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Non-coding RNAs shuttled via exosomes
reshape the hypoxic tumor
microenvironment
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Abstract

Exosomes are small extracellular vesicles secreted by almost all the cells. Molecular cargos of exosomes can partially
reflect the characteristics of originating cells. Exosome-mediated cell-to-cell interactions in the microenvironment
are critical in cancer progression. Hypoxia, a key pro-cancerous feature of the tumor microenvironment, alters the
releasing and contents of exosomes. A growing body of evidence shows that hypoxia induces more aggressive
phenotypes in cancer. Of note, non-coding RNAs shuttled in hypoxic tumor-derived exosomes have been
demonstrated as fundamental molecules in regulating cancer biology and remodeling tumor microenvironment.
Furthermore, these hypoxic tumor-derived exosomal non-coding RNAs can be detected in the body fluids, serving
as promising diagnostic and prognostic biomarkers. The current review discusses changes in cancer behaviors
regulated by exosomes-secreted non-coding RNAs under hypoxic conditions.
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Background
Cancer cells persistently interact with other cell types in the
tumor microenvironment. Cells cohabiting in a tumor niche
are affected significantly by surrounding factors [1]. Low
oxygen status, termed as hypoxia, is one of the most import-
ant characteristics of solid tumors. Hypoxia can elicit funda-
mental changes in cancer cells and affect cell-to-cell
communications. Autocrine and paracrine signaling through
cytokines and chemokines have been studied intensively in
molecular oncology for the last decades [2, 3]. Emerging
studies suggest exosomes secreted by different cell types are
actively involved in modulating cancer cell phenotypes and
dictating cancer hallmarks.
Exosomes contain cytosolic cargos of donor cells,

assisting the membrane-protected cargos to travel a long

distance. Among many other cytosolic cargos found in
exosomes, non-coding RNAs (ncRNAs) including micro-
RNAs (miRNAs), long non-coding RNAs (lncRNAs),
and circular RNAs (circRNAs) are most intensively stud-
ied in that they act as vital regulators in transcriptional
and post-transcriptional levels. Investigating the effects
of exosomal non-coding RNAs in the hypoxic tumor
microenvironment is critical to elucidate the key under-
lying mechanisms of cancer progression.
Collectively, this review highlights recent findings of

exosome-facilitated cancer progression in the hypoxic
tumor microenvironment with a particular focus on
non-coding RNAs and proposes clinical applications of
exosomal non-coding RNAs as biomarkers.

Tumor microenvironment and hypoxia
Accumulative evidence suggests that tumor cells behave
differently depending on extrinsic factors of the sur-
rounding microenvironment. Distinct types of cells in-
cluding immune cells, fibroblasts, and endothelial cells
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interactively communicate to facilitate cancer progres-
sion [4]. Additionally, pH, reactive oxygen species
(ROS), inflammation, components in the extracellular
matrix (ECM), and hypoxia can influence the metabol-
ism and aggressiveness of cancer [5–8]. Therefore, the
various interplay between cellular and non-cellular fac-
tors in the tumor microenvironment may serve as poten-
tial therapeutic targets in the clinical settings.
Irregular vessel formation and the rapid proliferation

of cancer cells create hypoxic conditions in malignant
tumors. In this regard, hypoxia is a common feature in
the microenvironment of most solid tumors [9]. Clinical
studies have revealed that overexpression of hypoxia-
induced genes is associated with poor prognosis in many
cancer types including pancreatic, lung, breast, prostate,
and ovarian cancer [10–14]. Besides, plentiful in vitro
and in vivo experimental data have suggested that hyp-
oxia orchestrates malignant phenotypes of cancer cells
through activation of multiple oncogenic signaling path-
ways. Transcription factors and epigenetic regulators can
concertedly exert reinforcement of oncogenic signaling
pathways, controlling the expression of numerous genes
under hypoxia. Nevertheless, interactions between
cancerous cells and non-cancerous cells could be further
invigorated in the hypoxic tumor microenvironment.
Cancer cells stimulated by hypoxia manifest increased
drug-resistance, tumorigenesis, angiogenesis, invasive-
ness, and immune suppression [15].
Several decades ago, oxygen sensing mechanisms at

the molecular level had been discovered that some tran-
scription factors play a central role in tissues in response
to low oxygen tension (< 10mmHg) [16]. The vital pro-
teins involved in the process of cellular adaptation under
hypoxia are hypoxia-inducible factor-1 (HIF-1), prolyl
hydroxylase (PHD), and von Hippel-Lindau (VHL). HIF-
1α is a transcription factor constitutively activated in re-
sponse to hypoxia [17]. Under normal oxygen tension
(45–65mmHg) at peripheral tissues, PHD is activated,
adding a hydroxyl group to HIF-1α at a proline residue.
Hydroxylated HIF-1α is then subjected to degradation
through ubiquitination, mediated by the VHL complex.
Unlike HIF-1α, its binding partner, HIF-1β is stably
expressed even at the high oxygen tension. Under hyp-
oxic conditions, the accumulated dimer of HIF-1α and
HIF-1β bind to hypoxic response elements (HREs) of
various genes in the nucleus. Activated HREs are closely
associated with oncogenic phenotypes such as prolifera-
tion, invasion, epithelial-mesenchymal transition (EMT),
and metabolic reprogramming [16]. Furthermore, recent
studies have illustrated that myriad epigenetic modifica-
tions are involved in hypoxic signals through histone
modifications and DNA methylation [18, 19].
The hypoxic conditions also affect interactions be-

tween cancerous and non-cancerous cells in the tumor

microenvironment. Hypoxia-induced overexpression of
programmed death-ligand 1 (PD-L1) in cancer cells dis-
abled cytotoxic functions of programmed cell death pro-
tein 1(PD-1) positive activated T lymphocytes [20, 21].
Moreover, HIF-1α promoted the overexpression of PD-
L1 in myeloid-derived suppressor cells (MDSCs) and
macrophages, neutralizing anti-cancer immunity in the
tumor microenvironment [22]. Additionally, hypoxia up-
regulated V-domain Ig suppressor of T cell activation
(VISTA) in MDSCs, thereby suppressing T cell activity
[23]. CD47 enriched at the plasma membrane of hypoxic
tumors inhibited the phagocytic activity of macrophages
[23, 24]. Along with hypoxia-induced changes in the
tumor immune microenvironment, hypoxia can assist
tumor growth by reprogramming fibroblasts. In the
study which utilized the cancer-associated fibroblast
(CAF)-endothelial cell co-culture model, hypoxic CAFs
promoted angiogenesis through NCBP2-AS2-mediated
vascular endothelial growth factor A (VEGFA) secretion
[25]. In line with the result from the CAF-endothelial
co-culture study, another study demonstrated that CAF
induced angiogenesis via recruitment of HIF-1α and G-
protein estrogen receptor (GPER) to the promoter re-
gion of VEGF [26]. Moreover, pancreatic CAFs produced
more insulin-like growth factor 1 (IGF1), and cancer
cells increased the expression of IGF1 receptor (IGF1R)
in response to hypoxia. This specific hypoxia-potentiated
CAF-cancer cell communication promoted the meta-
static ability of pancreatic cancer cells [27]. A multi-
center study from Norwegian hospitals suggested that
upregulation of miRNA-210, a hypoxia-induced miRNA,
in CAFs but not in cancer cells was negatively correlated
with the prognosis of prostate cancer patients [28].
Therefore, hypoxic responses of both cancerous and
non-cancerous cells are vital determining factors of can-
cer progression.
Transcriptomic and epigenetic landscapes of a tumor

are vastly changed by hypoxia. As recent studies have
underscored the importance of exosomes as a critical
mode of cell-to-cell communication, it would be worth-
while to unveil how exosomal non-coding RNA signaling
regulates the hypoxic tumor microenvironment.

