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Abstract

:

Colorectal cancer (CRC) is a heterogeneous disease, molecularly and anatomically, that develops in a multi-step process requiring the accumulation of several genetic or epigenetic mutations that lead to the gradual transformation of normal mucosa into cancer. In fact, tumorigenesis is extremely complex, with many immunologic and non-immunologic factors present in the tumor microenvironment that can influence tumorigenesis. In the last few years, a role for mast cells (MCs), microRNAs (miRNAs), Kirsten rat sarcoma (KRAS) and v-raf murine sarcoma viral oncogene homologue B (BRAF) in cancer development and progression has been suggested, and numerous efforts have been made to thoroughly assess their correlation with CRC to improve patient survival and quality of life. The identification of easily measurable, non-invasive and cost-effective biomarkers, the so-called “ideal biomarkers”, for CRC screening and treatment remains a high priority. The aim of this review is to discuss the emerging role of mast cells (MCs), microRNAs (miRNAs), KRAS and BRAF as diagnostic and prognostic biomarkers for CRC, evaluating their influence as potential therapy targets in the forthcoming era of precision medicine.
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1. Introduction


Colorectal cancer (CRC) is a heterogeneous disease [1], molecularly and anatomically [2], that develops in a multi-step process [3] requiring the accumulation of several genetic or epigenetic mutations that lead to the gradual transformation of normal mucosa into cancer.



The global burden of CRC is predicted to increase to more than 2.2 million new cases and 1.1 million fatalities by 2030 [4], and there were 861,700 CRC-related deaths in 2018 [5].



Over 70% of CRC cases are sporadic, 20% of cases have an associated hereditary component, and less than 5% of cases are inherited (Lynch Syndrome, 2–5%).



There are currently three main routes of CRC carcinogenesis: chromosomal instability, DNA replication errors and epigenetic regulation, which includes aberrant hypermethylation and gene silencing [3,6,7]. In fact, recent genome-targeting investigations confirmed that each patient is genetically and epigenetically unique [8]. Nevertheless, regardless of these routes, the tumor microenvironment (TME) [9], a landmark of all solid cancers composed of a variety of cells such as stromal cells, fibroblasts, extracellular matrix (ECM) and vessels, should be considered an influencing factor of CRC development, as already demonstrated by the eminent role of inflammation in patients with inflammatory bowel disease (IBD) [10,11].



CRC becomes symptomatic only at advanced stages [12]; disease curability and highest the chance of patient survival can be achieved only if the disease is detected early with a proper screening method.



In fact, the mortality rate changes totally according to the stage in which the diagnosis is made, and only 80% of patients at primary diagnosis can be potentially cured [13].



Greegor in 1967 described the first attempt at a non-invasive detectable CRC biomarker [14]. However, after thirty years, the attention shifted to molecular biomarkers, i.e., the Kirsten rat sarcoma (KRAS) mutation [15].



Although several non-invasive biomarkers have been proposed so far, the combination of colonoscopy and fecal immunochemical tests (FIT) remains the gold standard for CRC screening.



Unfortunately, participant adherence is crucial, and colonoscopy is invasive, expensive and not free from complications, occurring in between 3% and 16% of cases [16].



In this regard, Computed Tomography (CT) colonography has a higher acceptability rate than colonoscopy [17], but its effectiveness as a screening method is still unclear. Furthermore, FIT has a relatively low sensitivity, depending on the hemoglobin cut-off value, and CT colonography may fail in detecting lesions < 6 mm [18,19,20].



The identification of easily measurable, non-invasive and cost-effective biomarkers, the so-called “ideal biomarkers”, for CRC screening and treatment remains a high priority.



The aim of this review is to discuss the emerging role of mast cells (MCs), microRNAs (miRNAs), KRAS and v-raf murine sarcoma viral oncogene homologue B (BRAF) as diagnostic and prognostic biomarkers for CRC, evaluating their influence as potential therapy targets in the forthcoming era of precision medicine.




2. Mast Cells


MCs, from the German mast meaning well-fed, were first described by Paul Ehrlich in 1878 [21,22] based on the unique color-changing granules within these cells. In fact, MCs are easily recognizable with characteristic toluidine blue-positive granules in the cytoplasm [22]. Their granules contain several elements, such as histamine, serotonin, heparin, proteases (chymase, tryptase, carboxypeptidase), cytokines and other growth factors (vascular endothelial growth factor, VEGF; fibroblast growth factor-2, FGF-2) [23]. Tryptases and chymases are considered MC-specific proteases, but the granules also contain some non-specific enzymes, such as metalloproteinase-9 [24].



