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Regulation of angiogenesis by microRNAs in cancer
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Abstract. MicroRNAs (miRs) are endogenous, small,
non-coding RNA molecules with ~22 nucleotides, and are
involved in regulating the expression of multiple genes
and controlling cellular functions. miRs serve key roles in
angiogenesis by regulating the proliferation, differentiation,
apoptosis and migration of endothelial cells. Regulation of
angiogenesis is essential for several physiological and patho-
logical processes, particularly for tumor development and
progression. Therefore, it is important to investigate the roles
served by miRs in angiogenesis as this may aid in discov-
ering novel strategies for treating tumors via modulating
angiogenesis. In this review, miRNA biogenesis, regulation
and functions are described with new information and corre-
sponding references. In particular, the latest advances in the
role of various miRs and their target genes involved in tumor
angiogenesis were updated. Next, different signaling pathways
by which miRNAs could be regulated in different types of
tumor progression were addressed. Furthermore, the poten-
tial clinical value of miRs as biomarkers for diagnosing and
monitoring the response to therapy, as well as their ability to
regulate tumor angiogenesis and the mechanism underlying
this regulation, were investigated.
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1. Introduction

Cancer is a major life-threatening disease with a high inci-
dence and mortality worldwide (1,2). The mechanisms of
tumor formation are complex and diverse, and the differential
prognosis of cancer is associated with variations in tumor
proliferation, invasion and metastasis. The basic treatment
modalities for cancer are surgery, radiotherapy, chemotherapy
and targeted therapy. However, it is difficult to diagnose the
majority of cancers at an early stage; therefore, the curative
effects of these treatments remain limited, and there is an
imminent need to identify novel diagnostic and prognostic
biomarkers and therapeutic targets for cancer.

Angiogenesis is the formation of new blood vessels from
existing vessels. It is a pivotal process during cancer cell
proliferation, migration and differentiation. Since angiogenic
factors control tumor growth and metastasis (3), angiogenic
regulation of this process is pivotal for identifying novel
cancer treatment strategies. The latest research indicates
that the dysregulated expression of microRNAs (miRs) may
lead to abnormal angiogenesis (4). miRs are a class of endog-
enous, small and non-coding single-stranded RNA molecules
containing ~22 nucleotides; they regulate the expression and
function of multiple genes. By binding to complementary
sequences of the 3'-untranslated region of the target mRNA,
miRs inhibit or degrade the post-transcriptional products of
the target genes (4). Approximately 30-60% of human genes
are regulated by one or more miRs (5). In addition, a previous
study reported that miRs may be considered a class of onco-
genes or tumor suppressor genes (6). One study revealed that
miRs in tumor cells may affect the activity of endothelial cells
via non-cell-autonomous mechanisms and that miRs in endo-
thelial cells may regulate the cell-autonomous response (7).
These observations provide evidence that antiangiogenic treat-
ment of tumors with miRs may inhibit the growth of cancer.

This review describes miR biogenesis, regulation and
functions. The current research achievements in miRs biogen-
esis are updated here. The role of angiogenesis is pivotal in
the survival of cancer cells. In this review, several critical
endogenous molecules and their receptors and their expres-
sions, which promote angiogenic activity in tumor metastasis,
are expounded. Next, the functions of miRs in regulating
tumor angiogenesis are described in detail. Particularly, the
functions of exosomal delivery of miRs are discussed. Tight
junctions exist mainly between endothelial cells. Innovatively,
this review describes miRs' target on tight junction-related
proteins, which is helpful to the transendothelial migration of
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tumor cells and tumor metastasis. Furthermore, the functions
of miRs in hypoxic environments are described. Additionally,
the latest advances in the role of various miRs and their
corresponding target genes involved in tumor angiogenesis
are updated. Various signaling pathways in different types of
tumor progression regulated by miRs are addressed.

In summary, this review demonstrates the potential clinical
value of miRs as biomarkers for diagnosing and monitoring the
response to therapy, as well as their ability to regulate tumor
angiogenesis and the mechanism underlying this regulation.

2. The current research achievements in miR biogenesis

Although miRs are only 22 nucleotides long, they serve an
important role in gene expression by regulating various target
genes. miRs recruit an argonaute (AGO) protein complex
to a complementary target mRNA, which usually results in
translation repression or mRNA degradation (8). The conven-
tional miR biogenesis pathway consists of two cleavage events:
Nuclear and cytoplasmic (9), which require approximately five
post-transcriptional processing steps to yield the functional
mature miRs as follows (Fig. 1): i) transcription of initial
miRs (pri-miRNA), ii) formation of pre-miRs, iii) transport
of pre-miRs from the nucleus to the cytoplasm, iv) produc-
tion of mature miRs and v) formation of the miRNA-induced
silencing complex (miRISC) core.

In the nucleus. The gene encoding miRs in the nucleus is
transcribed to generate a long primary transcript among the
two RNA polymerases, RNA pol II or III, which is called
pri-miRNA. Pri-miRNA has methylated guanine at the 5' end
and a polyadenine base at the 3' end. Furthermore, pri-miRNA
contains sequences of uridine residues, which terminate RNA
pol IIT transcription.

Further processing of Pri-miRNA is mainly completed
in the 400-500 kDa microprocessor protein complex
composed of Drosha and Pasha. Pre-miRs are catalyzed by
Drosha, a nuclease of the RNase III family, while Pasha is
a double-stranded RNA binding protein that participates
in substrate recognition by Drosha (10). Drosha RNase III
endonuclease cleaves both strands of the stem at sites near the
base of the primary stem-loop, releasing ~60-70 nt stem-loop
intermediates, called miRNA precursors or pre-miRNA.
The pre-miRNA is transported into the cytoplasm by the
translocator RanGTP/Exportin-5.

