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Abstract: Angiogenesis is an essential step in maintaining tumor growth and facilitating metastasis. The regula-
tory mechanisms of tumor-induced angiogenesis are extremely complicated, and include sophisticated crosstalk 
between tumors and surrounding microenvironment cells, oncogenic signaling pathway activation and aberrant 
expression of angiogenesis-related genes. Recently, emerging evidence demonstrated that long noncoding RNAs 
(lncRNAs) play crucial roles in angiogenesis. However, there are lack of reports to review the progression in this 
scientific field. Here, we focus on and summarize the latest findings of lncRNA in angiogenesis in various cancers. 
Firstly, we introduced how lncRNAs in tumor cells to modulate the cellular signaling axis, interact with proteins and 
serve as competitive endogenous RNAs (ceRNAs) to alter target gene expression, by which induce endothelial cell 
to form capillaries. Then, we recapitulated the essential functions of lncRNA in endothelial cells, and how lncRNAs 
in tumor-associated macrophages to mediate angiogenesis. Next, the angiogenesis mechanism of tumor-derived 
lncRNAs via exosomes were collectively described. At last, the effects of lncRNAs on vasculogenic mimicry were 
summarized, which showed that malignant tumor cells acquire dedifferentiated and endothelial properties to form 
vessel-like structures by themselves. This review provides new insights into the complexity of angiogenesis, and sug-
gests that lncRNAs may become promising biomarkers and targets for enhancing the efficacy of anti-angiogenesis 
therapy in cancer.
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Introduction

Angiogenesis is one of the most important hall-
marks of cancer [1]. During the process of 
tumor growth, new vasculature is needed to 
supply ample nutrients and remove metabolic 
wastes. Tumor-induced angiogenesis frequent-
ly displays disordered morphology and is char-
acterized by precocious, tortuous, permeable 
and dysfunctional vascular structure [1]. These 
atypical vasculature networks create a hypoxic 
microenvironment within tumors, which acti-
vates hypoxia-induced factors (HIFs) to drive 
the expression of numerous oncogenes and in- 
duce immunosuppression. Additionally, the hi- 
gh permeability and leakage of the neovascula-
ture system facilitate the direct entry of tumor 
cells into the bloodstream to trigger metasta-
sis. Moreover, this disabled vasculature makes 

it difficult to deliver drugs efficiently to tumors 
and results in therapeutic resistance [2]. Th- 
erefore, angiogenesis-related factors have be- 
come attractive targets for the development of 
anti-cancer drugs, such as FDA-approved be- 
vacizumab (anti-VEGF) and ramucirumab (anti-
VEGFR2) [3]. Though these anti-angiogenic 
drugs may improve progression-free survival in 
some patients, the long-term response is disap-
pointing [3]. Extremely intricate mechanisms 
beyond these well-documented coding genes 
regulate the angiogenesis process. Further 
exploration and a better understanding of these 
mechanisms are required to develop more 
effective strategies for cancer therapy.

Over the past decades, the development of hi- 
gh-throughput sequencing technology has re- 
vealed that more than 70% of the human 
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genome is pervasively transcribed, but only 
less than 2% of the transcripts are translated 
into proteins; most of human transcriptome are 
noncoding RNAs (ncRNAs) [4]. Emerging evi-
dence has demonstrated that instead of being 
“transcriptional junk”, such as miRNA, siRNA, 
piRNA, circRNA, snoRNA and the attractive long 
noncoding RNAs, play essential roles in manip-
ulating gene expression [5]. Long noncoding 
RNAs (LncRNAs) are collectively defined as tr- 
anscripts with more than 200 nucleotides that 
have limited potential to encode proteins; ln- 
cRNAs are the primary class of noncoding fam-
ily [6]. LncRNAs may display diverse functions 
and participate widely in developmental, physi-
ological and pathophysiological processes, 
including cancer progression. Mechanistically, 
lncRNAs can associate with DNA, RNA and pro-
teins to modulate local or global gene expres-
sion in a cis or trans manner [7]. For instance, 
lncRNA HOTAIR can serve as scaffold to recruit 
various protein complexes to specific genomic 
regions, thereby reprogramming the chromo-
somal state to affect gene expression [8]. Addi- 
tionally, lncRNA may function as a competing 
endogenous RNA (ceRNA) to sequester miRNA 
from its targets, and antagonize the repressive 
effects of miRNAs on mRNAs [9]. Recently, 
many lncRNAs have been found to participate 
in tumor-induced angiogenesis by triggering on- 
cogenic signaling pathways, binding to various 
proteins and miRNAs, encapsuling into exo-
some for delivery, or reprogramming tumor mi- 
croenvironment. These findings provide new 
insights into the complexity of angiogenesis. 

In this review, we systematically summarized 
the functions and underlying mechanisms of 
lncRNAs in tumor-associated angiogenesis, 
and proposed that lncRNAs have great poten-
tial to be novel biomarkers and targets in can-
cer therapy.

Aberrant lncRNA expression in cancers drive 
angiogenesis via multiple manners

LncRNAs trigger angiogenesis through activat-
ing oncogenic signaling pathways in tumor 
cells

The activation of oncogenic signaling pathways, 
such as STAT3, NF-κb, AKT, mTOR and WNT, 
plays important roles in driving angiogenesis of 
tumor. Emerging studies demonstrate that ln- 
cRNAs can alter the activation of these path-

ways to regulate angiogenesis as summarized 
in Figure 1.

