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Recent advances in exosome biology have uncovered a signifi-
cant role of exosomes in cancer and make them a determining
factor in intercellular communication. Exosomes are types of
extracellular vesicles that are involved in the communication
between cells by exchanging various signaling molecules be-
tween the surrounding cells. Among various signaling mole-
cules, long non-coding RNAs (lncRNAs), a type of non-coding
RNA having a size of more than 200 nt in length and lacking
protein-coding potential, have emerged as crucial regulators
of intercellular communication. Tumor-derived exosomes con-
taining various lncRNAs, known as exosomal lncRNAs, repro-
gram the microenvironment by regulating numerous cellular
functions, including the regulation of gene transcription that
favors cancer growth and progression, thus significantly deter-
mining the biological effects of exosomes. In addition, deregu-
lated expression of lncRNAs is found in various human cancers
and serves as a diagnostic biomarker to predict cancer type. The
present review discusses the role of exosomal lncRNAs in the
crosstalk between tumor cells and the surrounding cells of
the microenvironment. Furthermore, we also discuss the
involvement of exosomal lncRNAs within the tumor microen-
vironment in favoring tumor growth, metabolic reprogram-
ming of tumor cells, and tumor-supportive autophagy. There-
fore, lncRNAs can be used as a therapeutic target in the
treatment of various human cancers.

Exosomes are single-membrane vesicles of about 30–150 nm in diam-
eter that are formed from endocytic vesicles.1,2 During endocytosis,
the target extracellular material is surrounded by an area of the
plasma membrane, which invaginates and forms a vesicle containing
the ingested material.3 Once internalized, this membrane-bound
vesicle fuses with the early endosome, which serves as a sorting station
for this cargo containing mainly proteins and lipids.4 Early endo-
somes are highly dynamic vesicles that form either multivesicular
bodies (MVBs), also called late endosomes, or recycling endosomes
that are part of the multiple tubulovesicular recycling system.5,6

This recycling system transports cargo from early endosomes to the
plasma membrane, Golgi network, or endoplasmic reticulum. Recy-
cling of cargo from early endosomes to the plasma membrane via re-
cycling endosomes is called a slow recycling pathway.7,8 Cargoes can
be delivered directly from the early endosomes to the plasma mem-
brane, which is known as a fast recycling pathway.7,9 The transport
of cargo from early endosomes to the Golgi network or endoplasmic
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reticulum is called the retrograde pathway.10 Most proteins that are
recycled back to the plasma membrane are cell surface receptors,
adhesion molecules, ion channels, or proteins involved in cell polar-
ization,11 whereas there is a wide range of functionally diverse pro-
teins that utilize a retrograde pathway.12 Late endosomes fuse with
the lysosomes to form endolysosomes, resulting in the degradation
of their cargo through lysosomal hydrolases. When early endosomes
mature into late endosomes, they accumulate small vesicles inside
their lumen that are formed by inward budding of early endosomes
and contain proteins, lipids, and nucleic acids that are specifically
sorted.13 The presence of intraluminal vesicles (ILVs) inside late en-
dosomes gives them a multivesicular appearance. Therefore, they are
often referred to MVBs.14 Not all ILVs are destined for degradation;
some are secreted out in the extracellular space due to the fusion of
MVBs with the plasma membrane in a highly regulated process.
These small, secreted ILVs are referred to as exosomes. They are
different from other types of similar-sized extracellular vesicles
(EVs) secreted by cells, including microvesicles, ectosomes, and
apoptotic bodies based on their origin, structure, and presence of spe-
cific markers on their membranes.15–17 Microvesicles, ectosomes, and
apoptotic bodies originate from the plasma membrane and have
irregular shapes, whereas exosomes are endosomal in origin, cup-
shaped, homologous, and carry specific markers, including Alix,
TSG101, and tetraspanins CD63, CD9, and CD81 (Figure 1).18–21

The term exosome was first coined in 1987 by Johnstone et al.22 in
sheep reticulocytes, where they reported the secretion and loss of
transferrin receptor into small-sized vesicles (50 nm) to the extracel-
lular space during reticulocyte maturation into erythrocytes. The
group harvested these vesicles from sheep reticulocytes by centrifuga-
tion at 100,000 � g for 90 min. The lysed vesicles contained trans-
ferrin receptor and had many activities that were characteristic of
the reticulocyte plasma membrane and were reduced or absent in
mature erythrocytes. These activities include acetylcholinesterase,
cytochalasin B binding (glucose transporter), nucleoside binding
(i.e., nucleoside transporter), and Na+-independent amino acid
rapy: Nucleic Acids Vol. 23 March 2021 ª 2020 The Authors. 1371
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Figure 1. Release and Composition of Exosomes

Extracellular cargo is internalized from the plasma membrane and packed in membrane-bound vesicles that later fuse with early endosomes. Early endosomes serve as a

sorting station from which either these vesicles (carrying mostly cell surface receptors) are recycled back to the plasma membrane or form MVBs that later fuse with ly-

sosomes and undergo degradation. Importantly, not all MVBs undergo degradation; some are secreted outside extracellular space by fusion with the plasmamembrane and

have some specific markers on their membrane. They are exosomes and carry various signaling molecules as shown in the figure.
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transport, suggesting that proteins performing these activities are
secreted out through exosomes during reticulocyte maturation.22

Since then, exosomes have been discovered in most cell types, such
as immune cells (T lymphocytes,23 B lymphocytes,24 natural killer
cells,25 dendritic cells,26 and mast cells27), cancer cells,28 embryonic29

and mesenchymal stem cells,30 adipocytes,31 and glial cells,32 and also
in biological fluids such as blood, urine, semen, and breast milk.33

Exosomes perform a wide range of functions, including cell-to-cell
communications through the delivery of DNA, RNA, lipids, or pro-
teins from target to recipient cells,34 immune regulation,35 and selec-
tive loss of biological macromolecules during cell maturation,22 and
they are involved in the development and progression of many dis-
eases, including cancer,36 diabetes,31 and cardiovascular37 and neuro-
degenerative38 diseases. Cancer-derived exosomes are vital in cancer
cell survival and play an important role in the modulation of the tu-
mor microenvironment to favor cancer progression and
metastasis.39,40