Exosomes and non-coding RNAs
Extracellular vesicles (EVs) are secreted by almost all cell
types into the extracellular space. EVs are classified into
microvesicles, apoptotic bodies, exosomes, etc., accord-
ing to their intracellular origin, size, and biogenesis [29].
Exosomes are endogenous vehicles with a size of 40–
150 nm in diameter. Endocytic vesicles produced in the
plasma membrane can form early-endosomes by con-
tinuous endocytosis and develop into late-endosomes.
Late-endosomes bud inwards to form multi-vesicular
bodies (MVBs), and the fused MVBs with the plasma
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membrane enable the release of intraluminal vesicles
(ILVs) into extracellular space, called exosomes [30].
The endosomal-sorting complex required for transport
(ESCRT) machinery is necessary for exosome formation
at endosomes. It is complicated protein machinery com-
prised of four protein ESCRTs (0 through III) regulating
MVB formation, vesicle budding, and cargo sorting [31].
However, some studies have revealed an ESCRT-
independent exosomal cargo sorting manner, suggesting
that the mechanisms are broader and more intricate.
Exosomes are mediators of cell-cell interactions in that

they are capable of delivering functional mRNAs, micro-
RNAs (miRNAs), DNAs, and proteins to recipient cells
altering their physiological and pathological functions.
These exosomal cargos are enclosed inside the double
membrane and are stable to environmental factors such
as nucleases, proteases, and oxidative stress so that they
can be delivered to recipient cells in an efficient and in-
tact manner [32, 33]. Cancer cell-derived exosomes
affect cancer progression such as proliferation, drug re-
sistance, and metastasis [34]. Meanwhile, these tumor-
derived exosomes also have a significant impact on vari-
ous stromal cells in the tumor microenvironment. They
are involved in the function of endothelial cells, the
polarization of macrophages, regulation of T cells,
and suppression of natural killer cells (NK cells) ac-
tivity and other biological activities [35–38]. Stromal
cell-secreted exosomes, in turn, can support the ma-
lignant phenotypes of cancer cells. For instance,
tumor-associated macrophage (TAM)-derived exo-
somes containing functional factors promoted migra-
tion and invasion in breast cancer [39]. CAF-derived
exosomes conferred chemoresistance to ovarian can-
cer cells [40]. Therefore, exosomes may play a pivotal
role in the inter-tumor cell, inter-stromal cell, and
tumor-stromal cell interactions.
Additionally, exosomes have been detected in almost

all types of body fluids such as blood, urine, saliva, breast
milk, and ascites. They can be used as biomarkers to
diagnose diseases in non-invasive or minimally invasive
ways [41]. Furthermore, exosomes can be used as natural
nano-carriers for therapeutic applications that can effi-
ciently deliver various signaling molecules. Exosomes
show similar structures to a bilayer of lipids of cell mem-
branes because they fuse to the plasma membrane dur-
ing secretion. Recent researches have shown the
possibility that exosome-mediated delivery of small
interfering RNAs (siRNAs), antioxidants, anticancer
drugs, and CRISPR/Cas9 system via low immunogenicity
[42–45].
RNAs are classified into protein-coding RNAs and

non-coding RNAs according to their protein-coding
abilities. Based on the Francis Crick’s “the central
dogma of molecular biology,” many studies have

focused on processes of protein production through
messenger RNA (mRNA) and constituent RNAs such
as ribosomal RNAs (rRNAs) or translators of codon
sequence (tRNA) [46, 47]. However, results from hu-
man genome sequencing found that only ~ 200,000
RNAs could encode proteins, comprising only 2% of
the genomes [48]. In 1965, scientists discovered a
new type of regulatory non-coding RNAs that do not
function through protein translation [49]. Non-coding
RNAs are divided based on the number of nucleotides
constituting the RNAs: small non-coding RNAs in-
cluding miRNAs, siRNAs, piwi-interacting RNAs (piR-
NAs) composed of less than 200 nucleotides, and
lncRNAs with more than 200 nucleotides in size [50].
In addition, another type of non-coding RNAs highly
represented in the eukaryotic transcriptome is
circRNAs, which form covalently closed continuous
loop structures, unlike the abovementioned linear
RNAs. CircRNAs are relatively stable compared to
linear non-coding RNAs. Exosomes contain a variety
of RNA species, among which miRNAs are the most
abundant and surely most intensively studied while
lncRNAs and circRNAs are also becoming research
hotspots now. Some qualitative and quantitative as-
says have revealed the asymmetric distribution of
RNAs between cells and cell-derived exosomes. This
phenomenon has boosted many interesting hypoth-
eses, suggesting that RNA molecules are not
randomly packaged in exosomes but with a set of
sorting systems involved.
A single mammalian cell carries approximately 100,000

endogenous miRNAs, while a single exosome contains
about 500 miRNAs. Pigati et al. found that the abun-
dance of about 66% of extracellular miRNAs well
reflected the corresponding abundance of miRNAs in
the cells [51]. van Balkom et al. also reported that the
most abundant exosomal miRNAs closely corre-
sponded with the most abundant cellular miRNAs
[52]. These findings suggest that the majority of high
expressed miRNAs are encapsulated and secreted via
exosomes passively for an osmotic-like effect. How-
ever, there was still a category of miRNAs that might
be selectively retained or released. For example, more
than 90% of the mature miR-451, which is functioned
as a tumor suppressive gene in breast cancer, was
found to be exported into extracellular space [52]. In
addition, Hannafon et al. observed that miR-451,
miR-122, miR-1246, and miR-21 were more enriched
in the breast cancer cell-derived exosomes than nor-
mal epithelial cell-derived exosomes. Intriguingly,
oncogenic miR-1246 and miR-21 showed consistent
high abundancy in the cells while tumor suppressive
miR-451 and miR-122 were downregulated in cellular
expression [53]. Based on these studies, it can be
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inferred that apart from the passive osmotic-like pat-
tern, the function-dependent selective mechanism
may be present when RNAs are secreted via exo-
somes. Cells might tend to secrete RNAs that are un-
necessary, advantageous, or even harmful for
sustaining cell properties. Ragusa et al. further
strengthened and developed this point. They found
that in addition to tumor suppressive miRNAs, im-
munosuppressive miRNAs were also highly abundant
in exosomes compared to cells, which indicated that
RNAs might be selectively released into the tumor
microenvironment to influence the immune response
[54].
Some lipids and proteins have been demonstrated