Our recent study revealed that lncRNA PVT1 
promotes angiogenesis by inducing the STAT3/
VEGFA axis in gastric cancer. PVT1 is upregu-
lated in gastric cancer tissues and cells, and is 
associated with high microvessel density and 
shorter survival time. Further investigation sh- 
owed that PVT1 can form a complex with STAT3 
in the nucleus, which protects STAT3 from poly-
ubiquitination and proteasome-mediated deg-
radation. Reciprocally, STAT3 can occupy the 
PVT1 promoter to increase PVT1 transcription. 
The positive feedback loop between PVT1 and 
STAT3 sustainably increases VEGFA expression 
to induce angiogenesis [10]. In non-small cell 
lung cancer (NSCLC), lncRNA TNK2-AS1 also 
mediates angiogenesis via the STAT3 signaling 
pathway. Similar to PVT1, TNK2-AS1 binds to 
and stabilizes STAT3 to enhance VEGFA expres-
sion for neovascularization, while STAT3 trig-
gers TNK2-AS1 transcription in turn [11].

LINC01410 is another critical lncRNA involved 
in the angiogenesis of gastric cancer. Unlike the 
abovementioned mechanism, LINC01410 acts 
as a ceRNA that interacts with and depletes 
miR-532-5p, which increases the expression of 
the miR-532-5p target NCF2, and subsequently 
activates the NF-κB pathway by increasing p65 
protein levels in the nucleus. Interestingly, 
NCF2 can also stimulate LINC01410 expres-
sion via the NF-κB pathway. As a result, the con-
stitutive activation of the LINC1410/miR-532-
5p/NCF2/NF-κB feedback loop aggravates the 
malignant progression of gastric cancer [12].

In hepatocellular carcinoma (HCC), Lin et al. 
demonstrated that lncRNA UBE2CP3 expres-
sion is upregulated in HCC tissues with higher 
vessel density. In a co-culture system of cancer 
cells and human umbilical vein endothelial cells 
(HUVECs), dysregulated UBE2CP3 expression 
in the cancer cells can alter endothelial cell pro-
liferation, migration and tube formation. Con- 
sistently, gaining UBE2CP3 expression may 
enhance the arteriole formation and vessel 
density of xenografts in vivo. A mechanistic stu- 
dy revealed that UBE2CP3 can activate the 
ERK/HIF-1α/p70S6K signaling cascade to aug-
ment VEGFA levels and drive angiogenesis in 
HCC [13]. 
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Several studies indicate that some lncRNAs 
can alter the activation of the AKT/mTOR path-
way to govern angiogenesis in various cancers. 
For instance, the oncogenic lncRNA HULC is 
overexpressed and positively correlated with 
the expressing of proangiogenic factors VEGF 
and ESM-1, as well as with high microvessel 
density in glioma tissues. HULC silencing can 
decrease proliferation, migration, invasion, and 
capillary tuber formation in glioma cells. The 
authors also found that ESM-1 is responsible 
for HULC-mediated angiogenesis, and that 

HULC regulates ESM-1 expression via the PI3K/
AKT/mTOR signal pathway [14]. Analogously, 
lncRNA OR3A4 overexpression can mediate 
proliferation, migration and angiogenesis via 
the AGGF1/AKT/mTOR pathway in HCC [15]. In 
hepatoblastoma, upregulation of lncRNA CRN- 
DE is markedly linked to VEGF, ESM-1 and CD34 
expression. Silencing CRNDE has anti-prolifera-
tive and anti-angiogenic effects via blocking 
the mTOR/P70S6K signaling. Rapamycin, an 
inhibitor of the mTOR pathway, can successfully 
decrease CRNDE-mediated VEGFA and Ang-2 

Figure 1. LncRNAs regulate angiogenesis through modulating multiple signaling pathways. LncRNA PVT1 binds to 
and activates STAT3 pathway to drive VEGFA expression, or interacts with PRC2 complex to induce H3K37 chromo-
somal modification to repress ANGPTL4 expression. LncRNA TNK-AS1 exerts similar mechanism with PVT1 to elicit 
STAT3/VEGFA axis. LncRNA CamK-A associate with PNCK and degrade IkBα, thus stimulate NF-κb pathway to in-
crease VEGFA expression. UBE2CP3 triggers ERK/HIF-1α/p70S6K cascade to elevate VEGFA levels. HULC regulates 
ESM1 expression via the PI3K/AKT/mTOR pathway. LncRNA ORA3A4 mediates angiogenesis by the AGGF1/AKT/
mTOR axis. LncRNA CRNDE induce VEGFA and Ang-2 expression through activating mTOR pathway. The red arrows 
indicate the upregulation and the green arrow represents the downregulation.
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expression [16]. In osteosarcoma, lncRNA MAL- 
AT1 exerts a proangiogenic effect via activating 
the mTOR/HIF-1α pathway. Mutually, activated 
mTOR/HIF-1α induces MALAT1 expression to 
sustain oncogenic functions [17]. In lung ade-
nocarcinoma, lncRNA LOC100132354 enables 
the activation of the VEGFA/VEGFR2/RAF/
MEK/ERK signaling pathway to enhance angio-
genesis [18].

Several lncRNAs that are not proangiogenic, 
such as GAS5 and MEG3, have the capacity to 
suppress angiogenesis. In colorectal cancer 
(CRC), GAS5 can inactivate the Wnt/β-catenin 
pathway to block angiogenesis and metastasis 
[19]. MEG3 is expressed at low levels in breast 
cancer. MEG3 overexpression can inhibit cell 
proliferation and invasion, as well as the expres-
sion of angiogenesis-related factors, such as 
VEGFA/B, PGF, bFGF, SDF-1, TGF-β and angio-
genin. MEG3 suppresses the capillary tube for-
mation of endothelial cells through inactivating 
AKT signaling [20].

LncRNAs mediate angiogenesis via binding to 
various proteins within tumor cells

LncRNAs can associate directly with proteins, 
which may affect protein secretion, stability, 
enzymatic activity, guide proteins to specific 
genomic regions, or decoy transcriptional fac-
tors away from target gene promoters [7]. 
LncRNAs can interact with various proteins to 
mediate angiogenesis within tumors.