Cancer-Derived Exosomes

Many cancer cell types secrete exosomes that help to communicate
with surrounding cancer or normal cells such as immune cells, stro-
mal cells, vascular endothelial cells, and cancer-associated fibroblasts
1372 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
(CAFs). This helps in the establishment of a favorable tumor micro-
environment, which promotes immune escape,41 tumor invasion,42,
migration,43 and formation of premetastatic niches in secondary or-
gans.44 Exosomes secreted by cancer cells suppress T cell receptors
(TCRs) and inhibit the proliferation of CD8+ cytotoxic T lymphocytes
(CTLs) that specifically target cancer cells and kill them. Coincuba-
tion of activated CD8+ T cells with exosomes isolated from tumor
cell lines, including head and neck squamous cell carcinoma PCL-
13 and melanoma cell line Mel-SW, inhibits their proliferation.45

CD8+ Jurkat cells (T lymphocyte cell line) coincubated with tumor
exosomes undergo apoptosis and have fragmented DNA,45 suggest-
ing immune suppression by cancer-derived exosomes. The stem-
like brain tumor-initiating cells (BTICs) secrete high amounts of
extracellular matrix protein tenascin-C (TNC) in exosomes, which in-
hibits T cell proliferation and activity by binding to a5b1 and avb6
integrins on T lymphocytes that blocks TCR signaling.46 TNC
promotes glioblastoma invasion and is associated with an immuno-
suppressive phenotype and worse overall survival in glioblastoma pa-
tients.46,47 Another important pro-tumorigenic and immunosuppres-
sive protein secreted by cancer cells in exosomes is programmed
death-ligand 1 (PD-L1), which binds to the programmed cell
death-1 (PD-1) receptor on T cells and inhibits its anti-tumor
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function and effectively protects the tumor from immune surveil-
lance.48 Exosomal PD-L1 isolated from cell culture supernatants of
breast cancer cell lines MDA-MB-231 (human) and 4T1 (mouse
mammary tumor cells), colon cancer cell line RKO, and lung cancer
cell line HCC827 blocks T cell functions by inhibiting the CD3/CD28-
triggered T cell activation signaling pathway.48 Interestingly, the exo-
somes can transfer functional PD-L1 to other cells with low or no PD-
L1 expression, suggesting the role of tumor-derived exosomes in
enhancing the anti-tumor response.48 Moreover, PD-L1 knockdown
in mouse 4T1 cells injected into mice shows tumor regression,
whereas PD-L1 knockdown tumors injected with exosomal PD-L1
shows high tumor growth and reduced cytotoxic T cell activity.48

Except for proteins, exosomes are enriched in lipids, DNA, RNA,
and metabolites that are specific to the cell of origin and play an
important role in exosome functions.18 The RNA content in the exo-
somes has gained considerable attention in recent years due to their
role in promoting a favorable tumor microenvironment,49,50 tumor
progression,51 angiogenesis,52 and metastasis53 and their use as diag-
nostic markers in many cancer types.54–56 The types of RNAs that
have been detected in tumor exosomes are coding mRNAs and
non-coding circular RNAs, microRNAs (miRNAs), and long non-
coding RNAs (lncRNAs). Non-coding RNAs (ncRNAs) that
represent a large segment of the human genome and do not code
for proteins are the major contributors in RNA-mediated carcinogen-
esis. In this review, we will focus on the role of lncRNAs secreted
through exosomes in the modulation of the tumor microenvironment
and its role in cancer development, growth, and response to therapy.

Non-coding RNAs

Non-coding RNAs are functional RNAmolecules that do not code for
proteins. Only a few RNAs (less than 2%) are translated into proteins
or are mRNAs, even though 90% of the human genome is tran-
scribed.57–60 The rest of the transcribed RNAs are called non-coding
RNAs that play a central role in regulating gene expression at the
transcriptional, post-transcriptional, and translational levels. The
non-coding RNAs are divided into two main groups based on the
length of the transcript. There are short non-coding RNAs that are
less than 40 nt in length, and there are lncRNAs that are comprised
of more than 200 nt. The short non-coding RNAs include miRNAs
(18–25 nt in length),61 short interfering RNAs (siRNAs, 19–23 nt
in length),62,63 PIWI-interacting RNAs (piRNAs, 21–36 nt in
length),64 and transfer RNA fragments (tRFs, 17–26 nt in length).65

The lncRNAs include a wide range of RNAs performing various bio-
logical functions and are found extensively in a large diversity of spe-
cies, including animals,66 plants,67 bacteria,68 fungi,69 and viruses.70

lncRNAs are primarily classified based on size, but due to recent ad-
vances in transcriptome sequencing and analysis, lncRNAs can be
further classified into different classes.71

