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Abstract Cancer is currently recognized as a major cause of mortality worldwide, and, as
such, has a significant impact on public health. Successful early detection strategies are linked
to a decrease in mortality; however, because they are invasive, highly complex, and have low

Cancer; specificity, their application has been limited. MicroRNAs (miRNAs) are short, non-coding RNA
Biomarkers; sequences capable of regulating gene expression. Molecular mechanisms of miRNAs in cancer
Prognosis are not fully understood, but specific patterns of miRNAs expression have been associated with
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many tumour types. MicroRNAs as biomarkers can help to identify tumour origin and allow
their early detection. They can also be used to monitor progression and therapeutic response.
The presence and stability of miRNAs in blood, as circulating miRNAs, are major factors that
contribute to their use as potential biomarkers in a clinical context. The aim of this article is
to present a review of miRNAs as circulating biomarkers in cancer.

© 2015 Instituto Nacional de Cancerologia. Published by Elsevier Espafia, S.L.U. All rights
reserved.

MicroRNA circulantes como potenciales biomarcadores en cancer

Resumen El cancer es reconocido como una de las principales causas de mortalidad a nivel
mundial teniendo asi un impacto significativo en la salud pUblica. Una disminucion en la mortal-
idad por esta enfermedad se ha asociado con estrategias exitosas de deteccion temprana; sin
embargo, debido a que estas son invasivas, altamente complejas y registran baja especificidad,
su aplicacion ha sido limitada. Los microRNA (miRNA) son RNA no codificantes de secuencias
cortas, capaces de regular la expresion génica. Los mecanismos moleculares de los miRNA en
cancer aln no estan totalmente clarificados, pero patrones especificos de la expresion de estos
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han sido asociados con muchos tipos de tumores. Los miRNA como biomarcadores pueden ayudar
a identificar el origen de un tumor, realizar detecciéon temprana, predecir la progresion de la
enfermedad y la respuesta al tratamiento. La presencia y estabilidad de los miRNA en la sangre,
como miRNA circulantes, son los principales factores que contribuyen a su uso potencial como
biomarcadores en un contexto clinico. El objetivo de este articulo es realizar una revision sobre
los miRNA circulantes en cancer.

© 2015 Instituto Nacional de Cancerologia. Publicado por Elsevier Espana, S.L.U. Todos los

derechos reservados.

Introduction

Ribonucleic acids (RNA) are molecules that carry out crucial
functions in gene expression, with some containing informa-
tion for protein synthesis (messenger RNA) or are part of the
translational machinery (ribosomal and transfer RNA), and
others are able to regulate gene expression (microRNAs).
MicroRNAs are non-coding RNAs, 18 to 22 nucleotides in
length, which participate in gene regulation and are capable
of altering the expression of their gene targets.’2 In 1993,
the Ambros group, discovered initial evidence of miRNA in
the Caenorhabditis elegans nematode; subsequent studies
revealed that miRNA was present in an assortment of orga-
nisms, plants and animals.? MicroRNA genes are embedded
in a variety of genome regions, and to date, at least 2500
human miRNAs have been identified.*

MicroRNAs play an important role in the development
and various cellular processes, such as differentiation, cell
growth, proliferation and cell death.? They have differen-
tial expression profiles in different healthy tissues,® and
their altered expression has been documented in chronic
diseases, such as diabetes,”® coronary disease,”'® and
cancer, 51,12

The underlying molecular mechanisms of miRNAs in can-
cer are not fully understood, but specific patterns of miRNA
expression have been associated with many tumour types.
MicroRNAs have caught the attention of cancer researchers,
mainly due to the fact that they are tissue-specific and
deregulate in neoplastic tissue,® and because of this they
can help to identify tumour origin, classify human cancers, '3
and also be used as markers of progression' and future
therapeutic targets. >~

The presence and stability of miRNA in blood are major
factors that contribute to being used as tumour diagnostic
and progression biomarkers in a clinical context.'®? In this
review, a summary is presented of the main findings related
to circulating microRNAs as potential cancer biomarkers.

