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The role of microRNAs in angiogenesis

Rola mikroRNA w procesie angiogenezy
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ABSTRACT

Angiogenesis is the process that leads to the formation of new
blood vessels. Under physiological conditions it occurs, inter
alia, during corpus luteum formation and in some stages of the
menstrual cycle. However, angiogenesis plays an essential role
in many pathological conditions, particularly cancer. New blood
vessel formation provides cancer cells with oxygen and essen-
tial nutrients, which stimulates tumor growth and facilitates its
metastasis. Increasing evidence indicates that angiogenesis is
regulated by microRNAs (miRNAs), which are small non-cod-
ing RNA molecules of 19-25 nucleotides. The main function of

ABSTRAKT

Angiogeneza jest procesem prowadzacym do formowania sie
nowych naczyn krwionosnych. W warunkach fizjologicznych
zachodzi m.in. podczas formowania sie ciatka zéttego oraz w nie-
ktorych etapach cyklu menstruacyjnego. Wzmozona angiogeneza
towarzyszy rowniez wielu stanom patologicznym, w szczegdl-
nosci chorobom nowotworowym. Powstawanie nowotworo-
wych naczyn krwiono$nych umozliwia dostarczenie komor-
kom rakowym tlenu oraz niezbednych sktadnikéw odzywczych,
co stymuluje wzrost guza i utatwia jego przerzutowanie. Coraz
wiecej dowodéw wskazuje na to, iz proces angiogenezy moze
by¢ regulowany przez mikroRNA (miRNA), czyli krétkie nieko-
dujace odcinki RNA o dtugosci ok. 19-25 nukleotydéw. Gtéwna
funkcja miRNA jest potranskrypcyjna regulacja ekspresji genow,

ANGIOGENESIS IN PHYSIOLOGICAL
AND PATHOLOGICAL CONDITIONS

Angiogenesis refers to a sequence of events that leads to the
formation of new blood vessels from existing vessels. The for-
mation of new blood vessel networks is a physiological process
necessary for organismal development and function. This pro-
cess occurs during non-fertile life and involves the so-called
budding of endothelial cells (sprouting angiogenesis). Physi-
ological angiogenesis occurs, for example, during the forma-
tion of the corpus luteum or in the endometrium during certain
menstrual cycle stages. Proper implantation of the embryo in
the endometrium and subsequent placenta formation would
not be possible without this vascularisation mechanism [1].
Angiogenesis is also essential for many pathological pro-
cesses. Like any mechanism that occurs in the body, the process
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miRNAs is post-transcriptional regulation of gene expression,
which controls many key biological processes, including cell
proliferation, differentiation and migration. Endothelial miRNAs,
known as angiomiRs, are presumably involved in tumor devel-
opment and angiogenesis through regulation of pro- and antian-
giogenic factors. To date, the miRNAs that stimulate angiogen-
esis are: miR-9, miR-27a, miR-30d, miRo-130b, miR-139, miR-146a,
miR-150, miR-155, miR-200c, miR-296 and miR-558. Conversely,
miRNAs that inhibit angiogenesis are: miR-145, miR-519¢, miR-22,
miR-20a, miR-92, miR-7b, miR-221, miR-222, miR-328 and miR-101.
Keywords: miRNA; angiogenesis; cancer; RNA; interference.

przez co kontroluja one wiele kluczowych proceséw biologicz-
nych, m.in.: namnazanie, réznicowanie oraz migracje komorek.
Czasteczki miRNA obecne w $§rédbtonku nazywane sa angio-
miRami i przypuszczalnie biora udziat w procesie angiogenezy
nowotworowej oraz progresji guzow poprzez regulacje czynni-
kéw proangiogennych lub antyangiogennych. Obecnie do grupy
proangiogennych miRNA zalicza sie: miR-9, miR-27a, miR-30d,
miRo0-130b, miR-139, miR-146a, miR-150, miR-155, miR-200c, miR-
296 oraz miR-558, natomiast przedstawicielami grupy miRNA
o dziataniu antyangiogennym sa: miR-145, miR-519c, miR-22,
miR-20a, miR-92, miR-7b, miR-221, miR-222, miR-328 oraz miR-101.
Stowa kluczowe: miRNA; angiogeneza; nowotwor; RNA; inter-
ferencja RNA.

