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Long non-coding RNAs (IncRNAs) and circular RNAs
(circRNAs) execute a wide array of functions in physiological
and pathological processes, including tumor progression.
Angiogenesis, an elaborate multistep process driving new
blood vessel formation, accelerates cancer progression by sup-
plying nutrients and energy. Dysregulated IncRNAs and
circRNAs can reportedly impact cancer progression by influ-
encing angiogenesis. However, the expanding landscape of
IncRNAs and circRNAs in tumor progression-dependent
angiogenesis remains largely unknown. This review summa-
rizes the major functions of angiogenic IncRNAs (Angio-
LncRs) and angiogenic circRNAs (termed Angio-CircRs) and
their cancer mechanisms. Moreover, we highlight the common-
alities of IncRNAs and circRNAs in epigenetic, transcriptional,
and post-transcriptional regulation as well as illustrate how
Angio-LncRs and Angio-CircRs induce cancer onset and pro-
gression. We also discuss their potential clinical applications
in diagnosis, prognosis, and anti-angiogenic therapies.

INTRODUCTION

Non-coding RNAs (ncRNAs) are transcribed from the genome but
generally lack protein-coding potential. Long ncRNAs (IncRNAs)
and circular RNAs (circRNAs) are two major groups of large ncRNAs
that play key roles in various pathophysiological processes, especially
cancers.' ” IncRNAs are widely defined as a large and heterogeneous
class of regulatory transcripts that are at least 200 nt long.*” circRNAs
are also a subtype of endogenous ncRNAs with tissue- and cell-spe-
cific expression patterns, whose biogenesis is regulated by a particular
form of alternative splicing, termed backsplicing.” With the develop-
ment of high-throughput technologies and extensive research reports,
IncRNAs and circRNAs have gained wide attention for their roles in
the development of many human diseases.”” IncRNAs and circRNAs
are generally low in abundance; however, they are significantly differ-
entially expressed in specific cell types, tissues, developmental stages,

and disease states.” '° Recently, accumulating independent studies
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have shown that the dysregulation of IncRNAs and circRNAs plays
multifunctional roles in cancer progression, including tumor angio-
genesis.' ' However, the commonalities of their functions and
mechanisms in tumor progression-dependent angiogenesis remain
largely obscure.

Angiogenesis is a multistep process that involves the formation of
new blood vessels from pre-existing vessels, contributing to cancer
onset and progression.'” Within tumors, the angiogenic switch is acti-
vated, thereby inducing the continuous formation of new blood
vessels.'* Targeting angiogenesis is an effective therapeutic strategy
against cancer that has been applied in a plethora of cancers.”” Of
note, diverse arrays of molecules play multifaceted roles in the mech-
anisms underlying tumor angiogenesis.'®'” To date, the role of
ncRNAs in manipulating cancer phenotypes across various tumor
types has been studied, and IncRNAs and circRNAs are emerging
as part of a widespread regulatory mechanism that orchestrates
gene expression in tumor angiogenesis.

Recent reviews have mainly focused on the respective roles of
IncRNAs and circRNAs in angiogenesis;]8 22 however, their molecu-
lar mechanisms and commonalities have not been deeply explored,
especially in tumor angiogenesis. This review summarizes the
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Figure 1. The functional commonalities of IncRNAs
and circRNAs

(A and B) Diverse mechanisms have been described for
INcRNA regulation (A) and circRNA regulation (B),
including (a) epigenetic regulation, (b) transcriptional
regulation, (c) splicing and mRNA stability, (d) seques-
tering miRNA, (e) RNA modification, (f) protein modifica-
tion or interaction with RBPs, and (g) encoding peptides.

Tbosome Protein, miRNA
) A d) Sequestering miRNA
Peptides (f) Protein modification " (d) Seq (eg. MASLJAT”

(e.g. Inc-DC) (e) RNA modification

(g) Encoding peptides P

(e.g. INcRNA HOXB-AS3)

Mechanisms of action of circRNAs

(a) Epigenetic regulation

-

(e.g. FECR1) (b) Transcriptional regulation (e.g. ci-ankrd52)
|

) circRNA

fm—— MRNA

VAN

Epigenetic factors

(9) Encoding peptides #osome
(e.g. circ-ZNF609)
Peptides

RNA pol Il 37 }'
TF 4 ./

\_
N/

Protein iR

(f) Interacting with RBPs meA

(e.g. circ-Foxo3) (e.g. ciRS-7)

(e) RNA modification
(e.g. circNSUN2)

expanding landscape of IncRNAs and circRNAs ranging from epige-
netic to transcriptional to post-transcriptional regulation in tumor
angiogenesis. This work is the first review on the advance of circRNAs
in tumor angiogenesis and the functional commonalities of IncRNAs
and circRNAs. Furthermore, we illustrate the roles of angiogenesis-
related IncRNAs and circRNAs in multistep tumor development
and explore their great potential in tumor angiogenesis as new bio-
markers and tumor therapeutic targets.

INcBRNAs AND circRNAs: FUNCTIONAL
COMMONALITIES IN TUMOR ANGIOGENESIS
Functional commonalities between IncRNAs and circRNAs
Increasing independent research has indicated that IncRNAs and
circRNAs can play a broad and diverse spectrum of pathophysiolog-
ical roles, including tumor angiogenesis.”> > Mechanistically,
IncRNAs and circRNAs can directly interact with diverse partners
in the form of cis or trans interactions to regulate gene expression
and signal transduction.”**?” Based on their action mechanism,
IncRNAs are generally divided into four functional archetypes: signal,
decoy, guide, and scaffold.** Interestingly, similar complex mecha-
nisms of circRNAs have emerged in a wide variety of cell types and
diseases. Moreover, both IncRNAs and circRNAs exhibit common
functional features that have not been previously appreciated.

(c) Splicing and mRNA stability
(e.g. circMbl, circPan3)
(d) Sequestering miRNA

The expanding mechanisms of IncRNAs and
circRNAs orchestrating gene expression can
be summarized into the following aspects (Fig-
ure 1): (1) at the epigenetic layer, IncRNAs and
circRNAs recruit diverse epigenetic factors to
orchestrate gene transcription and signal trans-
duction;?®**° (2) at the transcriptional level,
gene transcription is regulated by IncRNAs
and circRNAs via interaction with transcrip-
tional factors and co-factors or target gene
promoters;‘ﬂ’34
level, IncRNAs and circRNAs modulate precur-
sor (pre-)mRNAs and mRNAs of many genes
by interacting with microRNAs (miRNAs),
splicing factors, and diverse RNA-binding pro-
teins (RBPs);>>? (4) IncRNAs and circRNAs
orchestrate a broad repertoire of RNA or pro-
tein modifications to affect their activation
and stability;“m’43 and (5) notably, IncRNAs
and circRNAs can encode functional peptides
that exert crucial roles in distinct biological processes.**** Taken
together, gene regulation by IncRNAs and circRNAs is an extensive
and complex process that exists in a plethora of human diseases.
The emerging commonalities of IncRNAs and circRNAs show ex-
panding mechanisms that provide hope for new therapeutic interven-
tions in diverse diseases. However, the detailed functions of most
IncRNAs and circRNAs are still unclear and require detailed, compre-
hensive research in preclinical models.

