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Abstract

Colorectal cancer (CRC), the third most common type of cancer worldwide, threaten
human health and quality of life. With multidisciplinary, including surgery,
chemotherapy and/or radiotherapy, patients with an early diagnosis of CRC can have a
good prognosis. However, metastasis in CRC patients is the main risk factor causing
cancer-related death. To elucidate the underlying molecular mechanisms of CRC
metastasis is the difficult and research focus on the investigation of the CRC
mechanism. On the other hand, the tumor microenvironment (TME) has been
confirmed as having an essential role in the tumorigenesis and metastasis of
malignancies, including CRCs. Among the different factors in the TME, exosomes as
extracellular vesicles, function as bridges in the communication between cancer cells
and different components of the TME to promote the progression and metastasis of
CRC. MicroRNAs packaged in exosomes can be derived from different sources and
transported into the TME to perform oncogenic or tumor-suppressor roles accordingly.
This article focuses on CRC exosomes and illustrates their role in regulating the
metastasis of CRC, especially through the packaging of miRNAs, to evoke exosomes as

novel biomarkers for their impact on the metastasis of CRC progression.
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Core Tip: Exosomes, the extracellular vesicles function as connectors in communication
between cancer cells and different components of the tumor microenvironment. The

miRNAs packaged into exosomes were derived from different sources and transported

into the tumor microenvironment, performing oncogenesis or tumor-suppressor roles.

INTRODUCTION




Colorectal cancer (CRC) is a common malignant tumor of the digestive system, which
has a high incidence and mortality, accounting for 10% of all cancer incidences and 9.4 %
of deaths worldwide ['l. The major reason for the high mortality rate of patients with
CRC is the high heterogeneity and metastasis. Tumor microenvironment (TME)
provides the environment for the growing, developing and maturing processes of
cancer cells, whose special structure and composition have a great influence on the
growth and metastasis of malignancies, including CRC [2I. Therefore, the study of the
CRC microenvironment enables us to have a deep understanding of the mechanism of
tumorigenesis and metastasis of CRC and is of great significance for evoking novel
therapeutic strategies for metastatic CRC.

Exosomes are extracellular vesicles (EVs) secreted by various cells, which are actively
involved in biological growth and development, immune system response, anti-tumor
activity, mediating tumor metastasis and other biochemical reactions in vivo and in vitro
[3l. Exosomes originate from the endocytosis of cells and are released after a series of
transport to form intralumenal vesicles (ILVs) [4l. It is confirmed that exosomes carry
cargo, such as proteins and miRNAs, that promotes tumor initiation, metastasis, and
therapeutic resistance of cancer cells through intercellular communication in TME Bl In
different types of exosome-loaded biomolecules, miRNA plays the main regulatory role
in the expression of downstream genes. As one kind of non-coding single-stranded
RNA molecule, miRNAs was proved to be involved in regulating the process of protein
synthesis [6-7]. A large number of studies have shown that exosomal miRNAs are highly
expressed in a variety of tumors, and since exosomal miRNAs can be isolated and
detected from body fluids, the exosomal miRNAs may become novel markers for tumor
diagnosis [8].

Exosorges, on the other hand, act as communication mediators, carrying contents that
function not only between cancer cells, but also between cancer cells and stromal cells,
which is one of the main mechanisms by which exosomes participates in tumor
metastasis. In colon cancer cells, exosome miRNAs can play a regulatory role in the

initiation and metastasis of colon cancer through different signaling pathways, such as




WNT pathwayl®l and TGF-p pathway [0l It also plays an essential role in regulating
EMT formation, ECM remodeling and premetastatic niches (PMN) formation, which are
vital for tumor metastasis. Therefore, this article focused on the investigation of miRNA
in exosomes, comprehensively analyzed the function and mechanism of miRNA in CRC
metastasis and its effects on extracellular matrix (ECM) remodeling, epithelial-
mesenchymal transition (EMT), angiogenesis and pre-metastatic niche (PMN) formation
during metastatic processes and described the application of miRNA in exosomes as the

novel biomarkers for the diagnosis and treatment of metastatic CRC.

TME PLAYS AN ESSENTIAL ROLE IN THE METASTASIS OF CRC

The construction and function of TME

TME, a COI’IIpl(—Z‘XﬁId constantly changing system as the "soil" of tumor cell growth
and development, is mainly composed of ECM, stromal cells and immune cells, which
can be divided into an immune microenvironment dominated by immune cells and the
non-immune microenvironment dominated by stromal cells 5. The former contains
both innate and adaptive immune cells, such as macrophages/dendritic cells (DC) and
T lymphocytes, mediating the immunosuppressive function. Among them, tumor-
associated macrophages (TAMs) and regulatory T cells (Tregs) performed the main
immunosuppressive role by helping the immune escape of tumor cells and promoting
the malignant development of tumors. On the other hand, the non-immune
microenvironment mainly including fibroblasts, stlamal cells and endothelial cells, was
also involved in the development of malignancies. Cancer-associated fibroblasts (CAFs)
were found to release stromal cell-derived factors and pro-angiogenic factors to
promote tumor cell growth and angiogenesis process, while vascular endothelial cells
mainly mediate tumor angiogenesis, jointly contributing to tumorigenesis and
metastasis. Due to its complexity and heterogeneity with a close impact on tumor cells,
TME has been widely studied in the field of cancer therapy .

Since the role of TME in cancer has been reported before, the effect of T lymphocyte

migration in TME was the focus of the research on tumorigenesis. It is discovered that




innate immune responses not only indirectly control the production of T lymphocytes,
but also directly shape TME through the production of cytokines. The following section
will demonstrate the solely different roles of innate immune response cells in TME,
including macrophages, DC, neutrophils, natural killer cells (NK) and bone marrow-
derived suppressor cells (MDSC), as well as the non-immune microenvironment.

The role of TME in mediating the metastasis of CRCs

Immune cells

Among all innate immune cells, there is no doubted that macrophages derived from
monocytes play an indispensable role, which is the first activated by pathogens and
subsequently evoking the immune activation state ['2l. During the tumorigenesis and
development processes, TAMs are classified into classical inflammatory “M1” and
alternative immunosuppressive “M2” activation modes 3],

M1 macrophages hav ro-inflammatory, immune-stimulating and anti-tumor
properties, which produce interleukin (IL)-1f, IL-6 and tumor necrosis factor a (TNF-a),
participating in immune stress of the body [14l. Nevertheless, in the colitis model, the
proinflammatory effect of M1 TAMs inducing an inflammatory response, is a risk factor
for CRC, indicating that the effect of M1 TAMs on CRC will be judged by the specific
environment 5. M2 macrophages, highly infiltrated in most types of cancers, have
immunosuppressive and tumor-promoting properties [1018]. In colitis models, Wang et
al. discovered that the density of M1 and M2 TAMs changed in the inflammation-
carcinoma sequence, and the total number of TAMs gradually increased along with
tumor metastasis 9. Cultured with M1 TAMSs conditioned medium, CRC cells were
found to accelerate pro-apoptotic morphological changes, while those in the M2 TAMs
medium promoted cell proliferation and increased the expression of anti-apoptotic
markers 2. TME with increased IL-4 cytokines, enhanced the immunosuppressive
effect of M2 TAMs, promoting tumor growth and progression as well as the increase of
M2 TAMs [2. Vascular endothelial growth factor (VEGF) was also secreted by M2

TAMs to promote tumor angiogenesis through conjunction with other cells in TME (2




On the flip side, M2 TAMs was also found to be involved in remodeling ECM and
promoting EMT, to accelerate the invasion and metastasis of CRC [24 I Afik ef al.
conducted transcriptome and proteomic analyses in TAM of CRC and found that they
are enriched in molecular features related to ECM remodeling [2¢], especially the
expression of matrix metalloproteinase (MMP) [27l. Transforming growth factor beta
(TGF-p) was also contributed to enhancing ECM remodeling and the EMT process,
which is produced by M2 TAMs 1281. Herbeuval et al. demonstrated the production of IL-
10 by CRC cells, which was induced by TAM-derived IL-6 and recruited transcription
factor, signal transducers and activators of transduction3 (STAT3) [2%], while M2 TAMs
could promote CRC immune evasion by secreting immunosuppressive cytokines, IL-10
and TGF-, and suppress the activities of T lymphocytes *°l. These findings indicate the
promoting role of M2 TAMs in TME to accelerate CRC progression and invasion.