MiRs residing in introns are known as mirtrons, and are
widespread in Drosophila, C. elegans and vertebrates (11).
The transcription of mirtrons is performed by spliceosome but
not by Drosha. Next, the mirtron precursor molecule released
by the spliceosome in the form of a lasso will be linearized
under the action of a debranching enzyme. Subsequently, they
mimic the pre-miRNA structure and directly enter the miRNA
processing program and are transferred to the cytoplasm to be
treated by Dicer instead of being cleaved by Drosha.

In the cytoplasm. pre-miRNA is further matured by the
RNase III endonuclease Dicer in the cytoplasm (12). The
loop structure is cut and modified by Dicer, and miRNA:
miRNA* complexes are formed in the cytoplasm. Following
helicase action, miRNA: miRNA* complexes eventually

generate mature, functional single-stranded miRNAs and then
combine with miRNA ribonucleoproteins, following which
the miRNA* is rapidly degraded.

Typically, one strand of this mature miRNA duplex,
termed the guide strand, can enter the RNA-induced silencing
complex (RISC), and the other strand is removed. The miRISC
complex contains Dicer, TRBP, PACT and Gemin3; however,
the AGO factor directly binds to the miRNA and can mediate
the sequence matching of the miRNA and the target mRNA to
cause subsequent translational inhibition.

3. The role of angiogenesis in cancer

Malignant tumors invade neighboring tissues and metasta-
size through the bloodstream to distant organs. Therefore,
expanding the blood vasculature is pivotal in the survival of
cancer cells. Vascular endothelial growth factor (VEGF), a
specific mitogen of vascular endothelial cells, is overexpressed
in numerous malignant tumors (13). VEGF may bind to its
receptors (VEGFRs) expressed on the vascular endothelial
cells and promote endothelial cell division, migration and
proliferation, and induce capillary angiogenesis and growth
into tumor tissue (14,15). Platelet-derived growth factor
(PDGF) mainly originates from mesenchymal cells and
participates in the induction of angiogenesis (16). The main
functions of PDGF and its receptor, PDGFR, involve autocrine
stimulation of tumor cells, paracrine stimulation of tumor
stromal cells to promote angiogenesis, and regulation of the
interstitial fluid pressure to control the flow of drugs into and
out of the tumor (16).

CD31 is overexpressed on the surface of vascular endothe-
lial cells. Its distribution is associated with angiogenesis, as
well as the movement of endothelial cells (17). CD31 acts as a
bridge between tumor and vascular endothelial cells to promote
the metastasis of malignant tumor cells (18). Therefore, CD31
is a useful marker for evaluating tumor angiogenesis (18).

Endogenous molecules that promote angiogenic activity
serve several major roles in promoting tumor metastasis.
These include stimulating the growth and survival of endo-
thelial cells to ensure angiogenesis (19), breaking the tight
junctions of tumor vascular endothelial cells and promoting
tumor metastasis (15,20) to ensure that the new tumor cells
can obtain oxygen and nutrition to grow rapidly and provide
favorable conditions to transport cancer cells for distant
metastases (21,22).

4. The functions of miRs in regulating tumor angiogenesis

Several studies have demonstrated that miRs may affect cell
proliferation, differentiation, metabolism and tumor angio-
genesis (6,14). A single miR can target several mRNAs. In
addition, aberrant miR expression can disrupt the expression
of several mRNAs and proteins involved in regulating cell
proliferation and apoptosis. Diverse miRs are involved in
tumor angiogenesis, affecting both anti- and pro-angiogenic
proteins (6). Here, the functions of miRs in regulating tumor
angiogenesis in the following sections are reviewed.

Exosomal miRs and tumor angiogenesis. Exosomes, the
nanovesicles with diameters ranging between 30 and 150 nm,
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Figure 1. miR biogenesis in animals. i) pri-miRNA transcription; ii) forma-
tion of pre-miRs; iii) pre-miRNA transportation into the cytoplasm;
iv) pre-miRNA maturation in the cytoplasm; and v) miRISC core formation.
miR/miRNA, microRNA; miRISC, miRNA-induced silencing complex.

are involved in cell-to-cell communication and regulate various
biological processes (23). In the tumor microenvironment,
exosomes released by different types of cells regulate tumor
survival, growth and facilitate tumor cell dissemination (24).
Although miRs are one of the key regulators of gene expression,
exosomal miRs serve a dual role in cancer. Exosomal delivery
of miRs to recipient cancer or stromal cells may induce cancer
progression and metastasis (25). However, exosomes also
facilitate tumor initiation by affecting signaling pathways and
inhibiting the expression of tumor suppressors (25). A previous
study demonstrated that miRs are packaged and secreted by
exosomes and are potential biomarkers as well as important
mediators of interactions among different cells (23). Notably,
exosomal miRs are implicated in modulating endothelial cell
functions and angiogenesis in cancer (26,27).

High levels of miR-205 were observed in ovarian cancer
(OC) tissue and adjacent endothelial cells and were associ-
ated with metastatic progression in patients with OC (28). In
addition, miR-205 was markedly enriched in the serum and
circulating exosomes of patients with OC (28). miR-205 in
exosomes secreted by OC cells significantly promoted angio-
genesis in vitro and accelerated angiogenesis and tumor growth
in vivo via the phosphatase and tensin homolog (PTEN)-Akt
pathway (28). miR-141-3p present in small extracellular
vesicles (SEV) secreted by epithelial OC cells is an important
mediator of intercellular communication (29). Furthermore, it
can regulate the expression of VEGFR-2 and reactive oxygen
species-dependent activation of nuclear factor k-B (NF-«B)
signaling in endothelial cells and promote endothelial cell
angiogenesis (29). Another study based on in vitro and in vivo
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experiments reported that miR-204-5p promoted angiogenesis
in OC via thrombospondin 1 (30).

