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Abstract

Exosomes are extracellular membranous vesicles that are secreted by various cell types. Exosomes have become indispensable
facilitators in the exchange of information between cells. More importantly, exosomes perform a crucial role in a variety of
diseases including cancers. Long non-coding RNAs (IncRNAs) are over 200 nucleotides long transcripts that exhibit no or
limited protein-coding potentials. LncRNAs are an emerging group of regulatory RNAs and can be selectively packaged into
exosomes. Exosomal IncRNAs play a central role in carcinogenesis and cancer progression by modulating tumor growth,
metastasis, angiogenesis and chemoresistance. Moreover, exosomal IncRNAs function as messengers in cell-to-cell commu-
nication, and thus remodel the tumor microenvironment. Their function relevance in cancer biology hints at the possibility of
employing exosomal IncRNAs as promising, non-invasive biomarkers for further cancer therapy. In this review, we provide
an overview of current research on the functional roles of exosomal IncRNAs in cancer and discuss their potential clinical
applications as diagnostic biomarkers and therapeutic targets for cancers.
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Background

Exosomes are extracellular vesicles ranging from 30 to
100 nm in diameter [1]. These nano-sized vesicles are gen-
erated within multivesicular endosomes and are released
by cells through the fusion of these compartments with the
plasma membrane [2]. They are important components in
cell-to-cell communication by delivering intracellular com-
ponents such as DNAs, RNAs and proteins [3]. Exosomes
can be released by various types of cells, including immune
cells and tumor cells [4, 5]. Tumor cells secrete more
exosomes than normal cells [6]. Secreted exosomes can be
taken up by nearby or remote cells [7, 8]. Exosomes have
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become a focus of research in the past decade. Remark-
ably, tumor-derived exosomes play an important role in
tumorigenesis and tumor progression. For instance, gastric
cancer (GC)-derived exosomes promoted tumor cell pro-
liferation by activating phosphoinositide 3-kinase (PI3K)/
Akt and mitogen-activated protein kinase (MAPK)/extra-
cellular signal-regulated kinase (ERK) pathways [9]. Pri-
mary hepatocellular carcinoma (HCC)-derived exosomes
modulated adhesion of circulating HCC cells by delivering
SMAD family member 3 (SMAD3), thus facilitating tumor
metastasis [10]. Head and neck squamous cell carcinoma
(HNSCC)-derived exosomes could promote angiogenesis by
reprogramming recipient endothelial cells [11]. In addition,
exosomes are found to be present in all kinds of body fluids
such as saliva, blood and urine [12-14]. The accessibility
of exosomes in almost all body fluids demonstrates their
potential as prospective non-invasive biomarkers for differ-
ent types of cancers.

Long non-coding RNAs (IncRNAs) are defined as tran-
scripts longer than 200 nucleotides that have no or lim-
ited protein-coding capacity [15]. LncRNAs are present
in either the nucleus or cytoplasm, and they can interact
with DNAs, RNAs and proteins [16]. LncRNAs play a key
role in gene regulation at epigenetic, transcriptional and
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post-transcriptional levels. LncRNAs are reported to exert
significant functions in multiple physiological processes
such as cell proliferation, apoptosis, migration and senes-
cence [17, 18]. Increasing amounts of evidence have proved
that IncRNAs are associated with the occurrence and pro-
gression of cancers by directly or indirectly interfering with
gene expression [19-21]. LncRNAs can be selectively sorted
into exosomes and serve as signaling messengers in intercel-
lular communication [22]. Exosomal IncRNAs can travel to
recipient cells where they transmit phenotypical changes.
Exosome-derived IncRNAs are found to be involved in
tumor growth, metastasis, angiogenesis and chemoresist-
ance. Additionally, exosomal IncRNAs can reprogram
cells in the tumor microenvironment, thereby contribut-
ing to tumor development. Through being enveloped into
exosomes, IncRNAs can be secreted into a range of body
fluids [23, 24]. LncRNAs in exosomes are protected from
ribonuclease-mediated degradation and stably present in
body fluids [25]. Exosomal IncRNAs may have potential as
biomarkers for various types of cancers [26, 27]. Therefore,
IncRNAs have gained increasing attention in the field of
exosome research. In this review, we summarize the current
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Fig. 1 Schematic illustration of exosome biogenesis and release.
Exosome biogenesis begins with early endosome formation dur-
ing endocytosis. The membrane proteins are internalized and deliv-
ered to early endosomes. Early endosomes are then matured into late
endosomes, in which multiple intraluminal vesicles (ILVs) are gener-
ated by the inward budding of endosomal membranes. The accumula-
tion of ILVs leads to the formation of multivesicular bodies (MVBs).
Proteins and nucleic acids produced by the donor cell can be sorted
to exosomes during MVB formation. Exosomes are released into the
extracellular environment through the fusion of MVB with the cellu-
lar membrane. Exosomes are taken up by recipient cells through three
pathways: direct fusion, receptor-mediated fusion or endocytosis. The
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knowledge regarding the contributions of exosomal IncR-
NAs to cancer progression, and also discuss their potential
clinical applications as novel biomarkers and therapeutic
targets in the management of cancers.

Biogenesis and characteristics of exosomes

Exosomes are phospholipid bilayer membrane vesicles of
endocytic origin with a diameter of 30-100 nm [28]. Mul-
tiple cell types such as immune cells and tumor cells can
secret exosomes. Exosomes function as crucial players in
intercellular communication under both physiological and
pathological conditions [29]. These nanovesicles can trans-
fer bioactive molecules including DNAs, proteins, RNAs
and ncRNAs from donor cells to recipient cells, leading to
the variation in genetic and epigenetic factors and repro-
gramming of the recipient cells [7, 30, 31]. Exosomes are
formed within the endosomal compartment [32] (Fig. 1).
Early endosomes are originated from the inward budding
of plasma membrane and subsequently mature into late
endosomes [33]. Further invagination of the early endosomal
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exosomal IncRNAs are subsequently delivered to the recipient cell,
thus exerting regulatory effect on various physiological processes. A
LncRNAs sponge miRNAs to regulate the expression of their target
genes. B LncRNAs can interact with mRNAs and recruit translation
repressors to cooperatively inhibit mRNA translation. C LncRNAs
serve as scaffolds for different proteins to form a ribonucleoprotein
(RNP) complex, which can regulate gene expression. D LncRNAs
guide epigenetic modifiers to alter the chromatin structure, histone
methylation/acetylation level as well as DNA methylation level. E
LncRNAs interact with the transcription complex as the guide or
decoy to promote or suppress gene transcription. F LncRNAs also
function as enhancers to induce gene transcription
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membrane leads to the accumulation of intraluminal vesi-
cles (ILVs) incorporating cytosolic proteins or nucleic acids
[34]. Cargo loading into exosomes is modulated by multiple
mechanisms. The endosomal sorting complex required for
transport (ESCRT) machinery has been universally recog-
nized as a key mechanism in cargo sorting and ILV biogen-
esis [35]. Moreover, ceramide plays a vital role in initiating
ESCRT-independent ILV formation [36-38]. ILVs accu-
mulate in late endosomes by constantly inward budding of
endosomal membranes and cytosol sequestration, resulting
in the formation of multivesicular bodies (MVBs). ILVs are
released into the cell exterior through the fusion of MVBs
with the plasma membrane [39]. The released ILVs are also
referred to as exosomes, containing molecular constituents
of their host cells [40]. MVB trafficking and fusion with
the cell membrane are mediated by Rab guanosine triphos-
phatases (GTPases) [41]. Cytoskeletal regulatory proteins
such as cortactin and coronin 1b also control the exosome
secretion process [42]. The released exosomes can be taken
up by recipient cells through the straight fusion process, the
receptor—ligand fusion process or receptor-mediated endo-
cytosis [43]. Exosomal cargoes consist of specific compo-
sitions that originate from donor cells [44, 45]. Exosomal
components could differ owing to the selective sorting of
cargoes into exosomes [46]. In addition to diverse proteins,
lipids and nucleic acids, ncRNAs (e.g., sncRNAs and IncR-
NAs) have also been detected in exosomes [47, 48].

In recent years, exosomes and their RNA cargoes have
been extensively studied since they play a vital role in the
cell-to-cell communication during cancer pathogenesis. The
loading of RNAs into exosomes was reported to be corre-
lated with cellular physiopathology [22]. It is intriguing
whether and how accurately exosomal RNAs could repre-
sent the transcriptomic snapshot of the physiological and
pathological status of their source cells. Multiple literatures
confirmed an obvious asymmetric quantitative distribution
of RNAs between source cells and their exosomes [49]. Pre-
vious studies revealed that the exosome sorting machinery
did exist, which actively modulated the exosomal loading of
specific RNAs [50, 51]. However, the biological significance
of this active process remains largely unknown. The active
sorting process may be beneficial for maintaining the molec-
ular homeostasis of RNA molecules that are functionally
important, inefficient, or even harmful for cells under the
physiological or pathological condition. Alternatively, RNAs
could be passively incorporated into exosomes depending on
the abundance of cytoplasmic RNAs. The co-occurrence of
active and passive sorting processes results in a partial match
between exosome and donor cell transcriptomes. Moreover,
aberrantly expressed exosomal RNAs in the systemic circu-
lation of cancer patients only partially reflect RNA dysregu-
lations identified in corresponding cancer tissues. In some
cases, the RNA expression trend in exosomes is inconsistent

with the one observed in cancer tissues. Recently, Barba-
gallo et al. [52] found that IncRNA-UCAI1 exhibited an
asymmetric distribution between serum exosomes and
corresponding tumor tissues. The IncRNA-UCA1 was
downregulated in serum exosomes from colorectal cancer
(CRC) patients compared to healthy individuals. Its expres-
sion was upregulated in CRC biopsies compared to normal
adjacent tissues from CRC patients. This opposite deregu-
lation trend might suggest that the oncogenic function of
IncRNA-UCA1 was critical for CRC progression, prompting
cancer cells to retain this IncRNA by reducing its secretion
via exosomes. Further study showed that IncRNA-UCA1
controlled pivotal cancer-related pathways by enhancing
the expression of ANLN, BIRCS, IPO7, KIF2A and KIF23.
The IncRNA-UCAL1 regulatory axis could be a prospective
target to develop innovative RNA-based anticancer thera-
peutics. This divergent expression trend between exosomes
and native tumors could be the assorted consequence of the
asymmetric distribution of RNAs between exosomes and
donor cells [49]. In addition, exosomal RNASs in the circula-
tion of cancer patients are a mixture of molecules of different
cellular origins, including cancer cells and immune cells,
and they play key roles in mediating the extracellular com-
munication during cancer progression. For these reasons,
exosomal RNAs do not represent an accurate reflection of
the transcriptomic landscape in cancer cells, but they might
represent promising biomarkers in cancer.

It has been reported that exosomes could provide secure
protection of their RNA cargoes [53]. Therefore, IncRNAs
are highly stable during exosome-mediated delivery process.
Exosomal IncRNAs can affect the phenotype of recipient
cells by targeting specific genes or cellular pathways. It is
likely that IncRNAs are selectively loaded into exosomes
and serve as key signaling molecules in cell-to-cell com-
munication. The expression level of exosomal IncRNAs
differs from their donor cells. For instance, six IncRNAs
(MALATI1, HOTAIR, lincRNA-p21, GASS, TUGI1 and
ncRNA-CCND1) exhibited different expression levels
between tumor cells and exosomes [54]. The expression
level of the oncogenic TUC339 was remarkably varied
within exosomes compared to that in HCC donor cells [55].
These findings implied that IncRNAs were not randomly
secreted into the extracellular space through exosomes. Nev-
ertheless, the molecular mechanism by which IncRNAs are
incorporated into exosomes is not yet elucidated. RNA struc-
ture motifs and protein partners were found to be responsible
for defining IncRNA subcellular localization [56]. These fac-
tors may also play an important role in the exosomal load-
ing of IncRNAs. In addition, IncRNAs can function as scaf-
folds for proteins and RNAs which may be involved in their
entrapment inside exosomes. More studies on the membrane
proteins of the exosomes would give hints about the sorting
and packaging of IncRNAs into exosomes. However, there

@ Springer



2062

M. Wang et al.

are still many unanswered questions regarding the encap-
sulation of IncRNAs into exosomes and the regulation of
exosome secretion. Further research is required to elucidate
the detailed mechanism underlying IncRNA sorting and exo-
some biogenesis.

The functional roles of exosomal IncRNAs
in cancer

LncRNAs, pervasively transcribed in the mammalian
genome, emerge as vital participants in various biological
processes such as gene expression and chromatin modifi-
cation [57, 58]. Moreover, accumulated evidence indicates
that IncRNAs play an important role in the occurrence and
progression of cancers [59]. Recently, the area of exosome-
derived IncRNAs has rapidly developed. A growing body of
evidence suggests that exosomal IncRNAs can be detected in
a wide range of body fluids and their deregulation is associ-
ated with tumor growth, invasion, angiogenesis, metastasis
and chemoresistance [25] (Table 1). Plus, the functional sig-
nificance of exosome-derived IncRNAs in cancer biology
hints at the possibility of using them as promising, non-
invasive biomarkers for clinical cancer therapy.

Exosomal IncRNAs regulate tumor growth

The IncRNA PTENPI was remarkably decreased in bladder
cancer (BC) tissues and in exosomes from plasma of BC
patients [60]. Exosomal PTENP1 was able to distinguish
BC patients from healthy controls. Normal cells secreted
exosomal PTENPI and transferred it to BC cells. Moreo-
ver, exosomal PTENPI promoted BC cell apoptosis, and
inhibited cell invasion and migration. Likewise, exoso-
mal PTENPI repressed tumor growth in vivo. In terms of
mechanism, exosomal PTENPI enhanced the expression
of phosphatase and tensin homolog (PTEN) by targeting
miR-17. LncRNA MYU was dramatically upregulated in
prostate cancer (PCa) tissues [61]. MYU silencing could
depress PCa cell growth and migration. In contrast, MYU
overexpression exhibited opposite effects. More importantly,
IncRNA MYU could be transferred to adjacent cells through
exosomes and promoted the proliferation and migration of
the recipient cells. LncRNA MYU increased the expression
of the oncogene c-Myc by competitively binding miR-184,
and thus enhanced the growth of PCa. MYU worked as an
oncogenic IncRNA in PCa partially through the miR-184/c-
Myec axis. Similarly, the IncRNA PCSEAT was specifically
upregulated in PCa [62]. PCSEAT knockdown led to the
inhibition of PCa cell growth and motility, while PCSEAT
overexpression reversed these effects. PCa cells could
also transfer PCSEAT to adjacent cells through exosomes,
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thus enhancing cell proliferation and motility. The histone
methyltransferase, polycomb group protein enhancer of
zeste homolog 2 (EZH2), was reported to be involved in
PCa development [63]. In terms of mechanism, PCSEAT
regulated cell proliferation partially through regulation of
EZH2 by competitively sponging miR-143-3p and miR-24-
2-5p. Overall, PCSEAT was a potential oncogene in PCa and
might hold promise as a therapeutic target for PCa.

