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Abstract: Colorectal cancer (CRC) is the third most common type of cancer worldwide amongst
males and females. CRC treatment is multidisciplinary, often including surgery, chemotherapy, and
radiotherapy. Early diagnosis of CRC can lead to treatment initiation at an earlier stage. Blood
biomarkers are currently used to detect CRC, but because of their low sensitivity and specificity,
they are considered inadequate diagnostic tools and are used mainly for following up patients for
recurrence. It is necessary to detect novel, noninvasive, specific, and sensitive biomarkers for the
screening and diagnosis of CRC at earlier stages. The tumor microenvironment (TME) has an essential
role in tumorigenesis; for example, extracellular vesicles (EVs) such as exosomes can play a crucial
role in communication between cancer cells and different components of TME, thereby inducing
tumor progression. The importance of miRNAs that are sorted into exosomes has recently attracted
scientists’ attention. Some unique sequences of miRNAs are favorably packaged into exosomes, and
it has been illustrated that particular miRNAs can be directed into exosomes by special mechanisms
that occur inside the cells. This review illustrates and discusses the sorted and transported exosomal
miRNAs in the CRC microenvironment and their impact on CRC progression as well as their potential
use as biomarkers.
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1. Introduction

Colorectal cancer (CRC) occurs secondary to genetic mutations in the lining mucosa of
the large intestine [1]. Despite the presence of advanced screening and treatment methods
for these cancers, approximately half of CRC patients die as a result of complications from
the primary colonic tumor or its distant metastasis [2,3]. A variety of screening tests for
CRC currently exist, but they suffer from varying sensitivity and specificity, increased
cost, or invasiveness, which affects patient compliance with screening [3]. The current
gold standard screening tool for CRC is colonoscopy. In addition to diagnosing CRC and
localizing it within the colon, it can detect and remove the precursors of CRC, adenomatous
polyps. Colonoscopy, however, is an invasive test and carries a risk of bleeding and
perforation [4]. Therefore, earlier and more accurate detection of CRC is essential to
decrease the risk of developing metastasis and death. There is an urgent need to find
screening biomarkers that are less expensive and invasive and enable earlier detection
of CRC.
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Extracellular vesicles (EVs) are important molecules in the communication between
cancer cells and their microenvironment [5]. Tumor cells can release different types of EVs,
including secreted exosomes [6], which can participate in the progression, proliferation, and
metastasis of cancer cells [7–9]. The exosomal cargoes, especially the microRNAs (miRNAs),
play an important role in tumor progression [5,10–13]. miRNAs, small noncoding RNAs
(18–25 nucleotides in length), modulate gene expression at the post-transcriptional level
by triggering mRNA degradation or inhibiting the translation of mRNAs into proteins.
The exosomes and their contents of miRNAs can be released from cancer cells into all
body fluids (plasma, milk, urine, saliva) and can be used as early noninvasive biomarkers
for cancers.

This review discusses the prevalence of CRC worldwide, the CRC microenvironment,
exosome biosynthesis, and the role of exosome cargoes in tumorigenesis and progression.
The impact of exosomal miRNAs on CRC tumor development and metastasis and an
insight into the processes of sorting miRNAs into exosomes are also discussed.

2. Colorectal Cancer Incidence and Diagnosis

Colorectal cancer (CRC) is the third most common cancer in both genders [1]. There
are approximately 1.4–1.93 million new cases of CRC worldwide each year [14,15].

The lack of early screening for CRC may contribute to a lower overall five-year survival
rate. Untreated CRC leads to systemic metastasis, which is the main cause of death [16]. The
rates of incidence and mortality of CRC in the US have declined over the last 15 years due to
screening programs that rely on the early detection of the tumors and thus allow treatment
at an earlier stage [17]. However, CRC case numbers are still high, while the solution is
limited to surgical resection of tumors with chemotherapy [18]. The identification of CRC
at an earlier stage is essential to decrease the risk of developing metastasis and death. There
are many screening tools for detecting CRC; however, each diagnostic or screening method
has significant limitations [19]. Moreover, it is important to identify the suitability and the
efficiency of different ways of screening CRC cases while also considering the affordability
of these methods for patients [20].

Endoscopy is the most widely utilized in patients as it provides a precise diagnosis
of CRC. The test requires removing a tiny amount of tissue from any abnormal areas
inside the rectum and colon. Endoscopy showed around 95% sensitivity and specificity for
detecting polyps and CRCs. Endoscopy reduces the risk of CRC death by 65%. However,
as mentioned previously, it does carry a risk of bleeding and colonic perforation [4].

Several laboratory tests have been described to help detect CRC cases, such as the
fecal occult blood test (FOBT), fecal immunohistochemical test (FIT), carcinoembryonic
antigen (CEA), and carbohydrate antigen 19-9 (CA19-9).