Overview of miRNA

miRNA biogenesis and regulation of gene
expression

The miRNA biogenesis process is shown in Figure 1. Briefly,
miRNA genes produce a pri-miRNA (1-3 kb hairpins), which
then turn into a pre-miRNA (70-100 nucleotide hairpins) that

are exported to the cytoplasm, where they are converted
into mature miRNAs (18-22 nucleotides). Later, the two
strands separate and the complementary RNA messenger
strand (miRNA), known as the guide strand is incorporated
into the RNA induced silencing complex (RISC), which is
made up of a RNA binding protein (TRBP) and Argonaut fam-
ily proteins (Ago).?!

Regulation of genetic expression takes place in the RISC-
miRNA complex, when the nucleotides 2-8 from the end 5’
of miRNA join to nucleotides of end 3’ untranslated region of
mRNA (3’UTR). Once this union occurs, genetic expression
is inhibited in three important ways: i) by reinforcing mRNA
degradation, ii) by inhibiting mRNA translation, or iii) by
inducing modification in the chromatin in the target gene,
which silences its transcription. If the sequence is totally
complementary, mRNA is degraded by direct cleavage, but if
the union is partial, mRNA translation is inhibited." A single
miRNA can influence the expression of hundreds of target
genes, and many miRNAs regulate the expression of a single
gene.

miRNAs transit from cell to blood stream

MicroRNAs possess mechanisms that preserve their integrity
and allow them to transit through the blood stream. These
mechanisms include: microvesicles, high and low density
lipoproteins, and protein components. The major circulating
miRNA transport mechanisms are detailed in Figure 1:

e Microvesicles are small, spherical, membrane-covered
bodies of endosome origin, which harbour nucleic acids
and proteins. There are different types of microvesicles:
i) apoptotic bodies, particles that measure 1-4 um, ii) spill
over vesicles (0.1-1 wm) that transport substances to the
cell exterior by fusion with the plasma membrane, and iii)
exosomes, the smallest particles (30-100 nm), that reside
within multi-vesicular bodies (MVBs).2%2

e High (HDL) and low (LDL) density lipoproteins are com-
plexes that take part in transporting miRNAs through
serum and plasma. Experiments have confirmed that dif-
ferences exist between miRNA expression patterns in
healthy individuals versus those with familial hypercholes-
terolemia. MicroRNAs transported by HDL molecules are
able to guide miRNAs to host cells and foster their modu-
lar genetic effect. These particles can measure from 8 to
12 nm in size.2
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Figure 1

miRNA biogenesis. Turchinovich’s modified. Diagram A.'® miRNA genes are transcribed by pol Il RNA, into pri-miRNA;

later, a protein complex, called the microprocessor, (Drosha/DGCR8) processes transcribed pri-miRNA into pre-miRNA. Pre-miRNA
is exported to cytoplasm by Exportin-5 protein. In the cytoplasm the pre-miRNAs are processed into mature miRNAs by the Dicer
RNasa enzyme. Dicer cleaves the loop and separates the two strands; one of them, the guide strand, is incorporated into the RNA
induced silencing complex (RISC), which is made up of a RNA binding protein (TRBP) and Argonaut family proteins (Ago); RISC allows
the guide strand to bind to the mRNA through the union of the complimentary bases. B. Some of the miRNA extracellular means of

transport.

¢ In blood, miRNAs have been linked to different proteins
including Argonaut 2 (Ago2), which is an effector of RNA
Induced Silencing Complex (RISC).