of creating new blood vessels is strictly controlled. A number
of pro- and antiangiogenic factors are responsible for proper
vascularisation. When the balance between the pro- and antian-
giogenic factors is disturbed and tilted to the side of factors
that stimulate vascularisation, excessive blood vessel formation
occurs. The pathological occurrence and course of vascularisa-
tion is observed in chronic inflammation and the development
of ischaemic diseases. However, the most significant disease in
which there is increased blood vessel production is cancer [2].
The formation and development of neoplastic blood vessels
consists of 3 processes: tumor angiogenesis, intussusception,
and vascular mimicry. Angiogenesis represents the formation
of blood vessels from existing tumor vessels. Intussusception
is the mechanism of disintegration of one larger vessel into
smaller vessels, and vascular mimicry is characterised by the
formation of vascular-like structures that resemble functional
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blood vessels [2, 3]. Tumors secrete their own growth factors

to produce an independent blood vessel network. This mecha-
nism is extremely important in cancer development and pro-
gression. Indeed, cancerous tumor growth potential depends

on the degree of vascularisation. This blood vessel network
creates an immunosuppressive environment around the tumor,
a phenomenon that allows the cancer tissue to avoid immune

system recognition and escape apoptosis. Additionally, tumor
vaccinations allow cancer cells to spread throughout the body,
thus initiating metastasis. These events are all possible thanks

to the tumor’s own vessels, which also transport the necessary
nutrients to maintain tumor function [1]. This newly created

cancer-induced blood vessel network does not resemble normal

physiological vessels. Rather, the vessels exhibit altered mor-
phology and a chaotic course. They form a convoluted system

characterised by increased permeability with variable diam-
eter and branch numbers. These abnormalities slow blood

flow through the tumor vessels and promote hypoxia [4, 5].
Cancerous tissue that undergoes hypoxia is subject to a com-
pensatory mechanism, namely increased production of proan-
giogenic factors, which subsequently induces the formation

of new (abnormal) blood vessels, which in turn are the main

cause of hypoxia. The process of creating new cancer-derived

blood vessels therefore resembles a ‘vicious circle’ that pro-
motes tumor progression [6].

Blood vessel formation under physiological conditions is
strictly controlled by a number of pro- and antiangiogenic fac-
tors, including myriad cytokines and cell mediators. The most
important factors that stimulate angiogenesis are growth fac-
tors such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF),
cytokines (interleukin-1, interleukin-6 and interleukin-8), some
proteases, trace elements, oncogenes and others. The secre-
tion of certain angiogenesis-inducing factors is regulated at
the post-transcriptional level; the key regulator is non-coding
microRNA (miRNA) [1, 7].

microRNA - BRIEF HISTORY, BIOGENESIS AND
FUNCTIONS

MicroRNAs were first described in 1993 during studies on Cae-
norhabditis elegans development when 2 lin-14 gene transcripts
were detected. The shorter transcript (22 nucleotides) had
a sequence complementary to the lin-14 messenger RNA (mRNA)
and is its negative regulator. Further studies demonstrated that
inhibition of lin-14 gene expression occurs via interaction of
antisense RNA with the mRNA of the target gene. These obser-
vations led scientists to search a new group of molecules that
could inhibit gene expression. In 2001, 3 independent research
centres defined this novel group and named it miRNA [8, 9].
MicroRNAs belong to a large family of endogenous single-
stranded RNA. Their length ranges 19-25 nucleotides. Micro-
RNA occur in the majority of living organisms, including
humans, other animals, plants, fungi, bacteria and viruses.
According to the latest research, the human body contains more
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than 800 different miRNAs; approx. 3% of all genes code for
these molecules [10]. Most of the known miRNAs are encoded
within introns or in exon noncoding RNA regions. Some micro-
RNA-coding loci are located far away from each other and form
their own autonomous transcription units, while others are
clustered in one region and exhibit similar expression pat-
terns, a phenomenon that suggests they are transcribed as
polycistronic transcripts [9].