MVIH is the first identified lncRNA accounting 
for tumor-induced angiogenesis. MVIH is sub-
stantially overexpressed in HCC specimens 
with high microvascular invasion and tumor 
node metastasis, and these patients frequently 
suffer from shorter recurrence-free survival 
and overall survival time. MVIH can associate 
with the PKG1 protein and inhibit PKG1 secre-
tion to induce angiogenesis in HCC [21].

In cervical cancer, lnc-CCDST acts as a scaffold 
to enhance the interaction of the E3 ubiquitin 
ligase MDM2 with the oncogenic protein DHX9. 
The lnc-CCDST-dependent interplay facilitates 
DHX9 degradation by MDM2 and inhibits angio-
genesis. However, in HPV-infected cervical can-
cer, the virus-encoded E6 and E7 proteins di- 
minish lnc-CCST expression and elevate DHX9 
abundance to induce malignant behaviors [22].

In gastric cancer, the upregulation of lncRNA 
OR3A4 is associated closely with invasion and 
lymphatic and distal metastasis. Mechanisti- 

cally, OR3A4 can trigger a variety of gene ex- 
pression and form complexes with the PDLIM2, 
MACC1, NTN4 and GNB2L1 proteins, thus pro-
moting angiogenesis, tumor growth and metas-
tasis both in vitro and in vivo [23]. In contrast to 
the oncogenic function of OR3A4, NBAT1 is a 
tumor suppressing lncRNA in gastric cancer, 
which can inhibit proliferation, migration, inva-
sion and capillary tube formation. Low expres-
sion levels of NBAT1 significantly correlate with 
advanced tumor stage, lymph node metastasis 
and poor prognosis. NBAT1 interacts with Sox9 
to mediate its proteasome-dependent proteoly-
sis. Sox9 degradation leads to a reduction in 
NBAT1, as Sox9 can bind to the NBAT1 promot-
er to drive its expression. The negative feed-
back between NBAT1 and Sox9 continuously 
aggravates gastric cancer progression [24].  

LncRNA PVT1 has proangiogenic properties in 
more cancer types than gastric cancer. Yu et al. 
demonstrated that lncRNA PVT1 can control 
angiogenesis, proliferation and apoptosis in 
cholangiocarcinoma (CCA) via reprogramming 
the chromatin state. PVT1 binds to EZH2, the 
crucial component of PRC2 complexes, and 
induces H3K27me3 epigenetic modifications 
within the ANGPTL4 promoter, thereby decreas-
ing ANGPTL4 expression to promote tumorigen-
esis [25]. 

There are some oncogenic lncRNAs, such as 
MALAT1 and HOTAIR, which also drive angio-
genesis through pleiotropic regulatory patterns. 
For example, MALAT1 can induce angiogenesis 
by affecting Sox2 expression in pancreatic can-
cer [26], while MALAT1 was found to promote 
vasculature formation via increasing FGF2 
secretion in neuroblastoma cells under hypoxic 
conditions [27]. In nasopharyngeal carcinoma 
(NPC), HOTAIR knockdown attenuates tumor 
growth and angiogenesis both in vitro and in 
vivo. A subsequent study revealed that HOTAIR 
can bind directly to the specific DNA motif of 
VEGFA promoter to modify the genome struc-
ture and increase VEGFA transcription. On the 
other hand, HOTAIR can regulate GRP78 pro-
tein levels to indirectly affect VEGFA expression 
[28]. 

LncRNAs affect angiogenesis through cross-
talk with miRNAs and mRNAs in tumor cells

In addition to interactions with proteins, intri-
cate crosstalk exists among lncRNAs, miRNAs 
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and mRNAs. LncRNA may function as ceRNA, 
which sponges miRNA via complementary 
miRNA binding sites, and this sponging func-
tion antagonizes miRNA availability to mRNAs 
and attenuates the suppressive roles of miRNA 
on its targets [29]. The mechanisms of ceRNA 
have been investigated widely in tumor an- 
giogenesis.

In colorectal cancer (CRC), lncRNA-ZFAS1 is 
markedly upregulated in cancer tissues and is 
associated with shorter survival time. Gain- 
and loss- of ZFAS1 expression have a great 
impact on invasion, migration and angiogene-
sis. The transcriptional factor SP1 can be re- 
cruited within ZFAS1 promoter to initiate its 
expression. A mechanistic study demonstrated 
that ZFAS1 acts as miRNA sponge to sequester 
miR-150-5p away from its target VEGFA in an 
AGO2-dependent manner. ZFAS1-mediated 
VEGFA elevation activates VEGFR2 and the 
downstream AKT/mTOR pathway to exacerbate 
cancer progression [30].

Glioblastoma is a typically vessel-enriched ma- 
lignant brain tumor. LncRNA TUG1 upregulation 
is partly responsible for the aggressive pheno-
type. Depletion of TUG1 notably inhibits tumor-
induced endothelial cell proliferation, migra-
tion, capillary tube formation and spheroid-
based angiogenesis in vitro, as well as retards 
tumor growth and decreases microvessel den-
sity in vivo. TUG1 can directly bind to and 
repress miR-299 expression. As a result, the 
miR-299 target VEGFA is upregulated by TUG1 
and contributes to angiogenesis in glioblasto-
ma [31]. In addition, Dong et al. reported that 
high lnRNA TUG1 expression can lead to angio-
genesis in hepatoblastoma through ceRNA 
function. TUG1 may titrate and decrease miR-
34a-5p levels, thereby elevating the expression 
of its target gene VEGFA. VEGFA antibody and 
miR-34a-5p treatment can block TUG1-induced 
tumor growth and angiogenesis [32].