to be involved in sorting specific non-coding RNAs
into exosomes. The neural sphingomyelinase 2
(nSMase2) was reported to be associated with the se-
cretion of exosomes, which was also the first mol-
ecule found to guide miRNAs into exosomes. The
expression of nSMase2 was positively related to the
level of exosomal miRNAs [55]. Besides, some im-
portant proteins might also impact the RNA selective
sorting process. Argonaute 2 (Ago2), a component of
the miRNA-induced silencing complex (miRISC), was
implicated in the assortment of several miRNAs into
exosomes. Additionally, Alix, an accessory protein of
ESCRT, was reported to be involved in the release of
exosomal miRNAs from liver stem-like cells through
interacting with Ago 2 [56]. It has been reported that
hypoxia could inhibit the Ago2 degradation by medi-
ating hydroxylation of Ago2 by C-P4H(I) and increase
the various functions of it, indicating the possible
regulative role of hypoxia in sorting miRNAs into
exosomes [57]. Villarroya-Beltri et al. identified that
some short motifs were overexpressed in exosomal
miRNAs and mRNAs. The protein heterogeneous nu-
clear ribonucleoprotein A2B1 (hnRNPA2B1) could
bind to those motifs and modulate RNAs loading into
exosomes. Moreover, this process was controlled by
the sumoylation of hnRNPA2B1 [58]. Besides,
hnRNPA2B1 was also reported to be involved in the
encapsulation of lncARSR into exosomes [59]. Kossi-
nova et al. detected several structural motifs enriched
in exosomal lncRNAs and mRNAs using bioinformat-
ics approaches. Cytosolic Cold shock protein YB-1
and RNA methyltransferase NSUN2 could recognize
these motifs and mediate sorting specific lncRNAs
and mRNAs into exosomes [60]. YB-1 was reported
to be physically interacted with HIF-1α and regulate
the transcription of hypoxia-dependent genes [61]. In
addition, YB-1 could enhance the expression of HIF-
1α and promote the invasion and metastasis in sar-
coma [62]. Li et al. showed more abundant circRNAs
were present in exosomes compared to the source

cells by RNA-sequencing analyses for the first time.
The level of exosomal circRNAs and cellular cir-
cRNAs were only moderately correlated, suggesting
that certain circRNAs might be actively incorporated
into exosomes while some might be selectively
retained in cells. CircRNAs have been reported to be
capable of binding to miRNAs working as miRNA
sponges. The authors also demonstrated that the se-
lective sorting of circRNAs was associated with the
relevant miRNAs [63]. Overall, non-coding RNAs with
certain sequences may favor themselves loading into
exosomes, whereas a bunch of protein complexes or
lipids might be involved as well. However, there is
still a lack of ample evidence that fully illustrates the
underlying mechanism of the RNA sorting process,
and further investigations are deserved.

Hypoxia alters exosome release and exosomal
components
Hypoxia can activate various pathways to promote the
secretion of exosomes and alter the components
loaded in exosomes (Fig. 1). Rab GTPases such as
Rab27a and Rab27b are essential for exosomal secre-
tion pathways in cancer cells [64]. In hypoxic condi-
tions, altered protein expression of small GTPase in
cells promotes endocytosis, consequently changing the
degree of exosomal secretion [65]. In ovarian cancer,
hypoxia significantly promoted exosome secretion
through the upregulation of Rab27a. These hypoxia-
induced exosomes elicited a more aggressive and che-
moresistant phenotype of cancer cells [66]. King et al.
also confirmed that hypoxic breast cancer cells pro-
duced a higher level of exosomes in a HIF-1α-
dependent manner [67]. Rab5 could regulate vesicle-
mediated transportation from the cell membrane to
early endosomes and early endosome fusion [68].
Under hypoxia, Rab5 was clustered in the perinuclear
region while CD63 showed higher co-localization with
the actin cytoskeleton of prostate cancer cells, sug-
gesting that hypoxia could enhance exosome secretion
through promoting early endosome formation and fu-
sion of multivesicular endosomes with the plasma
membrane [69].
The hypoxic conditions not only boost the release of

exosomes but also influence the molecules contained
within exosomes. Hypoxia-induced exosomes exhibit dif-
ferent patterns of various molecules depending on origin
cells and environmental factors. In highly malignant
brain tumor glioblastoma multiforme (GBM), hypoxic
cancer cell-derived exosomes showed enrichment in
hypoxia-associated mRNAs and proteins (e.g., matrix
metalloproteinases, IL-8, platelet-derived growth factor
(PDGF), caveolin 1, and lysyl oxidase) and activated vas-
cular cells in a hypoxia-dependent mode during cancer
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progression [70]. Recent studies have shed light on the exo-
somal non-coding RNA expression and function shift in
the hypoxic tumor microenvironment. Especially with the
development of sequencing technology, more and more sig-
nificant non-coding RNAs are being uncovered. It has been
reported that miR-21, miR-23a, and lncRNA-UCA1 were
upregulated in the exosomes derived from hypoxic cancer
cells and promoted cancer progression in various signaling
pathways [71–73]. Hypoxia was also reported to regulate
the expression of circRNAs. Boeckel et al. first identified
that cZNF292, cAFF1, and cDENND4C were upregulated
while cTHSD1 was under the hypoxic condition in endo-
thelial cells. Moreover, cZNF292 exhibited proangiogenic
activities in vitro [74]. While in cancer, hypoxia could
induce the expression of circDENND2A, which could pro-
mote the migration and invasion of glioma cells through
sponging miR-625-5p [75]. The expression of circHIPK3
was reported to be upregulated in hypoxic exosomes
compared with normoxic exosomes derived from cardio-
myocytes. It could regulate the oxidative damage in cardiac

microvascular endothelial cells by inducing miR-29a/IGF-1
signaling pathway [76]. This is the only report by now
focusing on circRNAs in hypoxic exosomes. There is no
direct evidence showing the role of hypoxic exosomal cir-
cRNAs in cancer yet. Collectively, non-coding RNAs have
been reported to exert various functions in translation,
RNA splicing, DNA replication, etc. [77–80]. Further inves-
tigations are warranted to comprehensively understand the
role of non-coding RNAs in the tumor microenvironment.

Effects of hypoxic exosomal non-coding RNAs in
the tumor microenvironment
Exosomes derived from hypoxic cancer cells or stromal cells
play a fundamental role in the tumor microenvironment
through transmitting non-coding RNAs. Hypoxia-induced
exosomal non-coding RNAs have been demonstrated to
regulate cancer proliferation, metastasis, chemoresistance,
immune response, and angiogenesis, thus reshaping the
microenvironment (Fig. 2; Table 1).