DCs, key players in the innate immune system, have high antigen presentation,
through recognizing, capturing, and presenting the antigens to T cells in lymphoid
organs. In cancer, DCs are specifically referred to as tumor-infiltrating dendritic cells
(TIDCs), which often exhibit immune stimulatory phenotypes in TME, through
secreting inflammatory cytokines and prime effector T cells [3!l. Orsini ef al. confirmed
that the antigen presentation ability of DCs was impaired in CRC patients, suggesting
the immune stimulatory capacity of DCs can be inhibited by CRC cells to promote the
development of cancers [32], while removed from the such environment, the ability to
process antigens to T cells of DCs will be regained . It is found that
immunosuppressive factors, such as VEGF, 1L-10, and TGF-f secreted by cancer cells
were involved in inhibiting DCs maturation and antigen presentation 13 3. In CRC,
myeloid DCs are the most common subtypes, which are increased in frequency at the
leading edge of tumor invasion and associated with lymph node invasion [3¢1. Hsu et al.
found the high expression of C-X-C motif chemokine ligand 1 (CXCL1) in DCs obtained
from CRC patients, enhancing the migration and stemness of cancer cells [3.

Additionally, the composition and function of DCs can be influenced by the unique




TME of different types of cancer, even in different subtypes within the same
malignancies [8 391,

Neutrophils, the primary responders in acute inflammation, are the first line of
defense against pathogens, by producing neutrophil extracellular traps (NETs) and
engulfing invading microorganisms (4. It is reported that NETs dissolved ECM
through MMP8/9 protease and improved tumor invasion and angiogenesis by
releasing VEGF [41. 2. The EMT process was also induced by NETs for tumor cells to
break through the vascular wall and enter the circulatory system, thus promoting the
immune escape of tumor cells [40. 411 As part of the innate immune response, tumor-
associated neutrophils (TANSs) are similarly classified into the tumor-suppressive N1
and tumor-promoting N2 phenotypes. N1 TANs are the main type in the early stage of
tumorigenesis, performing anti-tumor function through secreting type I interferon and
activating IL-18 from NKs, while N2 TANs increase during the tumor development
gradually, promoting tumor progression through increasing the level of reactive oxygen
species and inhibiting the function of T and NK cells 43l Interestingly, in CRC, the
production of TGF-p in TME polarized TANs from N1 to N2 phenotype, contributing
the immune evasion by activating TAN-secreted MMP-9 and inhibiting the
proliferation of T cells B3 %,

In addition, other immune cells, such as MDSCs, NK and Tregs also have been
reported to be involved in the occurrence, development and metastasis of CRC. The
function of MDSCs in TME was confirmed as suppressing the immune by inhibiting T
cells and innate immune regulation, as well as contributing to the formation of PMN,
maintenance of tumor stemness and promotion of angiogenesis [**l. As non-specific
innate immune cells, NKs performed cytotoxic effects through secreting killing
mediators, such as perforin, NK cytotoxic factor, and TNF-a, thereby limiting the
metastatic growth of tumor cells rather than the proliferation of primary tumor cells [4
471, Enhancing NK cytotoxicity is speculated as a novel way to prevent cancer
metastasis. Tregs, one of the important factors for maintaining immune tolerance, are

effective mediators of immunosuppression, negatively correlated with the prognosis of




patients with malignant tumors [l In CRC, the contradictory effects of Tregs were

reported, which were related to TME status [41.

Stromal cells

CAFs are one of the most abundant stromal components in solid tumors, which play
an important role in tumorigenesis, angiogenesis, metastasis and invasion, and
chemotherapy resistance of malignancies [l Similar to TAMs, CAFs promote the
metastasis of cancer cells through remodeling ECM and promoting EMT 5. By
secreting collagen, fibronectin and MMP, as well as increasing VEGF levels, CAFs
reorganize ECM components and form a directional migration trajectory available to
tumor cells 52 %31, Additionally, expression of the collagen cross-linking enzyme lysine
oxidase-like 2 (LOXL2) in CAFs is, to a certain extent, associated with a high recurrence
rate, poor overall and disease-free survival in patients with CRC, since CAFs stimulate
the EMT process through LOXL2 elevation 5. Moreover, CAFs also promote immune
evasion by restraining T cell function and promoting the polarization of TAMs, which
was also inhibited by the high levels of TGF-f3 present at the edge of tumor invasion,
derived from CAFs mainly (4 551 Zhang et al. revealed that CXCL8 secreted by CAFs
attracts monocytes to TME of CRC and promotes the polarization of M2 TAMs, further
prﬁloting immune suppression 6l

Mesenchymal stem cells (MSCs) are a kind of pluripotent stem cells with self-renewal
and multidirectional differentiation abilities, participating in tissue generation and
repair in a variety of tissues. In many types of tumors, the cancer-associated MSCs are
reprogrammed by tumors and have significant effects on the structure and function of
TME through enhancing EMT and angiogenesis processes. What is noteworthy is that
MSCs are the only one capable to produce large amounts of exosomes 571, Utilizing
secreting exosomes, MSCs transfer genes carried by cancer cells to other tissues and
promote the formation of PMN, thus affecting the proliferation and metastasis of cancer
cells 58], However, the function of MSC-derived exosomes in cancers is controversial

and needs further investigation ],




ECM

Along with immune and stromal cells, ECM is also the important structural and
biochemical support in TME, composed of a variety of extracellular proteins and
macromolecules, participating in and controlling cell growth, migration, metabolism
and other activities. It is found that ECM is mainly composed of collagen, non-collagen,
elastin, and proteoglycans [60l. During tumor progression, the structure and function of
ECM can be remodeled by the cells in TME, including immune and stromal cells [61].
Regarding cancer metastasis, the remodeling enzymes MMP-2/9 against collagenase in
CRC was increased to degrade type IV collagen, resulting in the loss of ECM support
and enhancement of tumor cell viability and aggressiveness (62 %], The fibrotic response
is another reason for biomechanical changes, like tumor sclerosis, which is mainly
caused by the TGF-p-mediated activation of CAFs [64. Stiffness in CRC, usually in
collagen-rich regions, is associated with metastasis and the EMT process (65 661,

As mentioned above, immune cells, stromal cells and ECM in TME all mediate the
tumorigenesis, development and metastasis of types of cancer. during different
processes, exosomes as bilayer vesicles containing complex RNA and proteins, have a
non-negligible function in intercellular communication in the process of tumor
metastasis. Uncovering the function and mechanism of exosomes will provide a new

trend for anti-cancer research and benefit patients with CRC.

EXOSOMES INTERACTING BETWEEN CANCER AND TME

In recent years, exosomes, as a newly proposed concept, have attracted much interest in
their role in tumor growth and metastasis. Numerous studies have shown that
exosomes and their cargoes promote tumor cell genesis and metastasis through cell-to-
cell communication in TMEs(> 67 681, Under normal conditions, the individual cells and
extracellular matrix of the body complement each other to form a healthy ecological
nichelt%. 70, When pre-metastasis niches are formed in the body, tumor stem cells begin

to survive and proliferate, and induce other cells to participate in tumor formation and




metastasisl’!l, so as to construct a tumor microenvironment suitable for tumor cell
growth and propagation. It is confirmed that exosomes play an important role in this
process. It can have large or small effects on different tumorigenic pathways in TME,
including tumor dryness, angiogenesis, tumor metastasis and EMT formation!72l. In
addition, other studies have shown that the trigger of tumor is not only caused by
sufficient gene mutations, but more by functional changes of different interacting
mediators in TMEI7. 74 In view of the important role of exosomes in the occurrence,
development and metastasis of cancer, we will elaborate on the origin, development,
cargos and function of exosomes, as well as the role of cell-to-cell communication of
exosomes in cancer.

The development and concept of exosomes

Exosomes, first discovered in sheep reticulocytes, were simply considered as cellular
vesicles for excreting cellular wastes. Soon, the new intercellular communication mode
represented has made outstanding contributions to the monitoring, diagnosis and
treatment of diseases. Particularly, tumor-derived exosomes (TDEs), are the main focus
of the research in cancers. Exosomes and/or their vectors have been reported as
biomarkers, therapeutic targets and even vectors for anti-cancer drugs [7>l. Therefore,
understanding the formation and transport of exosomes and their relationship with the
tumor microenvironment is of great significance for studying the function of exosomes
in cancer.