The serum level of exosomal miR-21 is increased in patients
with hepatocellular carcinoma (HCC) making it a potential
biomarker for HCC (31). This aforementioned study demon-
strated that miR-21 derived from HCC cells activated pyruvate
dehydrogenase kinase 1/Akt signaling in hepatic stellate cells.
Cancer progression was promoted by increased secretion of
angiogenic cytokines, including VEGF, matrix metallopro-
teinase (MMP)2, MMP9, basic fibroblast growth factor and
transforming growth factor (TGF)-f. Furthermore, decreased
miR-451a content was observed in serum-derived exosomes
isolated from patients with HCC. miR-451a suppressed human
umbilical vein endothelial cell (HUVEC) migration, tube
formation and vascular permeability. As the critical target of
miR-451a, LPINI promoted apoptosis in HCC cell lines and
HUVECsS (32).

A previous study that comprehensively analyzed miR-9
expression demonstrated that it was overexpressed in glioma
specimens and cells and contributed toward their enhanced
proliferation, migration and invasion (33). Additionally,
collagen alpha-1 (XVIII), thrombospondin 2 (THBS-2), protein
patched homolog 1 (PTCH1) and prolyl hydroxylase 3 (PHD3)
were verified as direct targets of miR-9 (33). miR-9 in glioma
cell exosomes was absorbed by vascular endothelial cells,
thereby inducing angiogenesis (33). Glioma stem cells also
contained exosomes overexpressing miR-26a, which signifi-
cantly increased proliferation and angiogenesis by inhibiting
PTEN (34).

Exosome-delivered miR-135b contribute significantly
toward angiogenesis in gastric cancer (GC). GC cells secrete
exosomal miR-135b that directly targets forkhead box Ol
(FOXO1I), suppresses the expression of the FOXOI protein,
and enhances the growth of blood vessels (35). Another study
revealed that miR-142-3p in EVs secreted by lung adenocar-
cinoma cells affected endothelial and fibroblast cells and
promoted angiogenesis via inhibiting TGFf receptor 1 (36).
This demonstrates a role for EVs in cell-cell communication.
The level of miR-501-3p is highly enriched in pancreatic
ductal adenocarcinoma (PDAC) tissues and tumor-associated
macrophage-derived exosomes. Treatment of M2 macrophages
with miR-501-3p activated the TGF-f signaling pathway and
downregulated TGF-f receptor 3 expression in PDAC cells.
Furthermore, suppression of miR-221-3p in exosomes secreted
by macrophages inhibited tumor formation and metastasis
in vivo (37).

In colorectal carcinoma (CRC), colon cell-derived EVs
contain large amounts of miR-92a-3p and have a pro-angiogenic
function. Genes encoding Dickkopf-3 and claudin-11 were iden-
tified as targets of miR-92a-3p. In endothelial cells, the ectopic
expression of miR-92a-3p upregulated the expression of genes
associated with the cell cycle and mitosis while downregulating
the expression of genes associated with adhesion (38). The study
also demonstrated that exosomal miR-1229 was highly enriched
in the serum of patients with CRC and was associated with
tumor size, lymphatic metastasis, TNM stage and poor survival.
Notably, anti-miR-1229 therapy inhibited tumor growth and
angiogenesis in vivo. In addition, HIPK2 was identified as a
target of circulating exosomal miR-1229 and influenced the
angiogenesis of HUVECS via the VEGF pathway (39).
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nuclear factor x-B.

Functions of miRs in regulating tumor metastasis caused by
tight junctions. Tight junctions exist mainly between endothelial
cells or between epithelial and endothelial cells. These junctions
make membranes of adjacent cells tightly connected and serve
a role in the paracellular permeability barrier and maintenance
of cell polarity (40,41). Disruption of tight junctions enhances
the permeability of vascular endothelial cells and promotes the
transendothelial migration of tumor cells, thereby forming a
protumor niche and promoting tumor metastasis (27).

Tight junctions are composed of a variety of proteins.
Previous studies have demonstrated that the abnormal
expression of claudin, occludin and zona occluden (ZO) is
associated with the proliferation, invasion and metastasis
of tumor cells (42,43). Claudin serves an important barrier
protective role to maintain the selective permeability of
vascular endothelial cells. The occludin protein generates a
paracellular block by binding to adjacent cells via the outer
part of the cell membrane (44). Zonula occludens-1 (ZO-1)
is a central regulator of intercellular junctions in endothelial
cells; it regulates junctional tension and linkage of vascular
endothelial-cadherin junctions (45). Other proteins, including
Z0-1/2/3, cingulin and multi-PDZ domain protein 1, are skel-
eton proteins that connect transmembrane proteins to the actin
cytoskeleton. ZO-1 can interact with a variety of tight junction
proteins, regulate intracellular and extracellular signal trans-
duction pathways, affect the function of tight cell junctions
and regulate cell permeability (27,45).