Circulating miRNAs

In 2010, Weber et al. found that miRNAs are present in
biofluids such as: blood, saliva, tears, urine, amniotic fluid,
colostrum, breast milk, bronchial secretions, cerebrospinal
fluid, peritoneal fluid, pleural fluid, and seminal fluid."® The
stability of circulating miRNAs in biofluids, such as serum
and plasma, is a main factor that contributes to their use as
potential tumour diagnostic and progression biomarkers in a
clinical context.?2-2325 However, in blood it is not easy to sep-
arate the levels of truly secreted miRNAs from tumour cells
from the circulating cell-free miRNA derived from platelets,
erythrocytes, lymphocytes, or normal cell death in blood.
Although many miRNAs have been found in circula-
tion, it remains to be shown if they could functionally

down-regulate target mRNAs in target cells.?6 Many studies
support the idea that exosomal miRNAs can act as regu-
lators of gene expression in distant cells. Exosomes have
multiple functions, particularly in cancer, including promo-
tion of local and systemic processes that lead to cell growth
and dissemination, or impairment of the immune system
response.?’ The complete picture of the location and source
of miRNAs in the circulation system awaits further clarifica-
tion.

miRNA analysis

The literature currently reports various analyses based
upon two major principles: a search or exploration phase,
followed by a validation phase. High performance technolo-
gies, such as miRNA sequencing and expression microarrays,
have been used to evaluate miRNA profiles in a single assay,
starting with small amount of RNA at a relatively low cost
and with a high reproducibility.28-34
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In the validation phase, specific technology is used for
a lower number of selected miRNAs, depending upon the
results obtained from previous estimations. Polymerase
chain rection (PCR) is usually used to confirm that the find-
ings from a high performance platform are reproducible
in a specific miRNA assay.3> Identification of miRNAs with
differential expression may help to identify those that are
involved in carcinogenesis and could be used as biomarkers.
Before the translation of circulating miRNA signatures into a
clinical test, all findings require validation and standardisa-
tion of all pre-analytical and analytical procedures in order
to control for potential technical biases that could have high
repercussions on miRNA results, and also limits comparison
between different users.30:36:37

Bioinformatics analysis enriches the results obtained
from experiments, by supplying information on molecular
pathways where miRNAs and their potential targets act. A
sampling of databases includes: the Kyoto gene and genome
encyclopaedia (KEEG http://www.genome.jp/kegg/), Tar-
getScan (http://www.targetscan.org), mirTarget2 (http://
www.mirdb.org). The most frequently cited databases on
miRNA prediction and targets are: miRanda (http://www.
microRNA.org) and miRDB  (http://www.mirdb.org).

Recently, miRGate (http://mirgate.bioinfo.cnio.es/miRGate/)

has been publicly available.® Oztemur et al*® developed
a ranking-based meta-analysis approach using available
public databases from miRNA and mRNA microarray studies
to discern candidate miRNA biomarkers (meta-miRNAs).
This approach identified let-7 family members as breast
cancer grade classifiers, and this finding was confirmed by
Real Time-PCR studies performed with independent breast
tumours.

miRNAs and cancer

The first evidence of involvement of miRNAs in human
cancer was when mir-16-1 and/or mir-15a were found down-
regulated in 50% to 60% of human chronic lymphocytic
leukaemia (CLL) by cytogenetic mechanisms, as deletions
and translocations. These two miRNAs activated tumour
suppression by inhibiting Bcl-2, an anti-apoptotic effector
expression. In the same study, 98 miRNAs were located
in fragile, cancer-related, genome regions.* Since then,
several studies have documented the relationship between
carcinogenesis and miRNA.442

Molecular mechanisms of miRNAs in cancer

Expression of miRNA is deregulated in cancer. Some
miRNAs may play a role as an oncogene (oncomiRs), whereas
others function as tumour suppressor genes. OncomiRs
are overexpressed in cancer, for example, miR-21, mir-17,
mir-92a, mir-19b, and mir-106a are oncomiRs responsible
for increased proliferation and repression of apoptosis.'3
On the contrary, miRNA as tumour suppressor genes are
down-regulated in cancer, as miR-18a miR143, miR145 and
let-7.43-%3 Furthermore, a particular miRNA can exploit both
tumour-suppressive and oncogenic functions, depending on
the cellular context of its target genes in different cancers.

