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Colorectal cancer stem cells (CCSCs) is a small cells population with stemness behaviors and responsible for tumor

progression, recurrence, and therapy resistance. 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.
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1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second most frequent source of cancer-related

mortality worldwide . 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) . In highly advanced nations, the increased cancer-incidence highlights the influence

of dietary habits, obesity, and lifestyle. The reduced cancer-mortality is attributable to population-based screenings and

significant progresses in therapeutic options improving CRC patient’s management . 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 .

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 . 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 . Approximately 20% of CRC patients already have metastases at

diagnosis, and metastatic CRC (mCRC) is generally an incurable disease . 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 strategies. 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) . 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 phenotypic subtypes based on polymerase-

mutations or mismatch repair deficiency leading to a hypermutated phenotype . These two latter molecular events

explain the microsatellite instability (MSI) identified in the 15–20% of CRCs .

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 . Particularly, exon 2 KRAS

mutations are correlated to advanced stage tumors and adverse prognosis . 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 . BRAF gene mutation

(V600E) has been associated with aggressive clinical outcome in CRC patients . Five percent of mCRC patients show
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a link between MSI-high (MSI-H) and a striking response to immune checkpoint blockade with anti-PD1 therapy .

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 . 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

deregulation of pathways involved in transformation, differentiation, growth, and epithelial to mesenchymal transitions

(EMT) .

Recent data have validated the significant role of epigenetics in regulating the function of CRC cells  and colorectal

cancer stem cells (CCSCs) . Non-coding RNAs (ncRNAs) such as microRNAs (miRNAs) and long-non-coding RNAs

(lncRNAs) control several cell functions and regulate gene expression by interacting with target mRNAs, resulting in either

mRNA degradation or translational repression .

The relationship between miRNAs gene expression profile and CRC clinical outcome has been extensively analyzed .

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 .

2. Cancer Stem Cells in Colorectal Cancer

Recent technological progresses have identified several genetic and epigenetic aberrations 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 applying 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 .

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 might arise from terminally differentiated cells . 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) . ISC features could be sustained by genetic/epigenetic aberrations acquired into different

neoplastic subclones . Stemness is responsible for three key processes that trigger tumor progression: Cell growth and

proliferation, recurrence and metastasization, and therapy resistance (Figure 1).

Figure 1. Origin of colorectal cancer stem cells (CCSC) and their role in tumor progression. Colorectal cancer (CRC) cells

may originate from intestinal stem cells (ISCs), cells in transit, and terminally differentiated cells gaining a transforming

mutation. A single mutation in an ISC could originate a CCSC; at least one transforming, and one de-differentiating
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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 progression and therapeutic resistance .

EMT-associated gene expression gives invasive and metastatic characteristics, resistance to therapies, and CSCs

phenotypes on cancer cells . 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 .

Colorectal CSCs have been characterized based on specific markers. CD133 is well documented: It is a membrane-

bound glycoprotein involved in primordial cell differentiation and EMT . 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 .

CD133+ CRC cells manifested the CSC-like properties, such as higher levels of SC markers OCT4 and SOX2, tumor

sphere forming ability, and more tumorigenic in NOD/SCID mice , which is consistent with OCT4 and SOX2

overexpression in poorly differentiated human tumors . 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 B7H1 . 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 engager 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 .

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

. Mice subcutaneously 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 . Further, the antitumor efficacy of CCSC vaccine

in MUC1 knockdown was partially impaired .

ALDH1+ cells are found at low levels at crypt bases, but increase during progression from normal to APC-mutant

adenoma . 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 .

CD44 is a cell surface glycoprotein involved in cell–cell interactions, adhesion of the cytoskeleton to the extracellular

matrix and cell migration  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

requirement of CD133 in tumor onset . 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: EpCAM /CD44+ and

EpCAM /CD44−. Only the first one develops tumors when injected into non-obese diabetic/SCID mice . 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 LGR5  CRC cells are more clonogenic and tumorigenic than LGR5  CRC cells. LGR5

overexpression results in higher clonogenic growth, indicating that LGR5 is a new functional marker for CCSCs .

OCT4, SOX2, and NANOG are transcription factors that play a main role in the regulation of pluripotency and implement

the self-regulation of their expressions by linking to their promoting regions . OCT4 influences embryogenesis, stem

cell maintenance, tumor growth, and metastasis . Though it is an important CSC marker, its expression 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, presumably by preventing apoptosis . 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

. SOX2 is reported to prevent differentiation of neural progenitor cells and to be overexpressed in CRC stage III .
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Talebi et al. comparing normal colon, dysplastic polyps, and adenocarcinomas identified a significant correlation between

SOX2 expression and CRC . High level of SOX2 in CRCs positively correlates with metastases and lymph node

infiltration. SOX2 controls OCT4 expression, and this combination of transcription factors promote pluripotency .

NANOG also influences pluripotency through transcriptional control . 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 . The high expression of NANOG is correlated with poor prognosis in CRC

patients .
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