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Abstract. microRNAs (miRNAs) are a group of highly
conserved small non-coding RNAs that were found to enhance
mRNA degradation or inhibit post-transcriptional translation.
Accumulating evidence indicates that miRNAs contribute to
tumorigenesis and cancer metastasis. microRNA-210 has been
largely studied in the past several years and has been
identified as a major miRNA induced under hypoxia. A variety
of miR-210 targets have been identified pointing to its role,
not only
angiogenesis, the DNA damage response, cell proliferation,
and apoptosis. Based on earlier research findings, this review

in mitochondrial metabolism, but also in

aims to provide a current overview on the involvement of
miRNA-210 in biological processes and diseases.

The term “RNA processing” refers to several aspects of RNA
metabolism including, splicing and alternative splicing, post-
transcriptional nucleotide modifications (methylation,
pseudouridylation, deamination), folding, cellular localization,
transport and degradation (1, 2). Among functional RNA
molecules non-coding RNAs work without being translated
into a protein. Non-coding RNAs include transfer RNAs
(tRNAs) and ribosomal RNAs (rRNAs), as well as RNAs such
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as snoRNAs, microRNAs, siRNAs, snRNAs, exRNAs,
piRNAs and scaRNAs and the long ncRNAs including for
example Xist and HOTAIR (3).

microRNAs (miRNas) are members of a larger class of
non-coding RNAs that control gene expression and regulate
a wide array of biological processes by targeting messenger
RNAs (mRNA) and inducing translational repression or RNA
degradation (4, 5). Cells naturally produce small non-coding
RNAs, referred to as miRNAs, from genome encoded
sequences, which contain their own promoter elements. The
result of their transcription is on average a ~70nt-long
transcript with a stem-loop structure. miRNAs regulate gene
expression by binding to the mRNA of the target genes and
direct their post-transcriptional repression. Some miRNAs
show clear complementarity to their target mRNA and lead
to their degradation. Others pair imperfectly with the 3’UTR
of the target mRNA and inhibit translation (protein
production) (6). Precursor miRNAs transcripts are mainly
processed by the nuclear ribonuclease RNase III, Drosha and
then exported to the cytoplasm, by the karyopherin-exportin
5 complex. Once in the cytoplasm the pre-miRNAs are
processed into 21-22 nucleotide long miRNAs by the
RNAase activity of Dicer.

The miRNA duplex then associates with the RNA-induced
silencing complex (RISC) and its processing is mediated by
the argonaute (AGO) family, in the presence of other
cofactors such as PACT (also known as PRKRA). miRNAs
guide RISC to target messages that are subsequently cleaved
or translationally silenced. miRNAs regulate gene expression
by binding to the mRNA of the target genes and direct their
post-transcriptional repression. Thus, miRNAs represent an
important piece of the puzzle that is gene expression
regulation. Consequently, aberrant expression of a single
miRNA can dramatically and simultaneously alter the
translation of several genes within a cell, thereby altering the
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cell phenotype. Modifications of miRNAs can alter their
target specificity or function. miRNA editing may represent
a fine tuning process in miRNA biogenesis at different steps,
resulting in variations of target mRNAs and providing a
regulatory control within the complex network of RNA-
mediated gene functions. The miRNA biogenesis pathway is
targeted by the RNA editing proteins, ADARs (7, 8).

Several studies have reported links between alterations of
miRNA homeostasis and pathological conditions. Therefore,
as a result, aberrant miRNA expression affects several aspects
of cellular function from proliferation and differentiation to
apoptosis, associating miRNA alteration to pathology. In
addition, miRNA deficiencies or excesses have been
correlated with a number of clinically important diseases
ranging from cancer to myocardial infarction (9).

A growing body of experimental evidence suggests a
clinical relevance for microRNA (miR)-210. There are two
versions of miR-210, namely, miR-210-3p and miR210-5p.
miR-210-3p is the guide-strand that integrates into the RISC,
whereas miR-210-5p is the passenger-strand that is
inactivated through degradation (10). miR-210 is up-regulated
in most solid tumors, and its levels correlate with a negative
clinical outcome. It has been associated with a variety of
functionally important targets involved in cancer but also in
cell cycle regulation, cell survival, differentiation,
angiogenesis, as well as in metabolism (11-13). In this
review, we focus on the following current areas of research
regarding miR-210: its involvement in important biological
processes, in hypoxic conditions and in cancer.