Exosomes are EVs encapsulated by lipid bilayers with a diameter of 40-160 nm,
originating from the endocytic pathway of cells [73. The biogenesis of exosomes
includes four processes, that is membrane invagination, endosome formation,
endosome maturation, and multivesicle bodies (MVBs) release (Figure 1). First, the gell
membrane invaginates and generates small vesicles by endocytosis, which contain cell
surface proteins and soluble proteins related to the extracellular environment. Next, the
vesicles fuse to form early endosomes (EEs), which share their contents and membrane
composition through clathrin and vesicle protein pathways, which is the main reason

for the diversity and heterogeneity of exosomes. At the same time, the trans-Golgi




network and endoplasmic reticulum also contribute to the formation of EEs. Along with
the acidification of the contents and the entry of some "cargoes", such as cytoplasmic
miRNAs, enzyme molecules and heat shock proteins (HSP), EEs gradually ome
mature late endosomes (LEs), also known as cellular MVBs containing ILVs. Finally,
MVBs fuse with the plasma membrane and release ILVs to form exosomes, while the
rest part fused with lysosomes or autophagosomes for degradation 176 771,

The endosomal sorting complex required for transport (ESCRT) is essential for the
classical pathways to facilitate the formation of ILVs, composed of four complexes,
ESCRT-0, -I, -II and -III [78l. Among them, ESCRT-0 and -I is responsible for the
recognition of ubiquitinated proteins, while the combination of ESCRT-I/1I initiates the
activation of ESCRT-III, which combined with the ESCRT-I/II complex, cleaved the
plasma membrane and releases buds into the endosomes to form ILVs [7].

Interestingly, ESCRT-independent exosome was first found in melanoma, involving
CD63, one tetraspanin in the lysosome/endosome-associated organelle melanosomes
18], Recently, Wei et al. reported an ESCRT-independent exosome pathway and
demonstrated Ras-related protein Rab-31 (EABBI), a small GTP-binding protein related
to vesicle-mediated transport, drives ILVs formation via the Flotillin domain of flotillin
proteins and recruited GTPase-activating protein to prevent the fusion of MVEs with
lysosomes and suppress MVEs degradation, thereby enabling the secretion of ILVs as
exosomes 81,

Meanwhile, lipids, as the basic construction of exosome formation, located in the
inner membrane of cellular MVBs with high density, such as lysobisphosphatidic acid
(LBPA), leads to the composition of ILVs and then the exosomes 82, Programmed cell
death 6 interacting protein (PDCD®6IP), functioning within the ESCRT pathway in the
abscission stage of cytokinesis, interacted with LBPA, promoting the internal
germination of the MVB membrane 81 It is found that exosomes can alter the lipid
composition of target cells by transferring molecules to them, especially cholesterol and
sphingolipids, and subsequently affect the cellular homeostasis of targets [34. Since the

ceramide-rich fraction of endosomes is highly sensitive to inward plasma membrane




germination, loss of sphingomyelin and subsequent converter of sphingomyelin to
ceramide results in inhibition of ILVs formation 85l

Exosomes have different functions in different physiological and pathological
processes, according to their size, content, origin, contents and influence on recipient
cells, which is called exosome heterogeneity. In the process of MVBs formation, it
restricts the uneven invaginations of the membrane, resulting in different total contents
of liquid and solid contained in the vesicles formed by MVBs, which may be the cause
of the size and content heterogeneity of exosomes 8¢l Proteomic analysis of breast
cancer cells and their exosomes identified epithelioid or mesenchymal origin cells
according to the enrichment degree of different proteins and nucleic acids in exosomes,
which reflects the specific sorting mechanism in the formation of exosomes [¥7]. Exosome
heterogeneity gives them unique characteristics based on different types of cells or
tissues of their origin, including absorption by specific cells and tendency to certain
organs, which also provides the possibility for the location and migration of cancer cell

metastasis [87],

The function of cargos carried by exosomes in physiological and pathological
situations

Exosomes, involved in diverse processes as communicators between cells, are
dependent on the presence of a great of biologically vital “cargos” in them, such as
proteins, mRNAs, non-coding RNAs (ncRNAs) and various metabolic enzymes, all of
which are bioactive substances to determine the type and function of exosomes 8. The
proteins in exosomes can be divided into the following four types, according to the
discrepant structure and function, that is membrane transport and fusion-related
proteins, tetraspanins, MVBs-related proteins and other proteins involved in cell
adhesion and skeleton construction [58],

Membrane transport and fusion-related proteins include annexin, RAB and HSPs,
which were involved in regulating plasma membrane fusion and release during

exosome formation 9. Among them, the regulating function of the RAB family is




dependent on the surrounding environment and cell types. For example, Ostrowski et
al. found that RAB27a and RAB27b control the exosome secretion pathway in different
steps in cervical cancer %], while in breast cancer, RAB7 was identified as the key
regulator_for exosome release in cancer cells [?l. However, in the central nervous
system, the inhibition of RAB35 function leads to intracellular accumulation of
endosomal vesicles and impairs exosome secretion in oligodendrocytes P!l In the HSP
family, HSP90 is a major intercellular chaperone protein, ensuring the normal folding
and function of protein under normal conditions. However, in tumors, HSP90 plays the
anti-apoptotic function by promoting abnormal protein folding, protein balance and
proteolysis 2. Lauwers et al. found that HSPP90 is membrane-deformable to mediate the
fusion of MVBs and plasma membranes and facilitate the exosome release [**l, while
exosomes lacking HSP90a, a key subtype of Hsp90, will lose important cell-to-cell
communication from tumor cells to stromal cells to promote cell movement [*4],

Tetraspanins are demonstrated to facilitate the entry of specific cargos into exosomes,
including CD9, CD63, CD81, CD82, CD106, tetraspanin 8 (Tspan8), and intercellular
adhesion molecules-1 (ICAM-1) [%l. PDCD6IP and TSG101 are the main MVBs-related
proteins to regulate exosome formation in MVBs [%l. The analysis of exosomal protein
composition displayed that a series of fusion and transfer proteins, as well as
cytoskeletal proteins, such as actin, myosin, and tubulin, are non-specific and common
in all exosomes [%7]. Generally, the proteome of exosomes mirrors that of the protocell,
but it is worth noting that the proteins in exosomes from cancer cells can selectively
induce specific signals in the recipient cells, leading to the occurrence of carcinogenic
changes %991,

Apart from proteins, ncRNAs referring to functional RNAs without encoding
potential, also play an indispensable role in exosomes, including miRNAs, long
ncRNAs (IncRNAs) and circular RNAs (circRNAs). Through binding to the 3' non-
coding region (3'-UTR) of target mRNA, miRNA induced the inhibition of protein
translation, involved in precise, fine and dynamic intercellular communication during

human reproduction, pregnancy and embryonic development [¢7]. Molecular profiling




indicated that miR-148a, let-7b, miR-148a, miR-375, and miR-99a associated with the
expression of IL-10/13 in spermatogenic exosomes from multiple human donors are
enriched, suggesting that exosomes may be involved in reproductive immunity through
secreting miRNAs [100],

The analysis of tumor-related studies manifested that miRNA in exosomes is highly
expressed during the development of lung cancer, prostate cancer and other cancers,
therefore, it may be used as a potential biomarker or grading basis for cancer prognosis
[101-103] Moreover, miRNAs in exosomes can be isolated from body fluids and detected,
which means that exosomal miRNAs have an advantage in becoming novel biomarkers
for non-invasive utilization in vivo 8. Puik et al. use miRNA profiling to identify miR-
21, miR-26, miR-122 and miR-150 as potential blood biomarkers for the non-invasive
diagnosis of cholangiocarcinoma [194. In addition to being used as diagnostic markers,
exosomes can also be used as predictive therapeutic markers. Sun et al. found that in the
exosomes secreted by CSCs and_ corresponding mother cells, six miRNAs including
miR-1246, miR-424-5p, miR628-5p, miR-1290, miR-675-3p and miR-590-3p were up-
regulated, whereas five miRNAs such as miR-224-5p, let-7b-5p, miR-615-3p, miR-122-5p
and miR-5787 were the opposite, which suggest that miRNAs may contribute to the
early diagnosis of gastric cancers and are expected to be a potentialaiomarker for
predicting patients with a high risk of gastric cancer '%l, Furthermore, exosomal miR-
222-3p can be used as a predictive biomarker of gemcitabine (GEM) sensitivity, while
miR-208a can be used as a predigtive biomarker of radiation response [106:107],

LncRNA is a kind of ncRNA with a transcription length of more than 200 nucleotides,
which plays essential roles in a series of life activities, such as dose compensation effect,
epigenetic regulation, cell cycle regulation and cell differentiation regulation [ In
cancer cells, IncRNA has the function of "cell messenger", which can be selectively
packaged into exosomes to regulate tumor growth, metastasis and angiogenesis ['°]. For
example, Conigliaro et al. discovered that exosomes secreted by CD90 cells and CSCs
can be taken up by human umbilical vein endothelial cells (HUVECs) and deliver
IncRNA H19 to the corresponding target cells through adhesion to CD90 cells and




HUVECs, and subsequently, synthesis and release of vascular endothelial growth factor
to stimulate angiogenesis [1101.