Different miRs exert different regulatory effects on tight
junction-related proteins (Fig. 2), thereby promoting tumor

metastasis. By targeting kriippel-like Factor 2 (KLF2/4),
cancer-derived exosomal miR-25-3p was transferred to
vascular endothelial cells. miR-25-3p regulated the expression
of VEGFR2, ZO-1, occludin and claudin 5 in endotheliocytes,
and promoted pre-metastatic niche formation by inducing
vascular permeability and angiogenesis (27). Another study
revealed that overexpression of miR-25-3p enhanced the
migration and invasion ability of non-small cell lung cancer
(NSCLC) cells (46). As one of the diagnostic markers in lung
cancer, the expression of miR-25 is associated with lymph node
metastasis, pathological stage and overall survival (47,48).
Angiogenesis, vascular permeability and cancer transen-
dothelial migration were enhanced by exosomal miR-23a by
targeting PHD and ZO-1 in lung cancer (26). Furthermore,
miR-105 secreted by metastatic breast cancer cells destroyed
vascular endothelial barriers to promote metastasis by
targeting ZO-1 (49). Furthermore, the expression of miR-21
increased significantly in a tight junction barrier defect model;
therefore, miR-21 may regulate intestinal epithelial tight junc-
tion permeability via the PTEN/phosphoinositide 3-kinase
(PI3K)/Akt signaling pathway (50).

Angiogenesis in a hypoxic environment. Hypoxia-inducible
factor (HIF) is a transcription factor that serves a key role in
the cellular response to hypoxia. HIF is closely involved in
tumorigenesis by regulating cell survival, angiogenesis, metas-
tasis, adaptation to the hypoxic tumor microenvironment, and
suppression of host immunity to drive cancer progression (51).
Hypoxia is a pivotal factor required for activating angiogenesis
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as it induces the expression and release of pro-angiogenic
molecules, including VEGF, PDGF and CD31, from the stroma
and tumor cells (52).

Hypoxia-induced exosomes may influence macrophage
recruitment and promote M2-like polarization. By transfer-
ring let-7a miR, hypoxic tumor exosomes enhanced oxidative
phosphorylation in bone marrow-derived macrophages and
suppressed the insulin-Akt-mammalian target of rapamycin
(mTOR) signaling pathway (53). Therefore, hypoxia promotes
secretion of exosomes from tumors that may modify the
immunological effects of infiltrating monocytes-macrophages,
thereby helping tumor to escape host immunity and grow (53).

miR-23a is significantly upregulated in exosomes secreted
by lung cancer under hypoxic conditions (26). Exosomal
miR-23a directly inhibited its target genes, PHDI and
PHD?2, leading to the accumulation of HIF-1a in endothe-
lial cells, thereby enhancing angiogenesis in hypoxic lung
cancer cells. Furthermore, miR-21-5p derived from hypoxia
pre-challenged mesenchymal stem cell-derived extracel-
lular vesicles (MSC-EVs) promoted A549 cell growth and
mobility as well as macrophage M2 polarization. Knockdown
of miR-21-5p significantly inhibited lung cancer progres-
sion and macrophage M2 polarization. Hypoxic MSC-EVs
significantly enhanced tumor growth, cancer cell proliferation,
intra-tumoral angiogenesis and macrophage M2 polariza-
tion, while downregulating PTEN, programmed cell death
protein 4 (PDCD4) and reversion-inducing cysteine-rich
protein with kazal motifs (RECK) gene expression via
miR-21-5p. By contrast, overexpression of PTEN, PDCD4
and RECK in A549 cells significantly mitigated the antiapop-
totic and pro-metastatic effects of hypoxic MSC-EVs (54).
Furthermore, miR-765, which targets several protein-encoding
genes involved in angiogenesis and vasculogenic mimicry, is
downregulated by hypoxia. The upregulation of miR-574-5p
enhanced angiogenesis, suppressed the expression of tyrosine
protein phosphatase non-receptor type 3, and enhanced phos-
phorylation of p44/42 mitogen-activated protein kinases in GC
cells in hypoxic environments (55). As a hypoxia-specific miR
overexpressed in GC, miR-210 regulated HIF-1a expression,
facilitated the epithelial-mesenchymal transition (EMT) and
angiogenesis in response to hypoxia during tumorigenesis,
and inhibited chemoresistance, invasion and metastasis by
targeting homeobox protein Hox-A9 (Hoxa9) (56). Binding to
hypoxia response elements promoted metabolic switching to
aerobic glycolysis (57). Low expression of miR-186 promoted
aerobic glycolysis, suppressed cell proliferation by downregu-
lating HIF-1a, and consequently affected programmed death
ligand 1, hexokinase 2 and platelet-type phosphofructokinase
in GC (58).

Functions of miRs in regulating major tumor angiogenesis
pathways. A single miR may target multiple transcripts in
different types of cells, or an individual transcript may be
regulated by multiple miRs (59). Angiogenesis serves a pivotal
role in tumor growth, progression and metastasis, which are
complex processes involving essential signaling pathways (60).
miRs participate in multiple aspects regulating vascular devel-
opment and the angiogenic response (61). Essential signaling
pathways, including VEGF and Notch, may affect the angio-
genic switch and carcinogenesis (62). VEGFA is directly
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targeted by a diverse range of miRs in various types of cancer.
For example, miR-150-5p inhibits CRC cell proliferation,
migration, invasion and angiogenesis in vitro and in vivo by
inactivating the VEGFA/VEGFR2 signaling pathway (63). In
summarize, all the known tumor angiogenesis pathways regu-
lated by miRs are basically in either of two ways: i) promoting
angiogenesis by targeting the negative regulators of angio-
genesis or ii) inhibiting vascularization by targeting positive
regulators. miR-29¢, miR-942, miR-21, miR-526b, miR-655,
miR-632, miR-130b, miR-103a-3p, miR-382-5p and miR-26a
are reported to be pro-angiomiRs. They target various inhibi-
tory signaling pathway, including VEGF signaling pathway,
PDCD4/c Jun signaling pathway, NF-kB signaling pathways
or PI3K/Akt pathway-related molecules of angiogenesis and
promote tube formation. miR-181d-5p, miR-195, miR-126,
miR-4306, miR-199b-5p, miR-1249, MiR-150-5p/miR-193a-3p,
miR-622, miR-7, miR-204, miR-195-5p, miR-765, miR
335, miR-885-5p and miR-136 are termed anti-angiomiRs,
which inhibit capillary formation and angiogenesis via
the VGFA/VEGFR2 pathway, ERK signaling pathways,
ALK1/Smad/Id1 pathway, GSK3p/p-catenin and Akt/mTOR
pathway. In the following sections, the angiogenesis pathways
in different types of cancer will be discussed and the findings
are summarized in Table I.