Fig. 1 Hypoxia influences the secretion and non-coding RNA cargos of exosomes. Legend: Extracellular components enter cells through
endocytosis along with the plasma membrane, leading to the formation of early endosomes and late endosomes (MVBs). Some molecules like
ESCRT machinery, ALIX, tetraspanins, and ceramides are involved in this process. Several Rab GTPases are associated with MVBs transporting to
the plasma membrane. Then, exosomes with specific cargos are released through exocytosis. Hypoxia triggers the alteration in gene expression
of HIFs or other signaling pathways, which may impact exosome biogenesis and cargo sorting by regulating these molecules. Besides, non-
coding RNAs binding with some RNA binding proteins like hnRNPA2B1, YB1, NSNU2, or Ago2 might be favorably sorted into exosomes
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Proliferation
Hypoxia alters tumor metabolism and transcription
such as a shift to glycolysis and self-sufficient release
of growth signals [98]. Even though much has been
known about hypoxia-secreted metabolites promote
tumor growth, the importance of hypoxic exosome-
mediated tumor growth has been recently grown. Ac-
cumulating evidence indicates that pro-tumorigenic
molecules secreted through exosomes in the hypoxic
tumor microenvironment can promote tumor cell sur-
vival and proliferation.

MiR-210 is a well-recognized hypoxia-induced miRNA
involved in various biological processes of cancer pro-
gression. It was reported to be upregulated in many
types of solid tumors and related to unfavorable clinical
outcomes of patients [99]. In breast cancer, miR-210 was
significantly elevated in the exosomes derived from hyp-
oxic cancer cells than those from normoxic ones [67].
Tang et al. utilized a breast cancer cell spheroid culture
model to enrich highly malignant breast cancer stem
cells (BCSCs). They corroborated that miR-210 was re-
markably upregulated in hypoxic spheroid cells and

Fig. 2 Exosomal non-coding RNAs regulate the hypoxic tumor microenvironment. Legend: Hypoxic donor cells impact recipient cells by
transmitting non-coding RNAs via exosomes. These exosomal non-coding RNAs can be uptaken by recipient cells and alter their biological behav-
iors through various pathways, thus regulating tumor development
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spheroid-derived BCSCs compared to parental cells. The
upregulation of miR-210 promoted the proliferation,
self-renewal, and migration of BCSCs [85]. Furthermore,
Yu et al. reported that miR-1273f upregulated in hypoxic
tumor-derived exosomes promoted cancer proliferation
of hepatocellular carcinoma (HCC) by inhibiting LHX6/
Wnt/β-catenin pathway [89]. In another research of
HCC, Patel and his colleagues showed that hypoxic
tumor-derived exosomes reduced cancer cell viability
with the increased expression of lncRNA-RoR. Knock-
down of lncRNA-ROR induced expression of its target,
miR-145, thus decreasing p70S6K1 (RPS6KB1) phos-
phorylation, PDK1, and HIF-1α expression [90]. Woz-
niak et al. identified a set of differentially expressed
exosomal miRNAs in hypoxic conditions. Hypoxia up-
regulated miR-494-5p, miR-4497, miR-513a-5p, and
miR-6087 while downregulating miR-125b-5p, miR-21-
5p, and miR-3934-5p in the exosomes from patient-
derived melanoma cell lines cultured under hypoxia.
Pathway analysis with bioinformatical tools has shown
that these miRNAs were closely associated with tumor
survival, but no further experimental validation was car-
ried out [100].
Therefore, exosome-mediated communication plays an

essential role in the hypoxic environment. Hypoxic
exosome-shuttled bioactive non-coding RNAs have been
shown as critical regulators of cancer proliferation.

Invasion and metastasis
Hypoxia has been demonstrated to regulate the invasion
and migration ability of cancer cells mainly by promoting
EMT. EMT is involved in carcinogenesis and endows
transformative properties to cancer cells by improving
mobility, invasion, and migration [101]. During EMT,
downregulation of epithelial markers (E-cadherin and β-
catenin) and upregulation of mesenchymal markers (N-
cadherin and vimentin) can occur, which then induce the
mesenchymal phenotypes and enhance the metastatic
ability of the cancer cells. Much attention has been drawn
to exosomal non-coding RNAs in the hypoxic tumor
microenvironment, given that they could govern meta-
static and invasive capability of cancer cells by directly or
indirectly targeting EMT markers. Li et al. reported that
miR-21 increased in hypoxia-derived exosome promoted
invasion and migration in oral squamous cell carcinoma
(OSCC) by inducing EMT [72]. In addition, lncRNA-
UCA1 was present at a high level in the hypoxic exosomes
from cancer cells than normoxic exosomes. The lncRNA-
UCA1 secreted by hypoxic cancer cells promoted tumor
progression through upregulating EMT in vivo and
in vitro in bladder cancer [73]. Exosomal miR-25-3p re-
leased from hypoxic breast cancer cells stimulated migra-
tion and proliferation of tumor cells by inducing IL-6
secretion and activating NF-κB signaling in macrophages.

In vivo experiments revealed that injection of breast
cancer cells with the miR-25-3p inhibitor substantially re-
duced the tumor size by inhibiting IL-6-mediated STAT3
activation [88].
Stromal cells are also indispensable components in the

tumor microenvironment. Stromal-cancer or stromal-
stromal interactions mediated by exosomes have profound
impacts on metastasis initiation and cancer progression.
Zhang et al. demonstrated that cancer cells could uptake
exosomes derived from hypoxic bone marrow-derived
mesenchymal stem cells (BMSCs) and acquire higher in-
vasiveness. During this process, miR-193a-3p, miR-210-
3p, and miR-5100 transferred into cancer cells and acti-
vated STAT3 signaling, thus inducing EMT in lung cancer
cells. Furthermore, these three miRNAs were upregulated
in the plasma-derived exosomes of patients than non-
metastatic patients [86].
Metastatic colonization is profoundly affected by the

hypoxic tumor microenvironment. Tumor-derived exo-
somes can reflect the hypoxic characteristics of the origin-
ating cell and also are capable of facilitating pre-metastatic
niche formation by transmitting non-coding RNAs. Not-
ably, organ-specific metastasis has gained much attention
in recent years. Despite the hard work of many scientists,
still little has been known about the mechanisms. Explor-
ing exosomal non-coding RNAs could give rise to promis-
ing therapeutic targets as well as prognostic biomarkers of
cancer metastasis.