Carcinoembryonic antigen (CEA) is a serum biomarker used to evaluate the level of
the CEA protein in CRC patients. CEA is usually expressed in normal intestinal epithelium
cells at a low level. However, in CRC, CEA is highly elevated [21]. Despite this, it is not
sensitive enough as a screening test, with only 50% of CRC patients having an elevated CEA,
making it inappropriate for early-stage CRC screening [4]. It is also affected by medical
conditions other than CRC. The main use for CEA remains the monitoring of CRC patients
after therapy for evidence of recurrence [22]. Carbohydrate antigen 19-9 (CA19-9) is an
antigen that binds monoclonal antibodies (tumor surface markers) [21]. CA19-9 is present
at high levels in various gastrointestinal malignancies, including CRC. However, because
of its limited sensitivity and specificity, it is regarded as an unsatisfactory diagnostic tool
and is mainly used to monitor recurrence in CRC patients [23].

The fecal occult blood test (FOBT) is considered a noninvasive biomarker for CRC.
This examination reveals bleeding in the gastrointestinal tract by detecting hemoglobin
within the feces [4]. FOBT is an effective way to decrease CRC mortality by 13–18% [24].
FOBT alone is inadequate to establish a diagnosis of CRC, as the existence of blood in feces
is not always evidence of CRC [25]. The fecal immunohistochemical test (FIT) is another
widely used test for CRC screening [26]. It detects antibodies for human globin in feces.
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The FIT was found to be more sensitive and specific for distinguishing CRC than FOBT, as
well as being a more cost-effective test [22].

Stool DNA testing is another technique for CRC screening. It works by detecting
abnormal DNA associated with CRC that is shed in the stool. The stability of DNA in stool
allows for easy extraction and analysis. The outcome can be used to define the immunother-
apy for treating CRC patients based on the defective genes or proteins [27]. However, the
cost is relatively high and the availability of this technique is usually limited [28]. Despite
the efficacy of determining the genes that cause CRC, different variables may be implicated
with genes.

Therefore, it is necessary to detect novel, noninvasive, specific, and sensitive biomark-
ers for the prognosis of CRC at earlier stages. Different miRNA levels are aberrant at
different stages of CRC. As a result, these tiny RNA molecules might be helpful as clinical
biomarkers for identifying cancers, selecting therapeutic interventions, and interpreting
results [29].

3. Tumor Microenvironment and Exosomes

The tumor microenvironment (TME) is an intricate internal environmental system that
is near tumor cells and plays an essential role in tumorigenesis [5]. The TME encompasses
the surrounding area, including different types of cells, namely immune cells, endothelial
cells, endothelial progenitor cells, epithelial cells, cancer-associated fibroblasts, normal
fibroblasts, platelets, and mesenchymal stem cells (MSCs), and the extracellular matrix
(ECM), which can constantly communicate with tumor cells [5,7]. The extracellular vesicles
(EVs) play a particular role in this communication where they are released and passed
through TME to induce tumor growth [5]. A recent study demonstrated that EVs play a
critical role in transforming normal fibroblasts into cancer-associated fibroblasts (CAFs) [5].
The effect of EVs could differ based on their source. EVs derived from cancer cells and
cancer stem cells can potentiate cancer progression; however, those originating from
mesenchymal stem cells (MSCs) can inhibit cancer cell proliferation and metastasis [8,30].
Cancer stem cells and their EVs play key roles in the generation and development of
many cancers, including CRC [31]. Several other studies have demonstrated that tumor
cells can release different types of EVs, including secreted exosomes [6], which contribute
to all tumorigenesis stages, including progression, proliferation, and metastasis [7–9].
Cancer stem cells modulate various cancer hallmarks such as proliferation of cancer cells,
angiogenesis, metastasis, drug resistance, and immune dysregulation through their secreted
EVs, including exosomes and MVs, in addition to some soluble factors such as chemokines,
cytokines, and growth factors [32].

The exosomes are considered as the shuttle for packaging and transferring fundamen-
tal biological components between and among the cells either nearby or far away [33]. Exo-
somes comprise nanovesicles, around ~50–150 nm in diameter, composed of a lipid bilayer
that is established from early intercellular bodies through the endosomal pathway [34,35].
Intercellular bodies contain luminal vesicles (ILV) that are introduced into multivesicular
bodies (MVBs), which fuse with the plasma membrane of the cell surface to secrete exo-
somes [35]. In the synthesis of MVBs and ILVs, the endosomal sorting complex required for
transport (ESCRT) is crucial. In addition to ESCRTs, certain proteins, such as tetraspanins
(CD9, CD63, and CD81), tumor susceptibility gene 101 protein (TSG101), vacuolar protein
sorting-associated protein 4 (VPS4), vesicle trafficking 1 (VTA1), and apoptosis-linked
gene 2-interacting protein X (ALIX) encoded by PDCD6IP, contribute to the biogenesis
process. Moreover, several mechanisms, such as heterogeneous nuclear ribonucleoprotein
(hnRNP), neutral sphingomyelinase 2 (nSMase2), RNA-induced silencing complex (RISC),
and miRNA post-transcriptional 3′ end modification, have been demonstrated to influence
exosome synthesis [12]. Exosomes also include heat shock proteins (Hsp60, Hsp70, and
Hsp90) and the molecular histocompatibility complex (MHC) [36,37]. The membranes of
exosomes are rich in lipids such as lipid rafts, which include sphingolipids, sphingomyelin,
glycosphingolipids, cholesterol, ceramide, and phosphatidylserine with short saturated
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fatty acids [38]. Moreover, exosomes interact with cells via polysialic acid on the surface of
glycoconjugates [39]. Releasing exosomes is a natural process that comes from a wide vari-
ety of cells, particularly cancer cells [34]. The presence of exosomes in most vital fluids (for
example, blood, urine, saliva, milk, and cerebrospinal fluid) emphasizes the significance of
those exosomes [12,40,41]. Endocytosis, macropinocytosis, and phagocytosis are some of
the mechanistic ways of exosome secretion [35].

