, 13, 4035–4048. [CrossRef]

297. Chen, Q.; Zhou, L.; Ye, X.; Tao, M.; Wu, J. miR-145-5p suppresses proliferation, metastasis and EMT of colorectal cancer by
targeting CDCA3. Pathol. Res. Pract. 2020, 216, 152872. [CrossRef]

298. Niu, Y.; Zhang, J.; Tong, Y.; Li, J.; Liu, B. miR-145-5p restrained cell growth, invasion, migration and tumorigenesis via modulating
RHBDD1 in colorectal cancer via the EGFR-associated signaling pathway. Int. J. Biochem. Cell Biol. 2019, 117. [CrossRef] [PubMed]

299. Liu, L.; Wang, H.J.; Meng, T.; Lei, C.; Yang, X.H.; Wang, Q.S.; Jin, B.; Zhu, J.F. lncRNA GAS5 Inhibits Cell Migration and Invasion
and Promotes Autophagy by Targeting miR-222-3p via the GAS5/PTEN-Signaling Pathway in CRC. Mol. Ther. Nucleic Acids
2019, 17, 644–656. [CrossRef]

300. Luo, F.; Zhou, J.; Wang, S.; Sun, Z.; Han, Q.; Bai, C. microRNA-222 promotes colorectal cancer cell migration and invasion by
targeting MST3. FEBS Open Bio 2019, 9, 901–913. [CrossRef]

301. Sun, Z.; Ou, C.; Liu, J.; Chen, C.; Zhou, Q.; Yang, S.; Li, G.; Wang, G.; Song, J.; Li, Z.; et al. YAP1-induced MALAT1 promotes
epithelial–mesenchymal transition and angiogenesis by sponging miR-126-5p in colorectal cancer. Oncogene 2019, 38, 2627–2644.
[CrossRef]

302. Fu, R.; Yang, P.; Amin, S.; Li, Z. A novel miR-206/hnRNPA1/PKM2 axis reshapes the Warburg effect to suppress colon cancer
growth. Biochem. Biophys. Res. Commun. 2020, 531, 465–471. [CrossRef]

303. Shengnan, J.; Dafei, X.; Hua, J.; Sunfu, F.; Xiaowei, W.; Liang, X. Long non-coding RNA HOTAIR as a competitive endogenous
RNA to sponge miR-206 to promote colorectal cancer progression by activating CCL2. J. Cancer 2020, 11, 4431–4441. [CrossRef]
[PubMed]

304. Zheng, X.; Ma, Y.F.; Zhang, X.R.; Li, Y.; Zhao, H.H.; Han, S.G. Circ-0056618 promoted cell proliferation, migration and angiogenesis
through sponging with miR-206 and upregulating CXCR4 and VEGF-A in colorectal cancer. Eur. Rev. Med. Pharmacol. Sci. 2020,
24, 4190–4202. [CrossRef] [PubMed]

305. Dong, X.; Yang, Z.; Yang, H.; Li, D.; Qiu, X. Long Non-coding RNA MIR4435-2HG Promotes Colorectal Cancer Proliferation and
Metastasis Through miR-206/YAP1 Axis. Front. Oncol. 2020, 10. [CrossRef]

306. Mansoori, B.; Mohammadi, A.; Naghizadeh, S.; Gjerstorff, M.; Shanehbandi, D.; Shirjang, S.; Najafi, S.; Holmskov, U.; Khaze, V.;
Duijf, P.H.G.; et al. miR-330 suppresses EMT and induces apoptosis by downregulating HMGA2 in human colorectal cancer. J.
Cell. Physiol. 2020, 235, 920–931. [CrossRef] [PubMed]

307. Huang, Y.; Sun, H.; Ma, X.; Zeng, Y.; Pan, Y.; Yu, D.; Liu, Z.; Xiang, Y. HLA-F-AS1/miR-330-3p/PFN1 axis promotes colorectal
cancer progression. Life Sci. 2020, 254. [CrossRef]

308. Lu, C.; Fu, L.; Qian, X.; Dou, L.; Cang, S. Knockdown of circular RNA circ-FARSA restricts colorectal cancer cell growth through
regulation of miR-330-5p/LASP1 axis. Arch. Biochem. Biophys. 2020, 689. [CrossRef]

309. Ji, X.; Liu, Y.; Kao, X.; Chen, X.; Zhao, Y.; Zhang, S.; Chen, L.; Yu, M.; Wei, J.; Yang, Z.; et al. miR-144 suppresses cell proliferation
and migration in colorectal cancer by targeting NRAS. J. Cell. Biochem. 2020, 121, 3871–3881. [CrossRef]

310. Jiang, Y.; Cai, Y.; Shao, W.; Li, F.; Guan, Z.; Zhou, Y.; Tang, C.; Feng, S. MicroRNA-144 suppresses aggressive phenotypes of tumor
cells by targeting ANO1 in colorectal cancer. Oncol. Rep. 2019, 41, 2361–2370. [CrossRef]

311. Shi, L.; Hong, X.; Ba, L.; He, X.; Xiong, Y.; Ding, Q.; Yang, S.; Peng, G. Long non-coding RNA ZNFX1-AS1 promotes the
tumor progression and metastasis of colorectal cancer by acting as a competing endogenous RNA of miR-144 to regulate EZH2
expression. Cell Death Dis. 2019, 10. [CrossRef]