In general it has been shown that miRNAs are associated
with signalling pathways involved in: i) cell proliferation, as

is the case of miR-18a regulation in MAPK pathway genes, ii)
cell survival pathways, as observed in the case of miR-29a
and its regulation in the PI3K1/AKT/MDM2/p53 pathways,
associated with cellular apoptosis activity, iii) DNA damage
repair pathways, as observed in the case of miR-155 which
regulates RAD51 activity, an important protein in DNA repair,
following ionic radiation®*#’ and iv) cancer cell migration
and invasion, as observed in miRNA-29a, 10:48-50

miRNAs as diagnostic and prognosis cancer
biomarkers

The potential use of miRNAs as biomarkers, beginning with
the work of Lu et al. ¢ which shows that, with a group of
200 miRNAs it would be possible to identify tumour origin
and classify human cancers. In 2008, Schetter et al. ™ iden-
tified miRNA expression patterns associated with adenoma
to adenocarcinoma progression in colon cancer. Five miRNAs
were able to distinguish tumour from non-tumour samples
and were linked to poor prognosis. miR-21 expression was
low in adenoma and high in stage IV tumours, suggest-
ing that this miRNA probably plays a role as a colorectal
tumour progression marker.' In breast cancer, miRNA pro-
files were correlated with specific breast cancer features,
related to prognosis’'->* and with chemoresistance.?% In
colorectal cancer, overexpression of miR-21 has been shown
to dramatically reduce the therapeutic efficacy of 5-FU and
EGFR inhibitor Cetuximab (monoclonal antibody to EGFR)
decreases its expression.36

With the rise in the development of research on miRNAs,
clinical tests have been developed that provide miRNA pro-
files, which indicate their possible relationship to cancer.
In 2010, Rosenwald et al. ¥ developed a platform able to
detect primary tumour tissue origin, which can be applied
as a clinical test for 25 tumour types. Meiri et al. ", in
2012, with 64 miRNAs was able to identify 42 tumour types,
and identified 52 patients whose primary tumour origin had,
until then, been unknown. showing 88% concordance when
compared with clinical-pathological evaluations. The above
mentioned studies pioneered miRNA diagnostic test devel-
opment.

Today, commercial companies perform tests using real-
time miRNA and PCR microarray technology. Rosetta
Genomics® (http://www.rosettagenomics.com) currently
offers four miRNA-based tests: i) cancer origin test that
evaluates 64 miRNAs able to differentiate 49 cancer origins,
designed to help determine the origin for cancer with an
unknown primary, ii) lung cancer test for the identification
of the four main subtypes of lung tumours that significantly
influences treatment decisions, iii) a kidney cancer test that
differentiates three renal cell carcinomas types, and iv)
a mesothelioma test that uses microRNA to differentiate
malignant pleural mesothelioma from peripheral adenocar-
cinomas of the lung, or metastatic carcinomas involving the
lung and pleura.

Circulating miRNAs as diagnostic and prognosis
cancer biomarkers

In theory, miRNAs in plasma or serum can originate from
the tumours or from inflammatory host responses, and


http://www.genome.jp/kegg/
http://www.targetscan.org
http://www.mirdb.org
http://www
http://www.mirdb.org
http://mirgate.bioinfo.cnio.es/miRGate/
http://www.rosettagenomics.com