Several investigations have demonstrated that exosomes are involved in various
mechanisms that trigger tumor growth, enhanced migration, metastasis, escape from the
immune system, and resistance to chemotherapy [30,42–44]. The exosomes carry the most
biologically active cargos throughout the body, including metabolites, lipids, proteins, and
nucleic acids (DNA, mRNA, miRNA, and other noncoding RNAs). These components
have been reported to play a critical role in tumor progression [5,10–13]. According to
many studies, the number of exosomes present in the blood is larger in cancer patients than
in healthy controls because cancer cells release more exosomes than healthy cells [45,46].
Furthermore, the compounds found in tumor-cell-derived exosomes differ greatly from
those detected in healthy cells [42]. Recent research has discovered that several proteins,
long noncoding RNAs, and miRNAs in blood exosomes are considerably distinct between
CRC patients and healthy controls, and these differences might be exploited for CRC
diagnosis [36]. Because of these properties, exosomes are intriguing sources of potential
cancer biomarkers.

4. MicroRNAs

MicroRNAs (miRNAs) are short noncoding RNAs around 19–24 nucleotides in length
that regulate transcription and post-transcriptional modifications of target genes in different
cellular pathways [18]. They inhibit the translation process or degrade the transcript of
a wide number of target mRNAs through binding to their 3′ untranslated region (UTR)
termini, thus regulating gene expression at the protein level (Figure 1). Such a binding
can affect many biological cellular processes, including proliferation and apoptosis, or
occasionally initiate diseases [47–49].

Tumor-derived exosomal miRNAs are among the bioactive compounds that promote
TME diversity, and alterations in the TME encourage tumor growth [5]. By modifying TME
during tumor development, exosomes can carry miRNAs to improve cell communication
and signal transduction and impact immune response [5]. For example, miR-526b and
miR-655 have been shown to enhance lymphangiogenesis and angiogenesis in the TME [50],
whilst miR-9 and miR-200s were found to induce tumor metastasis by stimulating NFs to
transform into CAFs [51]. The ratio of miRNAs in exosomes may vary based on the type
of cells, tissues, or physiological setting, but at least one of the main miRNAs is present
in exosomes [36]. Exosomes operate as a shelter for protecting miRNAs and allowing
them to be produced in the extracellular environment and effectively absorbed by recipient
cells [52].

MSCs can secrete exosomes for different purposes such as introducing apoptosis, pro-
moting cell cycle halt, boosting tumor cell proliferation and differentiation, and eliminating
tumor-suppressor miRNAs [36]. Various tumor-suppressor miRNAs, including miR-23b,
miR-921, and miR-224, are secreted selectively outside the tumor cells [53]. However, other
studies have shown that miRNAs mostly released into the extracellular environment are not
always the ones that are most expressed in cancer or normal cells. For example, miR-192-5p,
miR-10a-5p, and miR-191-5p are typically seen in original cells, and their derived exosomes
could be used as biomarkers for CRC [54,55].
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NAs are transported into the cytoplasm by exportin-5/Ran-GTP, and further processing occurs to 
generate mature miRNAs where Dicer cleaves stem-looped structures into double-strand miRNAs. 
One functional miRNA strand (red) is loaded with Ago2 into the RISC, and that complex, miRISC, 
binds to the complementary sequences of target mRNA in the 3′UTR. The result of these interactions 
is degradation and suppression of translation of the specific mRNA. pri-miRNAs, primary miRNAs; 
pre-miRNAs, processor miRNA; Dicer, RNase III nuclease; RISC, RNA-induced silencing complex; 
Ago2, and Argonaute 2. The image is adapted from Strubberg and Madison [18]. 
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Figure 1. Biogenesis of miRNAs. The initiation process is started in the nucleus by RNA polymerase
II which transcribes protein-coding genes into pri-miRNAs with a large cap and polyadenylation.
The pri-miRNAs are processed by a complex of Drosha and RNA-binding protein DGCR8 to produce
the stem-looped structures of 59–89 nucleotides (nt) known as pre-miRNAs. Then, pre-miRNAs are
transported into the cytoplasm by exportin-5/Ran-GTP, and further processing occurs to generate
mature miRNAs where Dicer cleaves stem-looped structures into double-strand miRNAs. One
functional miRNA strand (red) is loaded with Ago2 into the RISC, and that complex, miRISC, binds
to the complementary sequences of target mRNA in the 3′UTR. The result of these interactions is
degradation and suppression of translation of the specific mRNA. pri-miRNAs, primary miRNAs;
pre-miRNAs, processor miRNA; Dicer, RNase III nuclease; RISC, RNA-induced silencing complex;
Ago2, and Argonaute 2. The image is adapted from Strubberg and Madison [18].