(3) at the post-transcriptional

IncRNAs and circRNAs: Novel players in tumor angiogenesis

Angiogenesis is a complicated multistep process stimulated by
various pro-angiogenic factors (such as vascular endothelial growth
factor [VEGF]). The vascular network’s original dynamic balance is
compromised, the capillary basement membrane degrades, and endo-
thelial cells begin to migrate and proliferate, forming new primary
capillary networks. Capillaries undergo arteriovenous differentiation
and remodeling in the form of sprouting and intussusception, and
this primitive network expands widely to form a network of vascular
systems with complex functions.'>*® Generally speaking, angiogen-
esis occurs in response to physiological and pathological processes,
including tumor growth, inflammation, tissue regeneration, and
reproduction.'® During tumor growth, a large number of new
vascular systems are needed to provide adequate nutrients and
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remove metabolic waste. Therefore, blocking tumor blood vessel for-
mation is equivalent to inhibiting tumor growth and progression;
however, tumor-induced blood vessels often present morphological
disorders characterized by precocious vascular structure, tortuosity,
poor permeability, and dysfunction.”” These abnormal vascular net-
works create a hypoxic microenvironment within the tumor, trig-
gering the expression of multitudinous oncogenes and inducing
immunosuppression and metastasis."” Therefore, some scholars
think that anti-angiogenic therapy may facilitate the metastasis and
invasion of cancer cells by activating a cancer cell hypoxic
response.’® " However, this is a controversial view and may not
occur during clinical therapy.’' In essence, anti-angiogenesis has al-
ways been the focus of anticancer drug development due to the critical
role of angiogenesis in tumor growth and progression.'”

VEGF and its receptors are one of the well-documented signaling
pathways in tumor angiogenesis.'® In most solid tumors, hypoxia is
one of the key drivers of angiogenesis and induces the expression of
angiogenic factors via hypoxia-inducible factors (HIFs).”* In tumor
hypoxia, HIF-1a induces the expression of VEGF, which activates
VEGEF receptor 2 (VEGFR2), thereby stimulating tip cell migration
from the arteries to initiate angiogenesis.”* Notch regulates the prolif-
eration and migration of the tip cells and stalk cells, and Neuropilin-1
accelerates the separation of arteries and veins,”>”* thus continuously
promoting the establishment of the vascular system network.
Currently, IncRNAs and circRNAs have been identified as novel
and versatile players involved in tumor angiogenesis via manipulating
angiogenic factors. Specific well-known IncRNAs (such as H19 and
MALAT1) have been identified as vital modulators of angiogenic fac-
tors.”>® Similarly, circRNA circRhoC enhances ovarian cancer (OC)
angiogenesis by regulating the expression of VEGFA.”” Increasing ev-
idence indicates that IncRNAs and circRNAs are intricately involved
in tumor angiogenesis via diverse mechanisms.

Recently, Yu and Wang'® named IncRNAs regulating angiogenesis
and vascular diseases as Angio-LncRs. Herein, we have termed the
circRNAs that modulate angiogenesis and vascular disease as An-
gio-CircRs. In reality, Angio-LncRs and Angio-CircRs play extensive
regulatory roles in distinct vascular diseases, such as cancer, athero-
sclerosis, aneurysm, and diabetic retinopathy, among others.'®??
the field of oncology, the study of ncRNAs has attracted great atten-
tion and made rapid progress. Reviewing the current reports of
Angio-LncRs and Angio-CircRs in tumor angiogenesis could help
further explore the novel potential targets of ncRNA-related anti-
tumor strategies and provide clinical enlightenment for cancer diag-
nosis and treatment.

In

ANGIO-LncRs: MECHANISMS OF ACTION IN
CANCERS

Current studies have identified that the dysregulation of IncRNAs
contributes to tumorigenesis and tumor progression. Generally,
IncRNAs exert tumor-promotive and -suppressive roles to regulate
gene expression via diverse mechanisms of action. Accumulating ev-
idence shows that IncRNA-modulated cancer progression, especially
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tumor angiogenesis, remains to be further explored. In the subsequent
sections, we comprehensively summarize the expanding functions
and mechanisms of IncRNAs in tumor angiogenesis (Table 1; Fig-
ure 2), especially inducing the expression of several key angiogenic
mediators, including VEGF and VEGFR.

Angio-LncRs influence chromatin modification

Multiple lines of studies have revealed that many IncRNAs influence
epigenetic changes by recruiting or interacting with chromatin
remodeling complexes to specific genomic loci, thus leading to epige-
netic activation or silencing of gene expression. Enhancer of zeste ho-
molog 2 (EZH2), a catalytic subunit of the polycomb repressive com-
plex 2 (PRC2), can catalyze the methylation of histone H3 lysine-27
for epigenetic regulation.”>”> Emerging studies have shown that
numerous IncRNAs interact with PRC2 for the epigenetic regulation
of tumor angiogenesis. For instance, IncRNA PVT1 is significantly
elevated in cholangiocarcinoma (CCA). Mechanistically, by binding
to PRC2, PVT1 could mediate the histone methylation of the pro-
moter of angiopoietin-like 4 (ANGPTL4) via reducing the interaction
between EZH2 and H3K27 trimethylation sites throughout the pro-
moters of ANGPTL4, resulting in the promotion of cell angiogenesis,
cell proliferation, migration, and apoptosis (Figure 2A).>* Similarly,
H19 is closely related to a plethora of tumor types via manipulating
cell proliferation, invasion, and angiogenesis. Silencing of H19 in-
hibited the capability of EZH2 to recruit methyl groups to the pro-
moter region of the angiogenesis inhibitor vasohibin-1 (VASHI),
thereby elevating VASH1 expression and secretion of human amnio-
tic mesenchymal stem cells (HAMSCs) and restraining angiogenesis
by interacting with EZH2.® A novel Kaposi’s sarcoma-associated
herpesvirus (KSHV) reactivation-activated IncRNA, LINC00313,
suppresses endothelial cell migration and tube formation via interac-
tion with HIV Tat. Mechanistically, LINC00313 blocks endothelial
cell angiogenesis-related properties by binding to PRC2 and
decreasing migration-regulating gene expression.”” In addition to
the interaction with PRC2, certain IncRNAs also bind to other epige-
netic factors. Another hypoxia-mediated IncRNA, GATAG6-AS, is up-
regulated in endothelial cells under hypoxic conditions. Silencing of
GATAG6-AS inhibits transforming growth factor (TGF)-B-induced
epithelial-to-mesenchymal transition (EMT) and tumor angiogen-
esis. Mechanistically, GATA6-AS interacts with the epigenetic medi-
ator LOXL2 to regulate endothelial gene transcription by inducing
histone methylation.”* Taken together, increasing evidence shows
that dysregulation of IncRNAs contributes to tumor angiogenesis
and tumor progression via the recruitment of chromatin-modifying
enzymes and their subunits.

In addition to histone methylation, DNA methylation is an important
epigenetic modification involved in the expression of many cancer-
related genes.” For example, BZRAP1-AS1 suppresses the transcrip-
tion of thrombospondin-1 (THBSI) via interaction with the DNA
methyltransferase 3B and induction of methylation of the THBSI
promoter; this promotes the proliferation, migration, angiogenesis,
and tumor growth of hepatocellular carcinoma (HCC) (Figure 2A).%°
On the contrary, IncRNA AKO001058 promotes tumor growth,
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Table 1. The expanding roles of Angio-LncRs in various cancers