Biological and Cellular Processes

miR-210 is involved in numerous biological processes almost
throughout the human body. miR-210 is a regulator of several
cellular functions, dependent or independent on hypoxia;
among these, neurogenesis, which is a complex process of
many steps. In brain injuries, neurogenesis is characterized by
intense proliferation and migration of endogenous neural stem
cells (NSCs) that peaks several days after injury, followed by
a prolonged period of differentiation, survival, and integration.
Recent studies provide contradictory reports on whether miR-
210 action promotes (14) or suppresses (15) post-ischemic
neurogenesis in vivo. The mechanisms underlying the
decreased rates of NSC proliferation induced by miR-210
suppression and the accompanying metabolic changes have
been recently investigated. miR-210 has a role in regulating
mitochondrial metabolism (16); however, it was also found
that miR-210 inhibition enhanced mitochondrial oxidative
metabolism in NSC cultures. NSC proliferation is attenuated
by miR-210 inhibition induced by treatment with media pre-
conditioned using pro-inflammatory activated microglia (CM).
miR-210 inhibition during inflammatory CM injury effectively
protects mitochondrial function, as evidenced by increased
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levels of cytochrome ¢ oxidase and aconitase activities. A
current study evidenced that miR-210 inhibition enhanced
mitochondrial oxidative metabolism in NSC cultures. In
particular, miR-210 inhibition significantly attenuated NSC
proliferation and glycolytic activity at the early stages of
differentiation. Mitochondrial protection induced by miR-210
inhibition thus potentially provides a new strategy to protect
neurogenesis in inflammatory settings (17).

Another biological complex process is angiogenesis. This
process involves the migration, growth, and differentiation of
endothelial cells to form new blood vessels from pre-existing
ones. Angiogenesis involves interactions between endothelial
cells and the microenvironment. A hypoxic microenvironment
can induce angiogenesis, up-regulating numerous pro-
angiogenic factors, of which vascular endothelial growth
factor (VEGF) is the best example. When miR-210 is
overexpressed in human umbilical vein endothelial cells
(HUVEC:S), the ability of those cells to form blood vessels
becomes more significantly pronounced than in cells with
normal levels of expression (18). Interestingly, miR-210
expression is correlated closely with VEGF expression,
hypoxia, and angiogenesis in breast cancer patients,
indicating a possible role for miR-210 in tumor angiogenesis
(19). In endothelial cells, modulation of miR-210 expression
and/or activity may be a viable strategy to control
angiogenesis in that the expression of ephrin-A3 (Efna3), a
protein involved in the development of the cardiovascular
system and in vascular remodeling, is inhibited by miR-210
expression (18). Importantly, extracellular vesicles (EVs),
membrane bound structures containing RNAs, proteins,
DNA, miRNA and bioactive lipids, secreted by mesenchymal
stem cells (MSCs) promote angiogenesis in ischemic
myocardium through a miR210-Efna3 dependent mechanism.
In fact, this effect is dependent on the enrichment of miR-210
in MSCs-EVs (20). miR-210 is involved in angiogenesis after
cerebral ischemia, as its expression level is increased in post-
ischemic brain tissue. When miR-210 is overexpressed in
HUVECs, Notch 1 protein levels increase which, in turn,
regulates angiogenesis and the maturation of vasculature in
the post-ischemic brain tissue (21). miR-210 is also involved
in pro-angiogenic effects during acute colitis (22). Both in
vitro and in vivo studies reveal that high levels of miR-210
sustain angiogenesis in hepatocellular carcinoma by targeting
fibroblast growth factor receptor-like 1 (FGFRL1) expression
(23). Furthermore Xiao F. et al. demonstrated that miR-210
expression and its pro-angiogenesis function were inhibited
by the heparan sulfate mimetic WSS25, providing further
insight into potential new drug development in terms of
miRNAs (24).

miR-210 is also involved in proliferation and apoptosis.
Elevated expression of miR-210 induces proliferation and
decreases apoptosis in glioblastoma multiforme (GBM) cells
by targeting the regulator of differentiation 1 (ROD1), which
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is involved in GBM progression (25). A pro-apoptotic
function that miR-210 has at normal oxygen levels and an
anti-apoptotic effect under hypoxic conditions has also been
described (26). In order to define a new strategy for
protecting against endothelial injury in atherosclerosis, a
recent study was conducted in endothelial cells examining the
effect of miR-210 under oxidative stress. miR-210 levels are
high in HUVEGC: treated with H,O,. Moreover, miR-210 acts
as a pro-survival and anti-apoptotic factor in HUVECs under
oxidative stress by reducing ROS generation and down-
regulating the CASP8AP2 pathway (27).