CircRNAs are another main type of ncRNA in exosomes, as endogenous RNAs in all
eukaryotic cells. Different from traditional linear RNAs containing 5' and 3' ends,
circRNA molecules presenting as a closed ring structure is not affected by RNA
exonuclease, so their expression is more stable and not easily degraded. This strong
stability may enable non-invasive detection in body fluids, and the absence of the 5’ to
3" polar structure and poly-adenosine tail makes it inherently resistant to nucleic acid
degrading enzymes targeting the 5" and 3’ ends [111l. Recently, circRNAs rich in miRNA
binding sites, are reported to serve as the miRNA sponge in cells, which dissolves the
inhibitory effect of miRNA on its target genes and increases the expression level of
target genes, making circRNA as a competitive inhibitor of miRNA to regulate the
translation and function of tl-ﬁdownstream protein 2. Through regulating target
genes and miRNA, circRNA plays an important role in the proliferation, invasion,
metastasis and progression of tumor cells in a variety of cancer biological processes. For
example, circ-IARS expression in exosomes is up-regulated in the plasma of patients
with in situ metastatic lung cancer, which, however, down-regulate the levels of miR-
122 and tight junction protein 1 (TJP1) signiﬁcaaly but up-regulate the levels of RhoA
and RhoA-GTP in exosome, thereby increasing the expression and adhesion of F-actin,
enhancing endothelial permeability and promoting tumor invasion and metastasis [113],
suggesting that the ﬁxpression level of circRNA is highly correlated with
clinicopathology and may serve as biomarkers with diagnostic, prognostic and

predictive properties [111.

The intercellular communication of exosomes contributed to tumorigenesis and
metastasis

The release of exosomes and uptake by recipient cells provides the basic mechanism
of the intercellular communication function of exosomes, which is occurred in almost all

types of cells in mammals [114, After being released by cells, exosomes enter the blood,




saliva, urine, cerebrospinal fluid, breast milk and other body fluids through autocrine
and paracrine methods, after which reach other cells and tissues in the distance,
producing a remote regulation effect. Interestingly, exosomes also influence the origin
cell itself through the autocrine pathway based on specific receptors.

Within the exosome of chronic myeloid leukemia cells, cytokine TGF-p1 binds to its
receptor and promotes tumor growth through an autocrine mechanism by acﬁating
anti-apoptotic pathways [115]. The exosomes were also involved in maintaining cellular
homeostasis, through exosome secretion with harmful cytoplasmic DNA from cells [11°].
The inhibition of exosomes will cause accumulated DNA in the cytoplasm, associated
with increased reactive oxygen species-dependent DNA damage reaction, thus leading
to cell cycle arrest or apoptosis. Therefore, cell secretion of such DNA-containing
exosomes contributes to cell survival and homeostasis maintenance [116].

Through the paracrine pathway, exosomes mediate intercellular information
transmission and microenvironment regulation, especially in the field of tumor therapy.
Exosomes contain cargoes such as proteins, DNA, mRNA, ncRNA and metabolic
enzymes described above, acting as external stimuli for recipient cells, triggering the
uptake of exosomes and changing their biological phenotypes. The uptake of exosomes
by recipient cells is not random but is accomplished through the recognition of exosome
surface proteins that trigger interactions including endocytosis, receptor-ligand
binding, and membrane fusion. Yang et al. found that breast cancer cells release and
transfer exosomes containing programmed cell death ligand 1 (PD-L1) to other cancer
cells with low or even no PD-L1 through the secretory pathway, to help cancer cells
escape immune monitoring "7, In CRC, Demory et al. reported that the transfer of
mutant Kirsten rat sarcoma viral proto-oncogene (KRAS) to cancer cells with wild-type
KRAS receptors via exosomes can promote the invasion of canﬁr cells [118],

In cancers, the intercellular communication of exosomes is not only limited between
cancer cells but also occurred between cancer cells and stromal cells, which is one of the
important mechanisms of distant metastasis of tumors. Shimoda et al. investigated the

molecular mechanism of CAF-derived tumor progression and demonstrated the




metalloproteinase ADAM10 as the important factor in CAF-derived exosomes to
enhance the viability of cancer cells through activating Notch receptor and increasing
aldehyde dehydrogenase expression [l Moreover, the absorption of CAF-derived
exosomes by cancer cells caused the increase of glycolysis and glutamine-dependent
reductive carboxylation, which promotes the growth of tumors under nutrients
deficiency or nutrient stress, as the carry of amino acids, lipids and intermediates in
exosomes [120].

Conversely, exosomes from cancer cells also act on stromal cells, imbuing them with
the properties to be transformed into cancer cells and inducing the formation of pro-
TME. Cho et al. demonstrated that exosomes from breast cancer cells triggered the
transformation of MSCs in fat into tumor-associated myoblasts via the TGF-pB-mediated
signaling pathway [121. Also, miR-9 in exosomes derived from triple-negative breast
cancer can induce EMT in tumor cells through down-regulating E-cadherin in
fibroblasts, and promote the transformation of fibroblasts into CAFs, thus stimulating
tumor migration [122I. The hallmark, angiogenesis in cancer was also promoted by
tumor-derived exosomes promoting endothelial cell proliferation and angiogenesis [123].
Nazarenko et al. found the cell surface Tspan8 as the contributor to exosome-induced
endothelial cell activation, in which Tspan8-a4 integrin in exosomes facilitates the
binding and absorption of exosomes to endothelial cells and promotes angiogenesis
accordingly 121, Even under hypoxia conditions, the stimulating effect of exosomes on
angiogenesis was enhanced in cancers [124. Hus et al. found that hypoxic lung cancer-
secreted exosomes with miR-23a not only cause the accumulation of hypoxia-inducing
factor-la (HIF-1a) in endothelial cells but also target TJP1 to increase vascular
permeability and cancer migration possibility [12°],

Interestingly, mRNA delivery by exosomes to recipient cells is a rare case, while it
was increased in those with acute inflammation (peritonitis) or chronic inflammation
(subcutaneous tumors) [126]. Engineered exosomes have been found to conduct certain
functions in inducing innate and adaptive immune responses in cancers [1271. The

mechanism mainly involves the antigen presentation, activation of the intracellular




cGAS-STING signaling pathway, intercellular miRNA transfer, and immunoregulation
of exosome surface presenting molecules, which may be related to different contents
wrapped in exosomes and their effects on the recipient cells [114].

First, the antigen-presenting peptides were direct presented by antigen-presenting
cells (APCs), such as DCs or Tregs to specific T cells and induce activation of them via
carrying exosomes containing co-stimulatory signals 14, A single intradermal injection
of APC-derived exosomes significantly induced tumor eradication and growth delay in
the mouse model 14, Simultaneously, exosomes secreted by human DCs promote the
production of interferon (IFN) production and thus enhance antigen presentation,
regardless of the maturation of the exosomal origin cells [125].

Then, the activation of the intracellular cGAS-STING signaling pathway was induced
by genomic DNA in exosomes to generate an anti-tumor response [129. The production
of IFN was enhanced after the contact between DCs and T cells with the uptake of
exosomes through the activated ¢cGAS-STING signaling pathway [1301. Although the
uptake of exosomal DNA by recipient cells may change their signaling, such
alternations may be beneficial in the context of cancer 110, as the inhibition of epidermal
growth factor receptor (EGFR) in cancer cells may lead to an increase in DNA in their
secreted exosomes, helping to induce cGAS-STING signaling in DCs to inhibit tumor
growth 1, In contrast, the uptake of tumor-derived exosomal DNA by circulating
neutrophils enhances the production of tissue factors and IL-8, which may indirectly
worsen cancer by promoting inflammatory responses (132,

Next, in the process of cell-to-cell communication, exosomes influence signaling
pathways and gene expression in recipient cells through miRNA transfer to regulate the
immune response. Immature DCs have a strong ability to phagocytose antigen, but
their weak ability to present antigen makes the activation of DCs to specific T cells
limited. In addition, miR-212-3p in TDEs promoted the immune escape of cancer cells
by suppressing transcription factor REXAP in DCs [133]. However, miR-222-3p promoted

the polarization of TAMs to M2 phenotype and generated an immunosuppressive




microenvironment through a down-regulating suppressor of cytokine signaling 3
(SOCS3) [134],

Finally, immunomodulatory molecules such as PD-L1 and Fas cell surface death
receptor ligand (FasL) on TDEs accelerate the failure and apoptosis of T cells, thus
regulating the immune response and promoting the progression of tumors [135 1361, On
the contrary, mast cell-derived exosomes with CD86, lymphocyte function-associated
antigen 1, and ICAM-1 on their surface, induce the proliferation of B and T immune
cells and enhance anti-tumor activities [137],

Despite how the cargoes carried in exosomes act and affect recipient cells have been
extensively studied, the mechanism of how exosomes selectively package those cargoes
remains unclear. Through comparing miRNA content in CRCs exosomes of mutant and
wild-type KRAS, Cha et al. found that the exosomes of wild-type KRAS cancer cells
were enriched with miR-10b, while the others were enriched with miR-100 [138],
suggesting that exosomes selectively pack the cargo under an unknown condition for

further investigation.