Mechanism/level IncRNA Expression  Function Molecular mechanism Cancer type Refs.
. . interacts with PRC2 and inhibits transcription of 58
PVT1 up pro-angiogenesis .\t pry CCA
H19 ro-angiogenesis increases VASH1 expression in HAMSCs via multiple tumors 56
uP P 8108 binding to EZH2 wtiple tu
binds PRC2 and d tra iption of cell 59
LINC00313 down anti-angiogenesis lfl s . €2 an _eceases ranseription ot ce Kaposi sarcoma »
migration-regulating genes
Epigenetic regulation -y . -
. . inhibits THBSI transcription by interacting wit 60
BZRAP1-AS1 - HCC
up Pro-anglogenesis  pNMT3b to induce THBSI promoter methylation
. . promotes the methylation level of ADAMTS12 to . 61
AKO001 - 111
001058 up Pro-anglogenesis  4ecrease the expression of ADAMTS12 CRC cell lines
ulates the mTOR signali thway through
CRNDE up pro-angiogenesis regiates the miLR sighating pataway throug hepatoblastoma o2
epigenetic mechanisms
enhances the expression of VEGFA and
RABI1B-AS1 up pro-angiogenesis ~ ANGPTL4 by increasing the recruitment of RNA  breast cancer cell lines !
Pol II
tes thy ion of VEGFA by binding t ;
LINC00312 up pro-angiogenesis sr};))rao s the expression of VEG Y binding to lung adenocarcinoma o
i ith YB-1 iption of
Linc00665 up pro-angiogenesis i:era;}; 4‘,/\7§N GPTL;(? Sll;zrr\l/oEteG;rla\nscrlptlon ° lung adenocarcinoma o4
PVTI ro-angiogenesis activates transcription of VEGFA and PVT1 by astric cancer 65
up p £108 interacting with STAT3 §
competitively combines with BRG1 to inhibit the
CPS1-IT1 down anti-angiogenesis  expression of Cyr61 and its downstream targets melanoma 0
Transcriptional regulation VEGF and MMP9
activates VEGFA transcription by directly
. . targeting the VEGFA promoter, or upregulates . 67
HOTAIR - h: 1 ’
up Pro-anglogenesis — Grpys expression to mediate VEGFA and Ang2 nasophiaryngeat carcinoma
expression
LINC00284 up pro-angiogenesis recruits NE-<BI and downregulates MEST ovarian cancer o
expression
LINCO00858 up pro-angiogenesis up regulAates HNF4a. and downregulates WNK2 colon cancer o
expression
increases the OTX1 expression via interacting with
HNFI1A-AS1 up pro-angiogenesis transcription factor PBX3 to activate the ERK/ colon cancer 0
MAPK pathway
B . sponges miR-126-5p to increase expression of 71
MALAT1 up pro-angiogenesis VEGFA, SLUG, and TWIST CRC
increases VEGFA expression by sponging miR-
MALAT1 up pro-angiogenesis 140, re-directing the M2 polarization of HCC 72
macrophages
MALAT1 up pro-angiogenesis  promotes VEGF expression via sponging miR-145  breast cancer 7
titively binds miR145-5p and elevates th 7
MALAT1 up pro-angiogenesis competitivety . 1nes mi . p and clevates the NSCLC 7
NEDD9 protein expression
s miR-143- iate HIF-1 7
Sequestering miRNAs TUG1 up pro-angiogenesis sponges' miR-143-5p to mediate * osteosarcoma
expression
TUG1 up pro-angiogenesis  sequesters miR-299 to induce VEGF expression glioblastoma e
TUG1 up pro-angiogenesis sponge§ miR-34a-5p and increases VEGFA hepatoblastoma 77
expression
SP1-induced ZFAS1 upregulates VEGFA via
ZFAS1 up pro-angiogenesis competitively binding miR-150-5p, thereby CRC 78
activating the Akt/mTOR signaling pathway
HULC up pro-angiogenesis upregulates the TF E2F1 by sponge miR-107 to HCC 79

increase SPHK1 expression
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Table 1. Continued

Mechanism/level IncRNA

Expression

Function

Molecular mechanism

Cancer type

Refs.

IncRNA-APC1

down

anti-angiogenesis

inhibits exosome production via directly
interacting with Rab5b mRNA and decreasing its
stability

CRC

80

IncRNA MVIH

up

pro-angiogenesis

interacts with RPS24c mRNA to enhance the
stability of each other, inhibiting the secretion of
PGK1

CRC

mRNA Stability TPT1-ASI

up

pro-angiogenesis

interacts with NF90 and enhances VEGFA mRNA
stability

CRC

promotes the degradation of ZNF655 mRNA,

LINC00346 up pro-angiogenesis

further creating an ANKHD1/LINC00346/

glioma

ZNF655 feedback loop

titrates away YB-1 from the 5 UTR of HIF-1a

HITT down anti-angiogenesis

mRNA via a high-stringency YB-1-binding motif,

colon cancer

thereby repressing HIF-1a. expression

CamK-A up pro-angiogenesis

triggers PNCK to phosphorylate IxBa. and activate
NF-kB

multiple tumors

FLANC up pro-angiogenesis

increases the half-life of phosphorylated STAT3 to
induce VEGFA expression

CRC so

IncRNA-MM2P  up pro-angiogenesis

regulates M2 polarization of macrophages by
increasing phosphorylation on STAT6

osteosarcoma cell lines

Protein modification

facilitates DHX9 degradation through acting as a

Inc-CCDST down anti-angiogenesis

scaffold to promote the interplay between MDM2

cervical cancer

and DHX9

NBAT1 down anti-angiogenesis

interacts with Sox9 and reduces its protein stability

gastric cancer

interacts with STAT3 and elevate VEGFA %0

TNK2-AS1 up pro-angiogenesis

NSCLC

expression

encodes ASRPS, which interacts with STAT3 and

Encoding peptides LINC00908 down anti-angiogenesis

diminishes STAT3 phosphorylation, inhibiting

TNBC ot

VEGF expression

Expression is in relation to normal tissue. Cell lines means cell samples, and the rest are human tissue samples. All IncRNAs were measured with QRT-PCR in these studies. CCA,
cholangiocarcinoma; HCC, hepatocellular carcinoma; CRC, colorectal cancer; RNA Pol II, RNA polymerase II; NSCLC, non-small cell lung cancer; TNBC, triple-negative

breast cancer.

accounting for increased cell apoptosis and tumor angiogenesis in
colorectal cancer (CRC), which partly depends on the methylation
of ADAMTSI2, a potential anti-oncogene located on chromosome
5, and resulting in increased expression of VEGFA and angiopoietin
e Additionally, various IncRNAs are also associated with chro-
matin-modifying complexes to manipulate tumor growth and angio-
genesis in distinct signaling pathways, such as the mammalian target
of rapamycin (mTOR) signaling pathway.’” Collectively, a growing
number of studies have shown that IncRNAs epigenetically regulate
transcription of tumor angiogenesis-related genes by either directly
or indirectly affecting chromatin-modifying factors. This broadens
our understanding of angiogenesis and provides a positive direction
for the potential application of therapeutic intervention in regulating
tumor progression at the epigenetic level.

Angio-LncRs in transcriptional regulation

Studies have shown that IncRNAs can manipulate gene transcription
by binding specific transcription factors (TFs) to promoters of adja-
cent or distant genes, thus modulating tumor angiogenesis. For
instance, in hypoxic breast cancer cells, RAB11B-AS1 is induced by

340  Molecular Therapy: Oncolytics Vol. 22 September 2021

HIF-2, promoting tumor angiogenesis and distant metastasis in
response to hypoxia. Mechanistically, RAB11B-AS1 facilitates the
transcription of VEGFA and ANGPTL4 by promoting RNA poly-
merase II recruitment (Figure 2B)."" The levels of LINC00312 were
high in lung adenocarcinoma (LUAD) patients, which positively
correlated with tumor node metastasis. LINC00312 promotes the
transcription of VEGFA by directly binding to the TF Y-box binding
protein 1 (YB-1, YBX1) and inducing migration and vasculogenic
mimicry (VM) (Figure 2B).%? Similarly, in LUAD cells, linc00665
suppresses ubiquitination-dependent proteolysis and induces YB-1
nuclear translocation by directly binding to YB-1. The accumulated
nuclear YB-1 promoted transcription of VEGFA, ANGPTL4, and
ANGPTL3 by binding to their promoters, thus facilitating tumor
angiogenesis.”* The IncRNA PVT1 level was elevated and markedly
correlated with poor prognosis in gastric cancer (GC). Mechanisti-
cally, PVT1 directly interacted with phospho-STAT3 in the nucleus,
thereby promoting VEGFA expression by activating the VEGFA pro-
moter to stimulate tumor angiogenesis. Moreover, STAT3 could bind
to the PVTI promoter and facilitate its transcription, which estab-
lished a positive feedback loop of PVT1 and STAT3 to strengthen
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Figure 2. Mechanisms of action of Angio-LncRs in cancer progression
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(A) IncRNAs epigenetically regulate histone or DNA methylation, e.g., PVT1 and BZRAP1-AS1. (B) IncRNAs mediate transcription of angiogenesis-related genes, e.g.,
RAB11B-AS1 and LINC00312. (C) IncRNAs act as molecular sponges of miRNAs, e.g., MALAT1 and TUG. (D) IncRNAs interact with mRNAs to affect the stability of mRNA,
e.g., INcRNA-APC1 and IncRNA MVIH. (E) IncRNAs regulate protein modification (phosphorylation and ubiquitination), e.g., CamK-A and Inc-CCDST. (F) IncRNAs also

encode bioactive peptides, e.g., LINC00908.