MCs are round or elongated in shape and have diameters ranging from 8 to 20 μm and are bone marrow-derived leukocytes (CD34+) that are not present in avascular tissue [25]; they play a key role in the homeostasis of wound healing as well as in both innate and adaptive immunity. These processes are closely controlled by microenvironmental stimuli, leading to the development of different subtypes.



In contrast to other cells, they leave the bone marrow from an immature non-granulated precursor [26] that circulates in the blood and becomes mature under the influence of growth factors such as stem cell factor (SCF) and the ligand for c-kit receptor (CD117). There are two distinct types of MC: connective tissue and mucosa. Usually, the latter represent 2% of mucosal cells in the healthy gut, but this number can increase in response to different stimuli.



In 1891, an MC was identified by Westphal at the tumor periphery [27]. Since then, several studies have hypothesized the role of MCs in tumor development and progression [28], correlating their infiltration with a poor prognosis in gastrointestinal tumors [29,30,31,32], including CRC [33].



In fact, tumor cells produce SCF, which is the main chemoattractant and survival factor for MCs, with the consequent activation of the c-Kit pathway [34,35,36]. Thus, they are recruited in the initial step of tumorigenesis, promoting the angiogenic switch [37] through the release of anti- or pro-angiogenetic factors based on stimuli received by the TME that can regulate MC and contribute to ECM remodeling, which is crucial for tumor progression, invasion and metastasis. In particular, interleukin (IL)-1, IL-4, IL-6 or Tumor Necrosis Factor alpha (TNF-α) can act as antitumoral factors, whereas FGF-2, VEGF, Matrix Metalloproteinases (MMP-9), tryptase, chymase, IL-8 and IL-10 promote tumorigenesis [38].



Angiogenesis is an indicator of tumor aggressiveness and is essential for tumor spread, providing a vascular route [39]. During tumorigenesis, cancer cells face a shortage of supply of nutrients, which leads to the creation of a hypoxic and acidotic TME. Consequently, angiogenesis can help to restore a sufficient blood supply through the formation of new vessels. In this context, the role of endothelial cells (ECs) is crucial for the ability to suppress recruitment and activity of circulating T cells. Under hypoxic conditions, MCs release IL-6, VEGF-A and C-X-C motif ligand 8 (CXCL8), which promote epithelial-to-mesenchymal transition (EMT) in cancer cells [36].



In this respect, according to Engel et al. [40], the number of microvessels is an important predictor of CRC recurrence and time to recurrence. These results were confirmed by Frank et al. [41] in 105 patients with CRC. Furthermore, MCs regulate lymphangiogenesis by releasing VEGF-C and VEGF-D [42,43]. Marech et al. [35] accurately described the biological and translational significance of MCs density in CRC, pointing out the close relationship between MCs and angiogenesis-mediated tumor progression (Figure 1).



Tryptases are tetrameric neutral serine proteases; they are most abundant in MC secretory granules and are the main stimulating factors of neovascularization and EC proliferation [44].



Two main types of MC tryptases exist: alfa and beta. Alpha-tryptases are stored in the granules of MCs, whereas beta-tryptases circulate in the blood as inactive proenzymes and are the major constituents of secretory granules in humans [45].



Positive MCs tryptase expression has a negative effect on prognosis [46], and its density is associated with advanced tumor parameters and aggressive behavior, i.e., tumor size and lymph node metastasis in solid tumors.



Tryptases are agonists of protease-activated receptor-2 (PAR-2), which belongs to the superfamily of G-protein-coupled receptors and is expressed on EC and epithelial cells. Once activated, PAR-2 induces cell proliferation, releasing angiogenic factors and granulocyte-macrophage colony-stimulating factor (GM-CSF).



Histamine is one of the factors released by MCs, and it exerts its functions through four receptors (H1–H4) and has been involved in CRC development. In fact, patients treated with cimetidine (histamine antagonist) reported a significant symptomatic improvement as well as a survival benefit [47,48]. However, the results regarding the role of histamine are still controversial.



High MC density is correlated with advanced stage, tumor progression and poor outcome in CRC [32,49]. Targeted MC therapy is under development, and only a few studies have tried to investigate this issue [50]. Among these studies, tyrosine kinase inhibitors (imatinib and masitinib) for c-Kit receptor and MC tryptase inhibitors (gabexate mesylate, nafamostat mesylate and tranilast) are the best known and most studied [51,52].