LncRNA XIST overexpression not only induces 
angiogenesis in glioma cells but also modu-
lates the biological properties of glioma endo-
thelial cells (GECs). Cheng et al. found that 
lncRNA XIST displays significant elevation in 
glioma samples and that XIST knockdown can 
repress metastasis and angiogenesis both in 
vitro and in vivo. A subsequent study revealed 
that miR-429 can target and silence XIST 
expression, while XIST can function as a ceRNA 
to sponge miR-429 in turn. The expression lev-

els of lncRNA XIST and miR-429 are inversely 
correlated in glioma [33]. Intriguingly, Yu et al. 
demonstrated that lncRNA XIST is overex-
pressed in glioma endothelial cells (GECs) co-
cultured with glioma cell line U118. Silencing 
XIST in GECs can effectively increase the per-
meability of blood-tumor barrier and reduce 
angiogenesis. A deep investigation showed that 
XIST binds to miR-137, and they reciprocally 
inhibit each other’s expression. The tight junc-
tion-related proteins ZO-2 and FOXC1 are direct 
targets of miR-137. XIST regulates blood-tumor 
barrier permeability and angiogenesis via 
sequestering miR-137 to increase ZO-2 and 
FOXC1 expression [34].

In bladder cancer (BC), lncRNA H19 and 
DNMT3B are highly co-expressed in tissue 
samples and cells. H19 promotes the rear-
rangement of cytoskeleton, epithelial-to-mes-
enchymal transition (EMT), tumorigenesis, 
angiogenesis and metastasis both in vivo and 
in vitro. This study also verified that H19 can 
bind to and co-localize with miR-29b, which 
relieves the silencing effect of miR-29b on 
DNMT3B and promotes bladder cancer devel-
opment [35]. Recently, the same group found 
that lncRNA RP11-79H23.3 and the tumor sup-
pressor gene PTEN are remarkably downregu-
lated in BC tissues, and this downregulation 
can inhibit tumorigenesis, angiogenesis and 
metastasis [36]. Similar to H19, lncRNA RP11-
79H23.3 functions as a ceRNA of miR-107 and 
represses the effect of miR-107 on PTEN. The 
elevation in PTEN levels consequently blocks 
PI3K/AKT signaling pathway activity to sup-
press BC progression [36].

In pancreatic ductal adenocarcinoma (PDAC), 
Linc00511 serves as a ceRNA to titrate miR-
29-3P and subsequently increases the expres-
sion of miR-29 target VEGFA to induce angio-
genesis. High levels of linc00511 are associat-
ed with metastasis and poor prognosis in PDAC 
[37]. 

In HCC, lncRNA HULC can act as ceRNA to 
sequester miR-107, which increases the expres-
sion of miR-107 target E2F1. As a result, the 
transcriptional factor E2F1 binds to the SPHK1 
promoter and elevates SPHK1 expression to 
induce angiogenesis [38].

Taken together, lncRNAs can exert diverse 
mechanisms to stimulate tumor cells to release 
angiogenic factors, and these growth factors 
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induce endothelial cells to form capillaries net-
work within tumors. As we described above, 
there exist many feedback regulation between 
aberrant lncRNA expression and oncogenic sig-
naling pathway activation, such as the recipro-
cal interplay loop between PVT1 and STAT3, 
TNK2-AS1 and STAT3, as well as LINC1410 and 
NF-κB. These positive feedback loops repre-
sent essentially biological switches to consecu-
tively sustain oncogenic properties including 
angiogenesis, which may be critical interven-
tion targets for cancer therapy.

It should be realized that there are some limits 
in these present studies. Firstly, the activation 
of STAT3, NF-κb, AKT, mTOR and WNT pathways 
may initiate a lot of downstream gene expres-
sion, some of which are responsible for activat-
ing tumor microenvironment cells. Tumor angio-
genesis need the crosstalk among tumor, endo-
thelial and mesenchymal cells. However, most 
of present studies were directly carried out with 
co-culture system between tumor cells and 
endothelial cells in vitro, and took immune defi-
cient mice as the in vivo model, which can’t fully 
reflect the effects of tumor immune microenvi-
ronment on angiogenesis, and the regulatory 
roles of other cell types such as myeloid cells or 
fibroblasts on angiogenesis. Secondly, the 
ceRNA function of lncRNA has been widely 
studied in angiogenesis. It is noteworthy that 
lncRNA has different miRNA response ele-
ments, and each miRNA has various targets. 
The interaction among different miRNAs and 
their targets may synergistically contribute to 
angiogenesis, but there are lack of further stud-
ies. In addition, although a number lncRNAs 
have been identified as oncogenes to promote 
the secretion of angiogenic factor from tumor 
cells into the tumor microenvironment, the 
underlying mechanisms of how endothelial 
cells respond to the dysregulation of lncRNAs in 
tumors are largely unknown, which need to be 
elucidated in future studies.

LncRNAs are essential for maintaining endo-
thelial cell functions

LncRNAs also play important roles in endothe-
lial cells to sustain specialized endothelial cell 
phenotypes and functions, including new blood 
vessel formation. Recently, the functions and 
underlying mechanisms of some lncRNAs in 
endothelial cells have been identified. 

LncRNA STEEL is an endothelial cell-enriched 
lncRNA that can increase tube formation capac-
ity. STEEL can transcriptionally increase eNOS 
and KLF2 expression via activating the epigen-
etic status of H3K4me3 in their promoters. In 
addition, STEEL complexes with PARP1 and 
recruits PARP1 to the KLF2 promoter, which 
partially accounts for STEEL-mediated KLF2 
upregulation. Conversely, eNOS and KLF2 exert 
feedback inhibition on lncRNA STEEL [39].