The current miRNA biogenesis model assumes that they are
transcribed by RNA polymerase II, a process that produces
pri-miRNA. The original transcripts arise in the cell nucleus,
are double-stranded and hundreds of nucleotides long [11].
The pri-miRNA molecule is polyadenylated at the 3’ end, while
the 5" end has a cap. The original transcripts form a closed
structure, which is conditioned by the presence of a char-
acteristic ‘hairpin’ structure. Under the influence of Drosha
endonuclease activity and DGCR8 protein, it is cut to release
70 nucleotide dspre-miRNA segments. Next, the pre-miRNA
is combined with exportin-5 protein and transported to the
cytoplasm using energy derived from guanosine triphosphate
(GTP) hydrolysis. In the cytosol, the double-stranded pre-
miRNA is cleaved with the Dicer enzyme to form short-term
miRNA::miRNA * complexes. The resulting complex is unstable
and is thus cleaved into short nucleotide chains (21-25 nucleo-
tides), which represent mature miRNAs [8, 12, 13].

The main miRNA function is post-transcriptional regulation
of gene expression, which controls many key biological pro-
cesses, including cell proliferation, differentiation and migra-
tion [13]. MicroRNAs create complicated regulatory networks;
a single miRNA can regulate the expression of several genes.
Further, several miRNAs may bind as a group and cooperate
to control a single gene [14]. MicroRNA can regulate gene activ-
ity in 2 ways. The 1st is complete degradation of the target gene
mRNA. This process occurs with a minimum of 7-8 nucleotide
complementarity between the miRNA sequence and target
mRNA. In this case, the mRNA undergoes hydrolytic degra-
dation via endonuclease activity [15]. The 2nd method, which
occurs more frequently in humans and animals, is gene expres-
sion silencing, where translation is inhibited. In this process,
there is incomplete complementarity between the miRNA and
mRNA sequences. The mechanism involves attachment of the
miRNA molecule to the 3’ end of the mRNA, which inhibits
protein synthesis [16, 17].

In humans, miRNA regulates the activity of approx. 30%
of all genes. Some miRNAs are expressed in all tissues, while
others are tissue-specific. The miRNA present in the endothe-
lium are called angiomiRs and are presumably involved in
tumor development and angiogenesis through regulation of pro-
and/or antiangiogenic factors [7].

PROANGIGENIC PROPERTIES OF microRNA

Angiogenesis is a key process necessary for tumor growth.
This process supplies the tumor with oxygen and nutrients,
especially during later disease stages [2]. Mounting evidence
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suggests that proangiogenic miRNA are involved in angiogen-
esis, which increases new blood vessel formation within the
neoplastic tissue. Currently, proangiogenic miRNAs include:
miR-9, miR-27a, miR-30d, miR0-130b, miR-139, miR-146a, miR-
150, miR-155, miR-200c, miR-296 and miR-558.

Screening tests aimed at identifying miRNAs that support
angiogenesis show that miR-9 is the most important factor for
neovascularisation. Zhuang et al. found that elevated miR-9
in primary human umbilical vein endothelial cells (HUVEC)
causes visible changes in cell morphology. Specifically, the
cells become prolonged with numerous lamellipodia at their
edges, changes that suggest increased mobility. Manipulating
miR-9 activity in HUVECs, via inhibition or elevating its con-
centration, enables the study of its molecular mode of action.
Elevated miR-9 increases STAT1, STAT3 and JAK2 phosphoryla-
tion, while SOCSs, a negative regulator of the JAK-STAT path-
way, is significantly decreased. Thus, the SOCSs5 gene is the
miR-9 molecular target. This data was confirmed by the use of
4 independent algorithms (miRandy, miRtarget2, TargetScan
and PicTar), which revealed that miR-9 possesses 2 putative
binding sites for the SOCS5 3™-untranslation region (UTR) that
leads to its silencing. The study indicates that increased miR-9
causes excessive JAK-STAT pathway activation that contrib-
utes to neovascularisation [18].