Interestingly, in a series of 61 consecutive patients with CRC, the correlation between serum tryptase levels before surgery and tumor-mediated angiogenesis was demonstrated. The authors concluded that elevated levels of serum tryptases after surgery could be indicative of residual tumor tissue or unknown metastases [33]. Ammendola et al. [52] summarized the main in vivo/in vitro strategies of targeted MC therapy in solid tumors and their metastasis. A better understanding of the complex relationships between the whole angiogenesis signaling pathway and MC can represent the future of therapy aimed at arresting tumor growth in gastrointestinal cancer.




3. MicroRNA


In the last few years, the field of epigenetics has significantly expanded due to the discovery of new high-throughput microarray-based miRNA profiling platforms such as next-generation sequencing (NGS) that allow genome-wide miRNA and mRNA expression analyses [53]. In this regard, Schetter et al. [54] published the first systemic and comprehensive array-based analysis to evaluate 389 miRNA expression levels in CRC and normal colonic tissues, identifying 37 aberrantly expressed miRNAs in CRC and demonstrating the overexpression of miRNA-20a, miRNA-21, miRNA-106a, miRNA-181b, and miRNA-203 in tumor tissues.



miRNAs are a class of short endogenous single-stranded non-coding RNAs that are 18–25 nucleotides in length and are able to post-transcriptionally repress gene expression by binding to the 3′ untranslated region (UTR) of their target mRNAs [7,55].



It was first discovered in 1993 as a developmental regulator of the nematode Caenorhadbitis elegans [56,57]. Since the first abnormalities of lin-4 and let-7 loss of function were observed, the number of publications regarding miRNAs has expanded enormously.



The miRNA formation process begins with synthesis into the nucleus by RNA polymerase II of a primary miRNA (pri-miRNA), a 5′-cap long transcript of an approximately 70-nucleotide hairpin structure and 3′ poly(A) tail. The latter is then processed to pre-miRNA by RNase III enzyme Drosha and its cofactor DGCR8 with the removal of both the 5′-cap and 3′-poly(A) tail. The pre-miRNA is transported to the cytoplasm by exportin 5 and processed into a mature miRNA and its complementary miRNA strand by the ribonuclease III enzyme Dicer [58]. After all these processes, the mature miRNA is integrated into the RNA inducing silencing complex (RISC) and negatively regulates the expression of several target mRNAs, leading to their degradation or translational inhibition [59,60]. A single miRNA is able to regulate up to hundreds of target mRNAs [61] (Figure 2).



In 2002, Calin et al. [62] first reported the role of miRNAs in cancer, demonstrating the reduction of miRNA-15 and miRNA-16 in patients with chronic lymphocytic leukemia.



miRNAs have been found in different body fluids, such as serum, plasma, urine, saliva, and tissues, where they are stable [7].



There are several studies that report the role of miRNAs in a variety of biological processes and immune responses as well as the correlation between dysregulated miRNAs and the aberrant regulation of signaling pathways, including angiogenesis, drug resistance and EMT [63,64,65]; miRNAs play these roles by regulating oncogene and tumor suppressor gene expression [66,67].



miRNAs can circulate freely or via exosomes surviving in a stable form [68]. They are well protected from endogenous degradation and are reproducible and consistent plasma markers [69].



Chen and colleagues [70], in their study of serum miRNA profiling in CRC patients, first declared the high degree of miRNA CRC specificity by demonstrating the unique expression of 14 miRNAs in CRC patients. None of the 69 serum miRNAs identified were expressed in healthy volunteers.



miRNA-21 is one of the most promising and well-known oncogenic miRNAs correlating with all stages of tumorigenesis [7]. It is differentially expressed in both adenoma and CRC compared to their normal counterparts, revealing a possible distinguishing feature between cancer and normal samples [71,72,73] and allowing for an early diagnosis. The latter concept is key for improving the survival of patients with CRC, and further studies reporting an upregulation of miRNAs in adenoma tissues compared with normal healthy mucosa confirmed the trend [74]. The plasma levels of three miRNAs, miR-24, miR-320a and miR423-5p, can be monitored to predict the post-operative risk of metastasis in CRC patients [75].