lncRNAs: Biogenesis, Classification, and Functions

lncRNAs are transcribed based on their location in the genome and,
similar to mRNAs, are polyadenylated, capped, and can carry genetic
information. However, due to the complexity of the non-coding tran-
scriptome, there is no well-defined relationship between lncRNA
structure and function. As a result, two similar-structure lncRNAs
can perform different functions and, due to the advances in RNA
sequencing technologies that have led to the addition of many new
unannotated transcripts, most of the lncRNAs lack well-characterized
functions. The commonly used lncRNA classifications are based on
their genomic location and the direction of transcription to pro-
tein-coding genes, functions, the resemblance with mRNA, and the
presence of associated repeat elements. Based on their genomic loca-
tion and the direction of transcription to mRNA, a lncRNA can be (1)
intergenic, if it is located between two genes,72 (2) intronic, if it is
present within the intron of a protein-coding gene,73 or (3) sense or
anti-sense, if it is transcribed in the same74 or opposite direction of
complementary protein-coding genes.75 lincRNA-p21 is an example
of a large intergenic non-coding RNA induced by tumor suppressor
protein p53 to relay its tumor-suppressive functions during DNA
damage. lincRNA-p21 binds with heterogeneous nuclear ribonucleo-
protein K (hnRNP-K), a transcriptional repressor, and localizes it to
p53 target genes that inhibit their transcription.72ANRASSF1 is an in-
tronic lncRNA that targets the promoter region of tumor suppressor
gene RASSF1A and inhibits its functions. ANRASSF1 is an unspliced
lncRNA that is transcribed from the opposite strand on the RASSF1
gene. ANRASSF1 recruits polycomb repressive complex 2 (PRC2) to
the nearby promotor region of the RASSF1 while binding DNA at its
transcription site. PRC2 recruitment induces tri-methylation of his-
tone 3 on lysine 27 (H3K27me3) in that region and induces transcrip-
tional downregulation of the RASSF1A gene.73 lncRNA SYSIL is a
Synaptopodin 2 (SYNPO2, muscle-associated protein) intron sense-
overlapping lncRNA that directly binds to the enhancer of zeste ho-
molog 2 (EZH2) protein, a component of PRC2, and recruits this
complex to the promoter of its target genes, including muscle-specific
genes such as myogenin (MyoG), muscle creatine kinase (MCK), and
myosin heavy chain 4 (Myh4) and cyclin-dependent kinase inhibitor
p21. PRC2 recruitment induces H3K27me3 regions in promoters of
these genes that result in their epigenetic silencing and the inhibition
of myogenesis.74 Tsix is an anti-sense lncRNA to the Xist gene that
plays an essential role in X-inactivation during dosage compensation.
Tsix is present 15 kb downstream of the Xist gene and transcribed
across the Xist locus that results in its silencing. In this way, Tsix in-
fluences the random choice mechanism that decides which of the two
X chromosomes will be inactivated.75,76

Based on functions, lncRNAs can be classified into those that act on
genes present near the site of their transcription (cis-lncRNAs) or
those that leave the site of transcription and act on distant genes
(trans). Cis-acting lncRNAs can regulate gene expression by (1) re-
cruiting regulatory factors that can influence neighboring gene func-
tions, (2) regulate DNA elements such as enhancers or silencers that
control gene expression that are present within the lncRNA locus, and
(3) assemble transcription or spliceosome machinery on lncRNAs
that affect the transcription of the nearby gene by interfering in the
binding of RNA polymerase or transcription factors for that gene.
In cases 2 and 3, the lncRNA-mediated gene regulation is indepen-
dent of its sequence or production. Cis-acting lncRNA ROCK1 (regu-
lator of cytokines and inflammation), which is induced by the
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1373
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activation of Toll-like receptors, regulates its cognate gene’s
(MARCKS) expression by recruiting histone deacetylase (HDAC1)
to its promotor region.77 ROCK1 binds to the MARCKS promotor
and apurinic/apyrimidinic endodeoxyribonuclease 1 (APEX1) pro-
tein and forms a ROCK1-APEX complex on theMARCKS promotor.
The ROCK1-APEX ribonucleoprotein complex recruits HDAC1 on
theMARCKS promotor that removes the activating histone H3 lysine
27 acetylation (H3K27ac3) and reduces its transcription.MARCKS is
an important regulator of inflammatory cytokine expression and cal-
cium signaling.77 The example of cis-acting lncRNA that contains the
regulatory elements of its target gene is plasmacytoma variant trans-
location 1 (PVT1), which is 1,716 nt in length and located near the
Myc gene at human chromosome 8q24.78 The PVT1 locus contains
four intragenic enhancers for MYC, and its promotor competes
with the MYC promotor for these regulatory elements. The PVT1
promotor inhibits MYC expression via promotor competition, where
it blocks the accessibility of these enhancers for MYC transcription.
Genetic silencing or mutations in the PVT promotor increases
MYC expression and, hence, cell proliferation. Interestingly, knock-
down of PVT lncRNA does not affect MYC expression and cell
growth, suggesting that it is the PVT promotor region that controls
MYC transcription and not the lncRNA itself.78 The lncRNA Airn
(antisense Igf2r RNA noncoding) transcription process, and not its
spliced or unspliced RNA products, silences the cis Igf2r (insulin-
like growth factor 2 receptor) gene.79

Trans-acting lncRNAs can influence gene expression similar to cis-
acting lncRNAs by interacting with regulatory elements of the target
gene. Trans-acting lncRNA Paupar regulates neural proliferation and
differentiation by directly binding with the epigenetic regulator pro-
tein KAP1. Paupar interacts with KAP1 and paired box protein PAX6
to form a ternary ribonucleoprotein complex on the regulatory re-
gions of its distant target genes, including E2F transcription factor
2 (E2F2), Mab-21-like 2 (Mab21L2), and macrophage stimulating 1
(Mst1). These genes are involved in neural functions and prolifera-
tion. The DNA-bound Paupar-KAP1-PAX6 ternary complex induces
H3K9me3 histone modifications at the regulatory regions of these
genes and regulates their transcription.80 Moreover, trans-acting
lncRNAs can also be the part of nuclear speckles that are self-orga-
nizing, dynamic nuclear structures present in the interchromatin re-
gion of the nucleus and contain numerous proteins and RNA
involved in RNA modifications, DNA repair, and chromatin organi-
zation.81 Some lncRNAs can influence nuclear speckles and affect the
genetic and epigenetic regulation of their target genes. Metastasis-
associated lung adenocarcinoma transcript 1, or MALAT1, is a nu-
clear speckle-associated lncRNA that interacts with several precursor
(pre-)mRNA splicing factors and influences their distribution in nu-
clear speckles. MALAT1 interacts with serine/arginine splicing fac-
tors, predominantly present in the nuclear speckles, and modulates
pre-mRNA splicing of hundreds of genes. Furthermore, MALAT1
knockdown induces aberrant mitosis and cell death, suggesting its
role in controlling gene expression.82 Another important lncRNA
that localizes to nuclear speckle overactive chromatin regions and reg-
ulates the transcription of numerous distant genes is nuclear-enriched
1374 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
abundant transcript 1 (NEAT1). MALAT1 and NEAT1 bind to the
transcriptionally active genes, and their binding is responsive to their
target genes. NEAT1 binds to transcriptional start sites and transcrip-
tional termination sites, whereas MALAT1 localizes across gene
bodies and transcriptional termination sites.83 Figure 2 describes
the classification of lncRNAs.