In tumor-associated endothelial cells, tumor 
cells may alter the lncRNA profile in endothelial 
cells to modulate angiogenesis. Glioma has 
been extensively reported to control the biologi-
cal behaviors of glioma vascular endothelial 
cells through the lncRNA/miRNA axis. Zheng et 
al. found that when glioma vascular endothelial 
cells are stimulated with glioma-conditioned 
medium, PVT1 is highly expressed and increas-
es cell proliferation, migration and angiogene-
sis in glioma vascular endothelial cells. A sub-
sequent investigation elucidated that PVT1 
acts as a ceRNA to sequester miR-186 and 
blocks the silencing effect of miR-186 on its 
targets Atg7 and Beclin1, by which increasing 
Atg7 and Beclin1 expression to enhance pro-
tective autophagy [40]. H19 is expressed highly 
in the microvessels of glioma tissues and endo-
thelial cells cultured with glioma-conditioned 
medium. Further study indicated that H19 can 
regulate VASH2 expression to mediate angio-
genesis by binding directly to and inhibiting 
miR-29a in endothelial cells [41]. MCM3AP-AS1 
is another lncRNA, that is upregulated in glio-
ma-associated endothelial cells (GECs). Sil- 
encing MCM3AP-AS1 reduces GEC cell viability, 
migration and tube formation potential. MCM- 
3AP-AS1 can increase KLF5 levels by decreas-
ing its negative regulator miR-211. Then, KLF5 
is enriched within the promoter region of AGGF1 
to initiate AGGF1 expression, thereby triggering 
the PI3K/AKT and ERK1/2 signaling pathways 
to enhance glioma angiogenesis [42]. 

In addition to those in GECs, lncRNAs in vascu-
lar endothelial cells have been closely investi-
gated. LncRNA PVT1 upregulation in vascular 
endothelial cells can trigger proliferation, 
migration and capillary tube formation as well. 
Mechanistically, PVT1 binds to and degrades 
miR‑26b to increase the expression levels of 
CTGF and ANGPT2 in vascular endothelial cells 
[43]. Another study in human umbilical vein 
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endothelial cells (HUVECs) showed that DNA 
methylation controls lncRNA MEG3 expression 
under normoxic conditions, whereas HIF-1α is 
responsible for MEG3 transcription in hypoxic 
treatment. MEG3 knock-down diminishes VEG- 
FR2 expression and reduces angiogenesis by 
exclusively blocking the VEGFA/VEGFR2 path-
way [44].

Collectively, the stimuli from tumor cells can 
alter lncRNA expression profiles in endothelial 
cells. These deregulated lncRNAs have great 
impact on biological properties of vascular 
endothelial cells through various mechanisms, 
and result in angiogenesis. Now, endothelia-
derived lncRNAs have not been extensive stud-
ied, and the functions of aberrant lncRNA 
expression in endothelial cells are still unclear. 
Meanwhile, what are the determining factors in 
tumor stimuli, and how these factors to change 
lncRNA profiles in endothelial cells need deeply 
investigated as well.

Dysregulation of lncRNAs in tumor-associated 
macrophages stimulates angiogenesis

Tumor immune microenvironment plays pivotal 
roles in cancer development. Tumor-associated 
macrophages (TAMs) are the major component 
of tumor microenvironment, which can recruit 
endothelia cell to form capillaries within tumors, 
induce immune evasion and metastasis [45]. 
Several studies reported that dysregulation of 
lncRNAs may endow macrophage with TAM 
properties and promote angiogenesis.

It has been established that TAMs commonly 
share many properties with M2 macrophages 
in that they both modulate tumor growth, angio-
genesis and immune escape. Cao et al. used 
IL-4 and IL-13 induction to construct cell-based 
M2 polarization models and observed the 
importance of lncRNA-MM2P in determining 
M2 differentiation; the lncRNA-MM2P expres-
sion levels increase during M2 polarization but 
decrease in M1 macrophages [46]. This study 
also showed that silencing lncRNA-MM2P 
expression in macrophages markedly blocks 
cytokine-mediated M2 polarization and inhibits 
M2-induced angiogenesis both in vitro and in 
vivo by inactivating the STAT6 signaling path-
way [46]. Recently, Sang et al. identified a cru-
cial lncRNA, CamK-A, that enables the remodel 
of cancer cell metabolic and immune microen-
vironments. LncRNA CamK-A can bind directly 
to the calmodulin-dependent kinase PNCK to 

phosphorylate and degrade IkB-α, which in turn 
stimulates the NF-κB pathway in a calmodulin-
dependent manner. Consequently, the NF-κB 
signaling axis transactivates a number of cyto-
kines, such as VEGF, IL-6, IL-8 and metabolism-
related genes, which results in macrophage 
recruitment, angiogenesis and tumor progres-
sion [47]. 

In thyroid cancer, Huang et al. enriched CD14 
positive monocytes of human peripheral blood 
mononuclear cells (PBMCs) and treated them 
with LPS, IL-4 and conditioned medium of can-
cer cell line FTC133 to induce M1, M2 and TAM 
models respectively. TAMs have properties sim-
ilar to those of M2, in which IL-10 and FGF2 are 
increased, whereas TNF-α and IL-12 secretion 
are decreased. When lncRNA MALAT1 is 
knocked down in TAMs, the condition medium 
from the TAMs can suppress the proliferation, 
migration and invasion of tumor cells, as well 
as reduce angiogenesis in endothelial cells. 
These results show that MALAT1 in TAMs medi-
ates angiogenesis through influencing FGF2 
secretion [48].