Recently, many miRNAs have been reported to play roles
in erythropoiesis regulation in that miR-210 is expressed
predominantly during erythrocyte development in immature
progenitors until development into mature erythrocytes (28).
In addition, miR-210 is up-regulated in status epilepticus. In
a study aimed at identifying the typical characteristic of a
status epilecticus, such as decreased GABAAR«1 expression,
in which epileptic activity was induced in rats by injecting
LiCl and pilocarpine, the authors found that epileptic activity
led to apoptosis of the hippocampal neurons and that
interestingly a miR-210 inhibitor attenuates the apoptosis
induced by epileptic activity (29). Duan et al. characterized
the expression of miR-210 in the reproduction system,
investigating the potential role of miR-210 in
spermatogenesis and cryptorchidism, the relationship between
miR-210 and Nuclear Receptor Subfamily 1, Group D,
Member 2 (NR1D2) in the testicular embryonic carcinoma
cell line NTERA-2 (NT-2), and the potential targets of miR-
210 that may participate in testis development. Prediction
algorithm miRanda analysis revealed that the 3’-UTR of
NR1D2 mRNA presents one presumptive miR-210 binding
site. In this system miR-210 negatively modulates the
expression of NR1D2, at the transcriptional and translational
levels, by directly binding to the seed sequence of the NR1D2
3’ -UTR. Furthermore, they determined the expression of
miR-210 at different stages of cryptorchidism, establishing a
mouse model of cryptorchidism and finding that miR-210
expression increased significantly at 14 and 21 days after
surgery. Finally, they demonstrated that miR-210 acts as an
upstream regulator of NRI1D2 function in human
cryptorchidism (30).

Hypoxic Condition

Hypoxia is the most common neoplastic microenvironment
in solid tumors in which oxygen concentration is reduced
markedly. Hypoxia, induces the expression of several
miRNAs, which in turn play important roles in the adaptive
response to low oxygen in tumors (19). Most studies suggest
a direct connection between miR-210 expression and hypoxia
(31-33) and in particular, carrying the HIF-1a-binding sites
in its promoter, miR-210 is significantly up-regulated in both