Based on these clues, exosomal IncRNAs can target spe-
cific host factors or cellular pathways that are associated with
cell proliferation. However, few studies showed the regula-
tory roles of exosomal IncRNAs in tumor cell growth. More
investigations are demanded to comprehensively disclose
the molecular mechanisms underlying the effect of exosomal
IncRNAs on tumor growth. LncRNAs may possess pro- or
antitumor properties. Therefore, controlling the activity of
exosomal IncRNAs may represent a potential therapeutic
approach for the treatment of cancers.

Exosomal IncRNAs affect tumor metastasis

MALAT1 was the first identified IncRNA that was asso-
ciated with lung cancer metastasis [64—-66]. Exosomal
MALAT1 was found to be highly expressed in non-small cell
lung cancer (NSCLC) patients [67]. Its abundance was posi-
tively correlated with tumor stage and lymphatic metastasis.
Exosomal MALAT1 promoted tumor growth and migration,
and inhibited cell apoptosis by regulating the expression of
cyclinD1, cyclinD2 and cyclin-dependent kinase (CDK) in
NSCLC cells. These findings provided novel insights into
the potential of exosomal MALAT1 as a non-invasive bio-
marker for the diagnosis and prognosis of NSCLC. Simi-
larly, exosomal MALATI1 was also upregulated in breast
cancer tissues compared with adjacent normal tissues [68].
Moreover, breast cancer-derived exosomes accelerated cell
proliferation in breast cancer by transferring MALAT1. Exo-
somal MALAT1 played a regulatory role in breast cancer
progression and might provide a novel strategy for treat-
ing breast cancer. Hypoxic exosomes derived from BC pro-
moted cancer cell proliferation, invasion and migration [69].
Hypoxia could enhance exosomal transfer of IncRNA-UCAL1
into BC cells. Hypoxic exosomal IncRNA-UCA1 reduced
the expression of E-cadherin, and upregulated vimentin and
matrix metallopeptidase 9 (MMP9). The epithelial-mesen-
chymal transition (EMT) is known as a trigger of cancer
invasion and metastasis [70]. EMT is characterized by the
loss of the epithelial marker E-cadherin, and gain of mes-
enchymal markers, such as N-cadherin and vimentin [71].
Thus, IncRNA-UCA1 could facilitate the EMT, growth and
progression of BC. These results demonstrated that hypoxic
BC cells remodeled the tumor microenvironment to sup-
port tumor development through releasing the oncogenic
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Table 1 The biological function of exosomal IncRNAs in cancer progression
LncRNA Cancer type Biological function Mechanism References
PTENPI Bladder cancer Inhibit cell proliferation, invasion  Increase PTEN expression by [60]
and migration sponging miR-17
MYU Prostate cancer Promote cell proliferation and Increase c-Myc expression by [61]
migration targeting miR-184
PCSEAT Prostate cancer Promote cell proliferation and Enhance EZH2 expression by [62]
motility sponging miR-143-3p and miR-
24-2-5p
MALATI1 Non-small cell lung cancer; breast Promote cell proliferation and Upregulate cyclinD1, cyclinD2 [67, 68]
cancer migration; inhibit cell apoptosis and CDK
LncRNA-UCALI Bladder cancer Promote cell proliferation, migra- Downregulate E-cadherin; upreg- [69]
tion and invasion ulate vimentin and MMP9
ZFAS1 Gastric cancer Promote cell proliferation and Upregulate cyclinD1, p-ERK and  [72]
migration Bcl-2, N-cadherin, Slug and
twist; downregulate Bax and
E-cadherin
NONHSAT105177 Pancreatic ductal adenocarcinoma Suppress cell proliferation, migra- Restrain snail, slug, vimentin, [73]
tion and EMT N-cadherin and p-catenin
Lnc-Sox2ot Pancreatic ductal adenocarcinoma Promote cell invasion and metas-  Regulate Sox2 expression by act-  [74]
tasis ing as a ceRNA of the miR-200
family
Linc-ROR Thyroid cancer Induce EMT and promote cell ND [75]
invasion
FALI Hepatocellular carcinoma Promote cell proliferation and Upregulate ZEB1 and AFP by [76]
metastasis competitively sponging miR-
1236
Lnc-MMP2-2 Lung cancer Promote cell invasion and migra-  Upregulate MMP2 [77]
tion
HULC Pancreatic cancer Enhance cell invasion and migra-  Upregulate snail and vimentin; [78]
tion downregulate E-cadherin
91H Colorectal cancer Promote cell migration and inva- ~ Upregulate HNRNPK expression  [79]
siveness
LncRNA-CAF Oral squamous cell carcinoma Promote cell invasiveness Induce the expression of a-SMA,  [83]
vimentin and N-cadherin by
upregulating IL-33
H19 Colorectal cancer Enhance cell stemness and oxali-  Activate the f-catenin pathway by [85]
platin resistance sponging miR-141
IncRUNX2-AS1 Multiple myeloma Inhibit osteogenic potential of Suppress RNUX?2 expression [92]
MSCs
ENST00000444164  Epithelial ovarian cancer Promote the migration of endothe- Upregulate NF-kB phosphoryla-  [94]
lial cells tion
ENST0000043768 Epithelial ovarian cancer Promote the migration of endothe- Upregulate NF-kB phosphoryla- ~ [94]
lial cells tion
TUC339 Hepatocellular carcinoma Facilitate tumor cell growth and Regulate cytokine receptor [55, 95]
adhesion; promote macrophage signaling pathways and CXCR
activation chemokine receptor binding
pathways
Linc-CCAT2 Glioma Promote angiogenesis Upregulate VEGFA, TGF-Band  [98]
Bcl-2; downregulate Bax and
caspase-3
Linc-POU3F3 Glioma Promote angiogenesis Upregulate bFGF, bFGFR and [99]
Angio
HI19 Hepatocellular carcinoma Promote angiogenesis Upregulate VEGFR1, VEGF and  [101]
ICAM1
LncRNA-UCA1 Breast cancer Confer tamoxifen resistance Inhibit caspase-3 activation [103]
LncRNA-SNHG14 Breast cancer Confer trastuzumab resistance Activate the Bcl-2/Bax signaling  [104]

pathway
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Table 1 (continued)

LncRNA Cancer type Biological function Mechanism References
LncRP11-838N2.4 Non-small cell lung cancer Confer erlotinib resistance Downregulate cleaved PARP and  [105]
cleaved caspase-3
PART1 Esophageal squamous cell carci-  Confer gefitinib resistance Upregulate Bcl-2 by acting as a [107]
noma ceRNA of miR-129
LncARSR Renal cell carcinoma Confer sunitinib resistance Upregulate AXL and c-Met by [108]
targeting miR-34 and miR-449
Linc-VLDLR Hepatocellular carcinoma Confer sorafenib resistance Upregulate ABC-G2 [109]
Linc-ROR Hepatocellular carcinoma Confer sorafenib resistance Inhibit p53 signaling pathway [110]
IncRNA-ATB Hepatocellular carcinoma Prognostic biomarker ND [114]
SAP30L-AS1 Prostate cancer Diagnostic biomarker ND [115]
SChLAP1 Prostate cancer Diagnostic biomarker ND [115]
LincRNA-p21 Prostate cancer Diagnostic biomarker ND [116]
PCAT-1 Bladder cancer Diagnostic/prognostic biomarker ~ ND [117]
LINCO00161 Hepatocellular carcinoma Diagnostic biomarker ND [118]
LncUEGCI1 Gastric cancer Diagnostic biomarker ND [119]
ENSG00000258332.1 Hepatocellular carcinoma Diagnostic/prognostic biomarker ~ ND [120]
LINCO00635 Hepatocellular carcinoma Diagnostic/prognostic biomarker ~ ND [120]
HOTTIP Gastric cancer Diagnostic/prognostic biomarker ~ ND [26]
CRNDE-h Colorectal cancer Diagnostic/prognostic biomarker ~ ND [121]
HOTAIR Laryngeal squamous cell carci- Diagnostic/prognostic biomarker ~ ND [122]
noma
Lnc-GASS Colorectal cancer Diagnostic/prognostic biomarker ~ ND [123]

ND not determined

IncRNA-UCAT1-enriched exosomes. Additionally, the
expression of IncRNA-UCA1 was increased in the exosomes
derived from the serum of BC patients compared with the
healthy controls. LncRNA-UCA1 might serve as a novel
diagnostic biomarker for BC. The expression of IncRNA
ZFAS1 was raised in GC tissues and exosomes from the
serum of GC patients [72]. The elevated ZFAS1 expression
was significantly associated with lymphatic metastasis and
tumor—node—metastasis (TNM) stage. ZFAS1 knockdown
suppressed the proliferation and migration of GC cells by
inducing apoptosis, and inhibiting cell-cycle progression
and EMT. On the contrary, ZFAS1 upregulation facilitated
the proliferation and migration of GC cells. The mechanis-
tic study indicated that ZFAS1 enhanced the expression of
cyclinD1, phosphorylated ERK (p-ERK) and B-cell lym-
phoma-2 (Bcl-2), and downregulated Bcl-2-associated
x protein (Bax), thus promoting tumor cell proliferation.
ZFAS]1 also induced the expression of N-cadherin, Slug and
Twist, and suppressed the expression of E-cadherin, thereby
facilitating the EMT process. Moreover, GC cells-derived
exosomes could enhance cell proliferation and migration by
transmitting ZFAS1, suggesting that exosomal ZFAS1 might
be a potential diagnostic and prognostic biomarker for GC.

The expression of IncRNA NONHSAT105177 was lower
in pancreatic ductal adenocarcinoma (PDAC) cancer tissues
than in adjacent non-tumorous tissues [73]. Overexpression
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of NONHSAT105177 suppressed PDAC cell proliferation
and migration. Moreover, NONHSAT105177 upregulation
inhibited the EMT progression by reducing EMT-inducing
transcription factors (Snail, Slug, vimentin, N-cadherin
and P-catenin). NONHSAT105177 could be trafficked by
exosomes in PDAC. These results indicated that exosomal
transfer of NONHSAT105177 might play an important role
in PDAC progression. In contrast, Inc-Sox2ot was highly
abundant in exosomes of highly invasive PDAC cells [74].
The plasma exosomal Inc-Sox2ot expression was associated
with TNM stage and overall survival (OS) rate of PDAC
patients. Further study indicated that Inc-Sox2ot promoted
EMT and stem cell-like properties in PDAC through regulat-
ing the expression of sex determining region Y-box 2 (Sox2)
by competitively binding to the miR-200 family. Lnc-Sox2ot
could be transferred from donor PDAC cells to recipient
tumor cells, and thus promoted tumor invasion and metas-
tasis. The exosomal Inc-Sox2ot played important roles in
tumor progression and might be a valuable biomarker for
pancreatic cancer prognosis. Thyroid cancer stem-like cell
(CSC)-derived exosomes could transfer IncRNAs (MALAT1
and linc-ROR) and induced EMT in the normal thyroid
cells [75]. Knockdown of linc-ROR resulted in reduced
invasion of the CSC cells. CSC-derived exosomes induced
EMT, and modified adjacent and distant tumor environ-
ment through the delivery of IncRNAs. Therapies directed
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towards CSC-derived exosomal IncRNAs might be able to
decrease the metastatic capacity of tumor cells. LncRNA
FAL1 was highly expressed in HCC tissues and promoted
HCC cell proliferation and metastasis [76]. Mechanistically,
FAL1 could competitively sponge miR-1236 to enhance the
expression of its targets, zinc finger E-box binding home-
obox 1 (ZEB1) and a-fetoprotein (AFP), thus supporting
HCC metastasis and progression. Exosomes from the serum
of HCC patients mediated the transfer of FAL1 to HCC cells
and thus enhanced the proliferation and migration of recipi-
ent HCC cells. Overall, IncRNA FAL1 played an oncogenic
role in HCC and served as a novel diagnostic biomarker for
HCC.

Lnc-MMP2-2 was highly upregulated in exosomes
secreted from transforming growth factor-f3 (TGF-f)-treated
lung cancer cells and might be transferred to adjacent cancer
cells and endothelial cells [77]. Moreover, exosomal Inc-
MMP2-2 could regulate the invasion and migration of lung
cancer cells into the vasculature by enhancing the expres-
sion of MMP2. Additionally, Inc-MMP2-2 levels were con-
firmed to positively correlate with MMP2 expression dur-
ing metastatic progression of lung cancer. These findings
suggested that exosomal Inc-MMP2-2 might represent a
novel therapeutic target for lung cancer treatment. TGF-f3
could also induce the alteration in expression of IncRNAs
in pancreatic cancer cells and their derived exosomes [78].
One IncRNA, HULC, was dramatically upregulated and
enriched in pancreatic cancer cell-derived exosomes. HULC
could be transferred to recipient tumor cells via exosomes.
Functional studies revealed that HULC promoted EMT in
pancreatic cancer by upregulating Snail and vimentin and
downregulating E-cadherin. Accordingly, HULC enhanced
tumor cell invasion and migration. These results provided
mechanistic insights into IncRNA-regulated tumor metasta-
sis. Significantly high levels of exosomal IncRNA 91H were
detected in the serum of CRC patients and cell lines [79].
Heterogeneous nuclear ribonucleoprotein K (HNRNPK), an
RNA-binding protein, was reported to be highly expressed
in cancers and implicated in tumor metastasis [80—82].
LncRNA 91H could significantly promote the migration
and invasiveness of CRC cells by altering HNRNPK expres-
sion. Analysis of clinical values of exosomal 91H in tumor
prognosis indicated that high levels of exosomal 91H were
positively associated with high risk of tumor recurrence and
metastasis. Therefore, exosomal 91H served as an independ-
ent prognostic factor for CRC.

Collectively, tumor-derived exosomal IncRNAs can mod-
ify the cellular physiology to support the growth and dis-
semination of tumor cells. The cell-to-cell communication
mediated by exosomal IncRNAs may represent an important
mechanism for tumor metastasis. The impact of exosomal
IncRNAs in tumor metastasis has recently been the main
focus of exosome research. Understanding the mechanisms

by which exosomal IncRNAs regulate tumor metastasis
would contribute to the development of novel therapeutic
approaches for the intervention of cancer.