lncRNAs and the Tumor Microenvironment

The tumor microenvironment is the local environment surrounding
tumor cells and is comprised of the extracellular matrix, blood vessels,
immune cells, stromal cells, and bioactive agents, including cytokines
and hormones. The tumor microenvironment acts as a scaffold
around tumor cells that helps in immune escape and promotes tumor
growth, angiogenesis, and metastasis.84–87 Cancer cells reprogram the
tumor microenvironment into a tumor-favorable and immune-sup-
pressive environment through the secretion of various factors,
including cytokines, chemokines, metabolites, and growth-inhibitory
or growth-promoting proteins.84 Cancer cells use exosomes as
communicationmediators for surrounding cells. Cancer-derived exo-
somes contain various signalingmolecules that play an important role
in the reprogramming of the tumor microenvironment via a plethora
of cell-cell communications.88 lncRNAs emerge as important players
in mediating these communications that contribute to tumor growth
and progression.89 Cancer cells that secrete lncRNAs communicate
with stromal cells, macrophages, components of the extracellular ma-
trix, endothelial cells, immune cells, and myeloid-derived suppressor
cells (MDSCs).89 This communication helps cancer cells generate a
tumor-supportive microenvironment that is important for cancer
growth, progression, and metastasis (Figure 2). Cancer cells secrete
lncRNAs in exosomes (exosomal lncRNAs) that are taken by nearby
or distant cells via endocytosis and regulate their functions.90 Aber-
rant levels of exosomal lncRNAs are found in many cancers, and their
expression levels are associated with a favorable tumor microenviron-
ment that makes them promising biomarkers and therapeutic targets
in cancer.91–93

Exosomic lncRNAs: Promoters of a Tumor-Favorable

Microenvironment

During tumor development, cancer cells and the surrounding micro-
environment have restricted access to oxygen supply due to the pres-
ence of poor vasculature inside the growing solid tumor mass.
Reduced oxygen availability, also called hypoxia, led to the activation
of hypoxia-inducible factor (HIF)-1a pathway in tumor cells, which
acts as an adaptive mechanism during oxygen stress.94 The hypoxic
condition induces the transcription of many lncRNAs that contrib-
utes to cell survival.95,96 Bladder cancer cells secrete lncRNA urothe-
lial cancer-associated 1 (UCA1) during hypoxia in exosomes that pro-
mote tumor progression through an epithelial-to-mesenchymal
transition. Induction of hypoxia in bladder cancer cell line 5637 cul-
ture enhances exosomal-mediated secretion of lncRNA-UCA1. Exo-
somes isolated from lncRNA-UCA1 shRNA (UCA silenced)-treated
5637 cells growing under hypoxia decreases cell proliferation, migra-
tion, and invasion in the UMUC2 bladder cancer cell line. Moreover,
when these exosomes were injected into 5637 tumor-bearing mice,
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Figure 2. Types and Functions of lncRNAs
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the size of the tumor grew slowly compared to controls, suggesting the
role of exosomal lncRNA-UCA1 in promoting tumor growth.96 The
CAFs secrete lncRNA CCAL (colorectal cancer-associated lncRNA)
in exosomes that promote oxaliplatin resistance in colorectal cancer
cells (CRCs).97 The oxaliplatin is used to treat patients with metasta-
sized colorectal cancer. CCAL is highly expressed in CRC tissues
compared to adjacent non-cancerous tissues. CAFs express much
higher CCAL than do other cell populations in CRC tissues, suggest-
ing their role in the development of oxaliplatin resistance. CRCs
grown in CAF conditioned medium show resistance to oxaliplatin-
induced apoptosis compared to cells grown in normal fibroblast
conditionedmedium. Treatment of CAFs with exosomal secretion in-
hibitor GW4869 prevents oxaliplatin resistance, thus implying the
role of CAF-derived exosomes in inducing CRC resistance. These
exosomes contain CCAL that activates the Wnt/b-catenin pathway
in the recipient CRCs and promotes chemoresistance. CCAL indi-
Molecular Th
rectly stabilizes b-catenin mRNA by directly in-
teracting with the mRNA stabilizing protein
HuR.97 Moreover, CAFs transfer exosomal
lncRNA H19 to CRCs that promote their stem-
ness and oxaliplatin resistance. lncRNA H19
acts as a competing endogenous RNA (ceRNA)
for miR-141 and masks its activity. miR-141 in-
hibits the stemness of CRCs by inhibiting the
Wnt/b-catenin pathway.98 Exosomal lncRNA
homeobox transcript antisense RNA (HOTAIR)
decreases laryngeal cancer radiosensitivity by
regulating miRNA miR-454-3p. Laryngeal can-
cer cells cocultured with laryngeal cancer cell-
derived exosomes show reduced radiosensitivity
and apoptosis compared to controls. Genetic
silencing of HOTAIR in the exosomes decreases
cancer cell colonies and reduces apoptosis,
whereas its overexpression does the opposite.
HOTAIR competes with miR-454-3p for cell cy-
cle regulatory E2F2 and inhibits its activity.99
Additionally, Feng et al.100 identified lncRNAs in breast cancer cell-
derived exosomes that are involved in lung fibroblasts proliferation
and migration, thus facilitating tumor pre-metastatic niche forma-
tion. Table 1 summarizes the role of exosomal lncRNAs in the mod-
ulation of the tumor microenvironment.