Fecal miRNAs have been shown to correlate with tumor stage [76,77], probably because they are continuously released into the intestinal lumen by CRC cells and can be detected in stool samples [78]. Stool comes into direct contact with the intestinal lumen, providing a rationale for the use of miRNAs as biomarkers in CRC [79].



Koga et al. [80] studied exfoliated colonocytes by comparing miRNAs expression in 197 patients with CRC and 119 healthy controls. The authors demonstrated that the miRNA-17-92 cluster and miRNA-135 were most highly expressed in patients with CRC (p < 0.0001). These results were confirmed by Wu et al. [81] and Link et al. [82]. Many other authors support the downregulation or overexpression of miRNAs in the fecal samples of CRC patients compared to those of healthy controls [83].



Regarding miRNAs in tumor tissue, miRNA-143 and miRNA-145 were the first to be associated with CRC tumorigenesis. In particular, both of them were downregulated in precancerous and CRC tissues compared with normal healthy mucosa [84]. Subsequent studies have shown their role as tumor suppressors [85,86]. MiRNAs contained in exosomes can activate Toll-like-receptor 8 with the release of IL-6 and TNF-α, increasing tumor growth [87].



The development of miRNA-targeted therapy is promising considering their crucial role in CRC tumorigenesis (Figure 3). In fact, some miRNAs, such as miRNA-320 and miRNA-498, were significantly correlated with recurrence-free survival in colon cancer [88]. Furthermore, increased levels of miRNA-21 in tumor tissues have been associated with poor recurrence-free cancer-specific survival [7].



Recently, some studies have shown the interaction of miRNAs with other biomarkers, such as KRAS [89,90], and their consequent role in predicting treatment response to classical cytotoxic chemotherapy or targeted therapy (anti-epidermal growth factor receptor (EGFR) and anti-VEGF) [91,92,93,94].



Patients with CRC and high levels of let-7 may benefit from anti-EGFR therapy (cetuximab) due to its downregulatory effect on KRAS [95]. Valeri et al. [96] demonstrated the role of miRNA-21 in conferring resistance to 5- fluorouracil (FU) downregulating MutS homologue 2 (MSH-2). An inhibitor of this miRNA is under evaluation for the treatment of hepatocellular carcinoma [97]. High levels of miRNA-203 have been correlated with oxaliplatin resistance [93], and the deregulation of other miRNAs, such as miRNA-10b [98], is associated with 5-fluorouracil (FU) and irinotecan resistance [99].




4. KRAS


Rat sarcoma (RAS) proteins are a group of nucleotide guanosine triphosphate (GTPases) involved in several crucial cell processes, and their mutations play a pivotal role in human carcinogenesis [100].



Activating mutations in the RAS genes occur in approximately 45% of CRC. Among them, the KRAS mutation is mainly involved in preventing the hydrolysis of the GTP complex, leading to cell proliferation via several signaling pathways [101,102,103]. The proto-oncogene KRAS recruits BRAF, initiating mitogen-activated protein kinase (MAPK) signaling and leading to the expression of multiple downstream effectors involved in cell proliferation, differentiation, and survival [104].



The KRAS gene contains six exons, and the most frequent mutations occur at codons 12 and 13. The results of studies performed on patients with advanced or recurrent CRC have revealed that out of 35% of patients with KRAS mutations, 25% had mutations at codon 12, and 10% had mutations at codon 13 [105].



Constitutively activated KRAS has several effects on tumor initiation and clinicopathological features, influencing tumor progression, local invasion, and metastasis formation [106].



The role of KRAS in facilitating tumor metastasis depends on the effect of activated metalloproteases-7 and urokinase plasminogen activator, which breakdown and promote migration through the basement membrane, leading to the dissemination of cancer cells from the primary tumor [107,108,109].



Although there is no clear evidence of the relationship between KRAS mutations and CRC stage and location, patients with codon 12 mutations were found to be more commonly affected by advanced stage proximal tumors with mucinous histology [110].



Furthermore, some authors showed that codon 13 mutation was related to a 40% increase in short-term mortality from colon cancer and was associated with advanced Dukes stage [110,111,112].



However, even if there is some evidence suggesting that the KRAS-mutated tumors have more aggressive biologic behavior, the effect of the mutational status on clinical outcomes is under discussion and still not well defined.



For the understanding of the molecular mechanisms by which the mutational status affects CRC growth and metastasis, KRAS mutational analysis has become an important step in the era of personalized medicine [113].