Chemoresistance
Resistance to anti-cancer therapies is one of the biggest
obstacles in cancer treatment. Intrinsic resistance arises
because of genetic alterations, whereas extrinsic resist-
ance due to interactions between tumor cells and
microenvironment against chemotherapy. Hypoxia
affects the overall course of the tumor including re-
sponses to therapies. Hypoxia-induced malignancies
could form resistance to various anti-cancer drugs in-
cluding cisplatin, doxorubicin, sorafenib, etoposide,
paclitaxel, and gemcitabine [102]. Also, researches have
shown that anti-cancer drug resistance can be restored
through inhibition of hypoxia-induced signaling path-
way. Hypoxia could regulate chemoresistance of cancer
cells by controlling cell cycle, autophagy, senescence of
cells, and chemotherapeutic efficacy through acidity as
well as drug efflux pump expression [103]. Hypoxia-
induced intracellular substances such as proteins and
non-coding RNAs via exosomes secretion affect tumor
microenvironment and cancer cell chemoresistance.
Dong et al. demonstrated that hypoxic non-small-cell

lung cancer (NSCLC) cell-derived exosomes enhanced
cisplatin resistance of normoxic cancer cells through
transmitting miR-21. Mechanically, miR-21 in hypoxic
exosomes downregulated phosphatase and tensin
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homolog (PTEN) and PI3K/ATK pathway sequentially,
triggering cisplatin resistance in normoxic cancer cells.
Further analysis with the TCGA database showed that
miR-21 expression was positively correlated with HIF-1α
and high miR-21 expression indicated worse survival in
patients undergoing chemotherapy [83]. Patel and his
colleagues found linc-RoR, a stress-responsive lncRNA,
regulated chemosensitivity of HCC cells to sorafenib,
and doxorubicin. They described that linc-ROR expres-
sion was enhanced in the hypoxic cancer cell-derived
exosomes. TGF-β enriched linc-RoR within exosomes,
resulting in suppression of chemotherapy-induced cell
death and tumor-initiating cell proliferation [91].
It is noteworthy that chemoresistance does not arise

intrinsically in cancer cells. Many stromal cells like CAFs
also support cancer cells to gain resistance to chemo-
therapy. MiR-223 was demonstrated to promote prolifer-
ation and invasiveness of ovarian cancer cells by
targeting SOX11 expression [104], and it was the most
significantly upregulated miRNA in the recurrent serous
ovarian cancer tissues as compared to the primary tis-
sues [105]. On this basis, Zhu et al. observed the upsurge
of miR-223 in TAMs and TAM-derived exosomes under
hypoxia. MiR-223 conveyed by hypoxic exosomes could
reduce apoptosis, increase cell viability, and also increase
drug resistance of ovarian cancer cells via downregulat-
ing PTEN expression and activating PI3K/AKT signaling
pathway. Moreover, higher miR-223 expression was
shown in the cisplatin-resistant patients and recurrent
patients in the epithelial ovarian cancer (EOC) patient-
derived specimens. High expression of miR-223 together
with low expression of PTEN indicated a bad prognosis
of ovarian cancer patients [96].
These studies indicated chemoresistance could be

passed through transmitting non-coding RNAs in exo-
somes in the hypoxic microenvironment. Blocking
chemoresistance-associated exosomal non-coding RNAs
could be a promising way to overcome chemoresistance.

Immune suppression
In principle, tumor development can be monitored by
cytotoxic innate and adaptive immune cells. However, as
the tumor develops from dysplasia to clinically detect-
able tumors, cancer cells evolve different mechanisms
such as losing expression of tumor antigens or modify-
ing immune checkpoint molecules in order to avoid the
destruction by the immune system [106]. Tumor-derived
exosomes have been shown to induce tumor-specific or
nonspecific immune responses. Antigen-presenting cells
could uptake tumor-associated antigens shuttled in exo-
somes and stimulate the tumor suppressive reactions
[107]. Hypoxic tumor exosomes have been demonstrated
to suppress T cell proliferation and NK cell activation,
induce macrophage M2 polarization and regulatory T

cells (Tregs) activation, and increase MDSC population
resulting in immune dysfunction.
The interactions between tumor cells and T cells are

critical in tumor immune microenvironment. Tumoral
exosomes carrying biologically active non-coding RNAs
transmit signals between cells, promoting tumor pro-
gression and immune escape. Ye et al. first reported that
nasopharyngeal carcinoma (NPC) cell-derived exosomes
impeded T cell dysfunction through differential miRNA
expression [108]. Building on this study, they further
identified that tumoral exosomes could hamper T cell
function by miR-24-3p delivery. Mechanistically,
hypoxia-induced exosomal miR-24-3p inhibited T cell
proliferation and Th1, Th17 differentiation and inducing
Treg differentiation by targeting FGF11 followed by the
upregulation of p-ERK, p-STAT1, p-STAT3, and down-
regulation of p-STAT5 [95].
T cell exhaustion is characterized as the upregulation

of PD-1 on T cells. Blocking the PD-1/PD-L1 axis is the
best way to reinvigorate T cell function [109]. γδ T cell
is a unique lymphocyte population that has been re-
ported to have either anti- or pro-tumoral functions. Li
et al. revealed that normoxic OSCC-derived exosomes
stimulated the γδ T cell expansion and cytotoxic func-
tion in a dendritic cell (DC)-independent manner, which
could be attenuated by miR-21-enriched hypoxic exo-
somes. MDSCs are a heterogeneous immunosuppressive
cell population from myeloid lineage migrating to the
tumor site through circulation [110]. A chronic inflam-
matory environment rich in cytokines like TNF, TGF-β,
and IL-10 triggers myeloid cells converting to MDSCs.
Therefore, they are normally present in cancer or
chronic inflammation-associated diseases while not
present in a steady state of healthy people [111]. MDSCs
suppress the adaptive and innate immunity through
inhibiting T cell activation, promoting M2 polarization
of macrophages, inducing CAF differentiation and inhi-
biting NK cell cytotoxicity, thus contributing to tumor
angiogenesis, metastasis, and drug resistance [112]. The
accumulation of MDSCs was shown to be correlated
with poor clinical outcomes and reduce the efficacy of
immunotherapy in cancer patients. Hence, eliminating
and suppressing MDSCs is becoming a new therapeutic
strategy [113]. It was reported that exosome-shuttled
miR-21 secreted from γδ T cells could abate the func-
tion of MDSCs in a PD-L1-dependent manner through
targeting PTEN [82]. This study sheds new light on the
effects of tumor-derived exosomes on the γδ T cells.
Meanwhile, it also suggested that integrative inhibition
of hypoxia-induced exosomal miRNAs and PD-1/PD-L1
axis would be a new insight in immunotherapy. In gli-
oma, hypoxia-induced exosomal miR-21 and miR-10a
presented the remarkable effects on the expansion and
function of MDSCs in vitro and in vivo via miR-21/
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PTEN/PI3K/AKT and miR-10a/RORA/IκBα/NF-κB axis
respectively [81].
Hypoxia in the tumor microenvironment could stimu-

late immunosuppressive effects attenuating cytotoxic T
lymphocyte (CTL) and NK cell-mediated tumor cell
lysis. Berchem et al. elucidated that lung cancer cells
generated exosomes with higher miR-23a expression,
which could impair NK cell cytotoxicity and NK cell
function by directly targeting CD107a. Furthermore,
higher TGF-β in the exosomes might partly contribute
to the enrichment of miR-23a. This is the first study
demonstrating how cancer cells in the hypoxic micro-
environment educate NK cells through exosome trans-
mitted non-coding RNAs [35].
Macrophages can be roughly classified into M1 (clas-