The majority of miRNAs have been discovered inside the cells, known as intracellular
miRNAs, and the group of miRNAs that can be released outside the cells are usually known
as extracellular miRNAs or circulating miRNAs [56]. The importance of extracellular
miRNAs is demonstrated by their abundance in biological fluids that can be packaged into
the circulation form with high stability through transportation [42]. Circulating miRNA can
be transported extracellularly in various ways, by collecting in apoptotic bodies; enveloping
into MVs, including ectosomes; binding with RNA-binding proteins (Ago2, NPM1, or
HDL); or packaging into exosomes and MVBs (Figure 2).
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including ectosomes, (4) binding to 10–12 high-density lipoproteins (HDLs); (5) packaging into ~50–
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harbors abundant exosomal miRNAs that can be used as an ideal biomarker for a potential 
clinical diagnosis and prognosis [58] with a great capacity to resist most adverse factors 
such as acidic pH, basic pH, high temperature, and low temperature [59]. Furthermore, 
exosomal miRNAs can completely resist endogenous RNase-mediated degradation [60]. 
Mitchell and his colleagues, by exposing samples of exosomal miRNAs from human se-
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left at room temperature for 24 h and resist thawing and freezing prosses [61]. According 
to these unique properties, exosomal miRNAs in the biological fluids can be used as non-
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gastrointestinal malignancies [62] and notably CRC [23]. Indeed, some studies identified 
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Figure 2. The mechanism of transporting circulating miRNAs. The process is initiated by transcription
of the miRNA gene, cropping pri-miRNA, exporting pre-miRNA, and dicing to form a mature miRNA.
The mature miRNA either regulates mRNA or is passaged into extracellular circulation. There are
five different ways of passaging circulating miRNAs: (1) collecting in 500–200 nm of apoptotic bodies;
(2) binding to Ago2 protein; (3) enveloping into 100–1000 nm of microvesicles (MVs), including
ectosomes, (4) binding to 10–12 high-density lipoproteins (HDLs); (5) packaging into ~50–150 nm
of exosomes.

It has been reported that miRNAs are stably encapsulated in exosomes, which can be
found in several biological fluids including seminal fluid, cerebrospinal fluid, breast milk,
tears, saliva, urine [57], feces [1], and blood [58]. The bloodstream (plasma and serum)
harbors abundant exosomal miRNAs that can be used as an ideal biomarker for a potential
clinical diagnosis and prognosis [58] with a great capacity to resist most adverse factors
such as acidic pH, basic pH, high temperature, and low temperature [59]. Furthermore,
exosomal miRNAs can completely resist endogenous RNase-mediated degradation [60].
Mitchell and his colleagues, by exposing samples of exosomal miRNAs from human serum
and plasma to several experimental conditions, showed that miRNAs can easily be left
at room temperature for 24 h and resist thawing and freezing prosses [61]. According
to these unique properties, exosomal miRNAs in the biological fluids can be used as
noninvasive biomarkers with great specificity and sensitivity for the primary diagnosis of
gastrointestinal malignancies [62] and notably CRC [23]. Indeed, some studies identified
the downregulation of miR-24-2 in serum [63] and the upregulation of miR-129 in plasma
of CRC patients [64]. Therefore, the authors suggested that these miRNAs can be used as
biomarkers for detecting CRC in patients. Moreover, miRNA samples from blood stream
are also valuable tools for the diagnosis of CRC [65,66].
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4.1. Packaging and Sorting miRNAs into Exosomes

Several studies reported that exosomes have been used as a shuttle to transfer miRNAs
between cells, which influences the biological processes of the acceptor cells. In 2018, the
recorded number of mature microRNAs encoded by the human genome was around
2600 (miRBase v.22) based on the result of Xiaoyi and his group, who detected 593 exosomal
miRNAs in human biopsy fluid by sequencing [67]. The processes of sorting miRNAs
into exosomes have not been clearly explained; however, recent reports suggested some
mechanisms that could be related to packaging miRNAs in exosomes [5]. Exosomes utilize
two types of miRNA sorting mechanisms (selective and nonselective), presumably based
on exosome source [68] (Figure 3).
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The Argonaute protein (Ago2) with RNA-induced silencing complex (RISC) is in-
volved as a functional holder of miRNAs that is specifically related to sorting some miR-
NAs, such as miR-142-3p, miR-150 and miR-451, into exosomes of let-7a, miR-100, and 
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Figure 3. Demonstrating the composition and generation of exosomes. (A) Exosomes are formed by
endosomal multivesicular bodies (MVBs) budding inside the cell. Some of the MVBs that develop
are delivered to the membrane of the cells after becoming late MVBs. MVBs can be dissolved
during fusing with the lysosome or can release exosomes into the extracellular area by fusion
with the plasma membrane through the exocytosis process, and the size range of exosomes is
around ~50–150 nm. Acceptor cells receive exosomes through fusion, endocytosis, and/or signaling
processes to insert their content. (B) Exosomes are enclosed by a phospholipid bilayer that contains
a variety of components on its surface, such as tetraspanins (CD9, CD81, CD63, CD82), transferrin
receptors, transmembrane proteins, molecular histocompatibility complex (MHCI, MHCII), Rab-
GTPase annexin, and lipid rafts, while inward components contain biological species such as RNA
(circRNA, mRNA, miRNA), proteins, DNA, and metabolites. In addition, tumor susceptibility gene
101 (TSG101) and apoptosis-linked gene 2-interacting protein X (ALIX) can be used as markers for
exosomes. (C) Sorting miRNAs into exosomes can be regulated via different binding processes such
as those of synaptotagmin-binding cytoplasmic RNA-interacting protein (SYNCRIP), sumoylated
hnRNPA2B, Argonaute protein (Ago2), neutral sphingomyelinase 2 (nSMase2), major vault protein
(MVP), CD63 with Y-box protein I (YBP1), Mex-3 RNA-binding family member C (MEX3C), protein
4A (Vps4A), lupus La protein (La protein), or the 3′ end of miRNA (3′UTR).