The association between KRAS mutation and patient survival remains contended and further studies are required to explore the prognostic value of KRAS status in left-sided and right-sided CRC. In fact, the prognostic value of KRAS status could also depend on the location of the primary tumor and left-sided CRC patients have a greater risk of death [114,115].



The prognostic role of KRAS mutations is controversial, but a recent systematic review showed a negative effect in the adjuvant and metastatic setting. Actually, in the case of liver metastasis from CRC, the RAS mutation has been reported to be the most common negative prognostic factor for overall survival (OS) [116]. Furthermore, KRAS mutations seem to be associated with worse survival among patients undergoing repeat hepatectomy [117].



KRAS mutational analysis should be carried out in all metastatic CRC patients at the beginning of treatment aiming to tailor their targeted therapy [112].



The rationale beyond the accurate study of the specific type of KRAS mutation can be explained by the fact that the constitutively activated RAS/RAF/MAPK pathway (in case of mutation in codons 12 and 13) makes the targeting of epidermal growth factor receptor (EGFR) therapeutically useless.



Therefore, mutated KRAS represents a negative predictive biomarker for the response to anti-EGFR therapy in patients affected by metastatic CRC [118].



Recently, blood-based genomic profiling (“liquid biopsy”) has been demonstrated to be a useful method to study and monitor tumor genomes, allowing the detection of early signs of disease progression even months before clinical and radiological confirmation [119].



In fact, the analysis of circulating cell-free tumor DNA can be used to qualify and quantify genomic imbalances and can provide promising biomarkers for personalizing therapy [120].



The emerging field of liquid biopsies to detect mutational status could have meaningful clinical implications to individualize an optimal targeted therapy, especially for patients with KRAS-mutated metastatic CRC [121].




5. BRAF


Several pathways are involved in CRC carcinogenesis, and phenotypic and molecular comprehensive characterization represents an important key step in defining diagnosis, prognosis and treatment [122,123]. Cell proliferation, differentiation, migration and survival are driven by the MAPK cascade, which includes the RAS small guanidine triphosphate that leads to the activation of RAF family proteins. RAF proteins cause activation, through phosphorylation, of the extracellular signal-regulated kinase and have an effect on multiple transcription factors and on the regulation of cellular processes [124]. The whole signaling cascade is well known as RAS/RAF/ Mitogen-activated protein kinase (MEK)/ extracellular signal-regulated kinase (ERK) [125].



The role of BRAF (v-raf murine sarcoma viral oncogene homologue B) is to activate the MAPK pathway, which regulates cell growth, proliferation, and differentiation, and to influence other key cellular processes, including cell migration (through RHO small GTPases), apoptosis [through B-cell lymphoma 2 (BCL-2)], and survival (through the HIPPO pathway) [126,127].



Although BRAF can be mutated in several sites, the V600E mutation occurs in approximately 80% of cases and is characterized by a nucleotide (1799T > A) change resulting in an amino acid change leading to constitutive kinase activity [128].



The percentage of BRAF gene mutations has been reported in 15% of all human cancer types and in approximately 10% of CRC [6].



The study of BRAF gene mutations has individualized two subsets of localized and metastatic CRC characterized by specific clinicopathological and molecular features [129,130,131].



CRC with mutated BRAF are characterized by aggressive behavior with frequent peritoneal involvement (distinct pattern of metastatic spread) and high resistance to standard targeted therapy [132,133]. V600E BRAF mutation has been shown to be an acquired genetic event, occurring more frequently in older women (>60 years old) with right-sided primary tumors, CRC stage II/III and metastatic disease [130,134,135].



Conversely, patients with non-V600E mutations are usually younger, with left-sided primary tumors in a less advanced stage. Serrated polyps are considered precursor lesions and often exhibit an extensive DNA methylation process that may occur in the MutL homolog 1 (MLH1) promoter (a gene of the mismatch repair system), leading to ‘sporadic’ microsatellite instability (MSI) in 60% of BRAF-mutated CRCs [136,137].



The deficiency of the mismatch repair machinery due to MSI has been considered to be a prognostic factor; in fact, when compared to CRC “stable” BRAF-mutated patients, the “instable” (MSI) forms have been reported to have a better prognosis [138].



Microsatellite “stable” BRAF-mutated CRCs share some features with MSI and BRAF-wild-type forms, such as proximal colon location and mucin production, but they usually affect younger patients with no difference in gender and show more aggressive morphological behavior, such as frequent tumor budding, lymphatic, perineural, and vascular invasion and early lymph node metastases [139].