Exosomic lncRNAs: Metabolic Programmers in the Tumor

Microenvironment

Cancer cells have altered metabolic activities relative to normal cells.
The alterations in the cancer genome and its microenvironment sup-
port cancer cell metabolism that plays a critical role in the acquisition
and maintenance of malignant properties.108,109 Cancer cells heavily
rely on aerobic glycolysis, also known as the Warburg effect, which
normal cells do during hypoxic conditions.110 This generates high
amounts of lactate and ATPs from glucose in much less time
compared to completing the oxidation of glucose in mitochondria.
erapy: Nucleic Acids Vol. 23 March 2021 1375
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Rapid ATP synthesis is required by the continuously proliferating
cancer cells. Additionally, this generates many glycolytic intermedi-
ates that go to subsidiary pathways and support the energy demands
of proliferating cancer cells.111 Many signaling pathways, including
phosphatidylinositol 3-kinase (PI3K)/Akt, Ras, extracellular signal-
regulated kinase (ERK), and c-Jun N-terminal kinase (JNK), are
involved in the metabolic reprogramming of cancer cells.112 lncRNAs
play an important role in the regulation of these pathways and, hence,
could be a relevant player in regulating metabolism in cancer cells or
the surrounding microenvironment. One of the examples is exosomal
lncRNA-p21 that promotes angiogenesis and tumor cell adhesion to
endothelial cells. lncRNA-p21 expression increases in non-small-cell
lung cancer (NSCLC) cell-derived exosomes under hypoxic condi-
tions. Genetic silencing of lncRNA-p21 in NSCLC cells decreases
the secretion of lncRNA-p21 and its regulated miRNAs, including
miR-23a, miR-146b, miR-330, and miR-494 in exosomes. Treatment
of the endothelial cell line HUVECs (human umbilical vein endothe-
lial cells) with these exosomes shows downregulation in metabolism-
related genes, including glucose transporter 1 (GLUT1), PFKFB3, and
GAPDH, which is important in endothelial cell activation.113

Conversely, lncRNA-p21 silencing in prostate cancer cells increases
their proliferation and makes them more tumorigenic.114 lncRNA-
p21 knockdown induces the upregulation of pyruvate kinase M2
(PKM2), an isoenzyme involved in aerobic glycolysis and preferen-
tially expressed in proliferating cells.115 PKM2 upregulation is associ-
ated with enhanced glucose consumption, pyruvate concentration,
and lactate production, which are critical for proliferating cancer cells.
The knockdown of PKM2 overcomes the inhibition of cell prolifera-
tion and tumorigenicity induced by lncRNA-p21 silencing in prostate
cancer cells. Moreover, PKM2 upregulation in lncRNA-p21 knock-
down cells depends on PTEN/AKT/mammalian target of rapamycin
(mTOR) signaling, as inhibition of this pathway using PI3K inhibitor
LY294002 or the mTOR inhibitor rapamycin rescues the increase in
PKM2. This suggests that lncRNA-p21 inhibits cell proliferation and
tumorigenicity by suppressing PKM2-mediated cell survival, which
requires the PI3K/Akt pathway.114

Another important lncRNA, SNHG3 (small nucleolar RNA host
gene 3), reprograms the metabolic pathways in breast tumor cells.
lncRNA SNHG3 is secreted from CAFs in exosomes and promotes
breast cancer cell proliferation by suppressing the expression of
miRNA miR-330. The knockdown of SNHG3 in CAFs increases
miR-330 expression and downregulates PKM2 in breast cancer cells.
SNHG3 sponges miR-330-5p activity to positively regulate PKM2,
which increases glycolysis carboxylation, decreases mitochondrial
oxidative phosphorylation, and enhances breast tumor cell prolifer-
ation.116 CAFs promote the metastatic activity of breast cancer cells
by activating the expression of HOTAIR in breast cancer cells. CAFs
secrete transforming growth factor (TGF)-b1, which phosphorylates
and activates the SMAD (group of intracellular proteins that deliver
extracellular signals from TGF-b ligands to the nucleus) pathway in
recipient cancer cells. Activated SMADs, including SMAD2,
SMAD3, and SMAD4, directly bind with the promoter region of
lncRNA HOTAIR and induce its transcriptional activation. Acti-
1376 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
vated lncRNA HOTAIR induces an epithelial-to-mesenchymal tran-
sition and metastasis of breast cancer cells by activating CDK5
signaling.117 Circulatory exosomes collected from breast cancer pa-
tient plasma contains lncRNA HOTAIR that correlates with the
ErbB2/HER2 expression in primary breast tumor tissues.118 High
circulating exosomal HOTAIR levels are associated with less
response to neoadjuvant chemotherapy and worse prognosis in
breast cancer patients.119 lncRNA HOTAIR promotes glycolysis in
hepatocellular carcinoma (HCC) cells by directly binding and upre-
gulating GLUT1 expression. The GLUT1 upregulation is associated
with an increase in glucose consumption and lactate production.
However, the mTOR inhibitor rapamycin significantly reduces these
effects, suggesting that HOTAIR-mediated increased glycolysis de-
pends on mTOR signaling.120 Moreover, HOTAIR was found to
be an upstream regulator of a glycolytic enzyme, hexokinase 2
(HK2), in pancreatic adenocarcinoma cells.121 HK2 is expressed
higher in cancer cells, and its depletion inhibits glycolysis and onco-
genic transformation.122,123 HOTAIR overexpression increases
lactate production, glucose uptake, and ATP production in pancre-
atic adenocarcinoma cells.121 Ma et al.124 reported that HOTAIR-
mediated HK2 regulation depends on miR-125 and miR-143 activ-
ity. HOTAIR directly binds and inhibits miR-125- and miR-143-
mediated HK2 downregulation and promotes glucose metabolism
and cell growth. Tumor-associated macrophages (TAMs) release
HIF-1a-stabilizing lncRNA (HISLA) in the extracellular vesicles,
which regulate aerobic glycolysis and apoptotic resistance of breast
cancer cells.125 HISLA is expressed much higher in polarized TAMs
made by treating human monocyte-derived macrophages (MDMs)
with the conditioned medium of the breast cancer cell line MDA-
MB-231 compared to primary TAMs from human breast cancer tis-
sues. Lactate secreted in the tumor microenvironment by breast
cancer cells upregulates HISLA in TAMs by activating ERK-ELK1
signaling. HISLA increases HIF-1a expression and aerobic glycolysis
denoted by increased glucose consumption, lactate production, and
extracellular acidification rates in TAMs. HISLA blocks the interac-
tion of HIF-1a with prolyl hydroxylase domain-containing protein
2 (PHD2) that causes the hydroxylation of proline-564 and proline-
402 of HIF-1a and makes it a target of ubiquitin-mediated protea-
somal degradation. The RNA stem loop at nucleotides 190–248 of
HISLA is critical for its binding with PHD2, which prevents
PHD2-HIF-1a interaction. TAM releases HISLA in the microenvi-
ronment into exosomes that enhances glycolysis in the recipient
cancer cells and protects them from chemotherapy-induced
apoptosis. In addition, recipient cells are more metastatic to lungs,
and this effect is rescued by silencing HISLA or inhibiting extracel-
lular vesicle secretion in TAMs. Hence, there is a feedback loop be-
tween cancer and stromal cells where lactate secretion from cancer
cells enhances HISLA production in TAMs, which releases it in the
extracellular vesicles. These extracellular vesicles are taken by cancer
cells that promote tumor glycolysis and chemoresistance.125 More-
over, high HISLA and GLUT3 expression are associated with
poor disease-free survival and a poor chemotherapeutic response
in breast cancer patients.125 lncRNA profiling of high-grade serous
carcinoma patients reveals the presence of lncRNA LINK-A in
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Table 1. Exosomal lncRNAs and Their Roles in the Tumor