sically activated) macrophages with pro-inflammatory
effects and M2 (alternatively activated) macrophages
with anti-inflammatory effects. M1 macrophages charac-
terized by the expression of the inducible type of nitric
oxide synthase (iNOS) are proinflammatory, whereas M2
macrophages express high level of anti-inflammatory cy-
tokines (e.g., IL10) and a potent arginase-1 (Arg1) activ-
ity to favor tumor cell growth [114]. TAMs constitute a
predominant population of immune-related stromal cells
in the tumor microenvironment. TAMs were previously
described as exhibiting M2-like function. However, stud-
ies argue that TAMs can express hallmarks of both M1
and M2 polarization [115]. Cancer cells under hypoxia
pressure secreted more functional exosomes acted as a
bridge between cancer cells and macrophages, especially
inducing M2 polarization. Although M2 polarization is
still the mainstream, altering TAMs to a predominantly
M1 phenotype has been put on the agenda for develop-
ing new immunotherapeutic strategies. These results
suggest that hypoxic exosomes are influential elements
in the tumor microenvironment mediating the interac-
tions between cancer cells and macrophages.
Hypoxic EOC cell-derived exosomes containing high

levels of miR-940 stimulated the M2 polarization of
macrophages. Then, miR-940-induced M2 macrophages,
in turn, promoted EOC cell proliferation and migration.
Interestingly, a high level of miR-940 was also observed
in the malignant ascites-derived exosomes compared
with benign peritoneal fluids [36]. The same research
team further explored the different miRNA expression
profiling patterns between cancer cell-derived exosomes
under hypoxia and normoxia. MiR-21–3p, miR-125 b-5p
and miR-181 d-5p were selected as HIF-1α and HIF-2α
induced miRNA candidates and then validated to affect
macrophage M2 polarization through regulating SOCS4/5/
STAT3 pathway [84]. Moreover, exosomal miR-301a-3p de-
rived from hypoxic pancreatic cancer cells promoted macro-
phage M2 polarization through downregulation of PTEN
expression and activating PI3Kγ signaling pathway,

triggering the secretion of TGF-β, IL-10, and arginase from
pancreatic cancer cells, which in turn facilitated EMT and
lung metastasis [97]. Quantitative proteomics revealed that
hypoxic mouse melanoma cell-derived exosomes were rich
in immunomodulatory proteins and chemokines including
CSF-1, CCL2, FTH, FTL, and TGFβ. Meanwhile, they de-
tected that miRNA let7a was decreased in the hypoxic cells
but dramatically increased in the released exosomes. Let7a-
loaded exosomes enhanced mitochondrial oxidative phos-
phorylation system (OXPHOS) in macrophages through
suppressing the insulin-AKT-mTOR signaling pathway [93].
Hypoxia pressure promoted the production and secre-

tion of immune-modulating exosomes rich in non-
coding RNAs. Exosome-mediated cancer-immune cell
communication substantially impacts the immune reac-
tion. Immune checkpoints are accessory molecules with
T cell activation or inhibition effects. Blockage of cyto-
toxic T lymphocyte antigen 4 (CTLA-4) and PD-1 have
heralded the dawn of an immune therapy era. Exosomal
non-coding RNAs might be the indispensable targets for
immune therapy based on their immune regulating
functions.

Angiogenesis
Angiogenesis refers to a new blood vessel-forming process
and is an essential mediator for tumor progression.
Hypoxia is one of the key factors in tumor angiogenesis.
Vascular immaturity and weakened cell association of
tumor blood vessel network can lead to excessive perme-
ability, poor perfusion, and increased hypoxia [116].
Angiogenesis is a complicated process comprising of
many genes, regulators, and pathways. VEGF is the crucial
pro-angiogenetic growth factor stimulated by the alarm of
hypoxia. Carmeliet et al. found that the hypoxic induction
of VEGF decreased significantly in mouse embryonic stem
cells by inhibiting HIF-1α [117]. In addition to VEGF,
HIF-1α is capable of regulating some other angiogenesis-
associated factors like platelet-derived growth factor
(PDGF-B), vascular endothelial growth factor receptor-1
(VEGFR-1), endothelin-1, iNOS, and epidermal growth
factor (EGF).
Recent studies have demonstrated that exosomal non-

coding RNAs under hypoxic conditions could contribute to
the angiogenesis process. For instance, miR-210 upregu-
lated both in hypoxic leukemia cells and exosomes en-
hanced tube formation in endothelial cells [37]. In NSCLC,
HIF-1α-induced microvascular miR-494 promoted angio-
genesis both in vitro and in vivo through downregulating
PTEN and activating Akt/eNOS pathway [92]. Another
study in lung cancer showed that hypoxic exosomes pro-
moted angiogenesis through transmitting miR-23a. Knock-
down of HIF-1α prevented the increase of exosomal miR-
23a while miR-23a inhibited HIF-1α regulators, PHD1, and
PHD2 expression and enhanced HIF-1α signaling.
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Meanwhile, hypoxia-induced exosomal miR-23a could
inhibit tight junction protein ZO-1 and increase vascular
permeability [71]. Interestingly, exosomal miR-23a upregu-
lation was also observed in chemical-induced hypoxic liver
cancer cell colonies established from culturing hepatic can-
cer cells on the soft agar. Results suggested that exosome-
shuttled miR23a was capable of inducing angiogenesis by
regulating pro-angiogenic marker genes and targeting
SIRT-1 in chick chorioallantoic membrane (CAM), in ovo
xenograft, and in HUVEC model system [87]. Umezu et al.
established hypoxia-resistant multiple myeloma cell lines
under 6 to 7months hypoxic incubation to better mimic
in vivo conditions of hypoxia bone marrow. Exosomal miR-
135b derived from those cell lines enhanced endothelial
tube formation under hypoxia via the HIF-FIH signaling
pathway. Current studies mainly focused on acute hypoxia,
which may differ from in vivo conditions. This is the first
study that reported exosome-mediated cell-cell communi-
cation under chronic hypoxia [94].
Hypoxic exosomal non-coding RNAs can regulate

angiogenesis by inducing phenotypic and functional
changes in endothelial cells to promote tumor growth
and metastasis. VEGFR inhibitors serve as the most
vastly applied anti-angiogenesis agents now. They are
bringing beneficial efficacies as well as nonnegligible
problems like a double-edge sword. Exploiting the anti-
angiogenesis potential of RNA therapy via exosomes
might be a new therapeutic strategy in the future.