normal and transformed cells (34, 35). Hypoxia-Inducible
Factors (HIFs) are well-documented master regulators of the
hypoxia response. Indeed, in tumor microenvironments, the
HIF-1a oxygen-dependent degradation pathway is halted by
increased levels of HIF-1a (36). Several studies have reported
miR-210 as one of the highly up-regulated miRNAs in
hypoxic cells and have demonstrated its importance for cell
survival (18, 37). Recently, a miR-210 hypoxic circuit has
been described (38) in which miR-210 regulates HIFs. In
particular, Kelly et al. identified a new regulator of HIF-1,
glycerol-3-phosphate dehydrogenase 1-like (GPD1L), which
is regulated by the HIF-1-inducible microRNA miR-210. In
fact, induction of miR-210 by HIF-1 causes a decreased in
GPDI1L protein expression, which in turn results in increased
HIF-1 stability. Under normal physiological conditions,
GPDIL acts to increase the activity of the prolyl-hydroxylase
domain isoforms (PHDs), which ensures HIF-1 proline
hydroxylation, leading to HIF-1 degradation by the
proteasome. Overexpression of miR-210 resulted in increased
HIF-1 accumulation during hypoxia through decreased
expression of GPDIL protein due to miR-210 targeting of the
GPDI1L mRNA 3’ UTR. When HIF-1 protein expression is
low, the level of miR-210 is low as well, and, as a
consequence, GPDI1L expression is turned-on. As oxygen
levels decrease, HIF-1 protein and transcriptional activity
increase, leading to accumulation of miR-210. As a
consequence, expression of GPD1L is down-regulated and the
PHDs are inactivated, resulting in increased HIF-1 protein.
This mechanism consists in a positive feedback circuit where
miR-210 induces and maintains the HIF-1 protein level. This
hypoxic circuit can be perturbed by inhibition of miR-210
(38). Moreover, in this regard, Costales MG et al. reported
that the miR-210 hypoxic circuit is modulated by a small
molecule Targapremir-210, which binds to miR-210’s Dicer
processing site. They demonstrated that this interaction
inhibits production of mature miR-210, which leads to
apoptosis of triple negative breast cancer cells only under
hypoxic conditions, as well as to inhibition of tumorigenesis
in a mouse xenograft model of hypoxic triple negative breast
cancer (39). In addition, as the level of miR-210 relies on the
level of HIF-1a, high expression of miR-210 in tissues and
serum has become a predictive marker for tumor hypoxia (40,
41). Functional studies indicate that miR-210, in response to
hypoxic stress, down-regulates the DNA repair factor RAD52
(42). miR-210 expression is up-regulated by hypoxia in
diverse cancer cell lines, such as colon and breast carcinoma
and esophageal adenocarcinoma (35, 43). miR-210 can
negatively regulate mitochondrial respiratory activity and
increase ROS generation. ISCU (iron-sulfur cluster scaffold
homolog) and COX10 (cytochrome c¢ oxidase assembly
protein) genes, components involved in the mitochondrial
electron transport chain and the tricarboxylic acid (TCA)
cycle, have been described as targets of miR-210 (16). More
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recently, it has been demonstrated that HIF-1a, CAIX
(carbonic anhydrase), miR-210 and ISCU represent a relevant
signalling axis in oropharyngeal small-cell carcinomas
(SCCs) exposed to hypoxia. This coordinated association,
related to poor prognosis, is a finding with important
implications for the development of metabolic-targeting
therapies against hypoxia (44). In hypoxic human hepatoma
cells, miR-210 down-regulation significantly suppresses cell
viability, induces cell cycle arrest, increases apoptosis and
enhances radiosensitivity through directly targeting the
hypoxia stress response cell death inducer mitochondrion-
associated 3 (AIFM3) (45).

Molecular evidence for hypoxia was demonstrated in Pre-
eclampsia (PE) which is a unique multisystem disease of
human pregnancy characterized by maternal hypertension and
proteinuria placentas. In placenta tissue isolated from pre-
eclamptic patients, where hypoxia has a causal role, miR-210
expression is increased (46, 47). It has been demonstrated that
overexpression of miR-210 mediates mitochondrial
dysfunction in the placenta of women who present
complications of PE during pregnancy (48). Oddly enough, it
appears that mitochondrial dysfunction has a crucial role in
the pathogenesis of PE disease in that placental hypoxia, due
to the presence of HIF-1 in pre-eclamptic tissues, may play a
causal role in the mitochondrial abnormalities observed (48).
Recently Luo R. et al. described a crucial role of miR-210 in
human placenta; they demonstrated that miR-210 regulates
trophoblast function in part by targeting thrombospondin type
I domain containing 7A (THSD7A) (49). Moreover, Zhang Y
et al. described that higher levels of mir-210 are found in
patients with PE and hypoxia-treated trophoblast cells and
identify a new transcriptional mechanism, independent from
the well-known regulator HIF-lo, in which NF-xB
transcriptional factor p50, regulates miR-210 expression (50).
Interestingly, miR-210 is also involved in non-hypoxic
pathways related to abnormal angiogenic and metabolic
alterations noted in PE. In placental tissues, miR-210 is
associated weakly with the expression of HIF-1a, presenting
evidence against a direct relationship between these two
molecules, at least in this context. In contrast, miR-210 is
strongly correlated with sFItl expression during PE,
suggesting that both these pathways may have a common
upstream regulator (51). Protein tyrosine phosphatase, non-
receptor type 2 (PTPN2) is a direct target of miR-210 (52).
Placental expression of miR-210 is up-regulated in
pregnancies complicated with PE in comparison to normal
pregnancies. This increased level of miR-210 is related to
down-regulation of PTPN2 mRNA, indicating a direct role in
the pathogenesis of PE disease (53).