Lung cancer. Angiogenesis serves an important role in the
progression of NSCLC. Plasmacytoma variant translocation 1
(PVT1) is overexpressed in NSCLC and its upregulation is
associated with angiogenesis in NSCLC. One study demon-
strated that PVT] promoted angiogenesis by targeting the
miR-29¢/VEGF signaling pathway in NSCLC (64). Another
study reported that miR-942 promoted NSCLC cell migra-
tion, invasion, EMT-related metastasis and angiogenesis by
directly targeting BARX homeobox 2 (BARX?2) in vitro and
in vivo (65). Furthermore, the expression of cyclin-dependent
kinase inhibitor 3 (CDKN3) was increased, while miR-181d-5p
was depleted in NSCLC, which suppressed NSCLC cell prolif-
eration, invasion, migration, angiogenesis and the EMT, and
increased apoptosis via the Akt signaling pathway inactiva-
tion (66). It provided a clear understanding of the mechanisms
of the miR-181d-5p/CDKN?3/Akt axis in NSCLC progression
and may serve as a prognostic marker for of NSCLC treatments
in the future. Another study demonstrated that miR-21 directly
targeted PTEN and increase proliferation, migration and tube
formation in HUVEC cells (67). Increasing miR-21 induced the
accumulation of VEGF and HIF-1a in cells via the PI3K/Akt
signaling pathway (67). miR-21 may be potentially involved
in pathophysiology. In squamous cell lung cancer (SQCLC),
miR-195 acts as a tumor suppressor, inhibiting the viability,
growth and migration of SQCLC cells by targeting VEGF and
inhibiting angiogenesis in tumors (68). Additionally, miR-195
promotes apoptosis and inhibits proliferation in various types
of cancer. In summary, the results may provide novel insights
for developing prognostic markers and efficacious strategies
for clinical therapy of NSCLC and SQCLC.

Breast cancer. The roles of angiogenesis in breast cancer
tumour growth and metastasis are well established. Breast
cancer metastasis requires the access of tumor cells into the
blood vessels. A previous study demonstrated that miR-126-3p
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Table I. Angiogenesis pathways in different types of cancer.

Up-/down-
Non-coding RNAs Target regulation Functions Cancer type  (Refs.)
miR-29¢ PVTI Upregulation ~ Promoted angiogenesis NSCLC (64)
VEGF pathway
miR-942 BARX?2 Upregulation Promoted cell migration, invasion, NSCLC (65)
metastasis and EMT
miR-181d-5p CDKN3 Downregulation Suppressed proliferation, invasion, NSCLC (66)
migration, angiogenesis and
EMT, and increased cell apoptosis
miR-21 PTEN Upregulation ~ PI3K/Akt signaling pathway NSCLC (67)
miR-195 VEGF Downregulation Suppressed the viability and SQCLC (68)
migration and angiogenesis
miR-126 RGS3/VEGF Downregulation Inhibited the proliferation, Breast cancer (69,70)
migration, invasion and
angiogenesis
miR-4306 SIX1/Cdc42/ Downregulation Suppressed TNBC cell Breast cancer (71)
VEGFA proliferation, migration and
invasion and abrogates
angiogenesis
miR-526b PTEN Upregulation  Upregulated the angiogenesis and  Breast cancer (72)
and miR-655 lymphangiogenesis markers,
inhibited HIF-1a and the PI3K/Akt
pathway
miR-199b-5p ALK Downregulation Attenuated ALK1/Smad/Id1 Breast cancer (73)
pathway
miR-1249 VEGF Downregulation Suppressed colorectal cancer Colorectal cancer (74)
A/HMGA2 cell proliferation, migration,
invasion, and angiogenesis,
regulate Akt/mTOR pathway and
EMT
miR-150-5p/miR-193a-3p VEGFA Downregulation Inhibited cell proliferation, Colorectal cancer (63,75)
migration, invasion and
angiogenesis, VEGFA/VEGFR2
and Akt/mTOR signaling pathway
miR-622 VEGFA Downregulation Suppressed the CXCR4-VEGFA Colorectal cancer (76)
signaling axis
miR-7 EGFR Downregulation ERK signaling pathway Colorectal cancer (77)
miR-204 BIRC2 Downregulation Suppressed NF-kB signaling Gastric cancer (78)
pathways
miR-632 TFF1 Upregulation ~ Improved tube formation and Gastric cancer (79)
endothelialcell recruitment,
accelerating angiogenesis
miR-195-5p PSAT1 Downregulation Inhibited GSK3f/p-catenin Ovarian cancer (80)
signaling pathway
miR-765 VEGFA Downregulation Decreased the VEGFA/ Ovarian cancer (82)
Akt1/SRC-a axis
miR-130b TNF-a Upregulation  Attenuated NF-«B signaling Prostate cancer (83)
and its downstream gene VEGFA
miR-335 EGR3 Downregulation Reduced the activity of Prostate cancer (84)
caspase-3 and
inflammatory factor
miR-103a-3p and miR-382-5p ZIC4 Upregulation  Activated PI3K/Akt signaling Glioma (85)