THE MECHANISM OF THE METASTASIS OF CRC RESULTING FROM THE
EXOSOMES BY MIRNA

As described above, miRNA, a vital ncRNA, is responsible for negatively regulating
the expression of up to 60% of the protein-coding genes, and play important role in the
processes of malignancies [13]. Since Michael et al. described the association between
miRNAs and CRC, the involvement of miRNAs in the occurrence of CRC evoked plenty
of investigation to explore the molecular mechanism of miRNA regulating CRC [140, 141],
As the main content of exosomes, miRNAs are also involved in certain control and
regulatory functions on tumor proliferation, EMT and ECM remodeling, and the
formation of PMNs.

EMT promotes the metastasis of CRC through miRNAs
It is accepted that EMT is an important biological process in which epithelial cells

become cells with mesenchymal phenotypic characteristics and acquire the ability to




migrate 142, During the EMT process, epithelial cells lose cell polarity and the ability to
connect with the basement membrane, so that the genome of cancer cells can be
transferred between cells through exosomes, thus gaining aggressive abilities of
migration and invasion, anti-apoptosis and ECM degradation [143]. First, epithelial cell-
associated proteins located in the primary tumor of CRC are down-regulated, while
mesenchymal adhesion proteins are up-regulated, and cancer cells, especially with
mesenchymal characteristics, secrete abundant exosomes to invade local tissues [144].
Next, the locally proliferating cancer cells break through the basement membrane and
propagate through the circulatory system to distant organs through specific signaling
mechanisms involving exosomal miRNAs. Finally, these mesenchymal cells reprogram
the microenvironment of distant metastases, inducing the formation of metastatic tumor
microenvironments and angiogenesis [145. 146],

EMT-related transcription factors are confirmed as the key regulators during this
process. Snail family transcriptional repressor (Snaill/2), belonging to the Zinc finger
transcription factor, can destroy the normal tight junction between cells, while zinc
finger E-box binding homeobox (ZEB1/2) can inhibit the expression of adhesion protein
in epithelial cells and promote the initiation of EMT, all of which can be regulated by
miRNAs. In cancers, the inhibition of EMT by p53 to prevent metastasis, down-
regulated Snail and ZEB1 via induction of miR-34, which also suppresses the expression
of the stemness factors, BMI1, CD44, CD133 and c-MYC. Interestingly, Siemens et al
reported a double-negative feedback loop between miR-34 and Snail, that is Snail and
ZEB1 conversely inhibit the expression of miR-34 through binding to E-box regions in
miR-34 promoters 1471, MiR-200 family members are another group involved in the
regulation of ZEB1 by forming a double-negative feedback loop, to reduce the
migration and invasion of CRC cells [148], Also, miR-429, the member of the miR-200
family, was found to reverse TGF-f-induced EMT by targeting one cut homeobox 2
(ONECUT2), thereby inhibiting cell migration a invasion, and its activity is
significantly down-regulated in CRC [49. The downregulation of other tumor

suppressor factors, mainly miR-335, miR-132 and miR-192, is associated with the




invasion and metastasis of CRC by increasing the expression of their ZEB2 target genes
[150-152]

Additionally, twist family bHLH transcription factor (TWIST), containing the basic
helix-loop-helix (bHLH) domain, inhibits mesenchymal cell protein expression to
promote the EMT process ['53], which can be suppressed by miR-145 [%4. Prospero
homeobox 1 (PROX1), another transcription factor, inhibit the expression of E-cadherin
to promote the occurrence of EMT, which was achieved by binding to the promoter of
pre-miR-9 and triggering its expression [l The FOX family of transcription factors,
FOXQ1 and FOXM1, are also involved in the induction of EMT, and their expressions
are negatively correlated with the low expression of miR-320 in CRC, which reduces the
expression of E-cadherin ['5°],

TGF-B, the acceptable EMT-inducer, can activate the EMT process by regulating
downstream factors, such as miR-187, which inhibit the expression of SMAD family
member 4 (SMAD4), the maintainer of epithelial phenotype in CRCI0L. Furthermore,
miR-20a overexpression can also facilitate EMT by inhibiting SMAD4 expression to
promote the metastasis of CRC 1571, Interestingly, SMAD?Y is the inhibitor of SMADA4,
and the inhibition of SMADY can initiate TGF-B-induced EMT. A series of miRNAs, like
miR-4775, miR-1269, and miR21 have been approved to promote the metastasis of CRC
in a SMAD7/TGF-B-dependent manner [158-160],

Regarding the Wnt/p-catenin signaling pathway, the enhanced effect of miR-150 on
MT in CRC is generated by targeting the cAMP response element-binding protein
signaling pathway!®. Interestingly, Wnt-induced EMT is not only through the Wnt/3-
catenin signaling pathway, but also partially activated through inhibiting negative
transcription factors by miR-34a, miR-145 and miR-29b 161 162 The loss of miR-145
function is negatively correlated with the EMT process and the downregulation of E-
cadherin expression [163, while miR-29b inhibits p-catenin co-activators to block
multiple 3-catenin target genes and achieve the regulation of EMT in CRC [164],

After breaking through the basement membrane, CRC cells enter the circulation

turning into circulating tumor cells (CTCs), responding to distant metastasis, referring




to EMT-MET plasticity with promoting new invasion and metastasis, the important
marker of metastasis when this characteristic exists in CTCs [165]. Increased activity of
MMP or decrease the function of tissue inhibitors of metalloproteinases (TIMPs)
promote CTCs detachment from the primary location, which can be regulated by miR-
375 to suppress MMP2 Level in CRC cells and correspondingly inhibit the proliferation,
migration and invasion of CRC [1¢l. Cai et al. revealed that miR-194 promoted EMT-
mediated metastasis in CRC through activating MMP2 function, while Xu et al found
that miR-20a performed a facilitated role during the EMT process through inhibiting
TIMP2, resulting in increased activities of MMP2 and MMP9 [167. 168],

PMN formation is an important step in CRC metastasis, involving exosomal miRNAs

As distant metastasis of CRC is a major reason for clinical treatment failure and death
in cancer patients, PMN is found to be a crucial factor of CRC metastasis, which is the
formation of a microenvironment conducive to tumor metastasis at a specific site in the
distant organ [19% 170], Tumor secretory factors, recruitment of inhibitory immune cells
and inflammatory polarization of matrix components are key factors involved in the
formation of PMN [171],

TDEs are the main component of tumor secretory factors, secreted by cancer cells at
the primary site of the tumor and transmitted to distant sites through autocrine or
paracrine to recruit immune cells [17ll. The recruited immune cells, such as MDSCs,
TAMs, and Tregs, induce the formation of the immunosuppressive microenvironment
and subsequently secrete inflammatory cytokines to produce an inflammatory response
and form an inflammatory microenvironment, which is conducive to the colonization
and growth of CTCs. During this process, the increased tumor volume with a
continuous proliferation of CRC cells leads to cells prone to hypoxia and nutrient
deficiency, hence rapid angiogenesis can be found in the primary lesion. The pro-
angiogenic factors secreted by the neovascularization will circulate with TDEs to the
distant metastasis, promote angiogenesis at distant sites, and construct a perfect PMN

to bear more tumor cells from distant metastasis 7. So Liu et al. proposed




immunosuppression, inflammatory response, angiogenesis and increased permeability,
lymphangiogenesis, organicity and reprogramming as the six characteristics of PMN,
which make PMN the best choice for the settlement and proliferation of metastatic
cancer cells 1711,

Immunosuppression, an important contributor to the formation and development of
PMN, is also the major reason for the survival and development of tumors in vivo.
Takano et al. found that plasma-derived exosome miR-203 induced the differentiation of
monocytes in distal organs into M2 TAMs of immunosuppressant phenotype, while
Zhao et al reported that exosomal miR-934 also induced the differentiation of normal
phenotype M1 TAMs into M2 TAMs, inducing the formation of immunosuppressive
microenvironment 1721731, SOCS3 was down-regulated by miR-222-3p in TDEs, which
promoted STAT3-mediated M2 polarization of TAMs and contributed to the
immunosuppressive microen\ﬂ"onment (134 Wang et al. also demonstrated the
enhancing role of exosomal miR-425-5p and miR-25-3p on M2 TAMs expression
through the PI3K/AKT signaling pathway, to promote CRC metastasis to distant
metastases [174],