Exosomal IncRNAs remodel the tumor
microenvironment

Previously, Ding et al. [83] revealed IncRNA profiles dur-
ing the transformation of cancer-associated fibroblasts
(CAFs) from normal fibroblasts (NFs) in oral squamous
cell carcinoma (OSCC). Among the identified IncRNAs,
LncRNA-CAF was found to be significantly upregulated
in CAFs. Interleukin-33 (IL-33) was primarily located in
the stroma and positively co-expressed with LncRNA-CAF.
Upregulated LncRNA-CAF increased the expression of CAF
markers, a-smooth muscle actin (a-SMA), vimentin, and
N-cadherin, in fibroblasts via IL-33. Therefore, upregu-
lation of IL-33 could promote the activation phenotype
of CAFs in OSCC, supporting the proliferation of tumor
cells. Mechanistically, LncRNA-CAF could stabilize and
upregulate IL-33 by preventing its degradation through the
p62-dependent autophagy-lysosome pathway. Furthermore,
the autophagy inducer, rapamycin, could attenuate the pro-
liferative effect of LncRNA-CAF/IL-33 by promoting IL.-33
degradation. In turn, tumor cells raised LncRNA-CAF levels
in stromal fibroblasts via exosomal LncRNA-CAF to estab-
lish a pro-tumorigenic niche. These findings demonstrated
that LncRNA-CAF could reprogram CAFs to support tumor
growth by upregulating IL-33. Recently, a total of 52 ncR-
NAs were identified to be differentially distributed between
CAF- and NF-derived exosomes in CRC [84]. Specifically,
two IncRNAs (LINC00326 and WEE2-AS1) were found to
be over represented in CAF-derived exosomes. These two
IncRNAs might participate in CAFs’ activation process and
modulate the intercellular communication between stromal
and tumor cells, affecting tumor progression. More studies
should be focused on the regulatory role of these exosomal
IncRNAs in the cross-talk between colon cancer cells and
CAFs. LncRNA H19 was found to be highly expressed in
CRCs and CAFs [85]. CAFs could promote the stemness
and oxaliplatin resistance of CRCs by transferring exosomal
H19. In terms of mechanism, H19 was capable of activating
the p-catenin pathway by functioning as a molecular sponge
of miR-141 which was reported to suppress the stemness of
cancer stem cells [86]. These results suggested that CAF-
derived exosomal H19 contributed to the development and
oxaliplatin resistance of CRC.

Mesenchymal stem cells (MSCs) constitute a vital
component of the tumor microenvironment and function
in favoring tumor progression [87, 88]. Lung tumor cell-
derived exosome suppressed the osteogenic and adipo-
genic differentiation of MSCs [89]. The IncRNA profiling
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of lung tumor-derived exosome-treated MSCs was uncov-
ered. Functional characterization indicated that deregulated
IncRNAs were enriched in mRNA metabolic process and
RNA binding, while pathway analysis revealed that dysregu-
lated IncRNAs participated in oxidative phosphorylation,
steroid hormone biosynthesis, and Ras signaling pathway.
These results provided novel insights into the implication
of exosomal IncRNAs in intercellular crosstalk between
tumor cells and MSCs. Nevertheless, the functional roles
of tumor-derived exosomes in MSC functionality deserve
further investigations. Multiple myeloma (MM) was featured
by reduced osteogenic potential of MSCs [90, 91]. Intercom-
munication between cancer cells and stromal cells in the
tumor microenvironment was an impellent factor in tumor
progression. A bioactive IncRNA RUNX2-AS1 in myeloma
cells could be incorporated into exosomes and transmit-
ted to MSCs, thereby inhibiting the osteogenesis of MSCs
[92]. LncRUNX2-AS1 was upregulated in MM-MSCs and
formed an RNA duplex with runt-related transcription factor
2 (RUNX2) pre-mRNA at the overlapping region. RUNX?2
acts as a key regulator of MSC differentiation towards osteo-
blasts [93]. Thus, this RNA duplex transcriptionally inhib-
ited RNUX2 expression by lowering the splicing efficiency,
contributing to reduced osteogenic potential of MSCs.
Exosomal IncRUNX2-AS1 might be a potential therapeutic
target for bone lesions in MM. Collectively, myeloma cell-
derived exosomal IncRUNX?2-AS1 played a pivotal role in
the suppression of osteogenesis by modulating the expres-
sion of RUNX2 in MSCs.

Exosomes derived from tumor-associated macrophages
(TAMs) separated from epithelial ovarian cancer (EOC)
could be efficiently taken up by endothelial cells [94].
TAM-derived exosomes significantly inhibited the migra-
tion of endothelial cells by targeting the miR-146b-5p/
tumor necrosis factor receptor-associated factor 6 (TRAF6)/
nuclear factor-kB (NF-xkB)/MMP2 pathway. EOC-derived
exosomes could counteract the effect of TAM-derived
exosomes on endothelial cells by transferring the IncR-
NAs, ENST00000444164 and ENST0000043768. Mecha-
nistically, these two IncRNAs were shown to exert a reg-
ulatory effect in the activation of NF-kB pathway. These
data implied that tumor-derived exosomal IncRNAs were
involved in remodeling the tumor microenvironment to
support cancer progression. HCC cells-derived exosomes
contained high levels of IncRNA TUC339 [55]. Exosomal
TUC339 was engaged in regulating HCC cell growth and
adhesion. HCC-derived exosomes could be internalized by
macrophages and then transferred TUC339 to macrophages
[95]. The loss-of-functional study showed that TUC339
knockdown in macrophages resulted in increased production
of pro-inflammatory cytokines (IL-1p and TNF-a) and the
co-stimulatory molecule (CD86), enhanced phagocytosis,
and decreased cell viability. Moreover, TUC339 was verified
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to be required for macrophage activation. Microarray analy-
sis together with bioinformatic prediction was conducted
to investigate the transcriptome-wide impact of TUC339
in macrophages. The results indicated that ‘pathways of
cytokine—cytokine receptor interaction’, ‘C—X—C chemokine
receptor (CXCR) binding’, ‘Toll-like receptor signaling’,
‘receptor for the Fc fragment of immunoglobulin G (FcyR)-
mediated phagocytosis’ and ‘cell proliferation” were associ-
ated with TUC339 function in macrophages. These results
shed light on a novel regulatory role of tumor-derived exo-
somal IncRNA TUC339 in macrophage within the tumor
microenvironment. Intercellular transfer of TUC339 was
a signaling mechanism contributing to HCC growth and
spread. This study also verified that HCC cells could exert
genetic impact on other cells within their local microenvi-
ronment by selectively exporting IncRNAs.

The tumor microenvironment is a good soil for tumor
growth and metastasis [96]. The vital cellular components of
the tumor microenvironment comprise tumor cells, stromal
cells, macrophages and inflammatory cells [97]. Exosomes
allow the exchange of genetic and epigenetic information
between tumor cells and the tumor microenvironment. An
increasing number of studies have indicated that exosomal
IncRNAs can reprogram surrounding cells within the tumor
microenvironment by affecting gene expression or cel-
lular signaling pathways. By transferring to cells through
exosomes, IncRNAs facilitate the formation of a microen-
vironment appropriate for tumor growth and metastasis.
However, the roles of exosomal IncRNAs in the inherent
intercellular communication networks during cancer patho-
genesis remain to be further explored.

Exosomal IncRNAs are involved in the tumor
angiogenesis

The long intergenic ncRNA CCAT2 (linc-CCAT2) was
enriched in glioma cells [98]. Glioma cell-derived exosomes
containing abundant linc-CCAT2 could be ingested by
endothelial cells, resulting in the increased level of linc-
CCAT?2 in endothelial cells. Exosomal transfer of linc-
CCAT?2 promoted the migration, proliferation and tubular-
like structure formation of endothelial cells by upregulating
vascular endothelial growth factor A (VEGFA), TGF-§ and
Bcl-2 as well as downregulating Bax and caspase-3. In vivo
study confirmed that exosomal linc-CCAT?2 facilitated arte-
riole formation. These results confirmed that glioma cell-
derived exosomes promoted angiogenesis by delivering linc-
CCAT?2 to endothelial cells. Another IncRNA, linc-POU3F3,
was also upregulated in glioma tissues compared with
adjacent normal tissues and obviously associated with the
advanced tumor stage [99]. Glioma cells could transfer linc-
POU3F3 to endothelial cells via exosomes. Linc-POU3F3
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promoted the proliferation, migration, and tubular-like struc-
ture formation of recipient endothelial cells in vitro and
arteriole formation in vivo by regulating the expression of
angiogenic factors including basic fibroblast growth factor
(bFGF), bFGF receptor (bFGFR), VEGFA and angiogenin
(Angio). Thus, glioma cells could promote angiogenesis by
releasing exosomes enriched in linc-POU3F3. CD90™ liver
cancer cells have been regarded as CSCs, exhibiting meta-
static and aggressive phenotype [100]. LncRNA profiling
indicated that H19 was enriched in CD90* HCC cells, and
could be transferred to endothelial cells through exosomes
[101]. Gain- and loss-of-functional studies proved that exo-
somal transfer of H19 stimulated angiogenesis in endothe-
lial cells by regulating the expression of VEGF receptor
1 (VEGFR1) and VEGF. Exosomal H19 also induced the
adhesion between HCC cells and endothelial cells by upreg-
ulating intercellular adhesion molecule 1 (ICAM1). Thus,
IncRNA H19 was a mediator of pro-metastatic properties of
HCC-derived exosomes and might be a potential therapeutic
target for HCC.

Tumor angiogenesis is a complex process, typically com-
prising several steps: enzymatic degradation of the vessel’s
basement membrane, vascular endothelial cell prolifera-
tion, migration, sprouting, branching, and tube formation
[102]. Tumor cells are capable of delivering IncRNAs into
endothelial cells via exosomes. Exosomal IncRNAs can
induce the pro-angiogenic potential of endothelial cells
by elevating the expression of angiogenic factors and cell
adhesion molecules. Tumor growth and metastasis rely on
the establishment of tumor vasculature to offer nutrients,
oxygen and other essential factors. Tumor angiogenesis is
a crucial hallmark in tumor development. Investigations on
its underlying mechanisms could provide novel anti-cancer
therapeutics. Further studies on exosomal IncRNA-regulated
tumor angiogenesis will open a novel era in tumor research,
offering promising prospects to achieve improved cancer
management.

Exosomal IncRNAs orchestrate tumor
chemoresistance

The IncRNA-UCA1 was markedly ascended in tamoxifen-
resistant breast cancer cells and their derived exosomes
[103]. LncRNA-UCAT1 could be transferred from tamox-
ifen-resistant breast cancer cells to tamoxifen-sensitive cells
through exosomes. In the recipient cells, exosomal delivery
of IncRNA-UCA1 conferred tamoxifen resistance to can-
cer cells via inhibiting apoptosis by repressing caspase-3
activation. On the contrary, IncRNA-UCA1 loss resulted
in remarkable reduction of tamoxifen resistance in breast
cancer cells. The IncRNA-small nucleolar RNA host gene
14 (SNHG14) was enriched in trastuzumab-resistant breast

cancer cells as compared to sensitive breast cancer cells
[104]. Loss-of-functional analysis indicated that IncRNA-
SNHG14 knockdown might enhance trastuzumab-induced
cytotoxicity. Extracellular IncRNA-SNHG14 could be incor-
porated into exosomes and transferred to sensitive cancer
cells, hence transmitting trastuzumab resistance. Exosome-
mediated transfer of IncRNA-SNHG14 might lead to trastu-
zumab resistance of recipient cancer cells by activating the
Bcl-2/Bax signaling pathway. In addition, the expression of
serum exosomal IncRNA-SNHG14 was higher in patients
who showed resistance to trastuzumab treatment, in contrast
to sensitive patients. Collectively, IncCRNA-SNHG14 might
serve as a promising therapeutic target for the intervention
of breast cancer.

The IncRNA RP11-838N2.4 (IncRP11-838N2.4) was
abundantly expressed in erlotinib-resistant NSCLC cells
compared with normal NSCLC cells [105]. Forkhead box
protein O1 (FOXO1), a transcription suppressor, nega-
tively regulated IncRP11-838N2.4 by recruiting histone
deacetylase [106]. LncRP11-838N2.4 could be trans-
ferred from erlotinib-resistant NSCLC cells to sensitive
cells through exosomes, hence conferring erlotinib resist-
ance to recipient cancer cells. Mechanistically, IncRP11-
838N2.4 was capable of inhibiting erlotinib-induced cel-
lular cytotoxicity by downregulating the levels of cleaved
poly(ADP-ribose) polymerase (PARP) and cleaved cas-
pase-3. The serum level of exosomal IncRP11-838N2.4
was increased in patients who exhibited resistance to erlo-
tinib as compared to patients displaying sensitivity to erlo-
tinib treatment. In summary, exosomal IncRP11-838N2.4
might be a potential therapeutic target for NSCLC patients.
The expression of IncRNA PART1 was elevated in gefi-
tinib-resistant cells as compared to parental esophageal
squamous cell carcinoma (ESCC) cells [107]. Knockdown
of IncRNA PART1 enhanced the gefitinib-induced cell
death, while increased PART1 promoted gefitinib resist-
ance of ESCC cells by functioning as a competing endog-
enous RNA (ceRNA) against miR-129 to increase Bcl-2
expression. PART1 could be packaged into exosomes and
delivered into sensitive cells, hence disseminating gefitinib
resistance. In addition, the high serum level of exosomal
PART1 was correlated with tumor resistance to gefitinib
treatment in ESCC patients. Exosome-transmitted PART1
was involved in the regulation of gefitinib responses in
ESCC. LncARSR was correlated with clinically poor
sunitinib response in patients with advanced renal cell
carcinoma (RCC) [108]. LncARSR was upregulated in
sunitinib-resistant RCC cells compared with their paren-
tal cells. LncARSR enhanced sunitinib resistance of RCC
cells through competitively binding miR-34/miR-449 to
facilitate the expression of the oncogenic receptor tyrosine
kinases AXL and c-Met. Likewise, the level of exosomal
IncARSR was dramatically higher in sunitinib-resistant
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RCC cells than in parental cells. LncARSR could be trans-
ported to sensitive cells via exosomes. Exosome-trans-
ferred IncARSR conferred sunitinib resistance to recipient
RCC cells and endothelial cells. Knockdown of IncARSR
in vivo could restore sunitinib response in RCC. These
data indicated that IncARSR could work as a potential
therapeutic target to eliminate sunitinib resistance in RCC.