their oncogenic effects.> A well-known IncRNA, HOTAIR, was
extremely abundant in nasopharyngeal carcinoma (NPC); it pro-
moted tumor cell growth and angiogenesis by directly activating
VEGFA transcription via targeting VEGFA promoter and upregulat-
ing the GRP78/VEGFA/Ang2 axis.”” IncRNA CPS1-IT1 acts as a tu-
mor suppressor and suppresses EMT, cell migration, and angiogen-
esis in melanoma. Mechanistic studies uncovered that CPS1-IT1
impedes the transcription of the angiogenic factor cysteine-rich 61
(Cyr61) by blocking the binding of BRG1 to the Cyr61 promoter.*®

In addition to VEGF/VEGFA, other angiogenic factors are mediated
by different IncRNAs to induce cancer angiogenesis and develop-
ment. For example, Ruan and Zhao®® identified that LINC00284 is

associated with angiogenesis during OC development. Silencing
LINCO00284 inhibits tumor angiogenesis via recruitment of nuclear
factor kBl (NF-kB1), thereby upregulating mesoderm-specific tran-
script (MEST) in OC. Another example, LINC00858, is mainly
located in the nucleus and exerts a promotive role in colon cancer
growth. Functional assays uncovered that LINC00858 elevates the
transcription of HNF4a, thereby promoting angiogenesis by the
HNF40,/WNK2 axis.”” Additionally, IncRNA HNF1A-AS1 is highly
expressed in colon cancer. HNF1A-AS1 promotes OTX1 transcrip-
tion via interacting with the TF PBX3, thereby activating the extracel-
lular signal-regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) pathway in colon cancer.”’ Taken together, IncRNAs may
act as transcriptional activators or inhibitors, which can directly or

Molecular Therapy: Oncolytics Vol. 22 September 2021 341


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

indirectly regulate the transcription of angiogenesis-related genes,
thereby affecting the progression of various malignant tumors.

Sequestering miRNAs

IncRNAs can also function as competing endogenous RNAs
(ceRNAs) to compete together with miRNAs and dampen the gene
expression of miRNA targets, thus participating in post-transcrip-
tional regulation.”® This section provides an overview of the direct
and indirect mechanisms of IncRNAs by sponging diverse miRNAs
to affect tumor angiogenesis. For instance, MALATI, a widely re-
ported IncRNA, is highly expressed in a variety of tumors. Functional
assays indicated that YAP1-mediated MALAT1 could sponge miR-
126-5p to facilitate the expression of VEGFA, SLUG, and TWIST,
which could promote CRC angiogenesis and EMT (Figure 2C).”"
Similarly, MALAT1 exerts a promotive role in regulating tumorigen-
esis by sponging miR-140 or miR-145, thereby increasing VEGF and
VEGFA expression in HCC and breast cancer.”>”* Additionally, es-
trogen receptor 3 promotes the progression of lung cancer by upregu-
lating MALAT] to alter miR-145-5p/NEDD9 signaling, resulting in
the facilitation of VM formation and cell invasion.”* Similar to
MALAT]1, the IncRNA TUGI is also significantly highly expressed
in various tumors. Cancer-associated fibroblast (CAF)-derived
TGF-B promotes TUGI1 expression, and the interplay between
CAFs and osteosarcoma (OS) cells induces TUGI to facilitate OS
angiogenesis, proliferation, and metastasis. TUG1 acts as a sponge
for miR-143-5p, thereby elevating HIF-1o levels to promote VEGF
expression (Figure 2C).”> Similarly, TUG1 knockdown suppresses
angiogenesis and tumor growth by decreasing VEGFA expression
via upregulation of miR-299 and miR-34a-5p in glioblastoma and
hepatoblastoma, respectively.”®”” Several groups have shown that
many IncRNAs (PVT1, DANCR, LINCO01116, linc01105, and
SNHGI15) contribute to tumor angiogenesis and progression, upregu-
lating VEGF/VEGFA expression by competitively binding to distinct
miRNAs in a wide variety of cancers types.”” %!

Recently, IncRNAs were reported to be involved in cellular signaling
pathways such as the NF-kB, phosphatidylinositol 3-kinase (PI3K)/
AKT, mTOR, and Wnt/B-catenin pathways. As relatively upstream
regulatory molecules, IncRNAs act by impacting downstream
molecules via competitively sponging miRNAs. For example,
LINCO01410 facilitates GC angiogenesis and metastasis via interaction
with miR-532-5p, increasing NCF2 expression and activating the NF-
kB pathway.'’> RP11-79H23.3 inhibits the angiogenesis and patho-
genesis of bladder cancer (BCa) by inducing the miR-107/PTEN
axis and inactivating the PI3K/Akt signaling pathway.'” Similarly,
PTENP]I, a pseudogene of PTEN, inhibits the oncogenic PI3K/AKT
pathway by sponging miR-17, miR-19b, and miR-20a, which results
in eliciting pro-death autophagy and dampening angiogenesis.'"*
Additionally, MCM3AP-AS1 and HOXA-AS2 regulate the PI3K/
AKT pathway and contribute to glioblastoma multiforme (GBM)
angiogenesis by influencing miRNA targets.'>'*° The SP1-induced
IncRNA ZFAS1 contributes to CRC progression by elevating VEGFA
levels via sequestering miR-150-5p, thereby activating the Akt/mTOR
signaling pathway.”®
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Furthermore, IncRNAs indirectly regulate the expression of angio-
genesis-related genes through miRNA-mediated TFs. For example,
XIST and LINCO00339 can act as ceRNAs to sponge miR-137 and
miR-539-5p, elevating the expression of the miRNA targets
(FOXC1, ZO-2, TWIST1) by increasing promoter activity and
downstream gene expression, thereby promoting glioma
angiogenesis.'””'”® IncRNA HULC sequesters miR-107 via a ceRNA
model, which increases the transcription of miR-107 target E2F1. Asa
result, the TF E2F1 binds to the SPHKI promoter and enhances
SPHK1 transcription to induce HCC angiogenesis.”” In addition,
IncRNAs modulate the expression of other angiogenic factors via
sequestering different miRNAs to mediate tumor angiogenesis. For
example, H19, SNHG16, and MCM3AP-AS were significantly upre-
gulated in diverse cancer types; they regulated the expression of vaso-
hibin 2, ALDH1A1, and KPNA4, respectively, by sponging certain
miRNAs to promote tumor growth and angiogenesis.'”” "' Taken
together, current progress indicates that IncRNAs often act as
ceRNAs in tumor angiogenesis and may serve as promising targets
for cancer therapy.