Circulating microRNAs as potential cancer biomarkers

233

Table 1
Type of Cancer  Type of Study miRNAs Type of Expression Reference
Sample level
Prostate Cancer vs. Benign / miR-92a" miR-141" miR-106a" serum 35,61,62,83,
Localized cancer vs. miR-451" miR-375" miR-200b" 95-98,
Metastatic miR-200¢” miR-126" miR-21" 101
miR-375" miR-20a" miR-21" miR-221" plasma
Breast Cancer vs. Control/ miR-21"miR-106"a miR29a" miR-335" serum 18,31,32,52,
Chemotherapy response  miR-133a" miR-125b miR-145" 53,55,60,
let-7a" 63-67,76,
77, 81,92
Cancer vs. Control miR-21" miR-146a" miR-451" let-7b" plasma
miR-126" miR-335" let-7b" miR-335", serum ‘
miR-92a’
Cervical/ uterine Cancer vs. Control miR-20a" serum ' 86
Colon Cancer vs. Control miR-18a miR-29a" serum 102
miR-92 miR-18a miR-29a" miR-335"  plasma 36,88,89,91
miR-221" miR-20a" miR-21" miR92a"
miR-133a" miR-145"
Advanced neoplasia miR-141" miR-21" miR-29a" miR-92a" plasma
Gastric Cancer vs. Control miR-21" miR-146a" miR-221" serum 37, 33, 84
miR-20a" miR-17-5p miR-21" plasma 69, 85
miR-106a’
Expression profile before miR-17-5p miR-20 a miR-21" plasma 34,70, 84
and after surgery
Cancer vs. Control miR-21" miR-421" miR-200b" blood 71,72,82,87
miR-200c"
Extracellular secretion  Let-7 plasma and 25
via exosome serum
Cancer vs. Control miR-375" serum 73, 80
Expression profile in let-7a" plasma 72

gastric cancer

* : miRNA found in different cancer types
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their easy access and stability make them ideal for use
as biomarkers.5®-73 Although in some cancers there is a
correlation between specific miRNA profiles in tissue and
blood, in other types of cancer a correlation has not been
detected. MicroRNA correlation between tissue and blood
could depend on the type of tumour, tumour stage, and
the specific miRNA type that are being evaluated. Several
studies have shown differences between plasma/serum and
tissue miRNA profiles in cancer, and miRNAs deregulated in
tissue specimens were rarely detected in plasma samples.
This suggests that a predictive role of circulating miRNAs is
independent from tissue. '374-77

In 2008, Lawrie et al. found that serum miR-21 and miR-
155 have differential expressions between B-cell lymphoma
patients and healthy individuals.”® Waters et al. 7° evalu-
ated miRNA expression in a murine model of breast cancer
and found low expression levels of miR-195 and miR-497 in
serum and tumour tissue three weeks after tumour induc-
tion. These results provided evidence of altered circulating
miRNA expression levels during tumour development.”?
Other studies compared circulating miRNAs with tumour
tissue miRNAs; for example, miR-18a in pancreatic cancer
shows a good correlation between serum, tissue and tumour
cell lines.® Similarly, Si et al 8 found that miR-21 was
overexpressed in serum and tumour tissue in breast cancer
patients, but not in controls.

The miRNAs panel in plasma may serve as a potential non-
invasive biomarker in detecting the early-stage and progno-
sis of different cancer types such as gastric,%8-% cervical, %
pancreatic,?” colorectal,3-%! lung,” breast,3%5%92% and
prostate.®3%-% These studies need further large-scale vali-
dation before circulating miRNAs can be introduced into the
clinical setting.

Table 1 shows the circulating miRNAs that modify their
expression, in at least two studies, in the five cancers
(prostate, breast, cervical, stomach and colon cancer) with
the highest incidence and mortality rates in Colombia,®®
or miRNAs that show alterations in at least two different
cancer types. The review was performed using Medline,
Scopus and Science Direct data bases with the search terms
“*Circulating’” + "*'miRNAs’’ + i.e. '‘prostate cancer’’.

We have decided to only show miRNAs found in at least
two different studies, as there are many discordant results
among those reviewed. The different ethnic groups, data
normalisation methods, and confounding factors in the pre-
analytical variables, as well as the entire analytical process
may contribute to the discrepancy between research studies
on the same disease.?¢

This review shows there are many circulating miRNAs that
have been reported in more than one study for the same
cancer type. Such are the cases of miR-141 in prostate can-
cer, miR-155 in breast cancer, and miR-18a and miR-200c
in gastric cancer (Table 1). These miRNAs are of diagnostic
importance due to the fact that they have been evaluated
and validated using reliable methods.?®7%:1%0-102 Fyrther-
more, there are miRNAs with contradictory results, as some
studies found overexpression and others low expression for
the same cancer type; for example: miR-16 in prostate
cancer, 9193 miR-10b and miR-145 in breast cancer,5%73:101
and let-7 in gastric cancer.?’ From a biological point of view
it could be possible that they participate in different molec-
ular pathways; however, they cannot be used as a diagnostic
biomarker for a specific cancer type.