TDEs in CRC were also reported to be involved in promoting T cell differentiation
into Tregs, inhibiting normal immune cell function, and recruiting immunosuppressive
cells into PMN [173], Other immune cells, such as MDSCs, DCs, and NKs can also be
transformed into immunosuppressive phenotypes in TME, together constituting the
immunosuppressive microenvironment for tumor metastasis 170l In addition to
recruiting immunosuppressive cells to PMN, the immune escape of tumors ultimately
needs to be realized by destroying the normal immunity of the body ['77I. Inhibition of T
cell function, disturbance of normal NK cell function and immature reversal of DCs are
all able to lead to the destruction of the normal immune mechanism of the body [133].
Huang et al. demonstrated that IncRNA SNHG10 in TDEs participated in the TGF-3
signaling pathway, inhibited the activity of NK cells, and damaged the normal anti-

tumor immune function in CRC [178],




It should be noted that the activation of immune checkpoints is an effective pathway
for the development of immunosuppression. PD-L1 derived from TDEs with highly
similar function to the surface of tumor cells, can bind to its receptor on T cells to
generate an immune examination response, effectively inhibiting the proliferation of T
cells and inducing apoptoﬁs, and destroying the anti-tumor function of positive T cells
[136,179] Tn addition, CSCs-derived exosomal miRNA-17-5p inhibits normal immune cell
function and promotes immunosuppression by targeting speckle-type POZ protein and
promoting the expression of PD-L1 [180],

During the formation of PMN, ECM remodeling is one of the essential links. In situ
tumor cells colonize and proliferate in distant metastases, secreting exosomes and
producing inflammatory cytokines, causing hypoxﬁl and inflammatory responses in
normal cells of metastases. In such an environment, a large number of cytokines such as
VEGF, macrophage migration inhibitory factor, TGF-p, and immunosuppressive cells
are recruited to participate in the formation of PMN [181]. Similar to the ECM remodeling
mechanism in the primary site, CAFs activated by TGF-5 promote the fibrosis of ECM
through the secretion of collagen and fibronectin, increase the hardness of ECM, and
change its biomechanics ['82. It is found that CRC-derived exosomal miR-10b promotes
CAFg formation and leads to ECM fibronectin through the PI3K/Akt/mTOR pathway
[183], Exosomal miR-1246 and miR-1290 advance the development of interstitial fibrosis
by activating the expression of actin alpha 2 and pro-fibrotic factors [84, while
exosomal miR-139-5p and miR-21-5p degrade ECM proteins by promoting the
expression of MMP2 and MMP13, thus accelerating the formation of PMN [185],

Interestingly, inflammation is not only involved in inhibiting the process of cancer
but also found to promote tumor occurrence and metastasis. Inflammatory M1 TAMs,
as a pro-inflammatory, immunostimulating and anti-tumor factor producing IL-1p, IL-6
and TNF-a, contributed to the development of CRC in colitis '5l. Therefore, the
inflammatory microenvironment caused by chronic inflammation significantly
promotes the formation of PMN in distant organs during tumor growth and metastasis

[18] Pro-inflammatory cytokines such as IL-1p, IL-6 and TNF-a are important factors in




the inflammatory microenvironment, which directly or indirectly stimulate tumor
survival, proliferation and metastasis [187]. It is shown that low-density IL-1p, an
important pro-inflammatory factor involved in innate immunity, could induce local
inflammatory responses and lead to protective immune responses, while high
concentration would result in inflammation-related cancer tissue damage [1851.

Another chemokine, IL-6 stimulates the activation of T and B cells during the immune
response to perform an anti-inflammatory role [1891. Marzia et al. found that CRC tumor
cell-derived exosomal miRNAs increase IL-6 secretion, thereby promoting
inflammatory responses [1%]. High levels of IL-6 have been detected in serum detected
in live tumors or biopsies from cancer patients, suggesting that the inflammatory effects
of this cytokine may be related to the occurrence of cancer . MiR-21 carried by
exosomes promotes the release of pro-inflammatory IL-6 and IL-21 and induces them
into circulation, thus inducing the formation of an inflammatory microenvironment %2,

Although originally TNF-a was reported as an anti-tumor cytokine, high-dose
recombinant TNF-a has been verified to induce tumor necrosis and promote the
progression of tumors in vivo 'l In addition, owing to the special biological
environment of CRC, intestinal bacteria also promote the formation of an inflammatory
microenvironment through secreting exosomes. The induction of E.coli-derived
exosome with miRNAs op, the inflammatory microenvironment is achieved by
increasing the expression of toll-like receptor (TLR) and promoting the secretion of pro-
inflammatory cytokine IL-8 ['%. The exosomal miR-149-3p derived from enterotoxin
bacteria disrupts normal gene transcription and leads to DNA damage and oxidative
stress, which promotes the formation of an inflammatory microenvironment [,
Exosomal miRNA-21 and miRNA-29a promote CRC metastasis by acting on TLR7/
TLR8 and inducing the formation of an inflammatory microenvironment in PMN [196],

Angiogenesis is another critical factor in PMN formation in colorectal cancer, which
rapidly generates tumor cells providing oxygen, energy and nutrients for survival and
metastasis in the case of hypoxia and nutrient deficiency. To form a suitable PMN for

the metastasis of CRC, a variety of pro-angiogenic factors must reach the distal




metastasis via exosomes through blood circulation and be expressed. VEGF, fibroblast

growth factor, platelet-derived growth factor, basic fibroblast growth factor, TGF-p,
TNF-a, and IL-8 are the main angiogenic stimulator carried by TDEs [1%7l. VEGF
signaling pathway is the most promising target for angiogenesis and plays a key role in
angiogenesis ['%]. Equally important to these pro-angiogenic factors are cell- or plasma-
derived exosomes from various human tumors identified as effective inducers of
angiogenesis in vitro and in vivo, which have the function of inducing closely related to
the miRNA carried in exosomes 1%, For instance, CRC-derived exosomal miR-21-5p
improves the expression of VEGF and Cyclin D1, enhances vascular permeability and
promotes angiogenesis [143. Exosome miR-25-3p promotes the expression of VEGF
receptor 2, and regulates tight junction protein Claudin-5, resulting in the prodﬁtion of
PMN in the liver and other sites of CRC patients [200. In addition, exosomal miRNA-
92a-3p stimulates angiogenesis by increasing vascular endothelial cell division and
participating in the regulation of the binding protein, Claudin-11 [201l. Hu ef al. reported
that CRC-derived exosome miR-1229 promoted metastasis of CRC by activating VEGF
production and promoting angiogenesis [202l. Exosome-derived miRNA-183-5p
accelerates the generation of neovascularization in CRC metastasis, whereas exosomes
secreted by neovascularization in PMN promote the metastasis of tumor cells from the

primary site to specific organs and tissues 1143,

MECHANISMS AND INFLUENCING FACTORS OF DRUG RESISTANCE
INDUCED BY EXOSOMES

It is worth mentioning that exosomes have the role of inducing tumor drug
resistance, which provides a new research direction to solve the drug resistance
problem that has puzzled doctors and researchers for a long time. Exosomes secreted by
drug-resistant cancer cells encapsulate chemotherapeutic drugs and transport them out
of tumor cells [?®], and the interaction of exosomes containing miRNA, mRNA and
protein from cancer cells is also associated with tumor drug resistance [2M]. [n summary,

the mechanism of exosomes inducing drug resistance mainly involves drug expulsion,




activation of anti-apoptotic pathways, changes in signal transduction, and promotion of
survival and proliferation of CSCs.