Hypoxia is an important feature in tumors with malignant
phenotypes and hypoxic tumors may communicate with
surrounding tumor and non-tumor cells through exosomes to
induce phenotypes that are more malignant. As cell-derived
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vesicles (30-100 nm in diameter) secreted by cells, exosomes
contain many functional proteins, mRNAs, and miRNAs, and
play a role in intercellular communication. They are capable
of diffusing to neighboring cells or being transported to
distant anatomic locations where they can transduce signals
or information in specific recipient cells (54, 55). Tumor cells
of many different cancer types have been shown to secrete
exosomes in greater amounts than normal cells, thus allowing
the transfer of tumor-associated signaling molecules,
including miRNAs, via fusion of the exosome with the target
cell membrane. miRNAs from hypoxic cancer cells, spread
to adjacent cancer cells in the tumor microenvironment via
exosomes and influence tumor progression (56). In this
regard it has been described that hypoxic cancer cells release
exosomes with high levels of miR-210 (57, 58). Jung et al.
investigated systemic transfer of exosomal miR-210 in the
blood circulation and observed a significant increase in the
amount of miR-210 from exosomes isolated from the serum
of hypoxic tumor bearing mice, indicating that miR-210 from
circulating exosomes in the serum can be used as a potential
biomarker for hypoxic tumors. They also demonstrated that
exosomal miR-210 from hypoxic cancer cells can be
transferred to various types of recipient cells, such as
epithelial cells, immune cells, and mesenchymal stem cells
(54). Patients with breast cancer present increased levels of
circulating miR-210; thus, circulating miR-210 may be a
potential biomarker of tumor presence and therapeutic
response in breast cancer (59). Moreover, hypoxia-inducible
circulating miR-210 contributes to metastasis in colorectal
cancer (CRC) (60), and it has recently been described as a
potential non-invasive marker for diagnosis and prognosis of
colorectal cancer (CRC) (61). Given the several different
roles that miR-210 plays in numerous aspects of cellular
function, it is also noteworthy to mention that hypoxia
induces K562 and p-thalassemic erythroid progenitor cell
differentiation, and this induction is at least in part mediated
by miR-210, which, in turn, modulates a linkage between
erythropoiesis and hypoxia (62). The miR-210 is associated
with the elevated level of fetal y-globin in mithramycin-
induced K562 cells (63), and in this regard recent data
confirmed that phospholipase C-B1 can regulate miR-210
levels through the PKCa signaling pathway (64, 65). More
recently, in order to assess erythroid and tissue condition to
chronic anemia and hypoxia, red blood cells and plasma of
[-thalassemia patients were analyzed for the presence of
miR-210. The data indicated that miR-210 expression levels
in [-thalassemia/HbE patients were increased in both red
blood cells and plasma. The increased expression of miR-210
in red blood cells was inversely associated with hemoglobin
levels and hematocrit (66).

Recent research has indicted that expression of HIF-1a and
miR-210, in response to a hypoxic condition, is significantly
up-regulated in epithelial ovarian cancer (EOC) samples as
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well as EOC cell lines, indicating that high levels of miR-210
in EOC specimens are associated with tumor stage and the
post-operative residual tumor size. Results also demonstrated
that up-regulated miR-210 enhanced the proliferative capacity
and colony formation of EOC cells in vitro and significantly
silenced tyrosine-protein phosphatase non-receptor type 1
(PTPN1), blocking its pro-apoptotic effect (67). Moreover, an
additional study shows that miR-210 supports ovarian cancer
cell mobility by acting as a modulator of E-cadherin
expression and consequently on epithelial-mesenchymal
transition (EMT) (68). miR-210 expression level is induced
in normoxic myoblasts upon myogenic differentiation both in
vitro and in vivo. This regulation occurred at the
transcriptional with a HIFIl-alpha dependent
mechanism. In fact, a characterization of the promoter region
of miR-210 show that HIF-1alpha is responsible for induction
of miR-210 during C2C12 myogenic differentiation. The
promoter region identified is a functional HRE site, localized
at-459bp from mature mouse miR-210 (69). Additional
regulators of miR-210 have been explored. It is worth noting
that Akt increases miR-210 levels through a HIF-independent
mechanism in hypoxic cardiomyocytes (70). Among the
potential miR-210 regulators, a conserved NF-kB binding site
has also been mapped in the promoter region (50). Strategies
targeting to correct the aberrantly expressed miR-210 might
open up a new therapeutic avenue to hypoxia and in this
regard Yang W. et al. explored the possibility of miR-210 as
an effective therapeutic target to hypoxic glioma stem cells
(GSCs) employing a lentiviral-mediated anti-sense miR-210
gene transfer technique to knockdown miR-210 (71).