Clinical applications
Liquid biopsy is a new diagnostic tool performed on blood
or other biofluids to assess the tumor-derived components
and their genomic or proteomic profiles [118, 119]. Circu-
lating tumor cells (CTCs) and circulating tumor DNAs
(ctDNAs) are the primary analytes of liquid biopsies. How-
ever, recent studies have uncovered more liquid biopsy ana-
lytes including tumor-educated platelets, circulating non-
coding RNAs, and tumor-derived exosomes [120]. Exo-
somes are released by almost all cell types and have been
detected in various biofluids, including blood, urine, saliva,
ascites, and cerebrospinal fluids. Exosomes and non-coding
RNAs shuttled in exosomes have been demonstrated to
play a vital role in cancer progression. Hypoxia is one of
the critical characteristics in the microenvironment of most
solid tumors. Analyzing exosomes or exosomal non-coding
RNAs in the biofluids could monitor cancer progression,
predict drug resistance, even detect tumor heterogeneity
and trace tumor evolution, contributing to the precision
therapy of cancer patients (Fig. 3).
In vitro studies have shown that hypoxia could pro-

mote the production and release of exosomes of various
cancer cell lines [67, 71, 87, 94]. As a consequence, hyp-
oxic tumors may increase the concentration of exosomes

in the blood or other biofluids. Osti et al. compared the
concentration of plasma exosomes in patients with GBM
and healthy controls where GBM patients showed sig-
nificantly higher concentration. Intriguingly, the concen-
tration decreased to an almost similar level to healthy
controls after surgery while an increase was detected
again at recurrence. This indicated that tumor cells
mainly contributed to the exosome increment in plasma
[121]. Likewise, higher levels of exosomes were detected
in the plasma of NPC patients than healthy controls and
positively correlated with tumor lymph node metastasis
and shorter disease-free survival (DFS) [108]. These data
suggested that circulating exosome enumeration is ap-
plicable to describe disease status and predict the clinical
outcomes of patients.
However, the exosome releasing and producing pro-

cesses are complicated and multifaceted. Hypoxia is not
the sole factor influencing quantity and quality of exo-
somes. Besides, the mechanism of hypoxia in vivo might
be quite different with that of in vitro models. Some
other factors may also stimulate the release of exosomes
including thermal stress, oxidative stress, tumor pH
value, autophagy, endoplasmic reticulum stress, increase
in intracellular Ca2+ levels, or drug intervention [122].
Therefore, circulating exosome quantification has many
limitations due to its non-specificity. Analyzing exosome
contents is needed to evaluate the disease accurately.
Non-coding RNAs can be transferred through exosomes

from tumor cells to adjacent cells or remote organs by en-
tering the blood circulation. These non-coding RNAs are
protected from degradation and stably exist in the circula-
tion. Thus, exosomal non-coding RNAs derived from hyp-
oxic tumors are detectable in the blood and might be used
as biomarkers of cancer progression (Table 2). Exosomes in
the biofluids are a heterogeneous population of different
cell origins. It is important to find tumor-specific non-
coding RNA biomarkers. Recent studies have demonstrated
different non-coding RNA profiles in the exosomes derived
from cancer patients and healthy people through RNA-
sequencing or RT-PCR analysis [53]. Differently expressed
non-coding RNAs generated from those studies could pro-
vide a large number of possible candidate biomarkers. By
comparing exosomal non-coding RNA expression patterns
at baseline, pre-treatment, and post-treatment, correlating
with clinical parameters, combining with continuous
follow-up, it is possible to predict patient prognosis and
therapeutic response. The combination of several non-
coding RNA markers together may have favorable sensitiv-
ity and specificity than a single non-coding RNA. Wang
et al. reported that the area under the ROC curve of dual
detection of exosomal HOTAIR and miR-21 for diagnosing
laryngeal squamous cell carcinoma reached 87.6%, signifi-
cantly higher than 80.1% of miR-21 or 72.7% of HOTAIR
[124]. In addition, applying non-coding RNA biomarkers
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could compensate for the deficiency of clinical protein
markers. For example, prostate-specific antigen (PSA) used
for screening prostate cancer is of high sensitivity but low
specificity in that it might also be upregulated in benign
hyperplasia. The expression level of exosomal lncRNA
SChLAP1 could help to differentiate prostate cancer and
benign prostate hyperplasia patients when PSA was moder-
ately elevated [125]. Integrating in silicon analyses or

in vitro experiments with the expression of non-coding
RNAs in patient-derived samples is capable of selecting sig-
nificant and functional non-coding RNAs of relative high
specificity and sensitivity. In vitro models developed under
hypoxic conditions can better mimic the in vivo state of the
tumor microenvironment. Thus, hypoxia-induced exosomal
non-coding RNAs might be of great significance in cancer
diagnosis and monitoring.

Fig. 3 Hypoxic tumor-derived circulating exosomal non-coding RNAs in liquid biopsy. Legend: Exosomes are present in diverse biofluids
including blood, cerebrospinal fluids, saliva, milk, peritoneal fluid, urine, and synovial fluid. Exosomes can be isolated from these biofluids, and
non-coding RNAs are then analyzed for diagnostic or prognosis markers. As illustrated on the right side of the figure, various methods have been
developed to isolate exosomes with different advantages and disadvantages each (ultracentrifugation: high sample capacity, minor impacts on
exosomal components; time consuming, facility dependent. Polymer-based precipitation reagents: simple steps, possible for small sample volume, high
yield; expensive reagents, low purity; immunoaffinity capture: high purity and specificity; expensive reagent, low yield, antibody dependent; density gra-
dient separation: high purity; complicated procedures, low yield, facility dependent. Ultrafiltration: less time consuming; low purity and integrity)
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Hypoxia-induced exosomal miR-23a and miR-24-3p
were reported to be markedly higher in the serum of
lung cancer patients and NPC patients, respectively,
than that of healthy volunteers. Further analysis
showed that the serum exosomal miR-24-3p level was
negatively associated with the DFS of NPC patients
[71, 95]. Likewise, patients with OSCC had much
greater expression of circulating exosomal miR-21
compared with paired healthy donors. High circulat-
ing exosomal miR-21 levels were closely associated
with the T stage and lymph node metastasis [72].
Moreover, serum-derived exosomes of bladder cancer
patients showed a significantly higher level of lncRNA
UCA1, and notably, the lncRNA UCA1 levels were
positively correlated with HIF-1α expression. It could
be speculated that intratumoral hypoxia might be cap-
able of boosting exosome-shuttled lncRNA-
UCA1expression. ROC analysis also showed fine spe-
cificity and sensitivity, suggesting its high diagnostic
and clinical significance [73]. In locally advanced rec-
tal cancer (LARC), Tonje et al. filtered a series of
exosomal miRNAs from five hypoxic cell lines and
validated in patient plasma samples. Among these,
downregulated miR-486-5p and miR-181a-5p were
correlated with T4 and lymph node metastasis-
positive disease, respectively, while upregulated exoso-
mal miR-30d-5p was associated with the metastatic
progression [123].
Hypoxia influences not only cancer cells but also

stromal cells. Zhang et al. reported that hypoxic
BMSC-derived exosomes could promote lung cancer
metastasis through transmitting miR-193a-3p, miR-
210-3p, and miR-5100. Those three miRNAs
expressed remarkably higher in the plasma-derived

exosomes of lung cancer, liver cancer, and pancreatic
cancer patients than the counterparts of healthy con-
trols. In addition, ROC analysis of the individual
miRNA or combination of three miRNAs panel all
showed high specificity and sensitivity in distinguish-
ing metastatic lung cancer patients and non-
metastatic lung cancer patients [86].
Circulating exosomes can reflect the hypoxic feature