pathway
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Up-/down-
Non-coding RNAs  Target regulation Functions Cancer type  (Refs.)
miR-26a PTEN Upregulation Activated the PI3K/Akt signaling pathway Glioma (34)
miR-885-5p AEG-1 Downregulation Inhibited cell migration, invasion, proliferation, Hepatocellular (86)
angiogenesis and EMT carcinoma
miR-30e-5p AEG-1 Downregulation Implicated in the angiogenesis and metastasis Squamous &7
cell cancer of
the head and
neck
miR-136 MAP2K4 Downregulation Inhibited angiogenesis and cell Gallbladder (88)
proliferation, and promoted apoptosis cancer
miR-21 PDCD4  Upregulation Regulated PDCD4/c-Jun signaling pathway Renal cell (89)
carcinoma

miR, microRNA; NSCLC, non-small cell lung cancer; SQCLC, squamous cell lung cancer; EMT, epithelial-mesenchymal transition; PI3K,
phosphoinositide 3-kinase; TNBC, triple-negative breast cancer; HIF, hypoxia-inducible factor; Id1, inhibitor of differentiation 1; mTOR,
mammalian target of rapamycin; CXCR4, C-X-C motif chemokine receptor 4; ERK, extracellular signal-regulated kinase; GSK3p, glycogen
syntheses kinase 3f3; BARX2, BARX homeobox 2; CDKN3, cyclin dependent kinase inhibitor 3; PTEN, phosphatase and tensin homolog;
VEGEF, vascular endothelial growth factor; VEGFR2, VEGF receptor2; RGS3, regulator of G protein signaling 3; SIX1, SIX homeobox 1;
Cdc42, cell division cycle 42; ALK1, activin receptor-like kinase-1; HMGAZ2, high mobility group AT-hook 2; EGFR, epidermal growth factor
receptor; BIRC2, baculoviral IAP repeat containing 2; TFF1, trefoil factor 1; PSAT1, phosphoserine aminotransferase 1; TNF-a, tumor necrosis
factor-a; EGR3, early growth response 3; ZIC4, Zic family member 4; AEG-1, astrocyte elevated gene-1; MAP2K4, mitogen-activated protein

kinase kinase 4; PDCD4, programmed cell death 4.

expression is downregulated in triple-negative breast cancer
(TNBC) cells (69). Regulator of G-protein signaling 3 (RGS3)
is a direct target of miR-126-3p in TNBC. Overexpression
of miR-126-3p inhibited the proliferation, migration, inva-
sion and angiogenesis of TNBC. Another study reported that
miR-126 regulated VEGF and was overexpressed in MCF7
cells, which was associated with a decrease in cell prolifera-
tion (70). miR-126 may be regarded as a promising therapy to
increase breast cancer survival. Furthermore, the upregulation
of miR-4306 significantly suppressed TNBC cell prolifera-
tion, migration and invasion, and abrogated angiogenesis and
lymphangiogenesis in vitro and in vivo (71). Mechanistic
analyses indicated that miR-4306 inactivated the signaling
pathways mediated by its direct targets, SIX//Cdc42/VEGFA.
Estrogen is of paramount importance in breast cancer.
However, there is no preferred standard form of chemotherapy
for TNBC. The study verified that miR-4306 could promote
cisplatin-induced apoptosis, suggesting that a miR-4306 mimic
combined with cisplatin treatment in TNBC may represent a
promising targeted therapy with high specificity and limited
toxicity (71). Notably, studies on breast cancer have reported
that the overexpression of miR-526b and miR-655 upregulates
the angiogenesis and lymphangiogenesis markers, including
VEGFA, VEGFC, VEGFD, CD31 and LYVEI (72); mecha-
nistic research confirmed that PTEN was a target of both
miRs. PTEN inhibited HIF-1la and the PI3K/Akt pathway,
and dysregulation of these pathways via PTEN resulted in
VEGF-overexpression. Additionally, miR-199b-5p-overex-
pression inhibited the mRNA and protein expression of activin
receptor-like kinase 1, and the formation of capillary-like
tubular structures in HUVECs. Furthermore, it attenuated

the induction of the activin receptor-like kinase 1/Smad/Id1
pathway in HUVECs (73). These findings further establish the
involvement of these miRNAsS in breast cancer metastasis and
their potential as future breast cancer biomarkers.