312. Ye, Y.; Gu, B.; Wang, Y.; Shen, S.; Huang, W. E2F1-mediated MNX1-AS1-miR-218-5p-SEC61A1 feedback loop contributes to the
progression of colon adenocarcinoma. J. Cell. Biochem. 2019, 120, 6145–6153. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbrc.2018.08.004
http://doi.org/10.1186/s13046-018-1014-x
http://doi.org/10.3389/fgene.2020.567630
http://doi.org/10.1016/j.bbrc.2020.03.153
http://www.ncbi.nlm.nih.gov/pubmed/32248974
http://doi.org/10.1007/s12094-017-1770-7
http://doi.org/10.1186/s13046-020-01717-5
http://doi.org/10.1139/bcb-2020-0017
http://www.ncbi.nlm.nih.gov/pubmed/32985219
http://doi.org/10.2147/OTT.S254133
http://doi.org/10.1016/j.prp.2020.152872
http://doi.org/10.1016/j.biocel.2019.105641
http://www.ncbi.nlm.nih.gov/pubmed/31693935
http://doi.org/10.1016/j.omtn.2019.06.009
http://doi.org/10.1002/2211-5463.12623
http://doi.org/10.1038/s41388-018-0628-y
http://doi.org/10.1016/j.bbrc.2020.08.019
http://doi.org/10.7150/jca.42308
http://www.ncbi.nlm.nih.gov/pubmed/32489462
http://doi.org/10.26355/eurrev_202004_20999
http://www.ncbi.nlm.nih.gov/pubmed/32373955
http://doi.org/10.3389/fonc.2020.00160
http://doi.org/10.1002/jcp.29007
http://www.ncbi.nlm.nih.gov/pubmed/31241772
http://doi.org/10.1016/j.lfs.2019.117180
http://doi.org/10.1016/j.abb.2020.108434
http://doi.org/10.1002/jcb.29543
http://doi.org/10.3892/or.2019.7025
http://doi.org/10.1038/s41419-019-1332-8
http://doi.org/10.1002/jcb.27902
http://www.ncbi.nlm.nih.gov/pubmed/30362161


Int. J. Mol. Sci. 2021, 22, 1603 35 of 35

313. Meng, Q.; Chen, Y.; Lian, B.; Shang, Y.; Yang, H. miR-218 promotes apoptosis of SW1417 human colon cancer cells by targeting
c-FLIP. Oncol. Rep. 2018, 40, 916–922. [CrossRef] [PubMed]

314. Zhang, H.; Shen, Z.; Zhou, Y.; Zhang, Z.; Wang, Q.; Zhang, M.; Jiang, K.; Wang, S.; Ye, Y.; Wang, B. Downregulation of miR-654-3p
in Colorectal Cancer Indicates Poor Prognosis and Promotes Cell Proliferation and Invasion by Targeting SRC. Front. Genet.
2020, 11. [CrossRef]

315. Wang, N.; He, J.X.; Jia, G.Z.; Wang, K.; Zhou, S.; Wu, T.; He, X.L. The lncRNA XIST promotes colorectal cancer cell growth through
regulating the miR-497-5p/FOXK1 axis. Cancer Cell Int. 2020, 20. [CrossRef] [PubMed]

316. Zheng, Z.H.; You, H.Y.; Feng, Y.J.; Zhang, Z.T. LncRNA KCNQ1OT1 is a key factor in the reversal effect of curcumin on cisplatin
resistance in the colorectal cancer cells. Mol. Cell. Biochem. 2020. [CrossRef]

317. Gharib, E.; Nasri Nasrabadi, P.; Reza Zali, M. miR-497-5p mediates starvation-induced death in colon cancer cells by targeting
acyl-CoA synthetase-5 and modulation of lipid metabolism. J. Cell. Physiol. 2020, 235, 5570–5589. [CrossRef]

318. Wang, H.; Yu, M.; Hu, W.; Chen, X.; Luo, Y.; Lin, X.; Zeng, Y.; Yao, X. Linc00662 Promotes Tumorigenesis and Progression by
Regulating miR-497-5p/AVL9 Axis in Colorectal Cancer. Front. Genet. 2020, 10. [CrossRef] [PubMed]

http://doi.org/10.3892/or.2018.6460
http://www.ncbi.nlm.nih.gov/pubmed/29845219
http://doi.org/10.3389/fgene.2020.577948
http://doi.org/10.1186/s12935-020-01647-4
http://www.ncbi.nlm.nih.gov/pubmed/33298041
http://doi.org/10.1007/s11010-020-03856-x
http://doi.org/10.1002/jcp.29488
http://doi.org/10.3389/fgene.2019.01385
http://www.ncbi.nlm.nih.gov/pubmed/32038723

	Introduction 
	Intestinal Stem Cells Are Key Drivers of Epithelial Homeostasis and Regeneration 
	Cancer Stem Cells in Colorectal Cancer 
	MicroRNAs Dysregulation on Colorectal Cancer Stem Cells: An Overview 
	Conclusions 
	References