In thyroid cancer, miR-27a plays an important role in tumor
angiogenesis. Its elevated concentration correlates with the
more invasive nature of cancer cells. Wang et al. demonstrated
that increased miR-27a enhances thyroid cancer cell migration.
In vivo analysis revealed that mice with an increased miRNA-
27a concentration have elevated inducible nitric oxide synthase
(iNOS) levels, which is an early marker of angiogenesis, com-
pared to control animals. Further, immunohistochemical stain-
ing to detect neovascular density showed that mice with high
miR-27a concentrations had the highest level of CD105, which
was within 70% (in the control mice, CD105 levels were around
50%). When miR-27a was silenced with the help of a specific
CD1o5 inhibitor, the level was maintained within 10%. These
data suggest that miR-27a participates in angiogenesis; how-
ever, further research is necessary to better understand its
molecular mechanism of action [19].

Numerous studies indicate that miR-30d may be involved
in prostate cancer pathogenesis. It is significantly elevated in
patients diagnosed with prostate cancer, a finding that makes
it a potentially excellent marker for screening. However, little is
known about how miR-30d affects the growth and malignancy
of this cancer. Lin et al. focused their studies on the effect of
miR-30d on angiogenesis. Mice implanted with cancer cells that
stably expressed miR-30d showed more advanced angiogen-
esis compared to control animals where miR-30d was silenced
(using sh-30d). Gene expression analysis revealed that miR-30d
targets MYPT1, which encodes the main component of the RhoA
signaling pathway that is involved in the formation of tumor
metastases. Further experiments determined that increasing
the miR30d concentration activates c-JUN and increases the
VEGFA concentration, results that indicate miR-30d stimulates
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angiogenesis in prostate cancer cells via the MYPT1/c-JUN/
VEGFA pathway [20].

MicroRNA-130b is widely known for its pro-tumor proper-
ties. It is elevated in more than 60% of sporadic cases of colo-
rectal cancer, and its detection in serum and/or cancerous
tissue is associated with a worse prognosis. There is myriad
evidence that miR-130b increases cancer cell proliferation and
the epithelial mesenchymal transition (EMT). Elevated miR-
130b is much more common in patients with advanced cancer,
especially when distant metastases and tumor-derived blood
vessel network are apparent. Experiments that examined the
genes involved in proliferation, EMT and angiogenesis showed
immunopositivity for Ki-67 and VEGF, results that reveal the
strong association of miR-130b with the recruitment potential
of blood vessels and proliferation. Colangelo et al. conducted
a series of in vitro and in vivo studies aimed at understand-
ing the effect of increased miR-130b on colorectal cancer biol-
ogy. Transplantation of tumor cells with increased miR-130b
were better vascularised compared to tumors from anti-miR-
130b-treated mice. Further immunohistochemical analyses
confirmed the presence of immunopositive tissue vascular
indicators, namely collagen, CD31 and VEGF type IV, in mice
with high miR-130b. Thus, the molecular target of miR-130b is
peroxisome proliferator-activated y (PPARY) receptor. Silenc-
ing PPARYy expression increases VEGF expression and thus
favours neoangiogenesis [21].