LincRNA-VLDLR (linc-VLDLR) was significantly
upregulated in malignant HCC cells compared with non-
malignant human hepatocytes, and could be selectively
encapsulated in HCC cell-derived exosomes [109]. Expo-
sure of HCC cells to anti-cancer drugs such as sorafenib
and doxorubicin enhanced the expression of linc-VLDLR
in HCC cells and derived exosomes. Linc-VLDLR could
be delivered to recipient HCC cells via exosomes. Exoso-
mal linc-VLDLR could promote HCC cell proliferation by
inducing cell cycle progression. It also inhibited sorafenib-
induced cell death partially by increasing the expression of
ATP-binding cassette subfamily G member 2 (ABC-G2),
a protein implicated in extracellular drug export. Linc-
VLDLR was an exosome-enriched IncRNA that mediated
chemotherapeutic stress response in HCC. These data
revealed a novel mechanism underlying IncRNA-mediated
modulation of chemotherapeutic response and resistance in
cancer. The stress—responsive IncRNA, linc-ROR, was sig-
nificantly upregulated in malignant HCC cells compared
with non-malignant human hepatocytes [110]. Linc-ROR
was also enriched in HCC cell-derived exosomes following
sorafenib treatment and could be transferred to recipient
cells through exosomes. Exosome-mediated delivery of
linc-ROR resulted in the suppression of sorafenib-induced
cell death in recipient HCC cells through repression of
p53 signaling pathway. Thus, targeting the intercellular
signaling mediators such as IncRNAs might be helpful to
enhance tumor sensitivity to conventional chemotherapies
that were used for the intervention of HCC.

In summary, exosomal IncRNAs play an important role
in the transmission of tumor chemoresistance properties,
hence reducing the efficacy of chemotherapeutic agents.
In tumor cells, IncRNAs transmitted by exosomes inhibit
chemotherapy-induced cell death and promote cell sur-
vival by regulating the cellular apoptosis pathway. Chemo-
therapy is a mainstay treatment for a wide range of can-
cers [111, 112]. However, drug resistance is a predominant
cause of morbidity and mortality in cancer patients and
would continue to be a thorny problem in clinical cancer
therapy [113]. Therefore, further studies on the roles of
exosomal IncRNAs in tumor chemoresistance will lead to
the development of such biomarkers as novel targets for
cancer treatment. Mimics and/or antagonists for each exo-
somal IncRNA target could be used as an adjunct therapy
to improve the effectiveness of conventional chemothera-
peutic agents.
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Exosomal IncRNAs may be potential cancer
biomarkers

Circulating exosomal miR-21 and IncRNA-ATB were cor-
related with TNM stage, T stage and portal vein thrombosis
in HCC [114]. High level of miR-21 and IncRNA-ATB could
be independent predictors of mortality, disease progression,
and low OS and progression-free survival in HCC. Circu-
lating exosomal miR-21 and IncRNA-ATB might be novel
prognostic biomarkers and therapeutic targets for HCC. Two
IncRNAs, SAP30L-AS1 and SChLAPI, were remarkably
upregulated in PCa-derived exosomes compared with those
in total exosomes isolated from the plasma of patients [115].
SAP30L-AS1 and SChLAPI possessed adequate diagnostic
values to differentiate PCa patients from healthy controls.
SAP30L-AS1 expression level was correlated with prostate-
specific antigen (PSA) values and tumor invasion. SChLAP1
was effective in distinguishing between patients with benign
prostatic hyperplasia (BPH) and PCa patients. These find-
ings demonstrated that these two IncRNAs hold promise as
potential diagnostic biomarkers for PCa. The serum level of
exosomal lincRNA-p21 was remarkably higher in PCa than
in BPH [116]. The diagnostic values of lincRNA-p21 and
lincRNA-p21 in combination with PSA were assessed. As
a result, the specificity of lincRNA-p21/PSA combination
for predicting PCa was significantly increased compared
with lincRNA-p21. Exosomal lincRNA-p21 might provide
a promising biomarker for the detection of PCa.

A panel consisting of three urinary exosome (UE)-
derived IncRNAs (MALAT1, PCAT-1 and SPRY4-IT1) was
developed for the prediction of BC [117]. Kaplan—-Meier
analysis revealed that high levels of MALAT1 and PCAT-1
were associated with poor recurrence-free survival (RFS) of
non-muscle-invasive BC (NMIBC). Additionally, multivari-
ate Cox proportional hazards regression analysis showed that
exosomal PCAT-1 overexpression served as an independent
factor for the RFS of NMIBC prognosis. Thus, UE-derived
IncRNAs had significant clinical value in the diagnosis and
recurrence prediction of BC. LINC00161 was significantly
enriched in the serum of HCC patients compared with
patients with chronic hepatitis or healthy controls [118]. The
receiver operating characteristic (ROC) analysis indicated
that LINC0O0161 could discriminate HCC patients from
healthy controls with high sensitivity and specificity. More
importantly, the serum level of LINC00161 was notably
correlated with serum AFP concentration and TNM stage
of HCC patients. Further study indicated that the highly
expressed LINC00161 in the serum of HCC patients was
derived from exosomes. Collectively, circulating exosomal
LINCO00161 might be used as a novel biomarker for HCC.

Two IncRNAs, IncUEGC1 and IncUEGC2, were signifi-
cantly upregulated in exosomes derived from early gastric
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cancer (EGC) patients and GC cells [119]. LncUEGCI
could effectively discriminate EGC patients from healthy
controls and those with premalignant chronic atrophic gas-
tritis. The diagnostic accuracy of IncUEGC1 was higher
than that of carcinoembryonic antigen (CEA). On the
whole, exosomal IncUEGC1 might represent a promising
non-invasive biomarker for EGC diagnosis. The serum
levels of two exosomal IncRNAs (ENSG00000258332.1
and LINCO00635) were remarkably higher in HCC patients
than those in patients with liver cirrhosis (LC), chronic
hepatitis B (CHB) and healthy controls [120]. Exoso-
mal ENSG00000258332.1 and LINC00635 were able to
distinguish HCC patients from CHB patients with high
specificity. High levels of these two IncRNAs were related
to worse OS in HCC patients. ENSG00000258332.1 and
LINCO00635 could be used to predict life expectancy for
HCC patients. These data demonstrated that serum exo-
somal ENSG00000258332.1 and LINC00635 might serve
as highly sensitive and non-invasive biomarkers for HCC.
The expression level of serum exosomal HOTTIP was sig-
nificantly higher in GC than in controls [26]. Notably, exo-
somal HOTTIP was superior to traditional tumor biomark-
ers including CEA, carbohydrate antigen 19-9 (CA 19-9)
and cancer antigen 72-4 (CA 72-4) in GC diagnosis. High
exosomal HOTTIP levels were associated with invasive
depth, TNM stage and poor OS of GC patients. Exosomal
HOTTIP might represent a novel useful biomarker for the
diagnosis and prognosis of GC.

Exosomal CRNDE-h was detectable and stable in the
serum of CRC patients as well as in CRC cells [121]. Exo-
somal CRNDE-h was upregulated in CRC patients compared
to patients with colorectal benign diseases or healthy volun-
teers. The expression level of exosomal CRNDE-h also sig-
nificantly correlated with tumor metastasis and low OS rates
in CRC. Exosomal CRNDE-h in serum could effectively
discriminate CRC patients from patients with colorectal
benign diseases or healthy controls. The diagnostic perfor-
mance of exosomal CRNDE-h was superior to the traditional
tumor marker CEA. In summary, the IncRNA CRNDE-h
might serve as a promising non-invasive serum-based bio-
marker for the diagnosis and prognosis of CRC. HOTAIR
was one of the most frequently reported IncRNAs engaged
in cancer progression. The expression of exosomal miR-21
and IncRNA HOTAIR was evidently higher in the serum of
patients with laryngeal squamous cell carcinoma (LSCC)
than those with vocal cord polyps [122]. The serum level of
exosomal miR-21 and HOTAIR was tightly correlated with
lymph node metastasis and clinical parameters of LSCC.
Combined detection of exosomal miR-21 and HOTAIR
might give better sensitivity and specificity in differentiat-
ing the patients with LSCC from patients with benign laryn-
geal diseases than either exosomal miR-21 or HOTAIR. The
combination of exosomal miR-21 and HOTAIR might be

useful as serum biomarkers for LSCC diagnosis and prog-
nosis. The IncRNA GASS5 (Inc-GASS) was downregulated
in the tissues, plasma and exosomes from CRC patients com-
pared with normal controls [123]. The ROC analysis showed
that exosomal Inc-GASS was effective in differentiating CRC
patients from healthy controls suggesting that exosomal Inc-
GASS5 might have diagnostic value in CRC. Exosomal Inc-
GASS expression was negatively correlated with tumor size,
TNM stage, lymph node metastasis and local recurrence,
and positively correlated with the 3-year OS rate in CRC
patients. Multivariate analysis revealed that exosomal Inc-
GASS expression served as an independent prognostic factor
for CRC. Furthermore, Inc-GASS overexpression led to the
inhibition of CRC cell proliferation, migration and invasion
by suppressing miR-221. These results provided evidence on
the role of Inc-GASS in the diagnosis and prognosis of CRC.

The diagnostic, prognostic and predictive values of exoso-
mal IncRNAs in cancer have been extensively investigated.
LncRNAs within exosomes are protected from RNases and
may efficiently function in recipient cells. The quantity of
exosomal IncRNAs is high in body fluids and could be easily
evaluated in clinical practice. In addition, many IncRNAs
exhibit tissue-specific expression pattern. Collectively, exo-
somal IncRNAs hold promise as a novel type of non-invasive
biomarkers for the diagnosis and management of cancers.
The potential of exosomal IncRNAs as cancer biomarkers
remains to be further validated in much larger population
of cancer patients.

Exosomal IncRNAs may represent potential
therapeutic targets for cancer

Considering the important clinical impact of exosomes in
cancer, the extracorporeal strategies for specifically tar-
geting exosomes may be promising therapeutic options
in the management of cancer. Notably, Aethlon Medical
devised a novel device approach involving extracorpor-
eal hemofiltration of exosomes from the entire circulatory
system using an affinity plasmapheresis platform known
as the Aethlon ADAPT™ (adaptive dialysis-like affinity
platform technology) system [124]. The ADAPT™ system
permits affinity agents (e.g, exosome-binding antibodies
and lectins) to be immobilized in the outer-capillary space
of plasma filtration membranes that integrate into exist-
ing dialysis machines. Accordingly, this device allows
rapid extracorporeal capture and selective absorption of
target factors such as exosomes from the entire circulatory
system. In contrast, the blood cells and non-bound com-
ponents could pass through the device. The efficacy and
safety of this strategy were supported by clinical experi-
ence in hepatitis C virus-infected patients using the first
ADAPT™ device, the Hemopuriﬁer®, to decrease the
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systemic load of virions having similar sizes and surface
topology as cancer exosomes [125]. The ADAPT™ system
might be tailored for different stages/types of cancer, since
it can incorporate diverse affinity agents for efficiently cap-
turing cancer exosomes. Although this device approach
requires that patients undergo the vascular surgical pro-
cedure, ADAPT™ therapies would overcome the risks of
drug interactions and toxicity posed by pharmacological
approaches. Therefore, this device strategy supplies an
approach for specifically targeting exosomes that should
be further evaluated for its utility as a therapeutic adjunct
to standard cancer treatments.

A number of IncRNAs are aberrantly expressed in can-
cers and are detectable in body fluids of cancer patients
[126, 127]. The expression of the dysregulated IncRNAs
is regarded as an indicator of the malignant degree of can-
cer [128]. Thus, IncRNAs are attractive therapeutic targets
for the treatment of cancer. Three possible strategies to
exploit exosomal IncRNAs as therapeutic targets have been
proposed. Firstly, as exosomes serve as natural IncRNA
carriers, they may be adapted to deliver tumor-suppressive
IncRNAs. It is necessary to elucidate the detailed mecha-
nism underlying the uptake of exosomes by cells. To suc-
cessfully achieve tumor-targeted delivery of IncRNAs by
exosomes, the tumor cell-specific receptor for exosomes
needs to be identified. Secondly, since some IncRNAs can
promote tumor development, interfering with exosomal
IncRNA-mediated intercellular communication pathway
may be another therapeutic strategy for cancer treatment.
Deepening understanding of the mechanism underlying
the sorting and loading of IncRNAs to exosomes and the
internalization of exosomes by tumor cells would be help-
ful for the development of this novel therapeutic method
that blocks the exosomal IncRNA-mediated signaling.
Further work is also needed to evaluate the clinical safety
of this therapeutic approach. Thirdly, apart from validat-
ing the importance of exosomal IncRNAs in cancer treat-
ment, exosomal IncRNAs can be employed to improve
the therapeutic efficacy of chemodrugs. Chemoresistance
remains to be a major challenge in cancer therapy and may
be improved by enhancing the response of tumor cells to
chemotherapeutic agents through modulation of the cel-
lular signaling that confers resistance. As exosomal IncR-
NAs can adjust tumor chemoresistance by altering cellular
signaling pathways, they could increase the chemothera-
peutic sensitivity of tumor cells and may even be used
for combination antitumor therapy with chemotherapeutic
drugs. The pathologic function and therapeutic potential
of several exosome-derived IncRNAs in cancer have been
evaluated in vitro and in vivo [61, 69, 129]. However,
there is still a long way to go before these therapeutic
approaches can be translated from bench to bedside.
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Concluding remarks

Exosomes were initially considered to be responsible
for cellular waste management [130, 131]. However,
this perception changed due to the discovery of RNAs
in exosomes [22]. Currently, exosomes are regarded as
important carriers of information flow. Exosomes exert
significant functions in cancer progression through the
transfer of these biological contents. The possibility of
using exosomes as nucleic acid or drug delivery systems
for cancer therapy has drawn increasing attention owing
to their stability, specificity and accessibility. Moreover,
exosomes are non-immunogenic and have minimal toxic
effects [132]. They are also able to cross the blood—brain
barrier and easily to be handled and modified [133]. There-
fore, exosomes containing therapeutic biologicals exhibit
great clinical translation potential for cancer therapy.

With advances in the understanding of ncRNA func-
tion, exosome-derived ncRNAs are in the focus of inten-
sive study. LncRNAs can bind to chromatin to promote
epigenetic regulation and act as miRNA sponges to alter
gene expression [134, 135]. LncRNAs also interact with
RNA-binding proteins (RBPs) to fine-tune multiple cel-
lular processes [136]. Increasing amounts of evidence
demonstrate that IncRNAs serve as crucial regulators
in the initiation and development of cancers. LncRNAs
exhibit large potential to be developed as novel biomarkers
and therapeutic targets for the prevention and treatment
of cancers. LncRNAs can be secreted into the circulation
through being assembled into exosomes. LncRNAs within
the exosomes are protected from ribonuclease-mediated
degradation and thus stably exist in body fluids. Notably,
exosomal IncRNAs are confirmed to perform multifaceted
functions in facilitating tumor development by controlling
tumor growth, invasion, angiogenesis, and chemoresist-
ance. Exosomal IncRNAs remodel the tumor microenvi-
ronment by serving as signaling molecules in cell-to-cell
communication. Exosomal IncRNAs may represent ideal
biomarkers for cancer diagnosis and therapy.