Angio-LncRs interact with mRNAs

Many studies report that IncRNAs can bind mRNAs to affect their
stability and the translation process, thus regulating the expression
and secretion of related molecules for tumor progression and tumor
angiogenesis. For instance, IncRNA-APCI1, as a downstream factor
of adenomatous polyposis coli (APC) in CRC, suppresses CRC
angiogenesis and metastasis by inhibiting exosome production via
directly interacting with the Rab5b mRNA, which results in
decreased Rab5b mRNA stability. This study revealed that CRC-
derived exosomes regulated the IncRNA-APC1/Rab5b axis to inhibit
the angiogenesis of CRC, linking APC signaling to the canonical
Wnt pathway (Figure 2D).*° Another IncRNA, MVIH, activates
CRC angiogenesis via interacting with the RPS24c isoform and en-
hances each other’s stability, thereby inhibiting the secretion of
PGKI1 (Figure 2D).*" IncRNA TPT1-ASI directly binds nuclear fac-
tor 90 (NF90) and induces the interplay between NF90 and the
VEGFA mRNA, thus enhancing VEGFA mRNA stability and facil-
itating CRC angiogenesis and metastasis.”> Moreover, LINC00346
can bind to the ZNF655 mRNA by its Alu elements, thereby pro-
moting the degradation of the ZNF655 mRNA in a Staufenl-medi-
ated mRNA decay manner. Furthermore, ANKHDI1 targets
LINCO00346 and elevates its stability. ZNF655 targets the promoter
region of ANKHDI and forms a positive feedback loop that contrib-
utes to glioma angiogenesis.*’

Hypoxia plays an oncogenic role in angiogenesis, metabolism, tumor
invasion, and metastasis. A novel IncRNA termed HIF-1a inhibitor at
translation level (HITT) is downregulated in colon cancer. Mechanis-
tically, HITT inhibits HIF-1a translation by directly interacting with
YB-1 and blocking the interplay between YB-1 and the 5° UTR of
HIF-1a. Furthermore, HITT and HIF-1la form an autoregulatory
feedback loop, where HIF-1a. destabilizes HITT by inducing miR-
205, which directly targets HITT for degradation.** In summary,
IncRNAs play a diverse spectrum of roles by regulating mRNA
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stability; thus, pharmacological targeting to modulate mRNA stability
could serve as an antitumor angiogenesis strategy.

Angio-LncRs induce protein modifications

Accumulating studies have revealed that multifaceted functions of
IncRNAs are achieved by protein modification to manipulate the acti-
vation of proteins. The post-translational protein modifications, such
as phosphorylation and ubiquitination, have been modulated by
distinct ncRNAs. IncRNAs also manipulate oncogenic and tumor-
suppressive protein activation and stability, thereby manipulating tu-
mor phenotypes involved in angiogenesis. For example, the IncRNA
CamK-A is highly expressed in many human cancer types and acti-
vates the Ca**/calmodulin-dependent kinase PNCK, which phos-
phorylates IkBow and triggers calcium-dependent NF-kB activation.
This results in the active expression of the NF-kB target genes, such
as VEGF, GLUT3, IL-6, and IL-8, promoting cancer microenviron-
ment remodeling, including macrophage recruitment, angiogenesis,
and tumor progression (Figure 2E).*> Furthermore, the expression
of FLANC was increased and associated with poor survival. Mecha-
nistically, elevated FLANC prolonged the half-life of phosphorylated
STATS3, promoting VEGFA transcription and inducing CRC angio-
genesis. Moreover, pharmacological targeting of FLANC significantly
suppressed the metastases of CRC.*® IncRNA-MM2P levels are
elevated during M2 polarization but decreased in M1 macrophages.
Silencing of IncRNA-MM2P significantly inhibited M2 polarization
and macrophage-induced tumorigenesis and tumor angiogenesis by
regulating STAT6 phosphorylation.®”

In addition to modulating protein phosphorylation, IncRNAs
mediate ubiquitination to regulate the activation and ubiquitina-
tion-dependent degradation of distinct proteins. As an example,
Inc-CCDST is significantly downregulated in cervical cancer (CC) tis-
sues. Mechanistically, Inc-CCDST interacts with DHX9 and enhances
its degradation via the ubiquitin-proteasome pathway by recruiting
the E3 ubiquitin ligase MDM2. In HPV-positive cell lines, HPV on-
cogenes E6 and E7 can abolish the negative effects of Inc-CCDST
by increasing DHX9 expression, which facilitates CC cell motility
and angiogenesis (Figure 2E).88 Another IncRNA, NBAT1, inhibits
GC progression and capillary tube formation. Further analysis uncov-
ered that NBAT1 interacted with SRY-related high-mobility-group
box 9 (Sox9) and reduced its protein stability by promoting poly-
ubiquitination and proteasome-dependent degradation. Further-
more, Sox9 acts as a TF and interacts with the NBAT1 promoter to
diminish its transcription, forming a negative feedback loop of
NBAT1 and S0x9.*’ Similarly, TNK2-ASI levels were markedly
increased in non-small cell lung cancer (NSCLC) and promoted
oncogenesis, angiogenesis, and metastasis. Mechanistically, TNK2-
AS1 directly binds STAT3 and enhances its protein stability by weak-
ening its proteasome-mediated degradation. In return, STAT3
occupies the TNK2-ASI promoter to promote its transcription. The
positive feedback loop between TNK2-AS1 and STAT3 enhances
STATS3 signaling by elevating VEGFA expression.”” Taken together,
IncRNAs directly or indirectly interact with key proteins through
different mechanisms of action and orchestrate tumor angiogenesis

by impacting protein modifications such as phosphorylation and
ubiquitination.

Angio-LncRs encode functional peptides

Although IncRNAs are not widely translated by definition, emerging
studies have shown that IncRNAs can encode functional peptides to
regulate various biological processes, including tumor progression.*®
As an example, Huang et al.''” identified that the IncRNA HOXB-
AS3 encodes a conserved 53-aa peptide that suppresses aerobic
glycolysis and inhibits colon cancer growth. The biological effect of
IncRNA-encoded peptides has attracted considerable attention.
Moreover, this novel mode of action has been found to regulate tumor
angiogenesis and progression. LINC00908, which encodes a 60-aa
functional polypeptide termed automatic speech recognition and pro-
cessing server (ASRPS; a small regulatory peptide of STAT3), is
downregulated in triple-negative breast cancer (TNBC). ASRPS
directly interacts with STAT3 through the coiled-coil domain and di-
minishes STAT3 phosphorylation, resulting in VEGF expression in-
hibition. In a mouse xenograft breast cancer model, silencing of
ASRPS promoted tumor growth and angiogenesis, which suggested
that LINC00908 and its encoded ASRPS are potential prognostic
markers and therapeutic targets for TNBC (Figure 2F).”" However,
circRNAs may be evolutionarily conserved in a wide range of species
compared with most peptides encoded by IncRNAs,'" in which the
expression pattern of angiogenesis-mediating circRNAs plays a
fundamental role in transcriptional regulation for tumor progression.
To date, the functional peptides encoded by IncRNAs have been
applied in cancer diagnostics, prognostics, and therapy; this makes
them potential new targets for drug development.

ANGIO-CircRs: MECHANISMS OF ACTION IN
CANCERS

circRNAs may act as multifunctional regulators to modulate gene
expression and signal transduction at multidimensional levels and in-
fluence the fate of their targets. Notably, emerging studies disclosed
that circRNAs influence cellular functions in tumor progression-
dependent angiogenesis. These functions of Angio-CircRs are
described in detail below (Table 2; Figure 3).