level

miR-210 and Cancer

miR-210 has been extensively studied in cancer progression
(72), and it is known that miR-210 generally exhibits
oncogenic properties, as it is frequently elevated in several
cancers including breast, lung, head and neck, pancreatic
cancer, or glioblastoma(35, 73-79). The overexpression of
miR-210 in breast cancer is correlated with a poor prognosis,
being associated with aggressiveness and shorter time to
distant metastasis (80-82). miR-210 was shown to be up-
regulated in triple-negative breast cancer (TNBC), defined by
the lack of estrogen receptor, progesterone receptor, and
HER?2 gene amplification, compared with estrogen positive
breast cancer (83, 84). miR-210 is overexpressed in numerous
cancers including breast (85) and the induction of miR-210
is a consistent characteristic of the hypoxic response in both
normal and transformed cells as we described in the section
before but Bar et al. interestingly suggested that miR-210
expression is regulated by a mechanism independent of HIF1-
alpha in infiltrated immune cells of the TNBC (86).
Moreover, the cellular localization of miR-210 has recently
been shown through in situ hybridization (ISH) for miRNA,

a technique that allows the precise histological localization of
miRNAs in situ. Bar et al. performed ISH to visualize miR-
210 localization in TNBC samples and showed that miR-210
is expressed not only in epithelial cancer cells but also in the
tumor microenvironment (TME), particularly in inflammatory
cells (85). miR-210 is also involved in mitochondrial
dysfunction in various types of cancer (87). The expression
profiling of cells overexpressing miR-210 show enrichment
of transcripts related to cell death and mitochondrial
dysfunction, including several subunits of the electron
transport chain (ETC) complexes I and II (88).

miRNAs can be secreted from cells, be present in the
circulation, or be taken up by other cells. The presence of
circulating miRNAs has been demonstrated in various disease
conditions, and the profiles vary with the degree of disease
progression. Since unprotected miRNAs are sensitive to
degradation by RNases present in the blood, stably existing
circulating miRNAs are thought to be packaged in
microvesicles, exosomes and apoptotic bodies or bound to
RNA-binding protein such as argonaute 2 or lipoprotein
complexes, and are thus highly stable (89, 90). Recent
evidence has emerged that circulating miRNAs potentially
derive directly from tumor tissue, thereby correlating with
tumor progression and recurrence (91). Circulating miRNAs
in blood samples could be a diagnostic tool for patients with
cancer (92). In this regard, Zhao et al. described that the
circulating miR-210 is significantly elevated in patients with
clear cell or conventional renal cell carcinoma (ccRCC)
compared with healthy controls. In addition, the expression
level of miR-210 greatly decreases post-operatively,
suggesting that serum miR-210 could start-out partially from
the primary renal tumors (93). More recently, the amount of
miR-210 has been analyzed in cell-free urine as a tool for
liquid biopsy in ccRCC; the level of circulating miR-210 in
urine is significantly higher in patients with ccRCC than in
control subjects (94). In clinical ccRCC tissues miR-210-3p
is generally up-regulated (95). In a very recent study Yoshino
H et al. targeted miR-210-3p and utilized the CRISPR/Cas9
gene editing system to deplete miR-210-3p in RCC cell lines.
Its down-regulation resulted in increased tumorigenesis, both
in vitro and in vivo. They also found that found that miR-210-
3p down-regulation resulted in dramatic up-regulation of
Twist-related protein 1 (TWIST1) which is the key target of
miR-210-3p in this system suggesting renal cell carcinoma
progression is promoted by TWIST1 suppression mediated by
miR-210-3p (96).