However, the study of exosomal IncRNAs is still in
its infancy. Further studies are required before adopting
exosomal IncRNAs into clinical practice. It is speculated
that RBPs and other associated RNAs might be crucial
for recognizing specific IncRNAs, protecting IncRNAs
from intracellular degradation, transporting IncRNAs
to exosomes or escorting IncRNAs within exosomes to
recipient cells. The exact mechanisms underlying the sort-
ing, uptake and functioning of exosomal IncRNAs are in
urgent need of more investigation. A better understand-
ing of the assortment and secretion of exosomal IncRNA
would provide the theoretical basis for developing diag-
nostic and therapeutic approaches for cancers. Intercellular
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communication mediated by exosomal IncRNAs would
also provide novel insights into the complex interaction
between tumor cells and host immune system, an unex-
plored area from this point of view. There are still some
limitations in the study of exosomes. For example, a stand-
ardized procedure for harvesting and isolating exosomes
has yet to be established. The present method for exosome
extraction is quite time-consuming and not appropriate for
routine diagnostics. Moreover, samples collected from the
plasma and/or serum may also contain exosomes released
by cells other than tumor cells [137]. Therefore, the puri-
fication of tumor-derived exosomes is an important issue
that needs to be tackled. Endogenous controls of IncRNAs
in body fluids and standard extraction methods should be
ascertained. It is also very critical to standardize the ana-
lytic procedure in order to achieve high reproducibility.
Accurate quantification of exosomal IncRNAs and their
clinical toxicity must be determined. So far, the biologi-
cal function of exosome-derived IncRNAs is not thor-
oughly reported. Thus, the effect of exosomal IncRNAs
on cellular processes and cancer biology deserves deep
explorations. One exosome-derived IncRNA may act as a
tumor-suppressive IncRNA, and exosomal delivery of this
IncRNA represents a promising therapeutic approach for
the treatment of cancer. However, if this IncRNA is also a
critical player in multiple physiological processes, deregu-
lation of this IncRNA may cause the breakdown of cellu-
lar homeostasis, thus eliciting severe side-effects. Further
studies should be targeted towards exploring the normal
physiological function of exosomal IncRNAs in vivo and
advancing our knowledge of the detailed mechanisms by
which they regulate cancer development. In-depth under-
standing of exosomal IncRNAs will not only shed light on
their functions in cancer pathogenesis but will open novel
avenues for cancer diagnosis and therapeutics. Effective
therapeutic strategies for cancer treatment using exosomes
as transport vesicles for targeted delivery of IncRNAs
would be expected in the future.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (81701991) and Applied Basic Research
Programs of Qingdao, China (17-1-1-59-jch).

Author contributions MW and KW conceived this article. MW wrote
the manuscript. LZ, FY and YZ helped to revise the manuscript. PL
and KW did the final editing.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Kalluri R (2016) The biology and function of exosomes in can-
cer. J Clin Invest 126(4):1208-1215. https://doi.org/10.1172/
JCI81135

2. Tomasetti M, Lee W, Santarelli L, Neuzil J (2017) Exosome-
derived microRNAs in cancer metabolism: possible impli-
cations in cancer diagnostics and therapy. Exp Mol Med
49(1):e285. https://doi.org/10.1038/emm.2016.153

3. Raposo G, Stoorvogel W (2013) Extracellular vesicles:
exosomes, microvesicles, and friends. J Cell Biol 200(4):373—
383. https://doi.org/10.1083/jcb.201211138

4. Chettimada S, Lorenz DR, Misra V, Dillon ST, Reeves RK,
Manickam C, Morgello S, Kirk GD, Mehta SH, Gabuzda D
(2018) Exosome markers associated with immune activation
and oxidative stress in HIV patients on antiretroviral therapy.
Sci Rep 8(1):7227. https://doi.org/10.1038/s41598-018-25515
-4

5. King HW, Michael MZ, Gleadle JM (2012) Hypoxic enhance-
ment of exosome release by breast cancer cells. BMC Cancer
12:421. https://doi.org/10.1186/1471-2407-12-421

6. Sun Z, Shi K, Yang S, Liu J, Zhou Q, Wang G, Song J, Li Z,
Zhang Z, Yuan W (2018) Effect of exosomal miRNA on cancer
biology and clinical applications. Mol Cancer 17(1):147. https
://doi.org/10.1186/512943-018-0897-7

7. Melo SA, Sugimoto H, O’Connell JT, Kato N, Villanueva A,
Vidal A, Qiu L, Vitkin E, Perelman LT, Melo CA, Lucci A,
Ivan C, Calin GA, Kalluri R (2014) Cancer exosomes perform
cell-independent microRNA biogenesis and promote tumori-
genesis. Cancer Cell 26(5):707-721. https://doi.org/10.1016/j.
ccell.2014.09.005

8. Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva
B, Moreno-Bueno G, Hergueta-Redondo M, Williams C,
Garcia-Santos G, Ghajar C, Nitadori-Hoshino A, Hoffman
C, Badal K, Garcia BA, Callahan MK, Yuan J, Martins VR,
Skog J, Kaplan RN, Brady MS, Wolchok JD, Chapman PB,
Kang Y, Bromberg J, Lyden D (2012) Melanoma exosomes
educate bone marrow progenitor cells toward a pro-metastatic
phenotype through MET. Nat Med 18(6):883-891. https://doi.
org/10.1038/nm.2753

9. QulJL, Qu XJ, Zhao MF, Teng YE, Zhang Y, Hou KZ, Jiang
YH, Yang XH, Liu YP (2009) Gastric cancer exosomes pro-
mote tumour cell proliferation through PI3K/Akt and MAPK/
ERK activation. Dig Liver Dis 41(12):875-880. https://doi.
org/10.1016/j.d1d.2009.04.006

10. Fu Q, Zhang Q, Lou Y, Yang J, Nie G, Chen Q, Chen Y, Zhang
J, Wang J, Wei T, Qin H, Dang X, Bai X, Liang T (2018) Pri-
mary tumor-derived exosomes facilitate metastasis by regulat-
ing adhesion of circulating tumor cells via SMAD3 in liver
cancer. Oncogene 37(47):6105-6118. https://doi.org/10.1038/
s41388-018-0391-0

11. Ludwig N, Yerneni SS, Razzo BM, Whiteside TL (2018)
Exosomes from HNSCC promote angiogenesis through repro-
gramming of endothelial cells. Mol Cancer Res 16(11):1798-
1808. https://doi.org/10.1158/1541-7786

12. Ogawa Y, Kanai-Azuma M, Akimoto Y, Kawakami H, Yanosh-
ita R (2008) Exosome-like vesicles with dipeptidyl peptidase
IV in human saliva. Biol Pharm Bull 31(6):1059-1062

13. Caby MP, Lankar D, Vincendeau-Scherrer C, Raposo G, Bon-
nerot C (2005) Exosomal-like vesicles are present in human
blood plasma. Int Immunol 17(7):879-887. https://doi.
org/10.1093/intimm/dxh267

14. Bryzgunova OE, Zaripov MM, Skvortsova TE, Lekchnov EA,
Grigor’eva AE, Zaporozhchenko IA, Morozkin ES, Ryabchik-
ova EI, Yurchenko YB, Voitsitskiy VE, Laktionov PP (2016)

@ Springer


https://doi.org/10.1172/JCI81135
https://doi.org/10.1172/JCI81135
https://doi.org/10.1038/emm.2016.153
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1038/s41598-018-25515-4
https://doi.org/10.1038/s41598-018-25515-4
https://doi.org/10.1186/1471-2407-12-421
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1186/s12943-018-0897-7
https://doi.org/10.1016/j.ccell.2014.09.005
https://doi.org/10.1016/j.ccell.2014.09.005
https://doi.org/10.1038/nm.2753
https://doi.org/10.1038/nm.2753
https://doi.org/10.1016/j.dld.2009.04.006
https://doi.org/10.1016/j.dld.2009.04.006
https://doi.org/10.1038/s41388-018-0391-0
https://doi.org/10.1038/s41388-018-0391-0
https://doi.org/10.1158/1541-7786
https://doi.org/10.1093/intimm/dxh267
https://doi.org/10.1093/intimm/dxh267

2072

M. Wang et al.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Comparative study of extracellular vesicles from the urine of
healthy individuals and prostate cancer patients. PLoS One
11(6):e0157566. https://doi.org/10.1371/journal.pone.01575
66

Gutschner T, Diederichs S (2012) The hallmarks of cancer: a
long non-coding RNA point of view. RNA Biol 9(6):703-719.
https://doi.org/10.4161/rna.20481

Rinn JL, Chang HY (2012) Genome regulation by long non-
coding RNAs. Annu Rev Biochem 81:145-166. https://doi.
org/10.1146/annurev-biochem-051410-092902

Feng S, Yao J, Chen Y, Geng P, Zhang H, Ma X, Zhao J, Yu X
(2015) Expression and functional role of reprogramming-related
long noncoding RNA (lincRNA-ROR) in Glioma. ] Mol Neuro-
sci 56(3):623-630. https://doi.org/10.1007/s12031-014-0488-z
Hu L, Wu Y, Tan D, Meng H, Wang K, Bai Y, Yang K (2015)
Up-regulation of long noncoding RNA MALAT] contributes to
proliferation and metastasis in esophageal squamous cell carci-
noma. J Exp Clin Cancer Res 34:7. https://doi.org/10.1186/s1304
6-015-0123-z

Jiang C, Yang Y, Guo L, Huang J, Liu X, Wu C, Zou J (2018)
Long noncoding RNA (IncRNA) HOTAIR affects tumo-
rigenesis and metastasis of non-small cell lung cancer by
upregulating miR-613. Oncol Res 26(5):725-734. https://doi.
org/10.3727/096504017X15119467381615

Gu L, Lu LS, Zhou DL, Liu ZC (2018) UCA1 promotes cell
proliferation and invasion of gastric cancer by targeting CREB1
sponging to miR-590-3p. Cancer Med 7(4):1253-1263. https://
doi.org/10.1002/cam4.1310

Kou N, Liu S, Li X, Li W, Zhong W, Gui L, Chai S, Ren X, Na
R, Zeng T, Liu H (2018) H19 facilitates tongue squamous cell
carcinoma migration and invasion via sponging miR-let-7. Oncol
Res. https://doi.org/10.3727/096504018x15202945197589
Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO
(2007) Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat Cell
Biol 9(6):654-659. https://doi.org/10.1038/ncb1596

Enderle D, Spiel A, Coticchia CM, Berghoff E, Mueller R,
Schlumpberger M, Sprenger-Haussels M, Shaffer JM, Lader
E, Skog J, Noerholm M (2015) Characterization of RNA from
exosomes and other extracellular vesicles isolated by a novel spin
column-based method. PLoS One 10(8):e0136133. https://doi.
org/10.1371/journal.pone.0136133

Laurent LC, Abdel-Mageed AB, Adelson PD, Arango J, Balaj
L, Breakefield X, Carlson E, Carter BS, Majem B, Chen CC,
Cocucci E, Danielson K, Courtright A, Das S, Abd Elmageed
7Y, Enderle D, Ezrin A, Ferrer M, Freedman J, Galas D, Gandhi
R, Huentelman MJ, Van Keuren-Jensen K, Kalani Y, Kim Y,
Krichevsky AM, Lai C, Lal-Nag M, Laurent CD, Leonardo T,
Li F, Malenica I, Mondal D, Nejad P, Patel T, Raffai RL, Rubio
R, Skog J, Spetzler R, Sun J, Tanriverdi K, Vickers K, Wang L,
Wang Y, Wei Z, Weiner HL, Wong D, Yan IK, Yeri A, Gould S
(2015) Meeting report: discussions and preliminary findings on
extracellular RNA measurement methods from laboratories in the
NIH Extracellular RNA Communication Consortium. J Extracell
Vesicles 4:26533. https://doi.org/10.3402/jev.v4.26533

Zhou R, Chen KK, Zhang J, Xiao B, Huang Z, Ju C, Sun J, Zhang
F, Lv XB, Huang G (2018) The decade of exosomal long RNA
species: an emerging cancer antagonist. Mol Cancer 17(1):75.
https://doi.org/10.1186/s12943-018-0823-z

Zhao R, Zhang Y, Zhang X, Yang Y, Zheng X, Li X, Liu Y
(2018) Exosomal long noncoding RNA HOTTIP as poten-
tial novel diagnostic and prognostic biomarker test for gastric
cancer. Mol Cancer 17(1):68. https://doi.org/10.1186/s1294
3-018-0817-x

Dong L, Lin W, Qi P, Xu MD, Wu X, Ni S, Huang D, Weng
WW, Tan C, Sheng W, Zhou X, Du X (2016) Circulating long

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

RNAs in serum extracellular vesicles: their characterization
and potential application as biomarkers for diagnosis of colo-
rectal cancer. Cancer Epidemiol Biomark Prev 25(7):1158—
1166. https://doi.org/10.1158/1055-9965.EPI-16-0006
Peinado H, Lavotshkin S, Lyden D (2011) The secreted factors
responsible for pre-metastatic niche formation: old sayings and
new thoughts. Semin Cancer Biol 21(2):139-146. https://doi.
org/10.1016/j.semcancer.2011.01.002

Ludwig AK, Giebel B (2012) Exosomes: small vesicles par-
ticipating in intercellular communication. Int J Biochem Cell
Biol 44(1):11-15. https://doi.org/10.1016/j.biocel.2011.10.005
Abak A, Abhari A, Rahimzadeh S (2018) Exosomes in cancer:
small vesicular transporters for cancer progression and metas-
tasis, biomarkers in cancer therapeutics. Peer J 6:e4763. https
://doi.org/10.7717/peerj.4763

Liu Y, Gu Y, Cao X (2015) The exosomes in tumor immu-
nity. Oncoimmunology 4(9):e1027472. https://doi.
org/10.1080/2162402X.2015.1027472

Corrado C, Raimondo S, Chiesi A, Ciccia F, De Leo G, Ales-
sandro R (2013) Exosomes as intercellular signaling orga-
nelles involved in health and disease: basic science and clini-
cal applications. Int J Mol Sci 14(3):5338-5366. https://doi.
org/10.3390/ijms 14035338

Rossi M, Battafarano G, D’Agostini M, Del Fattore A (2018)
The role of extracellular vesicles in bone metastasis. Int J Mol
Sci 19(4):1136. https://doi.org/10.3390/ijms 19041136