Microenvironment

Exosomal
lncRNAs Secretory Cells Recipient Cells

Function and
Mechanism in
Recipient Cells

GS1-600G8.5

breast cancer
metastatic cells
MDABR3 and its
parent cell line
MDA-MB-231

brain
microvascular
endothelial cells
(BMECs)

destroys blood-
brain barrier
composed of
BMECs, pericytes,
and astrocytes and
promotes the
passage of cancer
cells across it101

SBF2-AS1 (SET
binding factor 2)

M2 macrophage
pancreatic cancer
cell line PANC-1

induces tumor
progression in
tumor xenografts of
PANC-1; SBF2-AS1
inhibits miR-122-5p
and upregulates its
target gene X-linked
inhibitor of
apoptosis (XIAP)
that contributes to
pancreatic cancer
development102

MALAT1
(metastasis-
associated lung
adenocarcinoma
transcript 1)

metastatic
colorectal cancer
cell (CRC) lines
SW620 and LoVo

primary CRCs

increases
proliferation,
migration, and
invasion; MALAT1
inhibits miR-26a/
26b and upregulates
in target
fucosyltransferase 4
(FUT4) expression
that led to
fucosylation and
activation of the
PI3K/Akt/mTOR
pathway103

H19
mesenchymal
stem cells

trophoblast cells
HTR-8/SVneo

increases cell
invasion and
migration and
inhibits apoptosis;
H19 inhibits let-7b
expression and
prevents its
inhibitory binding
with FOXO1,
causing FOXO1
induction, which
promotes cell
malignancy and
inhibits apoptosis104

SNHG9 (small
nucleolar RNA
host gene 9)

adipocyte-derived
stem cells

human umbilical
vein endothelial
cells

alleviates
inflammation-
induced apoptosis
in endothelial cells;
SNHG9 forms a
dimer with TRADD
mRNA and inhibits
its translation;
TRADD silencing
inhibits

(Continued)

Table 1. Continued

Exosomal
lncRNAs Secretory Cells Recipient Cells

Function and
Mechanism in
Recipient Cells

inflammation and
apoptosis in
HUVECs105

PVT1
(plasmacytoma
variant
translocation 1)

bone marrow
mesenchymal
stem cells
(BMSCs)

osteosarcoma cell
lines Saos-2, MG-
63, and MNNG/
HOS

promotes
osteosarcoma
growth and
metastasis; PVT1
sponges miR-183-
5p and releases its
inhibitory effects on
oncogene ERG,
which promotes cell
proliferation,
growth, migration,
and metastasis106

LNMAT2 (lymph
node metastasis-
associated
transcript 2)

bladder cancer cell
lines UM-UC-3,
5637 and T24

human lymphatic
endothelial cells
(HLECs)

stimulates HLEC
tube formation and
migration, induces
tumor
lymphangiogenesis,
and promotes
lymph mode (LN)
metastasis;
exosomes
containing
LNMAT2 and
heterogeneous
nuclear
ribonucleoprotein
A2B1
(hnRNPA2B1) are
internalized by
HLEC; LNMAT2
recruits
hnRNPA2B1 to the
PROX1 promoter
and increase its
H3K4
trimethylation,
leading to prospero
homeobox 1
(PROX1)
overexpression that
contributes to
lymphangiogenesis
and LN metastasis53

Gm26809
melanoma cell line
B16F0

fibroblast NIH/
3T3

reprogrammed
fibroblasts into
CAMs.Gm26809
increases a-smooth
muscle actin and
fibroblast activation
protein (FAP)
expression and
promotes fibroblasts
migration;
Gm26809-induced
CAFs facilitate
melanoma cell

(Continued on next page)
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Table 1. Continued