TAMs is believed to play critical roles in mediat-
ing immunosuppression. LncRNAs are implicat-
ed in the polarization process of macrophage. 
The number of TAMs infiltrated into tumors is 
closely related to malignant cancer progres-
sion. There are several means to construct 
TAMs cell models in vitro, including IL-4/IL-13-
induced M2 polarization, and cancer cell condi-
tioned medium-treated macrophages and 
PBMCs. But these cell-based TAM models in 
vitro are greatly different from the TAMs infil-
trated within tumors in vivo. Therefore, isola-
tion and purification of the infiltrated TAMs from 
solid tumors may provide more convincible evi-
dence. The comparison of LncRNA signature 
among cell/PBMC-based and infiltrated TAMs 
is helpful to identify the specific lncRNAs for 
TAM polarization. Additionally, how lncRNAs in 
tumor cells educate tumor microenvironment 
cells to become TAMs, cancer-associated fibro-
blasts and endothelial cells, which still need 
further exploration.  

Tumor-derived lncRNAs can be delivered into 
endothelia cells via exosomes to promote an-
giogenesis 

Exosomes are a subset of extracellular vesicles 
with diameters of 30-150 nm, which serve as 
an important communication system. Exo- 
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somes can load a variety of molecules includ-
ing DNA, RNA, protein, lncRNA, miRNA and cir-
cRNA, carrying these molecules to neighboring 
cells. Tumor cells can release millions of exo-
somes to reprogram tumor microenvironment 
to aggravate tumor progression [49]. Tumor-
derived exosomes play crucial roles in inducing 
angiogenesis [50]. Several studies have dem-
onstrated that exosomal lncRNAs from tumor 
cells can be taken up by endothelia cell to mod-
ulate angiogenesis.

Linc-POU3F3 is highly expressed in glioma tis-
sues and cells. When exosomes from glioma 
cells are co-incubated with human brain micro-
vascular endothelial cells (HBMECs), the exo-
somes are internalized by the HBMECs and 
linc-POU3F3 expression is increased within 
endothelia cells. The glioma-derived exosomes 
can markedly promote migration, proliferation, 
tubular-like structure formation in vitro and 
arteriole formation in vivo by increasing the lev-
els of angiogenesis-related proteins in HBMECs 
[51]. Exosomes from another glioma cell line, 
U87, that has high linc-CCAT2 expression, can 
transmit linc-CCAT2 to endothelial cells to 
induce angiogenic phenotypes both in vitro and 
in vivo, as well as exert anti-apoptosis effects 
via hypoxia. Linc-CCAT2 upregulates VEGFA, 
TGF-β and Bcl-2, but downregulates Bax and 
caspase-3 expression to inhibit hypoxia-medi-
ated apoptosis in endothelial cells [52]. HOTAIR 
also has the capacity to enhance angiogenesis 
through increasing VEGFA in glioma cells. 
Further studies showed that HOTAIR can be 
encapsulated into glioma cell-derived extracel-
lular vesicles for delivery to endothelial cells 
[53]. 

In HCC, exosomes isolated from CD90+ liver 
cancer stem-like cells can stimulate endotheli-
al cells to form capillary networks and enhance 
the adhesion of CD90+ cells to monolayer endo-
thelial cells. LncRNA profiling revealed that 
lncRNA H19 is enclosed into CD90+ cell-derived 
exosomes and mediates the expression of pro-
angiogenic factors, including VEGF, VEGFR1 
and ICAM1 in endothelia cells [54].

In epithelial ovarian cancer (EOC), lncRNA 
MALAT1 is transported to endothelial cells th- 
rough cancer cell-secreted exosomes, and then 
stimulates proangiogenic behaviors through 
modulating angiogenesis-relevant genes in 
endothelial cells. Furthermore, serum exosom-

al MALAT1 levels are tightly correlated with 
advanced and metastatic outcomes, and they 
act as an independent predictive factor for 
overall survival in EOC [55].

In addition to exosome loading, lncRNAs can 
affect tumor-derived exosome production. Du- 
ring colorectal carcinoma (CRC) development, 
adenomatous polyposis coli (APC) gene muta-
tions are a critical event. Wang et al. identified 
an APC-activated lncRNA-APC1 that can weak-
en tumor growth, metastasis and angiogenesis. 
A mechanistic study revealed that lncRNA-
APC1 associates directly with Rab5b mRNA 
and decreases its mRNA stability, thereby re- 
ducing CRC-derived exosome production. When 
APC mutations occurs in CRC cells, they may 
release more exosomes to activate MAPK path-
way in endothelial cells to induce angiogenesis 
[56].

Exosome is an efficient carrier for intercellular 
information communication. Tumor-derived ex- 
osomes may contain specific proteins and RNA 
repertoires including numerous lncRNAs. The 
processes of exosome loading, secretion and 
uptake are precisely regulated. How the specif-
ic lncRNAs are sorted into exosomes and how 
the exosome are specifically uptake by vascular 
endothelial cells, these detailed mechanisms 
are warranted to figure out. 