Thery C, Ostrowski M, Segura E (2009) Membrane vesicles as
conveyors of immune responses. Nat Rev Immunol 9(8):581—
593. https://doi.org/10.1038/nri2567

de Gassart A, Geminard C, Hoekstra D, Vidal M (2004)
Exosome secretion: the art of reutilizing nonrecycled
proteins? Traffic 5(11):896-903. https://doi.org/10.111
1/j.1600-0854.2004.00223.x

Kajimoto T, Okada T, Miya S, Zhang L, Nakamura S (2013)
Ongoing activation of sphingosine 1-phosphate receptors
mediates maturation of exosomal multivesicular endosomes.
Nat Commun 4:2712. https://doi.org/10.1038/ncomms3712
Guo BB, Bellingham SA, Hill AF (2015) The neutral sphin-
gomyelinase pathway regulates packaging of the prion protein
into exosomes. J Biol Chem 290(6):3455-3467. https://doi.
org/10.1074/jbc.M114.605253

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D,
Wieland F, Schwille P, Brugger B, Simons M (2008) Cera-
mide triggers budding of exosome vesicles into multivesicu-
lar endosomes. Science 319(5867):1244-1247. https://doi.
org/10.1126/science.1153124

Kharaziha P, Ceder S, Li Q, Panaretakis T (2012) Tumor
cell-derived exosomes: a message in a bottle. Biochim Bio-
phys Acta 1826(1):103—-111. https://doi.org/10.1016/j.bbcan
.2012.03.006

Hessvik NP, Llorente A (2018) Current knowledge on exosome
biogenesis and release. Cell Mol Life Sci 75(2):193-208. https
://doi.org/10.1007/s00018-017-2595-9

Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G,
Savina A, Moita CF, Schauer K, Hume AN, Freitas RP, Goud
B, Benaroch P, Hacohen N, Fukuda M, Desnos C, Seabra MC,
Darchen F, Amigorena S, Moita LF, Thery C (2010) Rab27a and
Rab27b control different steps of the exosome secretion pathway.
Nat Cell Biol 12(1):19-30. https://doi.org/10.1038/ncb2000
Sinha S, Hoshino D, Hong NH, Kirkbride KC, Grega-Larson
NE, Seiki M, Tyska MJ, Weaver AM (2016) Cortactin promotes
exosome secretion by controlling branched actin dynamics. J Cell
Biol 214(2):197-213. https://doi.org/10.1083/jcb.201601025
Zhang X, Yuan X, Shi H, Wu L, Qian H, Xu W (2015) Exosomes
in cancer: small particle, big player. ] Hematol Oncol 8:83. https
://doi.org/10.1186/s13045-015-0181-x


https://doi.org/10.1371/journal.pone.0157566
https://doi.org/10.1371/journal.pone.0157566
https://doi.org/10.4161/rna.20481
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.1146/annurev-biochem-051410-092902
https://doi.org/10.1007/s12031-014-0488-z
https://doi.org/10.1186/s13046-015-0123-z
https://doi.org/10.1186/s13046-015-0123-z
https://doi.org/10.3727/096504017X15119467381615
https://doi.org/10.3727/096504017X15119467381615
https://doi.org/10.1002/cam4.1310
https://doi.org/10.1002/cam4.1310
https://doi.org/10.3727/096504018x15202945197589
https://doi.org/10.1038/ncb1596
https://doi.org/10.1371/journal.pone.0136133
https://doi.org/10.1371/journal.pone.0136133
https://doi.org/10.3402/jev.v4.26533
https://doi.org/10.1186/s12943-018-0823-z
https://doi.org/10.1186/s12943-018-0817-x
https://doi.org/10.1186/s12943-018-0817-x
https://doi.org/10.1158/1055-9965.EPI-16-0006
https://doi.org/10.1016/j.semcancer.2011.01.002
https://doi.org/10.1016/j.semcancer.2011.01.002
https://doi.org/10.1016/j.biocel.2011.10.005
https://doi.org/10.7717/peerj.4763
https://doi.org/10.7717/peerj.4763
https://doi.org/10.1080/2162402X.2015.1027472
https://doi.org/10.1080/2162402X.2015.1027472
https://doi.org/10.3390/ijms14035338
https://doi.org/10.3390/ijms14035338
https://doi.org/10.3390/ijms19041136
https://doi.org/10.1038/nri2567
https://doi.org/10.1111/j.1600-0854.2004.00223.x
https://doi.org/10.1111/j.1600-0854.2004.00223.x
https://doi.org/10.1038/ncomms3712
https://doi.org/10.1074/jbc.M114.605253
https://doi.org/10.1074/jbc.M114.605253
https://doi.org/10.1126/science.1153124
https://doi.org/10.1126/science.1153124
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.1016/j.bbcan.2012.03.006
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1038/ncb2000
https://doi.org/10.1083/jcb.201601025
https://doi.org/10.1186/s13045-015-0181-x
https://doi.org/10.1186/s13045-015-0181-x

The functional roles of exosomal long non-coding RNAs in cancer

2073

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Sato-Kuwabara Y, Melo SA, Soares FA, Calin GA (2015) The
fusion of two worlds: non-coding RNAs and extracellular vesi-
cles—diagnostic and therapeutic implications (review). Int J
Oncol 46(1):17-27. https://doi.org/10.3892/ij0.2014.2712

van Niel G, D’Angelo G, Raposo G (2018) Shedding light on
the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol
19(4):213-228. https://doi.org/10.1038/nrm.2017.125
Mittelbrunn M, Gutierrez-Vazquez C, Villarroya-Beltri C, Gon-
zalez S, Sanchez-Cabo F, Gonzalez MA, Bernad A, Sanchez-
Madrid F (2011) Unidirectional transfer of microRNA-loaded
exosomes from T cells to antigen-presenting cells. Nat Commun
2:282. https://doi.org/10.1038/ncomms 1285

Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-
Esteves M, Curry WT Jr, Carter BS, Krichevsky AM, Breake-
field XO (2008) Glioblastoma microvesicles transport RNA
and proteins that promote tumour growth and provide diagnos-
tic biomarkers. Nat Cell Biol 10(12):1470-1476. https://doi.
org/10.1038/ncb1800

Taylor DD, Gercel-Taylor C (2008) MicroRNA signatures of
tumor-derived exosomes as diagnostic biomarkers of ovarian
cancer. Gynecol Oncol 110(1):13-21. https://doi.org/10.1016/j.
ygyno.2008.04.033

Ragusa M, Barbagallo C, Cirnigliaro M, Battaglia R, Brex D,
Caponnetto A, Barbagallo D, Di Pietro C, Purrello M (2017)
Asymmetric RNA distribution among cells and their secreted
exosomes: biomedical meaning and considerations on diagnos-
tic applications. Front Mol Biosci 4:66. https://doi.org/10.3389/
fmolb.2017.00066

Villarroya-Beltri C, Gutierrez-Vazquez C, Sanchez-Cabo F,
Perez-Hernandez D, Vazquez J, Martin-Cofreces N, Martinez-
Herrera DJ, Pascual-Montano A, Mittelbrunn M, Sanchez-
Madrid F (2013) Sumoylated hnRNPA2B1 controls the sorting
of miRNAs into exosomes through binding to specific motifs.
Nat Commun 4:2980. https://doi.org/10.1038/ncomms3980
Santangelo L, Giurato G, Cicchini C, Montaldo C, Mancone C,
Tarallo R, Battistelli C, Alonzi T, Weisz A, Tripodi M (2016)
The RNA-binding protein SYNCRIP is a component of the
hepatocyte exosomal machinery controlling microRNA sort-
ing. Cell Rep 17(3):799-808. https://doi.org/10.1016/j.celre
p.2016.09.031

Barbagallo C, Brex D, Caponnetto A, Cirnigliaro M, Scalia M,
Magnano A, Caltabiano R, Barbagallo D, Biondi A, Cappellani
A, Basile F, Di Pietro C, Purrello M, Ragusa M (2018) LncRNA
UCA1, upregulated in CRC biopsies and downregulated in
serum exosomes, controls mRNA expression by RNA-RNA
interactions. Mol Ther Nucleic Acids 12:229-241. https://doi.
org/10.1016/j.omtn.2018.05.009

Hong BS, Cho JH, Kim H, Choi EJ, Rho S, Kim J, Kim JH, Choi
DS, Kim YK, Hwang D, Gho YS (2009) Colorectal cancer cell-
derived microvesicles are enriched in cell cycle-related mRNAs
that promote proliferation of endothelial cells. BMC Genom
10:556. https://doi.org/10.1186/1471-2164-10-556

Gezer U, Ozgur E, Cetinkaya M, Isin M, Dalay N (2014)
Long non-coding RNAs with low expression levels in cells are
enriched in secreted exosomes. Cell Biol Int 38(9):1076-1079.
https://doi.org/10.1002/cbin. 10301

Kogure T, Yan IK, Lin WL, Patel T (2013) Extracellular vesi-
cle-mediated transfer of a novel long noncoding RNA TUC339:
a mechanism of intercellular signaling in human hepato-
cellular cancer. Genes Cancer 4(7-8):261-272. https://doi.
org/10.1177/1947601913499020

Chen LL (2016) Linking long noncoding RNA localization
and function. Trends Biochem Sci 41(9):761-772. https://doi.
org/10.1016/j.tibs.2016.07.003

Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner
H, Guernec G, Martin D, Merkel A, Knowles DG, Lagarde

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

J, Veeravalli L, Ruan X, Ruan Y, Lassmann T, Carninci P,
Brown JB, Lipovich L, Gonzalez JM, Thomas M, Davis CA,
Shiekhattar R, Gingeras TR, Hubbard TJ, Notredame C, Har-
row J, Guigo R (2012) The GENCODE v7 catalog of human
long noncoding RNAs: analysis of their gene structure, evolu-
tion, and expression. Genome Res 22(9):1775-1789. https://
doi.org/10.1101/gr.132159.111

Wang KC, Chang HY (2011) Molecular mechanisms of
long noncoding RNAs. Mol Cell 43(6):904-914. https://doi.
org/10.1016/j.molcel.2011.08.018

Balas MM, Johnson AM (2018) Exploring the mechanisms
behind long noncoding RNAs and cancer. Noncoding RNA Res
3(3):108-117. https://doi.org/10.1016/j.ncrna.2018.03.001
Zheng R, Du M, Wang X, Xu W, Liang J, Wang W, Lv Q, Qin
C, Chu H, Wang M, Yuan L, Qian J, Zhang Z (2018) Exo-
some-transmitted long non-coding RNA PTENPI suppresses
bladder cancer progression. Mol Cancer 17(1):143. https://doi.
org/10.1186/s12943-018-0880-3

Wang J, Yang X, Li R, Wang L, Gu Y, Zhao Y, Huang KH,
Cheng T, Yuan Y, Gao S (2018) Long non-coding RNA MYU
promotes prostate cancer proliferation by mediating the miR-
184/c-Myc axis. Oncol Rep 40(5):2814-2825. https://doi.
org/10.3892/0r.2018.6661

Yang X, Wang L, Li R, Zhao Y, Gu Y, Liu S, Cheng T, Huang
K, Yuan Y, Song D, Gao S (2018) The long non-coding RNA
PCSEAT exhibits an oncogenic property in prostate cancer and
functions as a competing endogenous RNA that associates with
EZH2. Biochem Biophys Res Commun 502(2):262-268. https
://doi.org/10.1016/j.bbrc.2018.05.157

Varambally S, Dhanasekaran SM, Zhou M, Barrette TR,
Kumar-Sinha C, Sanda MG, Ghosh D, Pienta KJ, Sewalt RG,
Otte AP, Rubin MA, Chinnaiyan AM (2002) The polycomb
group protein EZH2 is involved in progression of prostate can-
cer. Nature 419(6907):624-629. https://doi.org/10.1038/natur
e01075

Li S, Wang Q, Qiang Q, Shan H, Shi M, Chen B, Zhao S,
Yuan L (2015) Spl-mediated transcriptional regulation of
MALATT1 plays a critical role in tumor. J Cancer Res Clin Oncol
141(11):1909-1920. https://doi.org/10.1007/s00432-015-1951-0
Gutschner T, Hammerle M, Diederichs S (2013) MALAT1—a
paradigm for long noncoding RNA function in cancer. J Mol
Med (Berl) 91(7):791-801. https://doi.org/10.1007/s0010
9-013-1028-y

Tano K, Mizuno R, Okada T, Rakwal R, Shibato J, Masuo Y,
Tjiri K, Akimitsu N (2010) MALAT-1 enhances cell motility
of lung adenocarcinoma cells by influencing the expression of
motility-related genes. FEBS Lett 584(22):4575-4580. https://
doi.org/10.1016/j.febslet.2010.10.008

Zhang R, Xia Y, Wang Z, Zheng J, Chen Y, Li X, Wang Y,
Ming H (2017) Serum long non coding RNA MALAT-1 pro-
tected by exosomes is up-regulated and promotes cell prolif-
eration and migration in non-small cell lung cancer. Biochem
Biophys Res Commun 490(2):406—414. https://doi.org/10.1016/].
bbrc.2017.06.055

Zhang P, Zhou H, Lu K, Lu Y, Wang Y, Feng T (2018) Exo-
some-mediated delivery of MALAT]1 induces cell proliferation
in breast cancer. Onco Targets Ther 11:291-299. https://doi.
org/10.2147/0TT.S155134

Xue M, Chen W, Xiang A, Wang R, Chen H, Pan J, Pang H, An
H, Wang X, Hou H, Li X (2017) Hypoxic exosomes facilitate
bladder tumor growth and development through transferring
long non-coding RNA-UCA1. Mol Cancer 16(1):143. https://
doi.org/10.1186/s12943-017-0714-8

Jiang JH, Liu C, Cheng H, Lu Y, Qin Y, Xu YF, Xu J, Long
J, Liu L, Ni QX (1855) Yu XJ (2015) Epithelial-mesenchymal
transition in pancreatic cancer: is it a clinically significant factor?