Furthermore, serum miR-210 was up-regulated in patients
with bladder cancer (BC), and serum levels of miR-210
increased with advancing stage and grade (97, 98). An
increase in miR-210 expression occurs also in osteosarcoma
(OS) tissues and miR-210 up-regulation demonstrates a strong
correlation with tumor aggressive progression of pediatric
osteosarcoma. Moreover, this up-regulation is correlated with
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large tumor size, chemoresistance, metastasis, and poor
prognosis of OS patients (99). An analysis carried-out in a
group of 51 samples, including adrenocortical carcinoma,
adrenocortical adenoma and normal adrenal cortex, showed
the expression of 15 microRNAs up-regulated in carcinoma
as compared to normal tissue; among these was miR-210
(100). MiR-210 is significantly up-regulated in three human
osteosarcoma cell lines, U20S, Saos-2 and MG63, as well as
in the human osteoblast cell line hFOB. miR-210 has a crucial
role in OS development and progression. Down-regulation of
miR-210 can inhibit cell proliferation, clonogenicity,
migration, invasion, as well as induced G, arrest and cell
apoptosis in vitro, as well as suppress tumor growth in vivo.
Transfection with miR-210 inhibitor inhibits cell migration
and invasion of MG63 cells and, in addition, suppressed tumor
growth of OS in nude mice (101). miR-210 participated in the
dedifferentiation of OS cells into OS stem cells (OSCs), in
fact, miR-210 positively participates in TGF-31- and hypoxia-
induced OS cell dedifferentiation, thus inhibiting miR-210 and
significantly reducing formation of OSCs (102). miR-210
functions not only in tumorigenesis, but it can also act as a
tumor suppressor, inhibiting tumor initiation in a small number
of cancer cells including ovarian cancer, esophageal squamous
cell carcinoma (ESCC) and laryngeal squamous cell
carcinoma (LSCC) (35, 36). In particular, expression of miR-
210 is down-regulated in esophageal squamous cell carcinoma
(ESCC) cell lines as well as in clinical samples. In these
models miR-210 induces cell cycle arrest and apoptosis in
vitro, thus inhibiting the proliferation of cancer cells. In these
models data suggest that down-regulation of miR-210 might
play an important role in the proliferation of ESCC (103). It
has also been described that in laryngeal squamous cell
carcinoma (LSCC) high expression of miR-210 inhibits the
proliferation via inducing cell cycle arrest and apoptosis by
the targeting of FGFRL1 (104). Giannakakis et al. has shown
that miR-210 is deleted in 50% of ovarian cancer cell lines
and 64% of ovarian cancer samples tested, demonstrating an
extensive loss of heterozygosity of an important region where
frequent loss of heterozygosity was observed also in lung and
breast cancer, highlighting miR-210 as a candidate tumor
suppressor gene. They found a statistically significant
correlation between the expression of mature miR-210 and
gene copy number in ovarian cancer showing that genetic
alterations within the miR-210 gene directly affect its
expression level in ovarian cancer (105). Over-expression of
ectopic miR-210 could function as a tumor suppressor because
it attenuates cancer cell proliferation through down-regulating
E2F3, fibroblast growth factor receptor-like 1, Homeobox
protein Hox-Al (HOXA1), Homeobox protein Hox-A9
(HOXA9) and Max-binding protein (MNT) (34, 103, 106).
Recently it has been shown in CNE nasopharyngeal
carcinoma cells that miR-210 has an inhibitory role on tumor
formation, partially due to mitotic disturbances, as the
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inhibition of endogenous miR-210, under conditions where it
is expressed, rescues cell proliferation, particularly in hypoxic
cells (107). In renal carcinoma cell lines miR-210 is
constitutive up-regulated under normoxia and this event is
correlated to HIF-1 accumulation. Moreover, miR-210 over-
expression induced centrosome amplification in both renal
carcinoma cells and an immortalized kidney cell line and
affects multiple genes associated with cell cycle regulation. In
this regard, miR-210 controls G,/M transition and is involved
in mitotic progression altering the expression of Plk1, Bub1B,
cyclin F, Pds5B and Fam83D. In addition, miR-210 is involved
in centrosome replication in S phase by targeting the
expression of E2F3. In fact, miR-210 overexpression
suppresses the expression of E2F3 and deregulates the
centrosome replication cycle, perhaps causing centrosome
amplification and aneuploidy (108). Recently, it was
discovered that miR-210 regulates sensitivity towards the anti-
cancer agent 1’S-1’-acetoxychavicol acetate (ACA), a natural
compound which is able to induce cytotoxicity in various
cancer cells, including cervical cancer cells. In fact, miR-210
expression is down-regulated after treatment with ACA in two
cervical cancer cell lines leading to a decrease in cell
proliferation and apoptosis through a mechanism involving
SMADA4, which was identified as a putative target of miR-210
by miRNA target prediction programs (109). miRNA-210, is
highly expressed in human gliomas and confers a poor
prognosis in glioma patients (110). Furthermore, an increase in
miR-210 expression directly correlated with the
histopathological grade of astrocytic tumors (111). Recently, an
innovative approach to target miR-210 in vivo has been
developed. Li Y. et al. provide a strategy using three-layered
polyplex with folic acid as a targeting group to systemically
deliver miR-210 into breast cancer cells, which results in breast
cancer growth being inhibited. The solution of the polyplex is
injected in the body of mice via tail intravenous injection and
polyplex flows in the blood vessel systemically. The polyplex
has good selectivity on breast cancer cells due to cell targeting
derived from the recognition of folic acid to overexpressed
folate receptor in the cell membrane of breast cancer (112).
Therefore, unusual expression of miR-210 may link to
cancer as it has been described to have a prediction value for
pancreatic cancer or to be present in considerably higher levels
in sputum of lung cancer patients than cancer-free individuals.
In this regard Lu et al. conducted a meta-analysis to evaluate
the diagnostic performance of miR-210 in cancer detection.
The mechanism of miR-210 abnormally expressed in cancer
is not completely understood; more scientific and
technological methods should be used in future basic research
to provide better understanding of biological roles of miR-210
in cancer, hence lightening up the diagnostic or prognostic
value of miR-210. A better understanding of the mechanism
of miR-210 regulation expression may achieve optimized
therapy. As we mentioned above HIF-1a binds directly to a
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Figure 1. Identified miR-210 target genes implicated in several different biological process and cellular function, indicating a complex functional
network regulated by miR-210. MiR-210 could be present in normal or pathological conditions. It could also be released by the cells and circulates