LncRNAs remodel cancer cell to form vascu-
logenic mimicry to aggravate cancer develop-
ment

Angiogenesis is not the only means of tumor 
vasculature development. Vasculogenic mimic-
ry (VM) is another common neovascularization 
process in tumor development, which was first 
found in melanoma in 1999 [57]. VM refers to 
highly plastic tumor cells that may dedifferenti-
ate and obtain endothelial properties, which 
allow aggressive tumor cells to form vessel-like 
structures by themselves [57]. Similar to angio-
genesis, VM channels contain plasma and red 
blood cells and have the capacity to transport 
oxygen and nutrients [58]. In addition, VM net-
works enable detached tumor cells to enter the 
blood stream directly, thereby facilitating tumor 
metastasis to distant organs. Hence, VM den-
sity frequently correlates with a high risk of 
metastasis and poor prognosis [59]. Recently, 
several lncRNAs have been identified to be 
involved in tumor VM formation. 
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In gastric cancer, lncRNA MALAT1 is upregulat-
ed and closely associated with VM density and 
endothelial vessels. MALAT1 was found to regu-
late the expression of the VE-cadherin/β-catenin 
complex, ERK/MMPs and FAK/paxillin signal-
ing pathways. Consistently, p-ERK inhibitors 
can effectively inhibit gastric cancer cell from 
forming VM networks [60]. MALAT1 is also 
involved in ERβ-mediated VM formation in non-
small cell lung cancer (NSCLC), but the mecha-
nism is different from that in gastric cancer. In 
NSCLC, ERβ occupies the estrogen response 
elements within the MALAT1 promoter to acti-
vate its transcription directly. Then, the upregu-
lation of MALAT1 decreases miR145-5p expres-
sion and increases the protein levels of its tar-
get NEDD9, thus promoting VM formation [61]. 
In lung adenocarcinoma, LINC00312 can in- 
duce migration, invasion and VM via forming a 
complex with the transcriptional factor YBX1. 
LINC00312 upregulation is positively related to 
VM in lung adenocarcinoma specimens [62]. 

A previous study reported that cancer stem 
cells (CSCs) are closely linked to the VM pro-
cess, as tumor cells capable of VM resemble 
CSCs with highly undifferentiated and plastic 
properties [63]. In HCC, lncRNA n339260 is 
overexpressed in cancer stem-like cells and is 
associated with VM appearance and shorter 
survival time in mice xenograft model. LncRNA 
n339260 can induce VE-cadherin expression, 
which is a well-established molecular marker of 
VM [64]. 

In osteosarcoma, Ren et al. reported that 
lncRNA n340532 has the capacity to stimulate 
VM. Knockdown of lncRNA n340532 can sup-
press VM formation in vitro and reduce VM den-
sity in orthotopical graft in vivo. But the mecha-
nism has not been interpreted [65].

Glioma is not only characterized as highly 
angiogenic malignance but also enriched with 
VM networks. HOXA-AS2 is upregulated and 
positively correlated with VM density in glioma 
specimens. Further study revealed that HOXA-
AS2 can bind to miR-373 and diminish its 
expression. As a result, the target of miR-373, 
EGFR, is increased, which activates the PI3K 
pathway to increase VE-cadherin and MMP2/9 
expression and leads to VM formation [66]. 
Similarly, LINC00339 is found to regulate VM in 
glioma as well. Mechanistically, LINC00339 
functions as ceRNA to prevent miR-539-5p 

from its target Twist1. The upregulation of 
Twist1 enhances its transcriptional activity to 
the promoters of MMP2/14, which can degrade 
extracellular matrix and facilitate VM forma-
tion. LINC00339 depletion and miR-539-5p 
introduction can significantly shrink tumor 
growth and reduce VM density in vivo xeno-
grafts [67].

VM networks have been observed in multiple 
types of highly aggressive tumors, and regard-
ed as an important factor for the failure of anti-
angiogenesis treatment. The malignant tumor 
cells form extracellular matrix (ECM)-rich vas-
culogenic-like channels, which can be stained 
by periodic acid-schiff (PAS). In the present 
studies, VM densities in tumor tissues were 
determined by dual staining for endothelial 
marker CD31 or CD34 and PAS. The lumens 
with positive CD31 or CD34 staining are endo-
thelial vessels, whereas capillaries with posi-
tive PAS but negative CD31 or CD34 staining 
are defined as VM. Increasing evidence sug-
gests that the properties of cancer stem cells 
and epithelial mesenchymal transition may 
contribute to VM formation. How lncRNAs direct 
the undifferentiated and plastic tumor-cell phe-
notype need to study in-depth.

Conclusion

In this review, we summarized the versatile 
mechanisms of lncRNAs in tumor-induced 
angiogenesis as listed in Table 1, and indicated 
the complexity of lncRNA-mediated angiogene-
sis in cancer development. Notably, the same 
lncRNA, such as PVT1, MALAT1, HULC and 
TUG1, may act via different mechanisms to trig-
ger angiogenesis. In gastric cancer, we found 
PVT1 facilitates angiogenesis via eliciting the 
STAT3/VEGFA axis [10]. In cholangiocarcinoma, 
PVT1 promotes capillary formation through epi-
genetically silencing ANGPTL4 expression [25]. 
In addition to cancer cells, PVT1 affects the 
vasculatures capacity of glioma microvascular 
endothelial cells by sponging miR-186 to induce 
protective autophagy [40]. PVT1 can also 
enhance the tube network formation of vascu-
lar endothelial cells by targeting miR-26b to 
activate CTGF and ANGPT2 [43]. LncRNA 
MALAT1 acts via diverse mechanisms to con-
trol angiogenesis by activating mTOR/HIF-1α 
signal pathway in osteosarcoma [17], enhanc-
ing Sox2 expression in pancreatic cancer [26], 
and increasing FGF2 secretion in neuroblasto-
ma [27]. Moreover, MALAT1 can directly remod-
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Table 1. The versatile mechanisms of lncRNAs in tumor-induced angiogenesis
LncRNAs regulate angiogenesis by proteins