@ Springer


https://doi.org/10.3892/ijo.2014.2712
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1038/ncomms1285
https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/ncb1800
https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.3389/fmolb.2017.00066
https://doi.org/10.3389/fmolb.2017.00066
https://doi.org/10.1038/ncomms3980
https://doi.org/10.1016/j.celrep.2016.09.031
https://doi.org/10.1016/j.celrep.2016.09.031
https://doi.org/10.1016/j.omtn.2018.05.009
https://doi.org/10.1016/j.omtn.2018.05.009
https://doi.org/10.1186/1471-2164-10-556
https://doi.org/10.1002/cbin.10301
https://doi.org/10.1177/1947601913499020
https://doi.org/10.1177/1947601913499020
https://doi.org/10.1016/j.tibs.2016.07.003
https://doi.org/10.1016/j.tibs.2016.07.003
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1016/j.ncrna.2018.03.001
https://doi.org/10.1186/s12943-018-0880-3
https://doi.org/10.1186/s12943-018-0880-3
https://doi.org/10.3892/or.2018.6661
https://doi.org/10.3892/or.2018.6661
https://doi.org/10.1016/j.bbrc.2018.05.157
https://doi.org/10.1016/j.bbrc.2018.05.157
https://doi.org/10.1038/nature01075
https://doi.org/10.1038/nature01075
https://doi.org/10.1007/s00432-015-1951-0
https://doi.org/10.1007/s00109-013-1028-y
https://doi.org/10.1007/s00109-013-1028-y
https://doi.org/10.1016/j.febslet.2010.10.008
https://doi.org/10.1016/j.febslet.2010.10.008
https://doi.org/10.1016/j.bbrc.2017.06.055
https://doi.org/10.1016/j.bbrc.2017.06.055
https://doi.org/10.2147/OTT.S155134
https://doi.org/10.2147/OTT.S155134
https://doi.org/10.1186/s12943-017-0714-8
https://doi.org/10.1186/s12943-017-0714-8

2074

M. Wang et al.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

Biochim Biophys Acta 1:43—49. https://doi.org/10.1016/j.bbcan
.2014.11.004

Soundararajan R, Paranjape AN, Maity S, Aparicio A, Mani
SA (2018) EMT, stemness and tumor plasticity in aggressive
variant neuroendocrine prostate cancers. Biochim Biophys Acta
1870(2):229-238. https://doi.org/10.1016/j.bbcan.2018.06.006
Pan L, Liang W, Fu M, Huang ZH, Li X, Zhang W, Zhang P,
Qian H, Jiang PC, Xu WR, Zhang X (2017) Exosomes-mediated
transfer of long noncoding RNA ZFAS1 promotes gastric cancer
progression. J Cancer Res Clin Oncol 143(6):991-1004. https://
doi.org/10.1007/s00432-017-2361-2

Wang X, Li H, Lu X, Wen C, Huo Z, Shi M, Tang X, Chen H,
Peng C, Fang Y, Deng X, Shen B (2018) Melittin-induced long
non-coding RNA NONHSAT105177 inhibits proliferation and
migration of pancreatic ductal adenocarcinoma. Cell Death Dis
9(10):940. https://doi.org/10.1038/s41419-018-0965-3

LiZ, Jiang P, LiJ, Peng M, Zhao X, Zhang X, Chen K, Zhang Y,
Liu H, Gan L, Bi H, Zhen P, Zhu J, Li X (2018) Tumor-derived
exosomal Inc-Sox2ot promotes EMT and stemness by acting
as a ceRNA in pancreatic ductal adenocarcinoma. Oncogene
37(28):3822-3838. https://doi.org/10.1038/s41388-018-0237-9
Hardin H, Helein H, Meyer K, Robertson S, Zhang R, Zhong W,
Lloyd RV (2018) Thyroid cancer stem-like cell exosomes: regu-
lation of EMT via transfer of IncRNAs. Lab Invest 98(9):1133—
1142. https://doi.org/10.1038/s41374-018-0065-0

Li B, Mao R, Liu C, Zhang W, Tang Y, Guo Z (2018) LncRNA
FAL1 promotes cell proliferation and migration by acting as a
CeRNA of miR-1236 in hepatocellular carcinoma cells. Life Sci
197:122-129. https://doi.org/10.1016/j.1fs.2018.02.006

Wu DM, Deng SH, Liu T, Han R, Zhang T, Xu Y (2018)
TGF-beta-mediated exosomal Inc-MMP2-2 regulates migration
and invasion of lung cancer cells to the vasculature by promoting
MMP2 expression. Cancer Med 7(10):5118-5129. https://doi.
org/10.1002/cam4.1758

Takahashi K, Ota Y, Suzuki Y, Iwamoto H, Yamakita K, Kitano
Y, Sudo R, Tamaki Y, Okada M, Aso K, Makino Y, Haneda M
(2015) Sa1818 extracellular vesicle-encapsulated long non-cod-
ing RNA HULC modulates epithelial-mesenchymal transition
in human pancreatic cancer. Gastroenterology 148:S340-S341
Gao T, Liu X, He B, Nie Z, Zhu C, Zhang P, Wang S (2018)
Exosomal IncRNA 91H is associated with poor development in
colorectal cancer by modifying HNRNPK expression. Cancer
Cell Int 18:11. https://doi.org/10.1186/s12935-018-0506-2
Klimek-Tomczak K, Mikula M, Dzwonek A, Paziewska A, Karc-
zmarski J, Hennig E, Bujnicki JM, Bragoszewski P, Denisenko
0O, Bomsztyk K, Ostrowski J (2006) Editing of hnRNP K protein
mRNA in colorectal adenocarcinoma and surrounding mucosa.
BrJ Cancer 94(4):586-592. https://doi.org/10.1038/sj.bjc.66029
38

Roychoudhury P, Chaudhuri K (2007) Evidence for heterogene-
ous nuclear ribonucleoprotein K overexpression in oral squa-
mous cell carcinoma. Br J Cancer 97(4):574-575. https://doi.
org/10.1038/sj.bjc.6603911

Inoue A, Sawata SY, Taira K, Wadhwa R (2007) Loss-of-function
screening by randomized intracellular antibodies: identifica-
tion of hnRNP-K as a potential target for metastasis. Proc Natl
Acad Sci USA 104(21):8983-8988. https://doi.org/10.1073/
pnas.0607595104

Ding L, Ren J, Zhang D, Li Y, Huang X, Hu Q, Wang H, Song
Y, Ni Y, Hou Y (2018) A novel stromal IncRNA signature repro-
grams fibroblasts to promote the growth of oral squamous cell
carcinoma via LncRNA-CAF/interleukin-33. Carcinogenesis
39(3):397-406. https://doi.org/10.1093/carcin/bgy006

Herrera M, Llorens C, Rodriguez M, Herrera A, Ramos R, Gil
B, Candia A, Larriba MJ, Garre P, Earl J, Rodriguez-Garrote
M, Caldes T, Bonilla F, Carrato A, Garcia-Barberan V, Pena C

@ Springer

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

(2018) Differential distribution and enrichment of non-coding
RNAs in exosomes from normal and cancer-associated fibro-
blasts in colorectal cancer. Mol Cancer 17(1):114. https://doi.
org/10.1186/s12943-018-0863-4

Ren J, Ding L, Zhang D, Shi G, Xu Q, Shen S, Wang Y, Wang
T, Hou Y (2018) Carcinoma-associated fibroblasts promote the
stemness and chemoresistance of colorectal cancer by transfer-
ring exosomal IncRNA H19. Theranostics 8(14):3932-3948.
https://doi.org/10.7150/thno.25541

Liu C, Liu R, Zhang D, Deng Q, Liu B, Chao HP, Rycaj K,
Takata Y, Lin K, Lu Y, Zhong Y, Krolewski J, Shen J, Tang DG
(2017) MicroRNA-141 suppresses prostate cancer stem cells
and metastasis by targeting a cohort of pro-metastasis genes.
Nat Commun 8:14270. https://doi.org/10.1038/ncomms 14270
Zhu W, Xu W, Jiang R, Qian H, Chen M, Hu J, Cao W, Han
C, Chen Y (2006) Mesenchymal stem cells derived from bone
marrow favor tumor cell growth in vivo. Exp Mol Pathol
80(3):267-274. https://doi.org/10.1016/j.yexmp.2005.07.004
Karnoub AE, Dash AB, Vo AP, Sullivan A, Brooks MW, Bell
GW, Richardson AL, Polyak K, Tubo R, Weinberg RA (2007)
Mesenchymal stem cells within tumour stroma promote breast
cancer metastasis. Nature 449(7162):557-563. https://doi.
org/10.1038/nature06188

Wang S, Li X, Zhu R, Han Q, Zhao RC (2016) Lung cancer
exosomes initiate global long non-coding RNA changes in
mesenchymal stem cells. Int J Oncol 48(2):681-689. https://
doi.org/10.3892/ij0.2015.3272

Giuliani N, Rizzoli V, Roodman GD (2006) Multiple myeloma
bone disease: pathophysiology of osteoblast inhibition. Blood
108(13):3992-3996. https://doi.org/10.1182/blood-2006-05-
026112

Raje N, Roodman GD (2011) Advances in the biology and
treatment of bone disease in multiple myeloma. Clin Cancer
Res 17(6):1278-1286. https://doi.org/10.1158/1078-0432.
CCR-10-1804

Li B, Xu H, Han H, Song S, Zhang X, Ouyang L, Qian C,
Hong Y, Qiu Y, Zhou W, Huang M, Zhuang W (2018) Exo-
some-mediated transfer of IncRUNX2-AS1 from multiple
myeloma cells to MSCs contributes to osteogenesis. Oncogene
37(41):5508-5519. https://doi.org/10.1038/s41388-018-0359-0
Stechschulte LA, Ge C, Hinds TD Jr, Sanchez ER, Franceschi
RT, Lecka-Czernik B (2016) Protein phosphatase PP5 controls
bone mass and the negative effects of rosiglitazone on bone
through reciprocal regulation of PPARgamma (peroxisome
proliferator-activated receptor gamma) and RUNX2 (runt-
related transcription factor 2). J Biol Chem 291(47):24475—
24486. https://doi.org/10.1074/jbc.M116.752493

Wu Q, Wu X, Ying X, Zhu Q, Wang X, Jiang L, Chen X,
Wu Y (2017) Suppression of endothelial cell migration by
tumor associated macrophage-derived exosomes is reversed
by epithelial ovarian cancer exosomal IncRNA. Cancer Cell
Int 17:62. https://doi.org/10.1186/s12935-017-0430-x

Li X, Lei Y, Wu M, Li N (2018) Regulation of macrophage
activation and polarization by HCC-derived exosomal IncRNA
TUC339. Int J Mol Sci 19(10):2958. https://doi.org/10.3390/
ijms19102958

Hede K (2004) Environmental protection: studies highlight
importance of tumor microenvironment. J Natl Cancer Inst
96(15):1120-1121. https://doi.org/10.1093/jnci/96.15.1120
Hu C, Chen M, Jiang R, Guo Y, Wu M, Zhang X (2018) Exo-
some-related tumor microenvironment. J Cancer 9(17):3084—
3092. https://doi.org/10.7150/jca.26422

Lang HL, Hu GW, Zhang B, Kuang W, Chen Y, Wu L, Xu GH
(2017) Glioma cells enhance angiogenesis and inhibit endothe-
lial cell apoptosis through the release of exosomes that contain


https://doi.org/10.1016/j.bbcan.2014.11.004
https://doi.org/10.1016/j.bbcan.2014.11.004
https://doi.org/10.1016/j.bbcan.2018.06.006
https://doi.org/10.1007/s00432-017-2361-2
https://doi.org/10.1007/s00432-017-2361-2
https://doi.org/10.1038/s41419-018-0965-3
https://doi.org/10.1038/s41388-018-0237-9
https://doi.org/10.1038/s41374-018-0065-0
https://doi.org/10.1016/j.lfs.2018.02.006
https://doi.org/10.1002/cam4.1758
https://doi.org/10.1002/cam4.1758
https://doi.org/10.1186/s12935-018-0506-2
https://doi.org/10.1038/sj.bjc.6602938
https://doi.org/10.1038/sj.bjc.6602938
https://doi.org/10.1038/sj.bjc.6603911
https://doi.org/10.1038/sj.bjc.6603911
https://doi.org/10.1073/pnas.0607595104
https://doi.org/10.1073/pnas.0607595104
https://doi.org/10.1093/carcin/bgy006
https://doi.org/10.1186/s12943-018-0863-4
https://doi.org/10.1186/s12943-018-0863-4
https://doi.org/10.7150/thno.25541
https://doi.org/10.1038/ncomms14270
https://doi.org/10.1016/j.yexmp.2005.07.004
https://doi.org/10.1038/nature06188
https://doi.org/10.1038/nature06188
https://doi.org/10.3892/ijo.2015.3272
https://doi.org/10.3892/ijo.2015.3272
https://doi.org/10.1182/blood-2006-05-026112
https://doi.org/10.1182/blood-2006-05-026112
https://doi.org/10.1158/1078-0432.CCR-10-1804
https://doi.org/10.1158/1078-0432.CCR-10-1804
https://doi.org/10.1038/s41388-018-0359-0
https://doi.org/10.1074/jbc.M116.752493
https://doi.org/10.1186/s12935-017-0430-x
https://doi.org/10.3390/ijms19102958
https://doi.org/10.3390/ijms19102958
https://doi.org/10.1093/jnci/96.15.1120
https://doi.org/10.7150/jca.26422

The functional roles of exosomal long non-coding RNAs in cancer

2075

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

long non-coding RNA CCAT2. Oncol Rep 38(2):785-798.
https://doi.org/10.3892/0r.2017.5742

Lang HL, Hu GW, Chen Y, Liu Y, Tu W, Lu YM, Wu L, Xu GH
(2017) Glioma cells promote angiogenesis through the release
of exosomes containing long non-coding RNA POU3F3. Eur
Rev Med Pharmacol Sci 21(5):959-972

Sukowati CH, Anfuso B, Torre G, Francalanci P, Croce LS,
Tiribelli C (2013) The expression of CD90/Thy-1 in hepato-
cellular carcinoma: an in vivo and in vitro study. PLoS One
8(10):e76830. https://doi.org/10.1371/journal.pone.0076830
Conigliaro A, Costa V, Lo Dico A, Saieva L, Buccheri S, Dieli
F, Manno M, Raccosta S, Mancone C, Tripodi M, De Leo
G, Alessandro R (2015) CD90+ liver cancer cells modulate
endothelial cell phenotype through the release of exosomes
containing H19 IncRNA. Mol Cancer 14(1):155. https://doi.
org/10.1186/s12943-015-0426-x

Sun Z, Yang S, Zhou Q, Wang G, Song J, Li Z, Zhang Z, Xu
J, Xia K, Chang Y, Liu J, Yuan W (2018) Emerging role of
exosome-derived long non-coding RNAs in tumor microenvi-
ronment. Mol Cancer 17(1):82. https://doi.org/10.1186/s1294
3-018-0831-z

Xu CG, Yang MF, Ren YQ, Wu CH, Wang LQ (2016)
Exosomes mediated transfer of IncRNA UCAT1 results in
increased tamoxifen resistance in breast cancer cells. Eur Rev
Med Pharmacol Sci 20(20):4362-4368