The Argonaute protein (Ago2) with RNA-induced silencing complex (RISC) is in-
volved as a functional holder of miRNAs that is specifically related to sorting some miR-
NAs, such as miR-142-3p, miR-150 and miR-451, into exosomes of let-7a, miR-100, and
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miR-320a in human embryonic kidney HEK293T cells [69–71]. Moreover, three members
of the family of heterogeneous nuclear ribonucleoproteins, A1, A2/B1, and Q (hnRNPA1,
-A2/B1, and -Q), have been associated with loading miRNAs into exosomes [69]. hnRNPA1
is an RNA-binding protein (RBP) that was identified to interact with miRNA sequences
such as miR-522, leading to its loading into the exosome [72]. In addition, miR-582-5p
was packed into exosomes derived from human colon cancer SW620 cells [73]. A recent
report by Xu et al. demonstrated that the motif sequence GCAG in the RUN2-1 transcript is
responsible for enriching miR-1246 in the exosome of human cancer cells [74]. hnRNPA2B1
is a sumoylated RNA-interacting protein showing “EXO-motifs” that are responsible for rec-
ognizing the sequence of the specific motif of miRNAs and regulating their localization into
exosomes [69,75]. The composite of miRNA–hnRNPA2B1 was identified in the exosomes
of human cerebrospinal fluid, which supports the association of hnRNPA2B1 in directing
miRNA into exosomes [76]. Around 30 miRNAs were sorted into exosomes by identifying
GGAG motifs by hnRNPA2B1 [73]. Moreover, two miRNAs, namely miR-198 and miR-
601, were identified at the recognition motif site GGAG/UGCA at the 3’ end of miRNAs
interacting with hnRNPA2/B1 for transportation into exosomes [75].

hnRNPQ, known as SYNCRIP, is a conserved RNA-interacting protein that can distin-
guish several sequences of exosomal miRNAs harboring the GGCU motif [77]. In addition,
the GCUG motif at the 3’ end of miRNAs is recognized by hnRNPQ, and hnRNPQ packs
miRNAs into exosomes [77]. For instance, the addition of GCUG motif sequence into
miR29a-1 (nontarget miRNA) resulted in the successful loading into exosomes by hnRNPQ
detection [78]. The hnRNPA2B1 can bind miR-1246 via the GGAG motif to regulate its load-
ing into exosomes [78]. Furthermore, sumoylation can regulate the binding of hnRNPA2B1
to miRNAs [75]. Sumoylated hnRNPA2B1 was found to be three times more abundant in
mutant p53 CRC cells than in normal cells, indicating that modifications in this pathway
are implicated in exosomal miR-1246 carcinogenic characteristics [79].

Neutral sphingomyelinase 2 (nSMase2), an enzyme that contributes to exosomal bio-
genesis by the formation of ceramide (a part of exosomal membranes), is involved in the
secretion process of exosomal miRNA [80]. The study of Kosaka et al. demonstrated
that a high level of nSMase2 expression increases miRNA loading into exosomes, while
the inhibition of nSMase2 prevents exosomal development and the loading of some miR-
NAs [81]. The authors also revealed that miR-146a and miR-16 are enriched in exosomes
because of the high level of nSMase2 expression, while the source cells conserve the same
number of miRNAs [82]. The authors suggested that ceramide can also be responsible
for sorting several miRNAs, while the inhibition of ceramide by GW4869 influences the
expression of exosomal miRNAs such as miR-451a [81]. Further, nSMase2 was shown to in-
crease angiogenesis and metastasis within the TME by regulating tumor-derived exosomal
miRNAs [81].

Protein 4A (Vps4A), associated with vacuolar protein sorting, is a membrane protein
that is involved in the regulation of some exosomal miRNAs in human hepatoma cells
(Wei et al., 2015). miR-132-3p, miR-320a, and miR-193a-3p were enriched in exosomes
according to high Vps4A expression, while low exosomal miR-92a and miR-150A levels
were indicated as the result of Vps4A suppression [83]. Another RNA-binding protein,
namely Y-box protein I (YBP1), a transport protein, is released from the cells by exosomes.
YBP1 was found to regulate miRNA sorting by interacting with CD63 to recognize a specific
sequence of miRNAs, such as miR-223, and direct it into the exosome. In addition, the
YBP1 mutant was recognized to reduce the number of sorting miRNAs such as miR-223
and miR-144 in exosomes [84,85].