First of all, exosomes released by tumor cells help cells to expel cytotoxic drugs,
related to the overexpression of P-glycoprotein [2051. Although no reports on CRC, it is
demonstrated that exosomes directly or indirectly regulate drug efflux pumps and thus
influence drug resistancaby regulating P-glycoprotein expression in breast and ovarian
cancers 1203, 206], Second, acquired or intrinsic resistance to chemotherapy often prevents
tumor cells from undergoing adequate levels of apoptosis, resulting in poor survival
and treatment [207]. Inhibitors of the apoptotic pathway are used to sensitize tumor cells
to chemotherapy. In the clinical treatment of CRC, cetuximab-resistant CRC cells RKO
have been found to induce cetuximab resistance by down-regulating PTEN and
increasing AKT phosphorylation, which is related to apoptosis escape [208l. Third,
signaling pathways in drug-sensitive cells are altered by the _uptake of drug-resistant
cell-derived exosomes, including EGFR, Wnt/B-catenin, PI3K/AKT, PTEN, and
mTORC signaling pathways that play important roles in tumor progression and drug
resistance, whose abnormalities are associated with chemotherapy resistance [20% 2101, Hu
et al. reported that CRC cells secreted exosomes capable of inducing chemotherapy
resistance, which caused drug resistance by promoting p-catenin stabilization and

clear translocation and activating the Wnt/p-catenin pathway (', Furthermore,
miR-30a, miR-222, or miR-100-5p carried by exosomes may induce drug resistance in
drug-sensitive cells by regulating MAPK or mTOR pathways [2'2l. Lastly, exosomes
induce drug resistance by promoting the growth and proliferation of CSCs [213]. Plenty
of stromal cells, such as CAFs and MSCs, promote the growth of CSCs by secreting
exosomes (214, Exosomes derived from MSCs increase the proportion of CSCs by
activating the Wnt signaling pathway and activating the 1/2 extracellular signal
(ERK1/2), thus endowing CSCs with phenotypes, and inducing drug resistance in CRC
[215],

Notably, CSC self-derived exosomes maintain stemness within TME by transporting

their cargoes, thus enhancing resistance to different cancer therapies [21¢l. The cargos




include edgehog, Wnt, B-catenin, and other CSC-specific mRNAs, as well as proteins
needed by CSCs to maintain self-renewal and other stemness. TDEs have been reported
to carry different types of integrins and related ligands that are involved in the
formation of cancer cell colonization and PMN, while integrin is the key drug resistance

factor in cancer therapy in maintaining the phenotype and behavior of stem cells [217].

CLINICAL PERSPECTIVES

CRC is a ‘t&hly heterogeneous, highly metastatic and fatal cancer, and tumor cell
metastasis is the main reason for the high mortality rate of this cancer. In the process of
diagnosis and treatment of CRC, the lack of specific symptoms causes great difficulties
in the early diagnosis of CRC due to its similarity to non-cancerous intestinal diseases.
At present, the diagnosis of CRC depends on clinical evaluation and imaging diagnosis.
However, routine diagnosis such as radiographic imaging or histopaﬂ-ﬁogical analysis
fails to detect early systemic spread of CRC [218], and colon cancer markers such as
carcinoembryonic antigen (CEA) and CA19-9 have low sensitivity and specificity [21]. In
most clinical cases of CRC, surgery is the best treatment option, sometimes
accompanied by chemoradiotherapy. However, due to limited diagnostic means, most
patients are often diagnosed with advanced CRC and miss the optimal surgical
opportunity. Therefore, the development of new and effective diagnostic biomarkers for
CRC is essential for early detection and reduction of CRC mortality.

As extracellular vesicles that play a key role in intercellular communication,
exosomes contain proteins, miRNAs and other substances that are closely related to
tumorigenesis, tumor cell survival, chemotherapy resistance and metastasis. Due to
their non-invasive, high sensitivity and specificity, exosomes have advantages in being
ideal biomarkers for early cancer screening and diagnosis at this stagel220l. In addition,
some studies have shown that exosomal miRNAs can be used as drug carriers to
transport drugs and participate in the immunotherapy of CRCI21. Next, we describe
the advantages of exosomes in CRC screening, diagnosis, treatment, and prognosis.

Exosomes as biomarkers for early screening, diagnosis, and prognosis of CRC




It is interesting and useful that exosomes can be detected by taking body fluids, such

as blood, urine, saliva and cerebrospinal fluid for analysis, suggesting that exosomes
could be an ideal non-invasive or less invasive biomarker for early cancer screening and
diagnosis, with high specificity and sensitivity at an early stage [220l. Recently,
transcriptomics research revealed that ncRNAs in exosomes are involved in different
biological processes of CRC, and the high stability of exosome miRNAs in a variety of
biological samples makes them an important candidate molecule for the discovery of
new cancer biomarkers for CRC 22224, Want et al. reported a group of six miRNAs
including miR-21, let-7g, miR-31, miR-92a, miR-181b, and miR-203 as reliable
biomarkers for CRC diagnosis, whose specificity and sensitivity exceed 40% compared
to classical biomarkers, carcinoembryonic antigen and CA19-9 [22%, while the sensitivity
of exosomes miR-1229, miR-223, miR-1224-5p and miR-150 are reach to 50%, whose
expressions were significantly different between CRC patients and healthy individuals
[2¢], Increased serum levels of exosome miR-200 were significantly associated with CRC
progression and liver metastasis [271. Wang et al. confirmed that miR-125A-3p is highly
expressed in the plasma of patients with early CRC but not in normal subjects,
suggesting that miRNA in exosomes can be used as ehbiomarker for early CRC
screening('®8l. Moreover, compared with normal people, the expression of exosomal
miR-92b is significantly decreased in CRC patients, indicating its higher accuracy in
early CRC screening [228]. The expression of miR-23a and miR-1246 in exosomes was
abundant in CRC patients. Decreased expression of exosome miRNA-23a and miRNA-
1246 can be UEd as diagnostic markers for CRC in patients with primary resection [22°].
In addition, circulating exosomal miR-17-5p and miR-92a-3p are associated with
pathological staging :ﬁd grading of CRC [30],

Apart from being biomarkers for CRC screening and diagnosis, exosomal miRNAs
are also closely related to the prognosis of CRC and can be used as biomarkers for
postoperative or therapeutic evaluation. Liu ef al. found that low expression of plasma
exosomal miR-4772-3p was closely associated with less lymph node metastasis, less

tumor recurrence, and better prognosis in CRC patients ['l. Plasmid-derived exosome




miRNA-193a is highly expressed in patients with middle and advanced CRC,
suggesting that CRC patients have a longer survival time and a higher survival rate,
since exosomal miR-193a could inhibit the mitosis and proliferation of tumor cells and
induce cell apoptosis [232l. Peng et al. found that low expression of exosome miR-548-3¢c
suggested poor prognosis, and its low expression in CRC liver metastases was
positively correlated with angiogenesis and reduced overall survival rate (2],

Despite a large number of studies that have shown that exosomal miRNAs are
potential biomarkers for a variety of cancers, their application in clinical biomarkers still
faces many problems. Most current exosome miRNA_studies have been limited to small
patient cohorts or mice models, which means that miRNA levels in plasma exosomes
vary widely in a single cohort and results are inconsistent across groups even when
studying the same cancer type. Another common drawback is that the methods used to
isolate exosomes from plasma are different from those used to extract miRNAs from

osomes. Studies lack common endogenous miRNA controls for quantifying exosome
miRNAs. These problems affect the reliability of circulating exosome miRNAs as cancer
biomarkers in clinical_diagnosis or prognosis. Therefore, the techniques for isolating
exosomes from body fluids and the methods for quantifying miRNAs or proteins also
need to be further standardized.

In order to explore the potential of exosomes as novel biomarkers in clinical practice,
the most important aspect is to optimize or standardize the measurement of exosomes.
Nonetheless, to date, the isolation and purification of exosomes lacks a universally
accepted gold standard. At present, the common method for exosome separation is
ultra-centrifugation 24, which is controlled by different centrifugal forces and
durations according to the density and size differences between exosomes and other
components. However, the effectiveness of exosomes is limited due to many reasons
such as excessive pressure, long time, high equipment requirements and the specificity
of precipitation for separation during the centrifugation process 2%, Size exclusion
chromatography (SEC) is another common method for exosome separation [23%], but

owing to the high dilution degree of samples, this method cannot be used in




applications requiring high concentration of exosomes. Additionally, quantitative
reverse transcription polymerase chain reaction (QRT-PCR) is commonly used for the
quantitative detection of exosome miRNAs [27], but this method is prone to produce
false positive signals. Subsequently, researchers developed non-PCR miRNA
quantitative spectroscopy based on proportional electrochemistry, local surface Plasma
Resonance (LSPR) (2%l and Surface-enhanced Raman spectroscopy (SERS) 1232401, Yet, its
application has been hampered by expensive instruments and complex operation.
Currently, it is attempted to detect exosome miRNAs using fluorescence method have
achieved varying degrees of success, and this method has been attached great
importance by researchers due to its inherent advantages of simple instruments, high
sensitivity, and high throughput screening [?41l. The only fly in the ointment is that the
complexity of biological systems makes it necessary to develop fluorescent systems
with anti-interference for exosome miRNAs as diagnostic biomarkers. It is worth noting
that environmental fluctuations caused by such experimental conditions can be offset
by ratio fluorescence measurements by calculating the emission intensity ratio of two
different wavelengths. In general, the isolation and measurement methods of exosome
miRNAs are under constant research and innovation, and the increasingly mature
technological conditions make it possible for exosome miRNAs to be used as novel
biomarkers for cancer.