Colorectal cancer. VEGFA is directly targeted by miR-1249
and suppresses CRC cell proliferation, migration, invasion
and angiogenesis (74). The study verified that miR-1249
was a potentially effective target for treating CRC, via the
Akt/mTOR pathway and that the EMT process of CRC cells
was inhibited by targeting VEGFA and high-mobility group
AT-hook 2. Furthermore, a study reported that the gene
encoding VEGFA was directly targeted by miR-150-5p in
CRC (63). miR-150-5p (63) and miR-193a-3p (75) inhibited
cell proliferation, migration, invasion and angiogenesis, and
inactivated the VEGFA/VEGFR2 and Akt/mTOR signaling
pathways (63). In addition, miR-622-overexpression inhib-
ited CRC microvessel density and angiogenesis in vitro
and in vivo, by suppressing the CXCR4-VEGFA signaling
axis (76). Another study reported that the gene encoding
EGFR was a target of miR-7 (77). In CRC tissues, the expres-
sion of EGFR and microvascular density are increased, while
miR-7 expression is decreased. With the overexpression of
miR-7 and silencing of EGFR, vasculogenic mimicry and
density, cell migration, and cell invasion were suppressed via
the extracellular signal-regulated kinase signaling pathway.
Anti-angiogenesis therapy is an important strategy of cancer
treatment, the research not only provides a novel insight
into the mechanism of CRC progression but also highlights
miR-1249, miR-150-5p, miR-193a-3p, miR-622 and miR-7 as
potential biomarkers and therapeutic targets for CRC.
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Figure 3. Regulation of miRs secreted by cancer cells in tight junctions and niche formation of a pre-metastatic microenvironment. miRs, microRNAs; VEGF,
vascular endothelial growth factor; VEGFR, VEGF receptor; PHD, prolyl hydroxylase; KLF, kriippel-like family; PTEN, phosphatase and tensin homolog;

701, zonula occludens 1.

Gastric cancer. A previous study reported that bacu-
loviral TAP repeat-containing 2 (BIRC2) was a target
gene for miR-204 and that overexpressing miR-204
inhibited GC cell growth and metastasis; furthermore,
miR-204-overexpression suppressed the tumor necrosis
factor (TNF)-a-induced activation of the NF-«kB signaling
pathways, which decreased tube formation in HUVECs,
leading to GC progression (78). Another study reported that
miR-632, which targets the gene encoding trefoil factor 1
(TFF1I), was overexpressed in GC tissue and serum. miRs
may regulate TFFI expression and secretion. Recombinant
TFFI reversed miR-632-mediated angiogenesis, and down-
regulated TFFI-induced tube formation and endothelial
cell recruitment (79). As important regulators of gene
expression, miRs have not only been implicated in various
signaling pathways but also in anticancer therapy, and other
biological processes. They provide predictive information
for patients with early GC and have the potential to be
applied in endoscopic treatment.

OC. OC is one of the leading causes of cancer-related
mortalities among females. miRs have been proven to be
vital to the development and progression of OC, particularly
in affecting chemotherapy resistance and vasculogenic
mimicry formation. miR-195-5p directly targets phospho-
serine aminotransferase 1 (PSATI) and its expression is
downregulated in OC tissues (80). The GSK3p signaling
pathway is correlated with enhanced cell apoptosis and
decreased DDP-resistance to OC (81). Overexpression
of miR-195-5p or silencing PSATI decreased glycogen
synthase kinase3p (GSK3f) phosphorylation, decreased the
expression of HIF-1a, VEGF and p-catenin, and promoted
apoptosis in OC (80). Inhibition of the GSK3p/p-catenin
signaling pathway was involved in the angiogenesis regula-
tion process. The study revealed that miR-195-5p inhibited
angiogenesis, decreased chemotherapy resistance of OC to
DDP, and promoted OC cell apoptosis, demonstrating that
miR-195-5p may serve as a therapeutic target for OC treat-
ment. In addition, miR-765 decreased the levels of VEGFA,
Aktl and SRC-ain SKOV3 OC cells, and negatively regulated
VEGFA by specific binding to its 3'-untranslated region. The
miR-765 expression and VEGFA, Aktl and SRC-a levels

were associated with the patient outcome. Furthermore,
miR-765 suppressed the formation of 3D channels-like
structures through modulation of negatively regulated
VEGFA and downregulated the VEGFA/Akt1/SRC-a axis
in OC (82). miR-765 is a relevant type of hypoxia-regulated
miR and is involved in angiogenesis and the early stages of
vasculogenic mimicry formation.

Prostate cancer. Expression of miR-130b is significantly
downregulated in prostate cancer cell lines. Downregulation
of miR-130b significantly promoted the proliferation, inva-
sion and tubule formation in HUVECs, and regulated TNF-a
directly. miR-130b attenuated NF-xB signaling and its down-
stream gene, VEGFA, by directly inhibiting TNF-a expression.
VEGFA, in turn, decreased the expression of miR-130b,
thereby forming a negative feedback loop to induce angiogen-
esis (83). The miR-130b/TNF-a/NF-kB/VEGFA loop may be
an effective therapeutic target for future prostate cancer treat-
ment. Additionally, miR-335-overexpression decreased the
expression of inflammatory factors, and significantly inhibited
the viability and formation of regenerative tubes by prostate
cancer cells. Silencing the early growth response protein 3
(EGR3),a possible target of miR-335, suppressed the prolifera-
tion and angiogenesis of DU145 cells, decreased the activity
of caspase-3, and downregulated interleukin (IL)-6, IL-8 and
IL-1p inflammatory factor expression (84). miR-335 may
function as a potential tumor suppressor of prostate cancer
and may act as a potential biomarker in treating patients with
prostate cancer.

Glioma. In glioma, circ-DICERI regulates the expression
of miR-103a-3p and miR-382-5p in glioma-exposed endo-
thelial cells. The MOVI10, circ-DICER1, ZIC4 and Hsp90f3
proteins are upregulated in glioma. Hsp90 promotes the
viability, migration and tube formation of glioma-exposed
endothelial cells by activating the PI3K/Akt signaling
pathway (85). The study provided novel mechanisms
(MOV10/circ-DICER1/miR-103a-3p/miR-382-5p/Z1C4
pathway) and their vital roles in angiogenesis regulation in
anti-angiogenesis therapies for glioma. Glioma stem cells
(GSCs) are involved in cancer initiation and metastasis, poten-
tially releasing exosomes that mediate cellular communication
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Table II. miR biomarkers for different types of cancer in body fluids.