Mex-3 RNA-binding family member C (MEX3C) is an RNA-binding E3 ubiquitin
ligase that is required for the mRNA degradation process [86]. Recent data indicated that
MEX3C may also contribute to the sorting of miRNA into exosomes, and the Ag2 protein
was associated with this process. In addition, there was no match sequence between miR-
451a and MEX3C, but the complex of Ago2–MEX3C may promote the binding of miRNAs
and drive them into exosomes [86]. Lue et al. (2017) also examined the role of MEX3C
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in enriching exosomal miRNA by applying siRNA to inhibit MEX3C, hence reducing the
expression level of exosomal miR-451a. Another study proved the role of other types
of RNA-binding protein, such as lupus La protein, which acts as a selective carrier for
transporting specific miRNAs into exosomes to promote cancer metastasis [87]. Lupus La
protein can recognize the two motifs of miR-122 and localize them into exosomes [68].

Major vault protein (MVP) interacts with miR-193a and promotes cancer development.
Exosomal miR-193a is abundantly expressed in CRC patients. Inhibition of MVP can result
in the accumulation of miR-193a in the cell rather than in the exosomes, thereby suppressing
cancer development [88]. Lipid rafts also significantly contribute to exosome formation and
provide exosomes with more stiffness than plasma membranes [38]. A lipid raft is another
ESCRT that can associate with the exosome packaging process based on the binding to
RNA sequences with 10 specific motifs (UGCC GGCG, GGAC, two UCCG motifs, two
UGAC motifs, and three GCCG motifs) [89]. In a recent study, researchers discovered four
motifs that appear to be the most common in both exosomal protumoral miRNAs and lipid
raft RNA-binding motifs: UCCC, UUGU, CUCC, and CCCU [39]. Another mechanism
that is thought to load miRNAs into exosomes involves the 3′ end of miRNA. The study
of isolated exosomal miRNAs from both human urine and B cells demonstrated that the
uridine-rich motifs at the 3′ ends of exosomal miRNAs are responsible for loading into
exosomes, although the source cells had adenine-rich motifs at the 3′ ends [90]. It was
shown that miRNAs may preferentially bundle RNA payloads into exosomes; for example,
upregulation of miR-1289 was demonstrated to promote the packaging of GalR3 mRNA
into exosomes [91].

In general, sorting miRNAs into exosomes is a highly selective process that can be
dominated by the target sequences of endogenous RNA and miRNAs, many of the latter
being tumor-suppressive (Table 1) [69,92]. Tumor cells can also change the level of loading
of miRNAs into exosomes by regulating the signaling pathway of sorting exosomal miRNA.
KRAS mutation in CRC was shown to affect the loading of miRNA into exosomes with
the nSMase2 process, and miR-100 was enriched and packaged into exosomes. However,
in normal cells, KRAS delivers a great amount of miR-10 into exosomes [93]. As a result,
cancer cells may employ many EVs at the same time via independent sorting processes,
allowing varied activities in normal or malignant cases [68].

Table 1. miRNAs sorted into exosomes with known functions in CRC.

miRNA Function

miR-671-5p
[94]

Oncogenic miR that is overexpressed in the large intestine of CRC patients and colorectal cancer cell lines. Its
expression is associated with metastasis, proliferation, migration, and invasion of CRC cells.

miR-193b
[95]

Tumor-suppressive miR that is downregulated in the serum of CRC patients. Its low levels are correlated with
TNM stage and metastasis in CRC patients.

miR-1224-5p
[96]

Tumor-suppressive miR that is reduced in CRC tissues and cell lines mainly due to the hypoxic
microenvironment. It prevents the epithelial–mesenchymal transition (EMT), invasion, and migration of CRC
cells by directly interfering with the SP1-mediated NF-κB pathway.

miR-125b-1
[97]

Tumor-suppressive miR that is downregulated in early CRC cell lines. Its low levels induce metastasis by
increasing the expression of the XIAP gene.

miR-125a-3p
[98]

Tumor-suppressive miR suppressing fucosyltransferase (FUT)5 and FUT6 to regulate the PI3K/Akt signaling
pathway, subsequently inhibiting the proliferation, migration, invasion, and angiogenesis of CRC cells. It also
inhibits CRC development by directly targeting the angiogenesis-related gene VEGFA and the antiapoptotic
gene Bcl-2.

miR-483-5p
[99]

Tumor-suppressive miR that inhibits CRC cell proliferation and metastasis, possibly through inhibiting tumor
necrosis factor-receptor associated factor (TRAF), which plays critical roles in immune cell signaling).

miR-188-5p
[100]

Oncogenic miR that is overexpressed in CRC tissue and cell lines. Its higher expression is accompanied by
tumor cell proliferation, invasion, and metastasis through inhibition of FOXL1/Wnt signaling.
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Table 1. Cont.

miRNA Function

miR-765
[101]

Tumor-suppressive miR that inhibits proliferation, migration, and invasion of CRC cells by targeting patatin-like
protein 2 (PLP2).

miR-638
[102]