Dong H, Wang W, Chen R, Zhang Y, Zou K, Ye M, He X,
Zhang F, Han J (2018) Exosome-mediated transfer of IncR-
NASNHG14 promotes trastuzumab chemoresistance in breast
cancer. Int J Oncol 53(3):1013-1026. https://doi.org/10.3892/
ij0.2018.4467

Zhang W, Cai X, YuJ, Lu X, Qian Q, Qian W (2018) Exosome-
mediated transfer of IncRNA RP11838N2.4 promotes erlotinib
resistance in non-small cell lung cancer. Int J Oncol 53(2):527-
538. https://doi.org/10.3892/ij0.2018.4412

Schmidt M, Fernandez de Mattos S, van der Horst A, Klomp-
maker R, Kops GJ, Lam EW, Burgering BM, Medema RH
(2002) Cell cycle inhibition by FoxO forkhead transcription
factors involves downregulation of cyclin D. Mol Cell Biol
22(22):7842-7852

Kang M, Ren M, Li Y, Fu Y, Deng M, Li C (2018) Exosome-
mediated transfer of IncRNA PART1 induces gefitinib resistance
in esophageal squamous cell carcinoma via functioning as a com-
peting endogenous RNA. J Exp Clin Cancer Res 37(1):171. https
://doi.org/10.1186/s13046-018-0845-9

Qu L, Ding J, Chen C, Wu ZJ, Liu B, Gao Y, Chen W, Liu F,
Sun W, Li XF, Wang X, Wang Y, Xu ZY, Gao L, Yang Q, Xu B,
Li YM, Fang ZY, Xu ZP, Bao Y, Wu DS, Miao X, Sun HY, Sun
YH, Wang HY, Wang LH (2016) Exosome-transmitted IncARSR
promotes sunitinib resistance in renal cancer by acting as a com-
peting endogenous RNA. Cancer Cell 29(5):653-668. https://doi.
org/10.1016/j.ccell.2016.03.004

Takahashi K, Yan IK, Wood J, Haga H, Patel T (2014) Involve-
ment of extracellular vesicle long noncoding RNA (linc-
VLDLR) in tumor cell responses to chemotherapy. Mol Cancer
Res 12(10):1377-1387. https://doi.org/10.1158/1541-7786.
MCR-13-0636

Takahashi K, Yan IK, Kogure T, Haga H, Patel T (2014) Extra-
cellular vesicle-mediated transfer of long non-coding RNA
ROR modulates chemosensitivity in human hepatocellular can-
cer. FEBS Open Bio 4(1):458-467. https://doi.org/10.1016/].
fob.2014.04.007

Von Hoff DD, Ervin T, Arena FP, Chiorean EG, Infante J,
Moore M, Seay T, Tjulandin SA, Ma WW, Saleh MN, Harris
M, Reni M, Dowden S, Laheru D, Bahary N, Ramanathan RK,
Tabernero J, Hidalgo M, Goldstein D, Van Cutsem E, Wei X,
Iglesias J, Renschler MF (2013) Increased survival in pancreatic

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

cancer with nab-paclitaxel plus gemcitabine. N Engl J] Med
369(18):1691-1703. https://doi.org/10.1056/NEJMoal304369
Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F,
Rouas G, Francis P, Crown JP, Hitre E, de Azambuja E, Quinaux
E, Di Leo A, Michiels S, Piccart MJ, Sotiriou C (2013) Prognos-
tic and predictive value of tumor-infiltrating lymphocytes in a
phase III randomized adjuvant breast cancer trial in node-positive
breast cancer comparing the addition of docetaxel to doxorubicin
with doxorubicin-based chemotherapy: BIG 02-98. J Clin Oncol
31(7):860-867. https://doi.org/10.1200/JC0O.2011.41.0902
Senthebane DA, Rowe A, Thomford NE, Shipanga H, Munro D,
Mazeedi M, Almazyadi HAM, Kallmeyer K, Dandara C, Pepper
MS, Parker MI, Dzobo K (2017) The role of tumor microenviron-
ment in chemoresistance: to survive, keep your enemies closer.
Int J Mol Sci 18(7):1586. https://doi.org/10.3390/ijms 18071586
Lee YR, Kim G, Tak WY, Jang SY, Kweon YO, Park JG, Lee
HW, Han YS, Chun JM, Park SY, Hur K (2018) Circulating
exosomal non-coding RNAs as prognostic biomarkers in human
hepatocellular carcinoma. Int J Cancer 68:S669-S670. https://
doi.org/10.1002/ijc.31931

Wang YH, Ji J, Wang BC, Chen H, Yang ZH, Wang K, Luo CL,
Zhang WW, Wang FB, Zhang XL (2018) Tumor-derived exoso-
mal long noncoding RNAs as promising diagnostic biomarkers
for prostate cancer. Cell Physiol Biochem 46(2):532-545. https
://doi.org/10.1159/000488620

Isin M, Uysaler E, Ozgur E, Koseoglu H, Sanli O, Yucel OB,
Gezer U, Dalay N (2015) Exosomal IncRNA-p21 levels may help
to distinguish prostate cancer from benign disease. Front Genet
6:168. https://doi.org/10.3389/fgene.2015.00168

Zhan Y, Du L, Wang L, Jiang X, Zhang S, LiJ, Yan K, Duan
W, Zhao Y, Wang Y, Wang C (2018) Expression signatures of
exosomal long non-coding RNAs in urine serve as novel non-
invasive biomarkers for diagnosis and recurrence prediction of
bladder cancer. Mol Cancer 17(1):142. https://doi.org/10.1186/
$12943-018-0893-y

SunL, SuY, Liu X, XuM, Chen X, Zhu Y, Guo Z, Bai T, Dong
L, Wei C, Cai X, He B, Pan Y, Sun H, Wang S (2018) Serum
and exosome long non coding RNAs as potential biomarkers for
hepatocellular carcinoma. J Cancer 9(15):2631-2639. https://doi.
org/10.7150/jca.24978

Lin LY, Yang L, Zeng Q, Wang L, Chen ML, Zhao ZH, Ye
GD, Luo QC, Lv PY, Guo QW, Li BA, Cai JC, Cai WY (2018)
Tumor-originated exosomal IncUEGC1 as a circulating bio-
marker for early-stage gastric cancer. Mol Cancer 17(1):84. https
://doi.org/10.1186/512943-018-0834-9

Xu H, Chen Y, Dong X, Wang X (2018) Serum exosomal
long noncoding RNAs ENSG00000258332.1 and LINC00635
for the diagnosis and prognosis of hepatocellular carcinoma.
Cancer Epidemiol Biomark Prev 27(6):710-716. https://doi.
org/10.1158/1055-9965.epi-17-0770

Liu T, Zhang X, Gao S, Jing F, Yang Y, Du L, Zheng G, Li P, Li
C, Wang C (2016) Exosomal long noncoding RNA CRNDE-h
as a novel serum-based biomarker for diagnosis and prognosis
of colorectal cancer. Oncotarget 7(51):85551-85563. https://doi.
org/10.18632/oncotarget.13465

Wang J, Zhou Y, Lu J, Sun Y, Xiao H, Liu M, Tian L (2014)
Combined detection of serum exosomal miR-21 and HOTAIR
as diagnostic and prognostic biomarkers for laryngeal squamous
cell carcinoma. Med Oncol 31(9):148. https://doi.org/10.1007/
$12032-014-0148-8

Liu L, Meng T, Yang XH, Sayim P, Lei C, Jin B, Ge L, Wang HJ
(2018) Prognostic and predictive value of long non-coding RNA
GASS5 and mircoRNA-221 in colorectal cancer and their effects
on colorectal cancer cell proliferation, migration and invasion.
Cancer Biomark 22(2):283-299. https://doi.org/10.3233/CBM-
171011

@ Springer


https://doi.org/10.3892/or.2017.5742
https://doi.org/10.1371/journal.pone.0076830
https://doi.org/10.1186/s12943-015-0426-x
https://doi.org/10.1186/s12943-015-0426-x
https://doi.org/10.1186/s12943-018-0831-z
https://doi.org/10.1186/s12943-018-0831-z
https://doi.org/10.3892/ijo.2018.4467
https://doi.org/10.3892/ijo.2018.4467
https://doi.org/10.3892/ijo.2018.4412
https://doi.org/10.1186/s13046-018-0845-9
https://doi.org/10.1186/s13046-018-0845-9
https://doi.org/10.1016/j.ccell.2016.03.004
https://doi.org/10.1016/j.ccell.2016.03.004
https://doi.org/10.1158/1541-7786.MCR-13-0636
https://doi.org/10.1158/1541-7786.MCR-13-0636
https://doi.org/10.1016/j.fob.2014.04.007
https://doi.org/10.1016/j.fob.2014.04.007
https://doi.org/10.1056/NEJMoa1304369
https://doi.org/10.1200/JCO.2011.41.0902
https://doi.org/10.3390/ijms18071586
https://doi.org/10.1002/ijc.31931
https://doi.org/10.1002/ijc.31931
https://doi.org/10.1159/000488620
https://doi.org/10.1159/000488620
https://doi.org/10.3389/fgene.2015.00168
https://doi.org/10.1186/s12943-018-0893-y
https://doi.org/10.1186/s12943-018-0893-y
https://doi.org/10.7150/jca.24978
https://doi.org/10.7150/jca.24978
https://doi.org/10.1186/s12943-018-0834-9
https://doi.org/10.1186/s12943-018-0834-9
https://doi.org/10.1158/1055-9965.epi-17-0770
https://doi.org/10.1158/1055-9965.epi-17-0770
https://doi.org/10.18632/oncotarget.13465
https://doi.org/10.18632/oncotarget.13465
https://doi.org/10.1007/s12032-014-0148-8
https://doi.org/10.1007/s12032-014-0148-8
https://doi.org/10.3233/CBM-171011
https://doi.org/10.3233/CBM-171011

2076

M. Wang et al.

124.

125.

126.

127.

128.

129.

130.

131.

Marleau AM, Chen CS, Joyce JA, Tullis RH (2012) Exosome
removal as a therapeutic adjuvant in cancer. J Transl Med
10(1):134. https://doi.org/10.1186/1479-5876-10-134

Tullis RH, Duffin RP, Handley HH, Sodhi P, Menon J, Joyce JA,
Kher V (2009) Reduction of hepatitis C virus using lectin affin-
ity plasmapheresis in dialysis patients. Blood Purif 27(1):64—69.
https://doi.org/10.1159/000167011

Shi T, Gao G, Cao Y (2016) Long noncoding RNAs as novel
biomarkers have a promising future in cancer diagnostics. Dis
Mark 2016:9085195. https://doi.org/10.1155/2016/9085195
Toiyama Y, Okugawa Y, Goel A (2014) DNA methylation and
microRNA biomarkers for noninvasive detection of gastric and
colorectal cancer. Biochem Biophys Res Commun 455(1-2):43—
57. https://doi.org/10.1016/j.bbrc.2014.08.001

Bhan A, Soleimani M, Mandal SS (2017) Long noncoding RNA
and cancer: a new paradigm. Cancer Res 77(15):3965-3981.
https://doi.org/10.1158/0008-5472.CAN-16-2634

Alzahrani FA, El-Magd MA, Abdelfattah-Hassan A, Saleh AA,
Saadeldin IM, El-Shetry ES, Badawy AA, Alkarim S (2018)
Potential effect of exosomes derived from cancer stem cells and
MSCs on progression of DEN-induced HCC in rats. Stem Cells
Int 2018:8058979. https://doi.org/10.1155/2018/8058979

Pan BT, Teng K, Wu C, Adam M, Johnstone RM (1985) Elec-
tron microscopic evidence for externalization of the transferrin
receptor in vesicular form in sheep reticulocytes. J Cell Biol
101(3):942-948

Harding C, Heuser J, Stahl P (1983) Receptor-mediated endocy-
tosis of transferrin and recycling of the transferrin receptor in rat
reticulocytes. J Cell Biol 97(2):329-339

@ Springer

132.

133.

134.

135.

136.

137.

Hewson C, Morris KV (2016) Form and function of exosome-
associated long non-coding RNAs in cancer. Curr Top Microbiol
Immunol 394:41-56. https://doi.org/10.1007/82_2015_486
Zhuang X, Xiang X, Grizzle W, Sun D, Zhang S, Axtell RC,
Ju S, Mu J, Zhang L, Steinman L, Miller D, Zhang HG (2011)
Treatment of brain inflammatory diseases by delivering exosome
encapsulated anti-inflammatory drugs from the nasal region to
the brain. Mol Ther 19(10):1769-1779. https://doi.org/10.1038/
mt.2011.164

Andersen AA, Panning B (2003) Epigenetic gene regulation by
noncoding RNAs. Curr Opin Cell Biol 15(3):281-289
Bayoumi AS, Sayed A, Broskova Z, Teoh JP, Wilson J, Su H,
Tang YL, Kim IM (2016) Crosstalk between long noncoding
RNAs and microRNAs in health and disease. Int J Mol Sci
17(3):356. https://doi.org/10.3390/ijms 17030356

Fatica A, Bozzoni I (2014) Long non-coding RNAs: new players
in cell differentiation and development. Nat Rev Genet 15(1):7—
21. https://doi.org/10.1038/nrg3606

Thery C, Amigorena S, Raposo G, Clayton A (2006) Isolation
and characterization of exosomes from cell culture supernatants
and biological fluids. Curr Protoc Cell Biol 3:22. https://doi.
org/10.1002/0471143030.cb0322s30

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1186/1479-5876-10-134
https://doi.org/10.1159/000167011
https://doi.org/10.1155/2016/9085195
https://doi.org/10.1016/j.bbrc.2014.08.001
https://doi.org/10.1158/0008-5472.CAN-16-2634
https://doi.org/10.1155/2018/8058979
https://doi.org/10.1007/82_2015_486
https://doi.org/10.1038/mt.2011.164
https://doi.org/10.1038/mt.2011.164
https://doi.org/10.3390/ijms17030356
https://doi.org/10.1038/nrg3606
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.1002/0471143030.cb0322s30

	The functional roles of exosomal long non-coding RNAs in cancer
	Abstract
	Background
	Biogenesis and characteristics of exosomes
	The functional roles of exosomal lncRNAs in cancer
	Exosomal lncRNAs regulate tumor growth
	Exosomal lncRNAs affect tumor metastasis
	Exosomal lncRNAs remodel the tumor microenvironment
	Exosomal lncRNAs are involved in the tumor angiogenesis
	Exosomal lncRNAs orchestrate tumor chemoresistance
	Exosomal lncRNAs may be potential cancer biomarkers
	Exosomal lncRNAs may represent potential therapeutic targets for cancer
	Concluding remarks
	Acknowledgements 
	References