Li et al. analysed miRNA levels in pancreatic tumors and
normal endothelial cells. Fourteen miRNAs were elevated in
the tumor tissue: hsa-miR-139-5p, hsa-miR-182, hsa-miR-183,
hsa-miR-192, hsa-miR-194, hsa-miR-200a, hsa-miR-200b *, hsa-
miR-200b, hsa-miR-200c, hsa-miR-203, hsa-miR-25 * hsa-miR-
27a* hsa-miR-375, hsa-miR-92a 1 *, miR-182, miR-183, miR-192,
miR-194, the miR-200 family, miR-203, miR-27a *, miR-375 and
miR-92a-1; they are part of the angiomiR group. Further analy-
ses focused on miR-139 and miR-200c¢, because their concen-
tration in cancer cells was more than 20 times higher than
in healthy cells. The team demonstrated the proangiogenic
properties of miR-139 and miR-200c through an in vitro capil-
lary formation experiment. Cells that expressed high levels of
these miRNAs produce longer tubes, and the number of loops
they create is much higher than in the case of anti-miR-139 and
anti-miR-200c-stimulated cells [22]. The miR-139 mechanism
of action is based on CXCR4 receptor activity inhibition, while
the molecular target for miR-200c is the ZEB gene. Both the ZEB
gene and CXCR4 are involved in EMT regulation during neo-
plastic transformation, which affects repression of E-cadherin,
VEGFA, FLT1, IKKB, KLF9 and TIPM2 [23, 24].

In hepatocellular carcinoma, miR-146a plays a significant
role in angiogenesis. Zhu et al. demonstrated that co-culturing
normal HUVECs and hepatocellular carcinoma cells stimulates
epithelial cells to form new blood vessels; miR-146a is responsi-
ble for this process, and thus they focused on its proangiogenic
properties in HUVECs. Transfection of normal epithelial cells
with a miR-146a-containing myeloma increases proliferation,
migration and the ability to form capillaries. Further studies
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conducted in a mouse model revealed an increased number
of blood vessels in the immediate tumor environment in mice
with elevated miR-146a compared to control animals. Molecular
analysis using microarrays showed significant differences in
the expression of 2497 genes between control and high-miR-
146a-expressing HUVECs. Of these changes, PDGFRA, which
codes for the proangiogenic PDGF subunit A (PDGFA) recep-
tor, aroused the greatest interest. MicroRNA-146a promotes
PDGFRA expression by inhibiting BRCA1 gene transcription,
a phenomenon that contributes to neovascularisation [25].

Cancer tissues produce a special microenvironment that
positively affects tumor growth. Increasing evidence indicates
that neovascularisation may be aided by macrophages located
near the tumor, which are capable of synthesising proangio-
genic growth factors such as VEGF, TNF-a and TGF-f3 [26]. Liu et
al. showed that macrophages present in cancer tissue remain
under the strict control of miR-150, whose elevated concentra-
tion stimulates VEGF synthesis. Culturing macrophages iso-
lated from mouse sarcoma in the presence of miR-150-express-
ing THP-1 cells increases VEGF secretion by the macrophages,
a phenomenon that influences tumor growth. Further in vivo
analyses clearly indicated that miR-150 significantly acceler-
ates tumor growth and angiogenesis. The research team also
proved that miR-150 inhibition suppresses VEGF secretion,
findings confirmed by immunohistochemical staining. Mice
injected with the miR-150 inhibitor show low CD31 expression,
which indicates reduced neovascularisation [27].

ANTIANGIOGENIC PROPERTIES OF miRNA

In addition to the stimulating effect of miRNA on angiogenesis,
they may inhibit blood vessel development and thus tumor
progression. The antiangiogenic properties of miRNAs may
involve slowing down tumor growth dynamics, invasion
and/or metastasis [28]. Weakening or inhibiting blood vessel
formation in the development of malignant tumors may consti-
tute an attractive therapeutic goal and a modern strategy for
oncological treatment. MicroRNAs with antiangiogenic activity
include but are not limited to: miR-145, miR-519¢, miR-22, miR-
203, miR-92, miR-7b, miR-221, miR-222, miR-328 and miR-101[29].
Poliseno et al. utilised HUVECs, an in vitro model for angiogen-
esisresearch. These cells can create, in response to appropriate
stimuli, capillary structures called ‘tubes’ [30,31]. The researchers
examined whether miRNAs are involved in post-transcriptional
modulation of angiogenesis-related genes. The results suggest
that transfection of endothelial cells with miR-221 and miR-222
significantly inhibits angiogenesis in vitro by blocking the forma-
tion of tubular structures. Additionally, these miRNAs significantly
reduce migration and limit wound healing. MicroRNA-221 and
miR-222 reduce the level of c-Kit protein, which is involved in the
regulation of many physiological processes, including cell differ-
entiation, proliferation and maturation. These changes were not
apparent at the mRNA level, and thus miR-221 and miR-222 affect
c-Kit expression by blocking its translation [31]. Another study
aimed to silence the Dicer enzyme. MicroRNA-221 and miR-222
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overexpression indirectly reduces endothelial nitric oxide syn-
thase (eNOS) expression. This enzyme regulates vascular func-
tion, and a reduction in its activity via miR-221 and miR-222 may
cause endothelial cell dysfunction, including inhibition of tube
structure formation, migration and wound healing. Blocking eNOS
and the c-Kit receptor with miRNA may prove to be an important
tool to inhibit blood vessel formation [32].