Tumor-suppressive miR that is downregulated in the serum and within exosomes of CRC patients and cell lines.
It represses CRC cell viability and migration and modulates the cell cycle by inhibiting tetraspanin 1 (TSPAN1).
A reduction in miR-638 is associated with poor overall survival.

miR-1246
[79]

Oncogenic miR that is involved in tumor progression and metastasis. miR-1246 targets normal p53; however,
miR-1246 was found to be overexpressed in mutant p53 tumor-derived exosomes.

miR-654-5p
[103]

The abundant expression of miR-654-5p is correlated with colon cancer development, metastasis, and a low
survival rate of CRC patients.

miR-17
[104]

Overexpression of miR-17 can increase cell proliferation and liver metastases in CRC. It is also associated with
the progression of colorectal adenoma to adenocarcinoma in CRC patients.

miR-198
[105] Tumor-suppressive miR that hinders CRC cell viability, triggers death, and inhibits metastasis.

miR-601 and
miR-760 [54]

Their expression was reduced in the serum of CRC patients, and they could be used as predictors of advanced
CRC.

miR-493-5p
[106] Tumor-suppressive miR that inhibits CRC progression by targeting the PI3K–Akt–FoxO3a signaling pathway.

miR-223-3p
[107]

Oncogenic miR that is upregulated in CRC tissues and associated with the proliferation and metastasis of CRC
cells.

miR-320
[108]

Tumor-suppressive miR that is downregulated in CRC tissues and cell lines. Its upregulation is associated with
the inhibition of CRC cell proliferation and metastasis. Its downstream targets are FOXQ1 and SOX4 genes.

miR-486-5p
[109]

Tumor-suppressive miR that is downregulated in CRC tissues. It is a negative regulator of pleiomorphic
adenoma gene-like 2 (PLAGL2), a transcription factor for β-catenin and insulin-like growth factor 2 (IGF2) with
roles in promoting proliferation, cell survival, and metastasis, as well as decreasing E-cadherin and increasing
N-cadherin expression.

miR-150
[110]

Tumor-suppressive miR that is downregulated in serum exosomes of CRC patients; however, this expression
was increased in postoperative samples. The downregulated expression was associated with higher tumor
progression, metastasis, and poor survival rate.

miR-100
[97]

When the expression of this tumor-suppressive miR decreased, CRC growth and metastasis increased. The
mechanism involves the induction of downstream targets mTOR, IGF1R, Fas, and XIAP.

miR-92a-3p
[98]

Exosomal miR-92a-3p facilitates tumor angiogenesis by inducing partial EMT in endothelial cells and through
the downregulation of Dkk-3 and claudin-11. Exosomes derived from colon cancer cells and plasma derived
from murine xenograft models were enriched with miR-92a-3p, and it has been found to stimulate tube
formation in human umbilical vein endothelial cells upon transfer.

miR-193a
[88]

The expression of this tumor-suppressive miR is abundantly increased in the exosomes of metastatic CRC cell
lines and plasma of CRC patients with liver metastasis. Its upregulated expression is associated with a cell cycle
arrest in the G1 phase followed by the hindering of CRC cell proliferation through the inhibition of Caprin1,
followed by CCND2 and c-MYC. The loss of major vault protein (MVP) caused the upregulation of miR-193a in
cells rather than exosomes.

4.2. The Role of Exosomal miRNAs in CRC Progression and Drug Resistance

Exosomes can contribute to CRC development and promote CRC progression. Such
CRC cells release exosomal miRNAs within the TME or distant organs through the blood to
transport information to the acceptor cells, thus facilitating CRC development, metastasis,
and chemoresistance [42]. Cancer drug resistance is either fundamental or vested. The for-
mer exists in the body before treatment, while the latter occurs during the treatment [111].
Resistance to anticancer drugs has a substantial impact on the efficacy of chemotherapeutic
and molecular targeted therapies, potentially leading to a poor prognosis and cancer recur-
rence [112]. CRC cells can resist treatment through a variety of mechanisms, including drug
efflux, drug target mutations, drug metabolism modifications, DNA damage repair, energy
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programming modifications, cancer stem cells, and epigenetic modifications. The exosomal
miRNAs play a critical role in this therapeutic resistance. In the incidence and development
of chemoresistance, exosomal miRNAs have two strategies. First, miRNAs can either
support tumor cells becoming more chemoresponsive or support tumor cells becoming
resistant to chemotherapy [112]. The second malfunction of pharmacokinetic variables,
such as absorption, distribution, metabolism, and elimination (ADME), is significantly
associated with drug resistance. The latter is aided by exosomal miRNA, which interferes
with drug efflux and metabolism.