in the body fluids of healthy and diseased patients. miR210 can act as oncogene or tumor suppressor.

highly conserved HRE on the proximal miR-210 promoter
(34) but additionally, other transcription factors have been
described to drive miR-210 expression such as Oct2/4, E2F,
NFkB and PPARY (113-116). In normal and transformed cells
it has been shown that miR-210 is up-regulated through
protein kinase B (Akt)- and p53-dependent pathway (117).
While miR-210 has garnered interest as a possible target in
prediction, prognosis and treatment of cancer, further work is
required to improve its role and effect.

Conclusion

On the basis of the experimental evidence summarized,
miRNA-210 is one of the most widely studied miRNAs thus
far. In addition to its involvement in sophisticated regulation
of numerous biological processes, miR-210 has also been
shown to be associated with the development of different
human diseases and it is regarded as the most important
hypoxamir (Figure 1).

In a comparison of microRNA regulation between insects
and vertebrates results that certain microRNAs appear to be
conserved between flies and mammals. One of these
microRNAs is just miR-210. In flies miR-210 had over 70
predicted target genes most of which are evolutionarily
conserved and have a known role in Drosophila oogenesis.

This means that miR-210 could be candidate for genes that
mediate clade-specific differences in gene expression, and
could play an important role in shaping the diversity of life
(118). In recent years, emerging data have provided evidence
and clarified the role of miR-210, its biological functions and
involvement in pathological states, suggesting that miR-210
possess high potential for anticancer therapeutic development.
The increasing literature exploring the role of circulating miR-
210 has clarified its potential as a promising biomarker for
early detection, diagnosis and prognosis. Measuring
circulating miR-210 levels could be a non-invasive method for
early cancer detection. Even if, to date, most studies appear to
be preliminary it seems that miR-210 will be a good target for
drug development. Overall, it is necessary to underline that
miR-210 has a diverse effect on multiple system and this fact
limits the use of miR-210 as a therapeutic target. To further
expand the knowledge of miR-210’s actions may lead to novel
diagnostic and therapeutic approaches. Further investigations
are also needed to achieve more insight on the regulation of
miR-210 expression to facilitate therapeutic-clinical
applications in human diseases.
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