Exosomal
lncRNAs Secretory Cells Recipient Cells

Function and
Mechanism in
Recipient Cells

proliferation and
migration107

TU339

hepatocellular
carcinoma cell
(HCC) line PLC/
PRF/5

macrophage cell
line THP-1 and
U937

macrophage
activation and
polarization; TU339
decreases pro-
inflammatory
cytokine production
IL-1b and TNF-a,
CD86 expression,
and phagocytosis;
TU339 reduces IL-
12 p40 expression
(M1 marker),
whereas it increases
CCL17 and CD206
expression (M2
markers)92
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exosomes isolated from effusion supernatants.126 LINK-A correlates
with the immunosuppression in triple-negative breast cancer
(TNBC) patients. TNBC patients who respond to chemotherapy
have lower expression of LINK-A and more tumor infiltration of
CD8+ T cells and antigen-presenting cells (APCs).127 LINK-A binds
with phosphatidylinositol-(3,4,5)-trisphosphate and facilitates its
interaction with inhibitory G protein-coupled receptor (GPCR)
pathways, resulting in reduced cyclic AMP (cAMP) concentrations,
which attenuate protein kinase A-mediated serine 3 phosphoryla-
tion of the E3 ubiquitin ligase TRIM71. Hypophosphorylated
TRIM71 catalyzes K48-linked polyubiquitin chain formation on tu-
mor suppressor proteins Rb and p53, and the components of anti-
gen peptide-loading complex (PLC), which facilitates the folding
and loading of antigenic peptides onto major histocompatibility
complex (MHC) class I molecules. This leads to their ubiquitin-
mediated proteasomal degradation, causing more tumorigenicity
and immune suppression. lncRNAs expressing mammary tumors
are enriched with metabolites of glycolysis and redox balance,
whereas genes involved in lipid metabolism, T cell activation, and
antigen presentation are downregulated.127 In glioma cells, LINK-
A promotes their growth, migration, and invasion by increasing
lactate dehydrogenase (LDH)-A. LINK-A silencing downregulates
LDH-A expression, glucose uptake, and lactate production, suggest-
ing the role of LDH-A in promoting LINK-A oncogenic func-
tions.128 Furthermore, lncRNA PTENP1 participates in a normal
cell-to-cancer cell communication via exosomes to suppress carci-
nogenesis.129 Normal cells secrete PTENP1 in exosomes that are
taken by bladder cancer cells. Exosomal PTENP1 inhibits the malig-
nant behavior of bladder cancer cells by increasing cell apoptosis
and inhibiting cell migration and invasion. PTENP1 prevents the
binding of tumor suppressor PTEN with inhibitory miRNAs that
inhibit PTEN translation.129 PTEN decreases glycolysis and pro-
motes oxidative phosphorylation, thus preventing the metabolic re-
1378 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
programming in cancer cells that play an essential role in PTEN-
mediated cancer suppression.130

Exosomal lncRNAs and Autophagy: Role in the Tumor

Microenvironment

Autophagy is a self-degradative or catabolic process that removes
misfolded or aggregated proteins, damaged organelles, or intracellular
pathogens, and it maintains cell homeostasis in response to nutrient
deficiency. Autophagy is an important phenomenon in cancer, as
cancer cells upregulate autophagy to protect them from environ-
mental stress and replenish their fuel supply.131 Recent studies have
discovered lncRNAs as important regulators of autophagy that pro-
tect cancer cells from cellular stress and chemotherapy. lncRNA-
induced autophagy plays an important role in CAF-mediated tumor
cell survival and proliferation.132 lncRNA-CAF prevents the degrada-
tion of interleukin (IL)-33, a protumorigenic cytokine by inhibiting
p62-dependent autophagy in CAFs. Overexpression of lncRNA-
CAF in normal fibroblasts transforms them into CAFs by inducing
the expression of a-smooth muscle actin, vimentin, and N-cadherin,
and promotes a mesenchymal phenotype. However, IL-33 knock-
down prevents these CAF-related changes, suggesting that IL-33 is
a critical mediator of lncRNA-CAF effects. lncRNA-CAF is secreted
by oral squamous cell carcinoma (OSCC) cells in exosomes that are
taken by stromal fibroblasts in the microenvironment. Upregulated
lncRNA-CAF levels in normal stromal fibroblasts promote a CAF
phenotype that further supports tumor proliferation. This suggests
that there is a positive feedback loop where cancer cells secrete exoso-
mal lncRNA-CAF in the tumor microenvironment that is taken by
stromal fibroblasts, leading to lncRNA-CAF-mediated IL-33 stability
in fibroblasts that promote their transformation into CAFs and,
hence, support tumor growth. In addition, higher lncRNA-CAF levels
are associated with poor prognosis in OSCC patients, whereas
lncRNA-CAF/IL-33 levels in the tumor microenvironment correlate
with high tumor-node-metastasis stage.132

Antisense non-coding RNA (ANRIL) induces autophagy via beclin-1
upregulation in endothelial cells to promote angiogenesis. ANRIL
acts as a miRNA sponge where it competes with miR-99a and miR-
449a and inhibits their binding with beclin-1 in endothelial cells.
This induces beclin-1-dependent autophagy that promotes endothe-
lial cell proliferation and angiogenesis.133 ANRIL expression is
significantly higher in exosomes isolated from the urine of bone can-
cer patients compared to healthy controls.134 Another exosomal
lncRNA, H19, that is released from stem-like CD90+ liver cancer cells
influences the tumor microenvironment by promoting endothelial
cell proliferation, angiogenic phenotype, and cell-to-cell adhesion.135

lncRNA H19-induced autophagy in liver cancer cells causes hypoxia/
reoxygenation injury via activation of the PI3K/Akt pathway.136

Furthermore, glioma stem cells (GSCs) regulate the inflammatory
response in the surrounding microglial cells by lncRNA MALAT1.
Microglial cells account for a considerable portion of glioma mass,
and their density correlates with metastasis and progression of the
disease. GSCs secrete MALAT1 in exosomes that are taken by sur-
rounding microglial cells. MALAT1 inhibits miR-129 expression by
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sponging its activity, causing the upregulation of high mobility group
box-1 (HMGB1) protein. HMGB1 upregulation triggers an inflam-
matory response by inducing the secretion of IL-6, IL-8, and tumor
necrosis factor (TNF)-a in microglial cells. HMGB1-induced inflam-
mation could contribute to GSC survival and glioma progression.
Also, MALAT1 induces autophagy in glioma cells and promotes their
cell migration and invasion.137 MALAT1 directly binds and inhibits
miR-384, which targets Golgi membrane protein 1 (GOLM1), a
Golgi-related protein that is oncogenic in many cancers, including
gliomas.137,138 miR-384 inhibition increases GOLM1 expression,
which induces autophagy and promotes cell migration and invasion.
This suggests that MALAT1-induced autophagy could be a vital pro-
cess in glioma survival that is important for glioma-mediated micro-
environment remodeling for its growth.137

Targeting Exosomal lncRNA Transfer in Chemotherapy

Therapeutic Potential

Recent reports have suggested that exosomes can be a vital player in
mediating therapy resistance by delivering proteins, miRNAs, or
lncRNAs to either cancer cells or the microenvironment and can in-
crease tumor cell survival and promote malignancy.139 High levels of
lncRNAs in serum exosomes are associated with a poor response to
chemotherapy treatment, suggesting that targeting exosomal
lncRNAs could be a potential therapy for drug-resistant tumors.140,141

lncRNA-based anticancer therapies could involve the use of lncRNA
antagonists against oncogenic lncRNAs or the introduction of tumor-
suppressive lncRNA mimics. However, the strategy of delivering
lncRNAs to their target cells and their safety profiles remain to be
determined. There are many small RNAs that are in preclinical or
clinical trials for cancer treatment, supporting the notion that non-
coding RNAs could be used as therapeutic drugs.142,143