Angio-CircRs regulate gene transcription

Emerging evidence shows that circRNAs function as epigenetic tran-
scriptional regulators to manipulate distinct gene expression. A few
circRNAs recruit specific proteins to certain cellular locations; for
example, the circRNA FECRI recruits TET1 to the promoter region
of its host gene FLII, thereby demethylating the CpG sites and trig-
gering transcription.’ Silencing of the cerebellar degeneration-related
protein 1 transcript (CDR1as) promotes IGF2BP3-mediated mela-
noma invasion and metastasis via epigenetic silencing of
LINC00632 in a miR-7-independent manner.'** Notably, CCA-asso-
ciated circRNA 1 (circ-CCAC1) is elevated in cancerous bile-resident
extracellular vesicles (EVs) and tissues and epigenetically accelerates
CCA tumorigenesis and metastasis. Furthermore, CCA-derived EVs
transfer circ-CCACI1 to endothelial monolayer cells and promote
angiogenesis by disrupting endothelial barrier integrity. Functional
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Table 2. The emerging roles of Angio-CircRs in various cancers

Mechanism/level circRNA Expression  Function Molecular mechanism Cancer type Refs.
I H3GL2 i i 2
Epigenetic and transcriptional regulation circ-CCAC1 up pro-angiogenesis Enzc:;siz: tile i;}toplz);:essmn by sequestering CCA 2
circSSMARCA5  down anti-angiogenesis ;{;tlel;a;;s with SRSF1 to regulate VEGFA mRNA GBM 14
Splicing and mRNA stability
circPOK u ro-angiogenesis promotes the ILF2/3 complex to bind and stabilize mesenchymal tumor  '°
P pro-anglog interleukin (IL)-6 and VEGF mRNA Y
circRhoC u o-angiogenesis directly binds and modulates VEGFA expression, ovarian cancer 7
P P §lo8 sponges miR-302e to regulate VEGFA expression
Interacting with RBPs interacts with p70S6K2 to upregulate Cyr61 via
circ-GLI1 up pro-angiogenesis  inducing activation of Hedgehog/GLI1 and Wnt/ melanoma te
B-catenin pathways
circ-ATXN1 up pro-angiogenesis Ziﬁ%i;;l\};zz::_'%p to upregulate the expression glioma 7
. . . sponges miR-421 to promote SP1 expression, . 118
AF11 - 1
cireSC up Pro-anglogenesis hich activates the transcription of VEGFA gioma
iR-29a to tri VEGFA/VEGFR2 and 9
circRNA-MYLK  up pro-angiogenesis sponges miR-29a to r8ger G IVEG 3% bladder carcinoma "
the downstream Ras/ERK signaling pathway
iR-205- i VEGFA 2
Sequestering miRNAs ¢irc0001429 up pro-angiogenesis sponges mi 05-5p to increase VEG bladder cancer 120
expression
. . . sponges miR-613 to upregulate VEGFA and 121
T, -
circCCT3 up pro-angiogenesis oo expression CRC
iR-206 t late CXCR4 and 2
circ_0056618 up pro-angiogenesis sponges mi o upregulate CXCR4 an CRC 122

VEGFA

circHIPK3 down

anti-angiogenesis

sponges miR-558 to inhibit the expression of

HPSE bladder cancer

Expression is in relation to normal tissue. These studies used human tissue samples. All circRNAs were measured with qRT-PCR in these studies. GBM, glioblastoma multiforme;

PDAC, pancreatic ductal adenocarcinoma.

assays uncovered that circ-CCACI strengthens cell leakiness by
sequestering EZH2 in the cytoplasm, thus promoting SH3GL2
transcription to decrease intercellular junction protein levels. Addi-
tionally, circ-CCACI1 facilitates CCA progression via sponging
miR-514a-5p to enhance YY1 translation. YY1 acts as a TF to activate
CAMLG transcription by directly binding to its promoter (Fig-
ure 3A).]Z Overall, current studies have shown that circRNAs influ-
ence angiogenesis by epigenetically inducing gene transcription,
establishing a favorable microenvironment for tumor progression.

Angio-CircRs mediate splicing and mRNA stability

In addition to regulating gene transcription, circRNAs appear to
orchestrate tumor angiogenesis by impacting post-transcriptional
processes such as alternative splicing and mRNA stability. For
example, circSMARCADS regulates the VEGFA mRNA splicing by in-
teracting with the splicing factor serine and arginine-rich splicing fac-
tor 1 (SRSF1), resulting in the production of pro-angiogenic (Iso8a)
and anti-angiogenic (Iso8b) mRNA isoforms of VEGFA in GBM.
SRSFI, a proximal splice site of VEGF, promotes the expression of
pro-angiogenic isoforms (VEGF-Axxxa), contributing to tumor
angiogenesis. This study shows that circSSMARCAS5 is an upstream
regulator of the ratio of pro-angiogenic to anti-angiogenic VEGFA
isoforms within GBM cells, which suggests that circSSMARCAS5 acts
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as a promising prognostic anti-angiogenic biomarker (Figure 3B).""*

Another novel circRNA, circPOK, is encoded by the Zbtb7a gene in
mesenchymal tumor progression. circPOK interacts with the ILF2/3
protein complex and enhances its ability to stabilize the VEGF
mRNA, thereby inducing pro-angiogenic and pro-proliferative roles
in tumor growth. circPOK binds to the promoter of 1I6 as a transcrip-
tional co-activator of ILF2/3, resulting in enhanced II6 transcription.
These findings indicate that circPOK exerts diverse functions in regu-
lating mRNA transcription and stability (Figure 3B).'"> Therefore,
targeting angiogenesis-related circRNAs during cancer development
and metastasis may be a promising RNA-based therapeutic approach.

Angio-CircRs interacting with RBPs

RBPs exert fundamental roles in orchestrating protein expression,
RNA metabolism, and transport and localization of distinct tran-
scripts.'”> The binding of circRNAs to RBPs has a wide range of
functions, such as affecting epigenetic regulation, transcriptional
regulation, splicing regulation, and the formation of circRNAs them-
3439114 Recent studies have shown that circRNAs directly bind
to VEGFs and thus regulate tumor angiogenesis. For example,
circRhoC, derived from the RhoC mRNA, was significantly highly ex-
pressed in advanced-stage OC and contributed to OC angiogenesis
and metastasis. Mechanistic analysis indicated that circRhoC

selves.
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Figure 3. Mechanisms of action of Angio-CircRs in cancer progression
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(A) circRNAs epigenetically mediate transcriptional regulation, e.qg., circ-CCACT. (B) circRNAs participate in splicing regulation and mRNA stability, e.g., circSMARCA5 and
circPOK. (C) circRNAs directly interact with RBPs, e.g., circRhoC. (D) circRNAs act as molecular sponges to sequester miRNAs, e.g., circ-ATXN1 and circSCAF11.

functioned not only as a miR-302e sponge to promote VEGFA trans-
lation but also directly bound and regulated VEGFA expression (Fig-
ure 3C).”” Additionally, circ-GLI1 interacted with p70S6K2 to induce
GSK3p phosphorylation at Ser9, thereby blocking the binding of
GSK3p with GLII and B-catenin, elevating their protein expression.
This study uncovered that circ-GLI1 facilitates melanoma angiogen-
esis and metastasis by elevating Cyr61 via p70S6K2-dependent activa-
tion of the Hedgehog/GLI1 and Wnt/B-catenin pathways.''® In sum-
mary, the interplay between circRNAs and RBPs could be a common
mechanism that is deeply involved in diverse physiological processes.