With regard to the prognostic impact of BRAF-mutated CRC, although new chemotherapeutic regimens and targeted drugs (such as anti-epidermal growth factor receptor-EGFR monoclonal antibodies) have been proposed and Food and Drug Administration FDA-approved [140,141], the overall survival (OS) remains poor and depends on the type of the mutation and the MSI status [142,143]. Recently, Loupakis et al. proposed a “complete prognostic score” able to stratify patients into three groups (low, intermediate and high risk) with different outcomes [144].



Although several studies have been conducted with the aim of defining the role of BRAF mutations as potential biomarkers, questions regarding their predictive value are still debated, opening new frontiers of targeted therapies.



A study on CRC patients with BRAF mutations [145] limited by a small sample size suggests a potential negative predictive role of BRAF mutations in patients treated with anti-EGFR drugs. Nevertheless, anti-EGFR drugs associated with FOLFOXIRI (FOLinic acid, Fluorouracil, Oxaliplatin, IRInotecan) seem to result in a higher objective response rate (ORR) than FOLFOXIRI alone in patients with the V600E mutation [146]. BRAF inhibitors have revolutionized the treatment of V600E BRAF metastatic melanoma [147], but the rationale underlying the use of such inhibitors cannot explain a response in CRC patients because the molecular landscape is more complex and heterogeneous [148].



Recently, in the BEACON trial [149], an open-label, phase III trial, it has been demonstrated that a combination of encorafenib, cetuximab and binimetinib (triplet-therapy group) resulted in a higher response rate and higher overall survival in patients with metastatic CRC with the V600E BRAF mutations if compared with the standard therapy, i.e., cetuximab and irinotecan or cetuximab and FOLFIRI.



In the era of precision medicine, the predictive value of BRAF mutation in CRCs is still controversial and needs more efforts to further stratify the BRAF mutant population (considering non-V600E BRAF mutations) and to include other potential targets, improving the efficacy of multiple personalized therapies and establishing a new standard of care.




6. Conclusions


CRC remains one of the leading causes of death worldwide, although several screening tests have been described so far.



Currently, there is not yet a clear recommendation about the clinical use of biomarkers in CRC but the understanding of their functions and role in screening, diagnosis, treatment and prognosis and the consequent development of precision medicine is crucial for changing the outcomes of patients with CRC in the next few years.
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Figure 1. The close relationship between mast cells (MCs) and tumor progression angiogenesis-mediated. Reproduced with permission from Marech et al. [35]. 
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Figure 2. Schematic of the selected miRNA–mRNA networks involved in colorectal cancer (CRC). Red indicates a higher level in CRC and green represents a lower level compared with controls. The triangle refers to miRNAs, and the circle refers to target genes. Yellow refers to MARKER genes related to CRC that are recruited in the Comparative Toxicogenomics Database (CTD) database. In tumors, miR-1260b possesses 53 target genes that are significantly down-regulated, whereas miR-425-5p and miR-144-3p possess 159 and 162 target genes, respectively, that were significantly upregulated. A total of nine MARKER-related genes are found in CRC, including ATP-binding Cassette Transporter A1 (ABCA1), ATP-binding Cassette Transporter A8 (ABCA8), EGF Containing Fibulin Extracellular Matrix Protein 1 (EFEMP1), Monoamine Oxidase B (MAOB), REarranged during Transfection (RET), StAR Related Lipid Transfer Domain Containing 8 (STARD8), ATP-binding Cassette Transporter A10 (ABCA10), Leucine Rich Repeat Containing 3B (LRRC3B), and Secreted Frizzled Related Protein 1 (SFRP1). Reproduced with permission from Tan et al. [61]. 
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Figure 3. MicroRNAs control colorectal carcinoma progression through modulating anti-tumor immune responses in the tumor microenvironment. For example, miR-20b and miR-130b repress the expression of Phosphatase and tensin homolog (PTEN) and increase the activity of Phosphoinositide 3-kinase (PI3K), leading to the increased viability of CRC cells. MiR-21 promotes CRC invasion and metastasis by directly targeting Programmed Cell Death 4 (PDCD4). Furthermore, miR-34a enhances cluster of differentiation 8 (CD8+) T cells cytotoxicity by repressing the expression of programmed death-ligand 1 (PD-L1), contributing to the elimination of CRC cells by cytotoxic T lymphocytes (CTLs). Reproduced with permission from [68]. 
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