Type of cancer miR Source (Refs.)
Ovarian miR-21, miR-141, miR-200, miR-203, miR-205, miR-214  Serum/Plasma/Exosomes (98,99)
Breast miR-195 Serum/Plasma (100)
Prostate miR-16, miR-21, miR-141 Serum/Plasma (101)
Gastric miR-17-5p, miR-21, miR-106 Serum/Plasma (102)
Glioma miR-21 Serum/Plasma (103)
Lung miR-21, miR-486, miR-30d, miR-1, miR-499 Serum/Plasma (104,105)
Liver miR-500 Serum/Plasma (106)
Bladder miR-126, miR-182 Serum/Plasma/urine/Exosomes (107,108)
Esophageal miR-21 Serum/Plasma (109)
Cervical miR-21, miR-146a cervicovaginal lavages/Exosomes (110)
Oral miR-125, miR-200a Saliva (111)
Colorectal miR-17-3p, miR-92 Serum/Plasma (112,113)

miR, microRNA.

by delivering miRs. Furthermore, GSCs-derived exosomes
regulate angiogenesis by modulating microvessel endothelial
cells. GSCs-derived exosomes contain high levels of miR-26a,
which activates the PI3K/Akt signaling pathway by targeting
PTEN (34). The study provided a novel therapeutic RNA
vehicle for glioma therapies.

Other cancers. Astrocyte elevated gene 1 (AEGI) is a
direct target of miR-885-5p. Silencing AEG/ inhibited the
expression of programmed death-ligand 1 and EGFR in
HCC. Overexpression of miR-885-5p significantly inhibited
cell migration, invasion, proliferation, angiogenesis and
the EMT (86). Furthermore, AEGI was a direct target of
miR-30e-5p in squamous cell carcinoma of the head and neck,
which suppressed the migration of HUVECs, decreased the
expression of VEGF and HGF, and was implicated in angio-
genesis and metastasis (87). The miR signature may potentially
be effective in diagnosis, prognosis and therapy in cancer. A
previous study on gallbladder cancer validated MAP2K4 as a
target gene of miR-136 (88). miR-136 has been regarded as
a tumor suppressor and oncogene that exerts its effects by
targeting different genes in several cancer types. Overexpressed
miR-136 inhibited angiogenesis and cell proliferation and
promoted apoptosis in vitro and in vivo. Furthermore, the
overexpression of dual-specificity mitogen-activated protein
kinase kinase 4, and activation of the c-Jun N-terminal kinase
signaling pathway, reversed the inhibitory effects of miR-136
on angiogenesis and tumorigenicity of gallbladder cancer
cells (88). Overexpression of miR-136 may possess promising
beneficial effects in therapeutic treatments for gallbladder
cancer. Furthermore, miR-21 expression promoted the migra-
tion, invasion and angiogenic abilities of renal cell carcinoma
cells by directly targeting the programmed cell death protein 4
(PDCD4)/c-Jun signaling pathway (89). The study illustrated
the molecular mechanism underlying renal cell carcinoma
progression and provided a promising target for miRs-based
therapy.

5. miRs as biomarkers in patients with cancer

Current research demonstrates that miRs in blood or tissues
may be used as potential biomarkers for tumor classification,
diagnosis and disease progression monitoring (90). Several
studies have identified numerous upregulated oncogenic miRs
and downregulated tumor suppressor miRs in cancer (91-93).
miRs participate in the intercellular communication process
and may be used as diagnostic and prognostic biomarkers
for cancer and as potential therapeutic targets. Consistent
with these roles, certain miRs may function as oncogenes or
tumor suppressors. miR expression profiling may yield pivotal
biomarkers for cancer diagnostics. Therefore, herein, the miR
biomarkers in body fluids for different types of cancer are
summarized.

Exosomes, which contain multiple proteins, RNAs, and
other molecules are secreted by a variety of viable cells. Certain
miR biomarkers of cancer were detected in exosomes present
in body fluids. Tumor-derived or tumor-related exosomes are
important mediators of regulating tumor development and
progression. Therefore, they may be utilized in the early diag-
nosis, treatment efficacy evaluation and prognosis prediction.
miRs are involved in oncogenesis and demonstrate remarkable
tissue specificity, a characteristic that may be used to detect
cancer and improve tumor origin prediction (94,95). With the
development of detection methods, the majority of diagnostic
expression profiling of miRs has been conducted using tumor
tissue samples. However, several studies have reported the
diagnostic and prognostic value of miRs in human body fluids
(Table II, Fig. 3).

6. Conclusions

Angiogenesis is essential for tumor growth and metastasis.
Several studies have made significant progress in investigating
the regulatory actions of miRs in terms of tumor angio-
genesis (6,14,96). In the future, clinical breakthroughs are
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expected using miRs as predictive biomarkers and miRs-based
anti-angiogenic therapeutic strategies; however, numerous
challenges remain. Since a single miR may regulate angiogen-
esis by targeting multiple miRs, multi-target anti-angiogenesis
drugs may form a novel therapeutic approach with broad
prospects for antitumor treatment. However, miR-targeting
approaches may affect normal and abnormal angiogenesis.
Therefore, it is important to identify and target miRs that may
distinguish angiogenic endothelial cells in the tumor vascula-
ture from those in normal tissues (7,97). This review aimed
to improve the understanding of the mechanisms of miRs
in tumor angiogenesis. This will guide further exploratory
studies to understand the processes of the tumor-associated
neovasculature and may contribute toward the development
of miR-based therapies capable of delaying the progression of
angiogenesis-related diseases.
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