Additionally, there are more miRNAs that altered their
expressions in various cancer types (miR-21, miR-92a, miR-
106a, miR-221, miR-375, and miR-29a) (Table 1). miR-21 is

Table 2
Detection Clinical trial title Pathology Study stage Sponsor Estimated Country
method study time
Serum Research on therapeutic Ovarian In recruitment  Centre Frangois  June 2011/ France
response in ovarian cancer Baclesse March 2014
carcinoma
Serum and tumor miRNA breast cancer Breast In recruitment  City of Hope April 2010/ USA
tissue profile in patients in cancer Medical Center October 2014
neoadjuvant or adjuvant
breast cancer treatment
Serum Association between Lung cancer In recruitment China Medical October, 2010 China
miRNA VEGF-C and lung and University
cancer cells and esophageal Hospital
esophageal squamous cell  squamous
carcinoma cell
carcinoma
Serum New biomarkers in breast  Breast Finalized Ireland May 2011/ Ireland
cancer and their use as cancer Cooperative September
guides and monitors of Oncology 2013
chemotherapy response Research Group
Blood and spinal/ Circulating miRNAs as Leukemia, Finalized Children’s March 2010/  USA
brain fluid disease markers in lymphoma, Hospital of July 2013
pediatric cancer central Chicago
nervous

system
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overexpressed in prostate, colon, and gastric cancer, and
when miR-21 expression is inhibited in glioblastoma cell
lines, the activity of caspases 3 and 7 rises, and thus, apo-
ptosis, one of the principal molecular signatures in cancer,
increases.'™ miR-21 is also associated with chemoresis-
tance.

The overexpression of miR-106a has been linked to three
of the cancers reviewed (prostate, breast, and stomach).
At the functional level in gastric cancer, miR106a partici-
pates in the negative regulation of TIMP2, an inhibitor of
the matrix metalloproteinase (MMPs), which are responsi-
ble for degrading extracellular matrix and could play a role
in tumour metastasis.*! In many cancer types, these altered
miRNAs are not useful as diagnostic biomarkers; but the fact
that they alter expression in many cancer types suggest that
they play an important role in carcinogenic pathways.

miR-29a is a highly interesting circulating miRNA, due
not only to the fact that it has been detected in different
types of cancer, but also to its dual role acting as a tumour
suppressor gene (osteosarcoma, cervical carcinoma, gastric
cancer and lung adenocarcinoma) and an oncogene (breast
and colorectal cancer).?'42:48-50,102,105 miR-29a can regulate
expression of tumour necrosis factor receptor associated
with factor 4 (TRAF4), anti-apoptotic genes, and decreases
tumour growth; but in colorectal cancer it promotes metas-
tasis by regulation of E-cadherin and MMP2.%°

Circulating miRNA as cancer biomarkers clinical
trials

The US Federal Drug Administration (FDA) has approved sev-
eral clinical trials, which use miRNAs as cancer biomarkers.
A sampling of these studies is summarized in Table 2. This
table was based upon the clinicaltrials.gov link which sum-
marizes a number of studies in which miRNAs are evaluated
for use in diagnosis of specific cancers. These clinical tri-
als included patient cohorts in which differential expression
of miRNAs are correlated with tumour stage. The interest
in applying these markers in circulating blood is to develop
new diagnostic strategies for cancer that will be effective,
reproducible and non-invasive for patients.

This document presents a review of evidence on
the potential role of circulating miRNAs as non-invasive
biomarkers for the early diagnosis of various cancers due to
their accessibility and long term stability. Carrying out fur-
ther studies on circulating miRNA profiles would widen the
cancer biomarker research and make it possible to develop
diagnostic strategies and examinations using a sensitive and
simple peripheral blood test.
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