In fact, the kebobstacle to exosome research to date has not been the separation of
impurities from exosome samples, but rather the lack of information on the ratio of
actual exosomes to exovesicles in the "exosomes" collected by experimental techniques.
Since exosomes overlap with these cellular microvesicle%‘n structure and characteristics
1242, 243] the reliability of the analysis can be ensured as long as the composition of
exosomes in the extracted samples can be accurately determined. From the perspective
of exosome drug development, the current drug approval system irﬁnost countries only
requires a high proportion and quantification of exosomes to meet the requirements for

quality control and safety assessment of cell-derived compounds [242I. Therefore, how to




effectively quantify the individual components of exosomes in collected samples will
facilitate the utilization and clinical application of exosomes in the future.
Exosomes as anticancer agents for the treatment of CRC :

At present, the treatment of CRC mainly includes surgery, adjuvant chemotherapy,
radiotheraphand immunotherapy. Exosomes can be used as drug carriers to transport
drugs or directly transport miRNA small molecules to participate in CRC
chemotherapy, radiotherapy and immunotherapyl22!l. Zaharie et al. demonstrated that
exosome miR-375 promoted tumor cell apoptosis and inhibited CRC proliferation,
invasion and metastasis by participating in the Bcl-2 signaling pathway [2#1. Similarly,
exosomal miR-140-3p inhibits CRC proliferation, growth, and liver metastasis by
involving the Bcl-2 and Bcl-9 pathways 241, Sun et al. found that CRC patients with high
expression of exosome miR-548¢c-5p capable to inhibit the proliferation, invasion and
metastasis of CRC cells by enhancing the expression of HIF-1a, had a better prggnosis,
predicting miR-548¢-5p as an indicator for prognostic analysis 24l In addition, Hu et al.
demonstrated that exosome miR-214 inhibits CRC autophagy and promotes its
sensitivity to radiotherapy 12471,

Recently, due to the rapid development of therapeutic methods, targeted therapy has
become an effective strategy for the treatment of CRC. Exosomes are natural

oparticle biological carriers that have emerged as promising therapeutic tools for the
delivery and transfer of drugs, miRNAs, small interfering RNAs (siRNA), short hairpin
RNAs (shRNAs), and other compounds that remain stable in exosomes used to treat
cancer and other diseases, based on their non-toxicity and non-immunogenicity [248]. As
delivery carriers of natural drugs and functional RNA, exosomes have their natural
advantages 1241,

First, exosomes can be produced and absorbed, and are capable of stable delivery of
therapeutic drugs, such as therapeutic miRNAs and proteins [0l Currently,
doxorubicin and paclitaxel have been used in targeted cancer therapy via exosomes
with minimal immunogenicity and toxicity compared to liposome, metal and polymer

nanomaterials [21-24, Second, exosomes enhance endocytosis by targeting specific cells




and tissues with specific proteins, thus promoting the transfer of their contents [%°°l. In
animal tumor models, exosome-mediated chemotherapy is more effective than free
agents. For example, the anti—itotic chemotherapy drug paclitaxel can be ultrasound-
loaded into exosomes and is 50 times more cytotoxic to drug-resistant cancer cells in
vitro than free paclitaxel 2. Also, it is found that exosomes coated with different
chemotherapeutic drugs inhibit tumor growth when delivered to mice a\mor tissues,
but no equivalent side effects have been observed in free drugs [27]. Bioengineered
exosomes have been used to deliver anticancer drugs and functional RNAs to cancer
cells, including CSCs, in a cell-specific manner. Several strategies have been reported to
improve the targeting specificity and tumor absorption of the exosome, for instance,
transforming the exosome into lysosome-associated membrane protein 2b and tumor-
targeting integrin to express target ligands [2%3]. Exosomes are surface modified through
oligonucleotide binding, which could potentially alter not only cell fungtion, but also
transport between cells. Third, exosomes deliver therapeutic goods with better efficacy
and fewer off-target effects than other biological carriers, such as liposomes, due to their
small size, membrane-permeability, ease of crossing the blood-brain barrier, and faster
penetration of tumor cells than liposomes %], Kim ef al. found that macrophage-
derived exosomes loaded with paclitaxel significantly increased cellular uptake of
Lewis lung cancer cell line compared to paclitaxel-loaded liposomes [256. 259,
Remarkably, exosome targeting of CSCs is a promising approach for the development
of cancer therapy, as the growth of CSCs causes drug-sensitive cells to transform into
drug-resistant cells, reducing the sensitivity of anti-cancer drug therapy. CSC signaling
pathways such as Wnt, Notch, Hippo, Hedgehog, NF-xB and TGF-p are significant for
maintaining a series of biological functions such as self-renewal, differentiation and
tumorigenesis, which, therefore, is also the main way for exosome loaded inhibitors
(miRNA or siRNA) to selectively target CSCs [213]. Previous studies have indicated that
fibroblast-derived exosome with Wnt could induce dedifferentiation of tumor cells and
thus increase chemotherapy resistance to CRC, suggesting that interference with the

exosomal Wnt signaling pathway is helpful to improve chemotherapy sensitivity and




treatment windowl!2!1l. Furthermore, specific producers of CSCs, such as CD44, CD24,

CD133, and CD200 can also be used as exosome targets using bioengineering
techniques (2001 Liu ef al. manifested that exosomes designed to carry miR-21 inhibitors
and chemotherapeutic agents enhance the killing effect on CRC tumor cells and inhibit
CRC resistance [201]. RDEs carrying miR-3a improve immunosuppression and inhibit
CRC proliferation and metastasis 2621,

In addition to being a transport vehicle for targeted drugs, another Eomising clinical
application area for exosomes is anti-cancer vaccination. Taking the DC exosome
vaccine as an example, DC-derived exosomes express MHC-I and MHC-II molecules,
which can_effectively activate cytotoxic T cells and induce anti-tumor immunity.
Currently, DC-derived exosome vaccines have been tested in phase I clinical trials 2%
264] The results showed that no grade 2 or higher t(aicity was observed in these clinical
trials, proving that exosome administration is safe. In one of the Phase I trials, exosomes
were isolated from the ascites of colon cancer patients and injected into the patients as a
vaccine. Ascites-derived exosomes were found to be safe, well tolerated, and capable of
producing tumor-specific antitumor cytotoxic T cell responses after the granulocyte-
macrophage colony-stimulating factor use in the immunotherapy of CRC [265. However,
the safety of tumor-derived exosome vaccines remains uncertain because TDEs carry a
large number of oncogenes, mRNAs, and miRNAs that induce tumor progression and
metastasis.

Though a large number of experimental models support the use of exosomes in
cancer therapy, only a few clinical trials are in progress, thus the clinical use of
exosomes in cancer and other diseases still needs to solve many Challenﬁs. First, how
to effectively load exogenous therapeutic miRNAs or therapeutic agents into exosomes
and enhance cell-specific delivery. Second, how to prevent autoimmune reactions when
using non-autologous exosomes carrying MHC-I or II, aE how to control the degree of
cytotoxic T cell activation in vaccine use. Furthermore, how to prolong the half-life of
bioengineered exosomes in vivo to avoid the rapid clearance of immune cells, liver or

kidney, etc. Finally, it remains to be seen whether exosomes can overcome the digestive




effects of the gut and be used as oral agents to treat cancer. Therefore, before the
widespread use of exosomes in clinical trials, the quality standards of exosomes should

be carefully established to improve their efficacy in vivo.

CONCLUSION

To sum up, exosomes have been successfully used as drug carriers in clinical therapy,
and their safety and clinical application in targeted therapy and so on still need further
exploration and research. In this review, the mechanism of exosomes in CRC metastasis
was comprehensively described, including the formation and influencing factors of
TME, the formation, function and role of exosomes in cancer, as well as the role of
exosome MiRNAs in the process of CRC metastasis. In TME, exosomes secreted by
tumor-derived immune cells such as TAMs, DCs, MDSCs and NKs are critical for tumor
growth and metastasis. In addition, stromal cells such as CAFs and MSCs as well as the
ECM also play a significant role in tumor metastasis. Exosomes, as extracellular vesicles
carrying biological cargos, exert their function in primary tumors and metastases
mainly of intercellular communication. In exosomes, DNA, mRNA, ncRNA and protein
have different biological meanings and participate in the regulation of the body
together. The role of exosome miRNA in early screening, diagnosis and prognosis of
CRC, as well as in the treatment strategies for CRC along with chemotherapy,
radiotherapy, immunotherapy and targeted therapy, provides a promising way for

preventing and treating the metastasis in patients with CRC.
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