The expression of ATP-binding cassette (ABC) transporters is regulated by tumor-
derived exosomal miRNA cargos, which improve drug resistance in cancer cells. ATP-
binding cassette sub-family B member 1 (ABCB1) is an ABC transporter regulator of drug
efflux that is found in microvesicles and exosomes released by chemoresistant cells [113]. A
recent study demonstrated that downregulation of exosomal miR-128-3p has a critical role
in chemoresistant CRC, especially for oxaliplatin drugs [114]. Exosomal miR-128-3p is a
tumor-suppressor miRNA that regulates ABCC5, which is a part of the ABC transporter
family also known as MRP5. Highly expressed miR-128-3p inhibits oxaliplatin efflux
by suppressing MRP5 expression. Furthermore, reduced oxaliplatin efflux may lead to
increased drug intracellular distribution, resulting in damaging DNA that eventually kills
tumor cells [114]. Additionally, exosomal miR-128-3p controls the expression of E-cadherin
in CRC cells during the binding of the 3’UTR in the Bmi1 gene. However, the low expression
of miR-128-3p increases Bmi1 expression, which induces epithelial–mesenchymal transition
(EMT), making CRC cells more resistant to oxaliplatin. Thus, the combination of miR-128-
3p overexpression and oxaliplatin drug can be used to reduce the formation of resistant
CRC cells more efficiently than oxaliplatin alone [114].

Tumor cells can repair DNA damage and manage cell cycle arrest, thus allowing the
cells to continue to grow and proliferate. To suppress cell growth, genotoxic substances
are used to damage DNA or prevent the synthesis of new DNA, which is the target of
these anticancer drugs. Direct genotoxic drugs, such as cisplatin, can inflict direct damage,
whereas indirect drugs, such as topoisomerase inhibitors, can inflict indirect damage [115].
Moreover, the DNA damage response (DDR) involves DNA damage repair, in addition
to cell death [116]. Because of the extensive usage of genotoxic substances, cancer cells
can exploit DNA damage repair as a resistance strategy [117]. In CRC, exosomal let-7g
and miR-181b were determined to regulate various important genes, such as RAS, cyclin
D, C-myc, E2F, and cytochrome C, that are responsible for cell signaling, cell cycle control,
and chemosensitivity. Both let-7g and miR-181b are strongly associated with CRC patients’
response to 5-fluorouracil-based antimetabolite S-1 chemotherapy [118].

Exosomal miR-1246 overexpression in CRC inhibits cell proliferation, invasion, migra-
tion, and apoptosis by suppressing the production of CCNG2 (cyclin G2 or CycG2) [119].
The expression of miR-1246 was found to be correlated with chemoresistance and cancer
stem cell-like features through CCNG2 inhibition, suggesting the poor prognosis of patients’
pancreatic tumors [120]. These findings showed that overexpression of miR-1246 might be
a biological process underlying CCNG2 regression in pancreatic tumor cells [120]. Another
study on exosomal miR-1246 found that downregulation of CCNG2 is associated with
high expression of exosomal miR-1246 in breast cancer, which can increase tumor growth,
invasion, and chemotherapy resistance [121]. However, it is important to check whether
these findings are also applicable in CRC cells. To detect whether miR-1246 impacts the
chemoresistance of CRC cells and stemness of CRC stem cells, more research is needed.

Energy source modification has long been recognized as a characteristic feature of
tumor cells [122]. Tumor cells must modify their metabolism to meet the rising energy
requirement in terms of maintaining survival, reproduction, and spread [123]. To sus-
tain the physiological activities of the cells, metabolic processes such as glycolysis and
mitochondrial oxidative phosphorylation (OXPHOS) work together to create adenosine
triphosphate (ATP). The increase in glycolysis is a typical feature of both primary and
metastatic tumors [124], and anoxic conditions are ideal for glycolysis. Nevertheless, tumor
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cells perform aerobic glycolysis by altering glucose metabolism even under aerobic settings,
and glycolysis in the TME is wildly prevalent. However, increased lactate synthesis is a
significant process in tumor cells that causes an acidic TME, and a decrease in extracellular
pH can cause a decrease in cytotoxic T-cell activity. The acidic TME contributes significantly
to immunologic escape, thus allowing tumor cells to gain considerable survival benefits
that support tumor dissemination, migration, and drug resistance [112,123,125].

miRs may target both tumor suppressors and oncogenes, giving a very complicated
phenotypic consequence. For example, miR-140 expression inhibits cell growth of CRC and
causes cell cycle arrest [126], while overexpression of miR-140 can cause resistance to TS
Tomudex (TDX) and methotrexate (MTX) therapies in CRC [126]. CRC stem cells were acti-
vated to respond to 5-FU therapy by inhibiting miR-140 activity with LNA oligonucleotides
of anti-miR-140 [126]. Further investigations are required to indicate whether high levels of
miR-215 and miR-140 are found in CRC stem-like cells that are known to be resistant to
5-FU therapy.

5. Conclusions

The detection of exosomes and their cargoes, especially miRNAs, is fundamental in
explaining the mechanisms of tumor–microenvironment crosstalking and modulation of
migration- and invasion-related genes. Considering their impact on CRC pathogenesis,
exosomes and their miRNAs can act as therapeutic targets, either by repressing exosomes’
biogenesis, secretion, and uptake or by inhibiting oncogenic exosomal miRNAs that can
participate in tumor progression. On the other hand, some exosomal miRNAs are beneficial
and have a tumor-suppressive role; they can be used as therapeutic agents. Exosomal
miRNAs can be also considered promising sources of inexpensive, noninvasive, and more
accurate biomarkers for the diagnosis and prognosis of CRC. However, further work is
needed to surmount the technical challenges restricting the clinical application of exosomes
and their miRNAs as early diagnostic biomarkers for CRC.
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