Angio-CircRs act as miRNA sponges
It is well established that circRNAs sponge diverse miRNAs, which is
the most extensive mechanism to regulate tumor angiogenesis. Earlier

studies identified many miRNA-binding sites on circRNAs.”>*® In tu-

mor cells, circRNAs can also sponge miRNAs and elevate the expres-
sion of angiogenic mediators such as VEGF and VEGFA.'*

A typical example is circ-ATXNI that can facilitate cell viability,
migration, and angiogenesis of glioma-exposed endothelial cells
(GECs) by sponging miR-526b-3p to upregulate the expression of
MMP2 and VEGFA (Figure 3D).117 Additionally, in gliomas,
circSCAF11 activates VEGFA expression by targeting miR-421 to
upregulate the TF SP1 (Figure 3D).''® As another example,
circRNA-MYLK could sponge miR-29a in BCa, further triggering
VEGFA/VEGFR2 and Ras/ERK pathways, thereby promoting
EMT, angiogenesis, and metastasis.'”” In addition, circRNA-
MYLK can sponge miR-513a-5p and upregulate the expression of
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VEGFC, thereby promoting cell proliferation, metastasis, and angio-
genesis in renal cell carcinoma.'”” Similarly, in BCa tissues,
circ0001429 can increase the expression of VEGFA to promote
cell proliferation, migration, and invasion by sponging miR-205-
5p.120 In CRC, the expression of circ-001971, circCCT3, and
circ0056618 was significantly increased, contributing to VEGFA
expression. They function as ceRNAs through the adsorption of
diverse miRNAs and promote cell proliferation, migration, invasion,
and angiogenesis.'*"'*>!%®

In addition to VEGF, circRNAs regulate the expression of other
angiogenic regulators by modulating miRNAs to control tumor
angiogenesis. A study uncovered that circ0020710 acts as a molec-
ular sponge to adsorb miR-370-3p, promoting CXCL12 expression
in melanoma. Its downstream CXCL12/CXCR4/CXCR7 axis
mediates angiogenesis, tumor development, and recruitment of
immunosuppressive cells.'”” circPRRC2A sponges miR-6776-5p
and miR-514a-5p to prevent the degradation of the TRPM3
mRNA, thereby promoting angiogenesis and metastasis of renal
cell carcinoma.'*® Another circRNA, SHKBPI, upregulates FOXP1
and FOXP2 expression by sponging miR-544a and miR-379, respec-
tively, in glioma, while FOXP1/FOXP2 transcriptionally promote
AGGF1 expression to facilitate viability, migration, and tube forma-
tion of GECs through the PI3K/AKT/ERK pathway.'”' Similarly,
circ-DICERI and c¢irc002136 promote the tube formation of GECs
by the sponging of miRNAs and the resulting upregulation of
ZIC4 and SOX13.13%!1% Additionally, in pancreatic ductal adenocar-
cinoma (PDAC), hsa_circ_001653 promotes the restoration of cell
cycle progression, angiogenesis, and invasiveness, sequestering
miR-377 and elevating HOXC6 expression.'** circ-ASH2L regulates
Notch 1 expression by sequestering miR-34a, promoting tumor
invasion, proliferation, and angiogenesis.135 hsa_circ_0000092
sponges miR-338-3p to upregulate HN1 in HCC, and hsa_
circRNA_002178 sponges miR-338-3p to upregulate COL1AI in
breast cancer, thus promoting angiogenesis.*>'*” On the contrary,
circHIPK3 is decreased in BCa and inversely correlates with cancer
grade and lymph node metastasis. Functional assays uncovered that
circHIPK3 inhibited the expression of heparanase (HPSE) by
sponging miR-558."*" Altogether, these studies indicate that
circRNAs extensively modulate miRNAs to regulate angiogenesis,
which provides a novel insight to guide tumor therapy through tar-
geting circRNAs.

EMERGING PARADIGMS OF IncRNAs AND circRNAs IN
ANGIOGENESIS

Angio-LncRs and Angio-CircRs induce cancer onset and
progression

Increasing numbers of studies have shown that IncRNAs and circR-
NAs orchestrate tumor proliferation, migration, invasion, metastasis,
and the local microenvironment for tumor cell colonization.'**'*
Herein, we provide examples of studies on Angio-LncRs and An-
gio-CircRs from the perspective of immune escape, EMT and migra-
tion, intravasation and extravasation, and the pre-metastasis niche
(Figure 4).
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Immune escape has always been considered a crucial step in tumor
development and progression, including the recruitment of immune
cells and macrophage M1/M2 (classically activated/ alternatively
activated) polarization."*”'*" IncRNAs can serve as key regulators
of macrophages to impact innate immunity. For example,
IncRNA-MM2P and SNHG15 promoted M2 polarization of macro-
phages, and CamK-A was involved in macrophage recruit-
8587142 EMT is a cellular process that causes cancer cells to
attenuate epithelial characteristics and acquire mesenchymal charac-
teristics, separating them from neighboring cells and allowing them
to migrate and invade more efficiently.'*"'** GATA6-AS increases
TGEF-B2-induced EMT and promotes the formation of blood vessels
in mice.”* MALATI1 promotes angiogenesis and EMT in CRC by
elevating VEGFA, SLUG, and TWIST expression.7] The circRNA-
MYLK contributes to EMT and BCa development by activating
VEGFA/VEGFR2 and its downstream Ras/ERK signaling path-
ways.119 Another circRNA, circ-CSPP1, promotes EMT and OC
development by upregulating EMT-related markers.'*°
tion and extravasation are the biological processes by which invasive
cancer cells pass in and out of circulation through the walls of blood
vessels and spread to the site of metastasis.'*” A recent study uncov-
ered that circ-CCACI could destroy the endothelial barrier integrity
and promote angiogenesis by interacting with EZH2."” IncRNA-
ATB can mediate TGF-B to promote EMT, invasion, intravasation,
and colonization of tumor cells.'*®'*° Furthermore, the pre-meta-
static niche is the changed supportive microenvironment of distant
organs and tissues before the tumor cells reach the site of metastasis,

ment.

Intravasa-

including the changes in cellular constituents, immune status, blood
supply, and extracellular matrix (ECM). In particular, fibroblasts
and ECM dynamics are involved in the adhesion, growth, and
metastasis of tumor cells."”>'"" H19 promotes the expression of
key ECM-remodeling genes through a variety of mechanisms.'>*
Additionally, functional enrichment analysis suggested that CDR1as
was associated with angiogenesis, ECM organization, and especially
interaction with ECM receptor to modulate the tumor microenvi-
MALAT1 and the IncRNA XIST can mediate the

154,155

ronment.'”
expression and secretion of fibroblast growth factor (FGF).
Current studies indicate that IncRNAs and circRNAs manipulate
the progression of diverse cancers via modulating the tumor micro-
environment. The new links between Angio-LncRs/Angio-CircRs
and multistep tumor progression will open up a new perspective
for ncRNA-induced angiogenesis, thus accelerating rational devel-
opment of antitumor treatment strategies from an anti-angiogenic
perspective.

The potential clinical application of IncRNAs and circRNAs

As discussed above, Angio-LncRs and Angio-CircRs contribute to
tumor progression by manipulating a plethora of phenotypes,
including tumor angiogenesis, cell proliferation, EMT, apoptosis,
and metastasis. Therefore, Angio-LncRs and Angio-CircRs could
act as promising biomarkers and efficacious therapeutic targets for
tumor therapy. To date, only a small portion of IncRNAs and
circRNAs have been used as promising tools for diagnostic, prog-
nostic, and therapeutic biomarkers in the clinical application for
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(A-D) Angio-LncRs and Angio-CircRs exert diverse regulatory roles in tumor progression and metastasis, including (A) immune escape (e.g., SNHG15, LncRNA-MM2P, and
CamK-A), (B) EMT and migration (e.g., GATAB-AS and circRNA-MYLK), (C) intravasation and extravasation (e.g., IN\cRNA-ATB and circ-CCACH1), and (D) the pre-metastatic

niche (e.g., H19, CDR1as, and MALAT1).

diverse tumors (Figure 5)."°*'>” A few tumor Angio-LncRs, such as
H19, MALATI1 and HULC, can be used as plasma biomarkers in a
plethora of cancers.””®™'®" In the case of tumor Angio-CircRs,
circHIPK3 can be used as a biomarker for the prognosis of various
tumors and new therapies in patients with NPC."”” hsa-circRNA-
002178 could be used as a potential non-invasive biomarker for
the early detection of LUAD and could act as a potential target of
immune therapy.'®> However, diverse functional identifications
need to be explored in vivo and in vitro to target Angio-LncRs/An-
gio-CircRs as novel and promising therapeutic options in the clin-
ical setting.