of primary tumors. Therefore, non-coding RNAs
loaded in circulating exosomes are emerging as new
biomarkers of liquid biopsy in that they can dynamic-
ally mirror tumor burden or clinical events. As tumor
progression and evolution is an intricate process, a
single biomarker is far from comprehensively explain-
ing the disease status. Integrative analysis of multiple
biomarkers might be a prospective trend for clinical
diagnosis. Although these researches have brought out
new insights into the diagnostic and prognostic value
of hypoxic tumor-derived exosomal non-coding RNAs,
there are still some limitations. Studies discussed here
had a minimal patient sample size so that large-scale
investigations are highly demanded to validate the
clinical potential of hypoxic exosomal non-coding
RNAs. Hypoxic exosomes can partially reflect the
hypoxic feature of solid tumors. Researchers used dif-
ferent methods to induce hypoxia pressure which var-
ied from oxygen concentration, hypoxic incubation
time, etc. By far, there are no optimal in vitro sys-
tems to precisely mimic the in vivo hypoxic tumor
microenvironment. Hypoxic exosome concentration
and cargo may fluctuate depending on different hyp-
oxia generating means. Meanwhile, they were using
different ways to isolate exosomes, which may cause
nonnegligible variations as well. Thus, standardized

Table 2 Hypoxic tumor-derived circulating exosomal non-coding RNAs as diagnostic and prognostic biomarkers

Cancer type Sample
type

Sample
size

Sample grouping Non-coding
RNA

Expression Clinical significance Ref.

locally advanced
rectal cancer

plasma 24 cancer patients and
healthy donors

miR-486-5p downregulated associated with organ-invasive primary
tumor and lymph node metastasis

[123]

miR-181a-5p downregulated associated with organ-invasive primary
tumor and lymph node metastasis

miR-30d-5p upregulated associated with metastatic progression

ovarian cancer serum 12 recurrence patients and
primary patients

miR-223 upregulated associated with recurrence [96]

nasopharyngeal
carcinoma

plasma 85 cancer patients and
healthy donors

miR-24-3p upregulated negatively associated with DFS [95]

lung cancer serum 30 cancer patients and
healthy donors

miR-23a upregulated diagnostic marker [71]

OSCC serum 216 cancer patients and
healthy donors

miR-21 upregulated associated with T stage, and N stage [72]

Bladder cancer serum 60 cancer patients and
healthy donors

lncRNA-
UCA1

upregulated diagnostic marker [73]
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protocols that can generate high purity of exosomes
are undeniably needed for future clinical applications.
Furthermore, recent researches preferred to use RNA
sequencing or microarray to screen differently
expressed non-coding RNAs, which could generate
vast sets of candidate non-coding RNAs but at the
same time increasing the difficulty of data analysis to
a large extent. How to better analyze the data and re-
lated pathways also remains a big issue. Notably,
which molecule to use to normalize the exosomal
lncRNAs or miRNAs is still controversial.
Exosomes are stable, easy-stored, biocompatible,

highly permeable, low toxic, and immunogenic, which
suffice almost all the merits of a good drug delivery
system [126]. Exosomes have the natural encapsulat-
ing ability to carry different anticancer drugs, natural
agents, and nucleic acid therapeutics including miR-
NAs, siRNAs, or even gene-editing systems, such as
CRISPR-Cas9 system. Notably, miRNAs and siRNAs
transferred through exosomes to the recipient cells
can partly or entirely abolish the expression of target
genes, thus restricting tumor progression [126]. The
KRASG120 siRNA loaded in human-foreskin
fibroblast-derived exosomes efficiently suppressed
pancreas desmoplasia in the orthotopic and genetic-
ally engineered mice [127]. Despite the advantages
over other drug delivery systems, exosomes are still
facing unavoidable challenges. Exosome heterogeneity,
unwanted immunogenetic possibility, and the poten-
tial tumor-promoting risks await resolutions before
clinical translation [126].

Conclusions and prospectives
Exosomes shuttled between different cells and have a
crucial role in intercellular communication. Exosomes
encapsulate a variety of biologically active molecules,
including lipids, proteins, and nucleic acids. In the
hypoxic tumor microenvironment, exosomes present
an altered pattern of genes and proteins. Hypoxia-
induced non-coding RNAs enveloped in exosomes
have been demonstrated to be involved in multiple
physiological processes including cancer proliferation,
pro-metastasis niche formation, chemoresistance,
angiogenesis, and immune reactions. However, deeper
mechanisms underlying the releasing and cargo ma-
chinery in the hypoxic conditions need to be further
explored.
Given that hypoxic exosomal non-coding RNAs are

determinable in the body fluids, they are emerging to
be fine analytes for liquid biopsy. However, numerous
obstacles await resolutions before clinical translation.
A technical hurdle worth mentioning is how to gener-
ate pure and homogenous exosomes. Currently, the
most commonly used techniques for isolating

exosomes include traditional ultracentrifugation, exo-
some precipitation reagents, density gradient separ-
ation, immunomagnetic beads, and ultrafiltration.
However, these methods have various drawbacks in
several aspects like specific equipment-dependence,
complicated and time-consuming procedures, low
productivity, and purity. Therefore, more precise, reli-
able, and accessible approaches are in strong need for
isolation and characterization of exosomes. Recently,
some novel exosome isolating methods have come
out, such as microfluidic devices, nanoplasmon-
enhanced scattering (nPES), membrane-mediated exo-
some separation, and lab-on-a-chip devices. On the
one hand, these methods may simplify the isolation
procedures and improve the productivity or purity of
exosomes. On the other hand, there is still a lack of
laboratory testing experience and preclinical practices
[128]. Hopefully, a standardized method for exosome
isolation will be developed in the near future. Besides,
cancer is a very heterogeneous disease with different
gene expression patterns in different sites and bio-
fluids. Chen et al. showed that miRNA profiles were
different even in different fractions of human blood,
indicating some biomarkers might only be detected in
some specific biofluids. Therefore, proper biofluids
need to be selected according to the characteristics of
different cancer, which should be easily accessible
through non-invasive or minimally invasive ap-
proaches [129].
Recent studies have shown that gene therapy and

immunotherapy manipulating exosomes are no longer
just a fantasy, although numerous obstacles await res-
olutions before clinical translation. Exosomes can be
obtained from various cells. However, it is not sure if
the cellular origin would affect the therapeutic effects
of exosomes. Efforts should be made to find the opti-
mal therapeutic source of exosomes and improve
loading efficiency. Another major obstacle following
by efficient encapsulation of specific agents like non-
coding RNAs is the delivery route. There is still a
lack of verification if these modified exosomes should
be delivered through local inoculation directly into
the tumor sites or by systemic administration. More
in-depth investigations are strongly required before
clinical translation.
Currently, there are 158 exosome-associated clinical

trials registered at https://clinicaltrials.gov/. Among
these studies, 17 are not enrolling yet, 70 are active
and recruiting, 4 are enrolling by invitation, 20 are
active but not enrolling, 26 were completed, 1 was
withdrawn, and 16 are in unknown status. Overall,
the preclinical and clinical studies are just over the
horizon, but the dawn of an exosome era is expected
with the indefatigable endeavor of scientists.
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