LncRNA Expression Regulatory Target Cancer types Reference
PVT1 ↑ STAT3/VEGFA Gastric cancer [10]
PVT1 ↑ PRC2 Cholangiocarcinoma [25]
MALAT1 ↑ mTOR/HIF-1α Osteosarcoma [17]
MALAT1 ↑ Sox2 Pancreatic cancer [26]
MALAT1 ↑ FGF2 Neuroblastoma [27]
MALAT1 ↑ FGF2 secretion Thyroid cancer [48]
MALAT1 ↑ VE-cadherin/β-catenin, ERK/MMPs, and FAK/paxillin Gastric cancer [60]
lncRNA-MM2P ↑ STAT6 activation Osteosarcoma [46]
TNK2-AS1 ↑ STAT3/VEGFA Non-small cell lung cancer [11]
LOC100132354 ↑ VEGFA/VEGFR2/Raf/MEK/ERK Lung adenocarcinoma [18]
UBE2CP3 ↑ ERK/HIF-1α/p70S6K/VEGFA Hepatocellular carcinoma [13]
OR3A4 ↑ AGGF1/AKT/mTOR Hepatocellular carcinoma [15]
MVIH ↑ PKG1 Hepatocellular carcinoma [21]
LINC00312 ↑ YBX1 Hepatocellular carcinoma [62]
n339260 ↑ VE-cadherin Hepatocellular carcinoma [64]
H19 ↑ VEGF, VEGFR1 and ICAM1 Hepatocellular carcinoma [54]
CRNDE ↑ mTOR/P70S6K/VEGFA and ESM1 Hepatoblastoma [16]
HULC ↑ PI3K/Akt/mTOR/ESM-1 Glioma [14]
Linc-CCAT2 ↑ VEGFA, TGF-β, Bcl-2, Bax, caspase-3 Glioma [52]
HOTAIR ↑ VEGFA Glioma [53]
OR3A4 ↑ PDLIM2, MACC1, NTN4 and GNB2L1 Gastric cancer [23]
HOTAIR ↑ VEGFA promoter/GRP78 Nasopharyngeal carcinoma [28]
CamK-A ↑ PNCK/IkB-α/NF-κB/VEGF, IL-6 and IL-8 Breast cancer [47]
GAS5 ↓ Wnt/β-catenin Colorectal cancer [19]
lncRNA-APC1 ↓ Rab5b Colorectal cancer [56]
MEG3 ↓ AKT/VEGF Breast cancer [20]
lnc-CCDST ↓ MDM2/DHX9 Cervical cancer [22]
NBAT1 ↓ Sox9 Gastric cancer [24]
LncRNAs regulate angiogenesis via ceRNA function
LncRNA Expression miRNA and target Cancer types Reference
LINC01410 ↑ miR-532-5p/NCF2/NF-κB Gastric cancer [12]
TUG1 ↑ miR-299/VEGFA Glioblastoma [31]
TUG1 ↑ miR-34a-5p/VEGFA Hepatoblastoma [32]
lncRNA XIST ↑ miR-429 Glioma [33]
HOXA-AS2 ↑ miR-373/EGFR/PI3K/VE-cadherin/MMPs Glioma [66]
LINC00339 ↑ miR-539-3p/Twist1/MMPs Glioma [67]
Linc00511 ↑ miR-29-3P/VEGFA Pancreatic cancer [37]
HULC ↑ miR-107/E2F1/SPHK1 Hepatocellular carcinoma [38]
ZFAS1 ↑ miR-150-5p/VEGFA Colorectal cancer [30]
MALAT1 ↑ miR145-5p/NEDD9 Non-small cell lung cancer [61]
H19 ↑ miR-29b/DNMT3B Bladder cancer [35]
RP11-79H23.3 ↓ miR-107/PTEN Bladder cancer [36]
LncRNAs regulate angiogenesis via maintaining endothelial cells function
LncRNA Expression miRNA and target Endothelia cell types Reference
STEEL ↑ STEEL/PARP1/KLF2 negative feedback Endothelial cells [39]
PVT1 ↑ miR-186/Atg7 and Beclin1 Glioma endothelial cells [40]
H19 ↑ miR-29a/VASH2 Glioma endothelial cells [41]
MCM3AP-AS1 ↑ miR-211/KLF5/AGGF1/PI3K/AKT/ERK Glioma endothelial cells [42]
lncRNA XIST ↑ miR-137/ZO-2 and FOXC1 Glioma endothelia cells [34]
PVT1 ↑ miR26b/CTGF and ANGPT2 Vein endothelial cells [43]
MEG3 ↑ VEGFA/VEGFR2 Vein endothelial cells [44]
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el cancer cells to induce vasculogenic mimicry 
through impacting the ERK/MMPs and FAK/
paxillin axis [60], or by decoying miR-145-5p to 
elevate NEDD9 expression [61]. These inde-
pendent studies demonstrate that lncRNAs are 
multifunctional regulators, and that distinct 
mechanisms of controlling angiogenesis may 
depend on different cellular backgrounds or 
stimulated contexts. Investigations of these 
regulatory mechanisms are helpful to develop 
effective and precise approaches for cancer 
treatment.

To the best of our known, although anti-angio-
genesis therapy has greatly improved progres-
sion-free survival, the overall survival time 
remains unsatisfactory because of the lack of 
proper biomarkers to identify sensitive respond-
ers [3]. VEGFA alone is inadequate to predict 
the effects of bevacizumab (anti-VEGF) treat-
ment [68]. Some lncRNAs, such as PVT1 and 
MALAT1, are very stable in physiological envi-
ronments and can be detected successfully in 
serum and exosomes; thus, these lncRNAs 
have potential diagnostic and prognostic value 
[55, 69]. Nowadays, lncRNA PCA3 has been 
approved as early diagnostic biomarker for 
prostate cancer by FDA [70]. Combining lnc- 
RNAs and proteins might be a feasible strategy 
to monitor the efficacy and predict the progno-
sis of anti-angiogenesis therapy. Additionally, 
the regulatory signaling pathways of lncRNAs in 
angiogenesis may be promising therapeutic 
targets. The clinical application of lncRNAs 
merits further investigations in the future. 
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