Targeting Angio-LncRs and Angio-CircRs might represent a prom-
ising strategy for inhibiting tumor development and progression.
Currently, RNA-based therapeutic approaches mainly include RNA
interference (RNAi) and antisense oligonucleotides (ASOs), designed
to target diverse RNAs and specific regions. The first RNAi-based
drug patisiran was approved by the US Food and Drug Administra-
tion to treat hereditary transthyretin amyloidosis."”> ASOs have
also displayed a promising prospect in targeting IncRNAs in a study
on patients with Angelman syndrome.'** Similarly, intravenous treat-
ment with ASOs targeting IncRNAs TUG1 and PVT1 can inhibit
tumor proliferation and differentiation by combining with the drug
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delivery system.'®>'% In vivo RNAi and pharmacological therapeutic

strategy targeting FLANC significantly suppressed tumor angiogen-
esis and CRC metastasis, while specific small interfering RNAs
(siRNAs) significantly suppress the metastases.”® Using a double-
stranded DNA plasmid, DTA-H19-targeting cancer cells that overex-
press H19 induced diphtheria toxin-A expression, thereby reducing
the size of multiple tumor types.'®” In addition, emerging research
suggests that the peptides encoded by Angio-CircRs have increasing
potential for tumor therapy. As in TNBC, the peptide ASRPS encoded
by LINC00908 can inhibit tumor angiogenesis, and the peptide
CIP2A-BP encoded by LINC00665 can significantly reduce invasion
and metastasis, indicating that they are effective anti-TNBC pep-
tides.”'®® In the future, the combinatorial application of conven-
tional therapy with targeting Angio-LncRs or Angio-CircRs adds
synergy in anti-angiogenic cancer therapy, which broadens our un-
derstanding of the progress made in cancer therapy.

Accumulating studies have uncovered that a variety of Angio-LncRs
and Angio-CircRs regulate chemotherapy resistance, radiotherapy
sensitivity, and immunotherapeutic tolerance. For example, some
Angio-LncRs, such as MALAT1, MEG3, and CRNDE, are involved
in resistance to 5-fluorouracil, adriamycin, mitomycin, and oxalipla-
tin in distinct cancers.'®"'”" Similarly, Angio-CircRs also influence
chemotherapy resistance in different cancers. For example, the upre-
gulation of circ-SMARCAS5 can enhance the sensitivity of intrahepatic
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CCA cells to cisplatin and gemcitabine.'”* hsa_circ_0023404 was up-
regulated in cervical tumor cells to promote cisplatin resistance.'”” In
addition, cZNF292 increased the hypoxic tumor cell radiosensitivity
of radiotherapy in HCC."* hsa-circRNA-002178 can enhance the
expression of programmed cell death-1 (PD-1) and programmed
cell death ligand-1 (PD-L1) in tumor cells and T cells and enhance
immunotherapy tolerance.'®” To date, several anti-angiogenic drugs
such as bevacizumab have been approved in targeting angiogenesis
for tumor therapy.'® However, there are no clinical applications for
targeting Angio-LncRs/Angio-CircRs in tumor therapy. Therefore,
the detection of IncRNA and circRNA levels in various patients could
predict the efficacy and safety of various drugs and suggest imple-
menting different therapeutic doses or methods to promote individ-
ualized treatment regimens. Altogether, the development of new
biomarkers and treatment strategies for Angio-LncRs and Angio-
CircRs could develop potential clinical significance for tumor
treatment.

CONCLUSIONS AND FUTURE PERSPECTIVES

This review emphasizes the emerging functions and mechanisms of
angiogenic IncRNAs and circRNAs in tumor progression and
their potential diagnostic and therapeutic applications. Importantly,
Angio-LncRs and Angio-CircRs orchestrate the carcinogenesis
and development of diverse cancers via a broad repertoire of molec-
ular mechanisms. We highlight the common dysregulation of
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Angio-LncRs and Angio-CircRs in tumor progression to manipulate
multiple signaling pathways associated with angiogenesis, cell prolif-
eration, EMT, apoptosis, and metastasis. Additionally, exploring the
functional commonalities between IncRNAs and circRNAs may pro-
vide a vital hint to understand the biological functions of ncRNAs and
suggest clinical values of Angio-LncRs and Angio-CircRs in tumor
angiogenesis.

Since the exact mechanisms of action of IncRNAs and circRNAs have
not been fully elucidated, their known roles in cancer biology may
represent only the tip of the iceberg. Some Angio-LncRs and An-
gio-CircRs may have multiple levels of mechanical functions in tumor
angiogenesis. For instance, PVT1 can not only regulate chromatin re-
modeling, transcriptional activation, and protein modification, but it
also can adsorb a variety of miRNAs regulating downstream target
genes.'”” Besides affecting angiogenesis, Angio-LncRs and Angio-
CircRs also influence multiple different functional phenotypes. For
example, MALAT]1 regulates EMT, migration, invasion, metastasis,
and ECM remodeling.'” In that this review focuses on the roles of
Angio-LncRs and Angio-CircRs in tumor angiogenesis, we did not
elaborate on other functional mechanisms.

Although IncRNAs and circRNAs have shown attractive break-
throughs and prospects, the field is yet to conquer certain challenges
and limitations. Utilizing or developing novel technologies, such as
CRISPR-mediated gene editing and genome-wide chromatin interro-
gation, will continue to accelerate advances in preclinical studies for
antitumor treatment.'"® The development of RNA sequencing
(RNA-seq), global run-on sequencing (GRO-seq), and quantitative
RT-PCR (qRT-PCR) techniques has greatly improved the ability to
determine the transcription and expression of genes and to elucidate
the function of ncRNAs. Moreover, siRNA or short hairpin RNA
(shRNA) is often used to silence ncRNAs, and the RNA pull-down
assays or immunoprecipitation (RIP) has helped elucidate the inter-
action between ncRNAs and proteins.'*'”” Emerging advancements
in new technologies and approaches provide exciting opportunities
for ncRNA research and its translation to the clinic. However, in vivo
treatment strategies related to IncRNAs and circRNAs are still limited
because of their poor intracellular uptake and stability. Currently, li-
posomes, lentiviruses, adenoviruses, exosomes, and nanoparticles are
commonly used in vivo delivery systems for IncRNAs and
circRNAs. 787181 Future studies, combined with novel technologies,
should focus on delivering IncRNAs and circRNAs to target cells in
a tissue-specific manner.

Despite current challenges and limitations, significant advances in the
field of Angio-LncR and Angio-CircR research are nonetheless being
made. Recent advances describing the functions and mechanisms of
angiogenic IncRNAs and circRNAs facilitate cancer diagnosis. How-
ever, there are a series of key questions to be answered. Are a series of
angiogenic ncRNAs more promising as diagnostic markers in angio-
genic diseases? Does targeting angiogenic ncRNAs have any impact
on the expression of essential genes in normal and tumor tissues?
Could the combination of targeting ncRNAs and using conventional

anti-angiogenic agents enhance therapeutic efficacy in heterogeneous
tumors? In essence, exploring the functional commonalities between
IncRNAs and circRNAs may provide a vital hint to understand the
biological functions of ncRNAs. Understanding the mechanism of
interaction between IncRNAs or circRNAs and other biomolecules
may identify certain IncRNAs and circRNAs that have the potential
to be used as biomarkers or therapeutic targets in tumor angiogenesis;
this would be a major advance in the beneficial treatment of cancer
patients.
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