MicroRNA-22 also significantly modulates angiogenesis.
It is expressed in most tissues, with the highest levels in the
heart, smooth muscle, bladder and adipose tissue. Addition-
ally, miR-22 is expressed in many cancer cell lines, including
colon cancer. A study performed on the HCT116 cell line con-
firmed a correlation between miR-22 and hypoxia-inducible
factor 1-alpha (HIF-1a). Excess miR-22 activity inhibits HIF-1a
expression while suppressing the production of VEGF in the
hypoxic state. In turn, silencing endogenous miR-22 increases
the expression of HIF-1a and VEGF induced by hypoxia and
consequently leads to the formation of new blood vessels [33].

The growing interest in the role of miRNAs in angiogenesis
allowed the isolation of 2 more miRNAs that can play an impor-
tant role in blood vessel formation. MicroRNA-15b and miR-16 are
significantly reduced under hypoxic conditions in the human
nasopharyngeal tumor (CNE) cell line. Additionally, miR-15b
and miR-16 control VEGF expression, a key factor involved par-
ticularly with tumor angiogenesis. Vascular endothelial growth
factor levels increase due to hypoxia-induced miR-15b, and miR-
16 declines. Thus, increasing these miRNA concentrations may
reduce VEGF and inhibit angiogenesis [34].

Umezu et al. conducted a study on bone marrow stro-
mal cells (BMSCs), a human multiple myeloma cell line. They
observed that despite similarities in the size and quantity of
exosomes, the expression profile of exosomal miRNA varies
significantly depending on the BMSC donor age. Exosomal
miR-340 from young BMSC donors inhibits angiogenesis via
the HGF/c-MET signaling pathway. The antiangiogenic nature
of exosomes from older BMSC donors is restored by direct
transfection of exosomal RNA from young BMSCs. This data
provides a new outlook on anticancer therapy based on exo-
some modifications [35].

MicroRNA-145 also exerts antiangiogenic effects through
direct suppression of receptors associated with tyrosine kinase
activity. During actively progressing cancer, its expression is
reduced. MicroRNA-145 is significantly reduced in both tis-
sues and cell lines of colon and ovarian cancer. MicroRNA-145
inhibits p70S6K1 expression by binding to the 3-UTR region of
the gene. Consequently, the signal transduction pathway that
activates VEGF and HIF-1is inhibited. This inhibition suppresses
tumor growth and impairs antiangiogenic functions [36].

MicroRNA-519c¢ reduces angiogenesis by direct binding
to the HIF-1a 3-UTR end. MicroRNA-519¢ overexpression sig-
nificantly reduces HIF-1a and abrogates new blood vessel for-
mation, phenomena that are closely related to the inhibition
of tumor growth and metastases. Additionally, miR-519¢ can
even regulate HIF-1a under hypoxic conditions, since low oxy-
gen does not affect miR-519c expression. Further, hepatocyte
growth factor (HGF), a known HIF-1a inducer, reduces miR-519¢
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by affecting the Akt-dependent pathway. The above data indi-
cate that miR-519c is a key regulator of tumor angiogenesis, and
its biogenesis in tumor cells is regulated by HGF [37].
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