Drug Resistance

lncRNAs have been shown to promote drug resistance in many can-
cer types. One example is lncRNA SBF2 (SET binding factor 2), an
antisense RNA to SBF2 protein that transfers temozolomide resis-
tance to chemoresponsive glioblastoma cells.140 Temozolomide-resis-
tant glioblastoma cells release lncRNA SBF2 in exosomes that are
taken by neighboring chemoresponsive glioma cells. lncRNA SBF2
acts as a ceRNA for miR-151-3p and blocks its inhibitory binding
with X-ray repair cross complementing 4 (XRCC4), an important
protein that repairs double-stranded breaks in gliomas and thus con-
tributes to chemoresistance.140 Mesenchymal stem cells release
lncRNA histocompatibility leukocyte antigen complex P5 (HCP5)
in the microenvironment, which contributes to stemness and chemo-
resistance in the recipient gastric carcinoma cells.144 lncRNA HCP5
interacts and inhibits miR-3619-5p, which targets PPARG coactivator
1a (PPARGC1A), an important gene in AMP-activated protein ki-
nase (AMPK) regulation and fatty acid oxidation.145 PPARGC1A co-
des for protein peroxisome proliferator-activated receptor (PPAR)
coactivator-1a (PGC1a), which forms a transcriptional complex
with CCAAT enhancer-binding protein b (CEBPB) and induces
carnitine palmitoyltransferase 1 (CPT1) transcription to enhance
fatty acid oxidation. lncRNA HCP5 interaction with miR-3619-5p
later releases an inhibitory effect on PPARGC1A, prompting CPT1-
mediated fatty acid oxidation that contributes to stemness and che-
moresistance in gastric carcinoma cells.144 lncRNAH19 is transferred
via exosomes from doxorubicin-resistant to doxorubicin-sensitive
breast cancer cells, making sensitive cells more resistant to drug treat-
ment.146 Moreover, trastuzumab-resistant breast cancer cells secrete
lncRNA AGAP2 antisense RNA (AGAP2-AS1) in exosomes, which
promotes chemoresistance in drug-sensitive cells.147 Another
lncRNA small nucleolar RNA host gene 14 (SNHG14) was found
to be upregulated in trastuzumab-resistant breast cancer cells
compared to parental breast cancer cells.148 Trastuzumab-resistant
HER2+ breast cancer cells secrete lncRNA-SNHG14 in exosomes
that induce the anti-apoptotic Bcl-2 signaling pathway in recipient
trastuzumab-sensitive cells and promote drug resistance.148

Exosomal lncRNA ARSR (lncRNA activated in renal cell carcinoma
[RCC] with sunitinib resistance) is highly expressed in sunitinib-
resistant RCC cells and correlated with a clinically poor sunitinib
response.149 lncRNA ARSR is transmitted by sunitinib-resistant
RCC cells to sunitinib-sensitive RCC or endothelial cells via exosomes
to facilitate drug resistance. Endothelial cells incubated with lncRNA
ARSR containing exosomes show a poor response to anti-angiogenic
effects of sunitinib, including tube formation inhibition. lncRNA
ARSR acts as a ceRNA for miR-34 and miR-449, leading to the liber-
ation and activation of their corresponding target miRNAs AXL and
c-MET in RCC cells. Activation of cell surface receptor tyrosine ki-
nases AXL and c-MET induces AKT, ERK, and STAT-3 phosphory-
lation, which contributes to sunitinib resistance in RCC cells.149

Furthermore, chemotherapeutic drugs, including sorafenib, campto-
thecin, and doxorubicin, induce lncRNA VLDLR antisense RNA 1
(VLDLR) in HCC cells that contribute to drug resistance.150 Drug-
resistant HCC cells release lncRNA VLDLR in exosomes that pro-
mote resistance in recipient drug-sensitive HCC cells by promoting
the expression of ATP-binding cassette (ABC) transporters, including
ABCG2 (ATP-binding cassette, subfamily G member 2).150 ABC
transporters pump a variety of drugs out of cells at the expense of
ATP hydrolysis.151 Furthermore, mesenchymal stem cells induce pro-
teasomal inhibitor and chemotherapy drug bortezomib resistance in
multiple myeloma cells by secreting proteasome subunit a3
(PSMA3) and lncRNA PSMA3-AS1 (arises from the antisense strand
of PSMA3) in exosomes.152 PSMA3 mRNA forms a duplex with the
lncRNA PSMA3-AS1 transcript that promotes PSMA3mRNA stabil-
ity by reducing its decay. PSMA3 stability enhances bortezomib resis-
tance in recipient myeloma cells. Furthermore, circulating exosomes
containing PSMA3 and PSMA3-AS1 in multiple myeloma patients
correlate with overall survival and progression-free survival.152 This
suggests that exosomal lncRNAs are vital components in drug resis-
tance and could be used as a target to enhance chemotherapeutic
response.

Conclusions

It is clear from the above discussion that exosomal-mediated lncRNA
transfer between tumor cells and the microenvironment is an impor-
tant phenomenon that contributes to cancer cell survival, growth, and
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migration, reprogramming the tumor microenvironment, and the
development of resistance mechanisms against chemotherapeutic
drugs. In addition, exosomal lncRNAs could be used as a biomarker
for many cancers, as their expressions correlate with the malignancy
of the disease and response to therapy. Therefore, identification and
evaluation of exosomal lncRNAs that contribute to cancer progres-
sion and drug resistance may be a valuable tool in the context of can-
cer treatment. To target exosomes is not feasible because they act as
intercellular messengers that facilitate vital cell communication, but
we can target these specific lncRNAs that play a vital role in exo-
some-mediated carcinogenesis.
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