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FOREWORD

Since the discovery of non-coding RNAs, enormous
information has been accumulated about the func-
tion of these molecules acting as fine-tuners of cel-
lular processes in development, maintenance of ho-
meostasis up to the generation of malignancies. The
group of non-coding RNAs includes a large number
of microRNAs (miRNAs), long non-coding RNAs (In-
cRNAs), small-nucleolar RNAs (snoRNAs) and circu-
lar RNAs (circRNAs), which are not translated into a
protein, but regulate the translation of at least two-
thirds of messenger RNAs (mRNAs) with chromatin
modification and gene silencing. Furthermore, re-
lease of non-coding RNAs from donor cells and their
uptake by recipient cells can provide additional inter-
cellular signaling that may allow a direct regulation of
gene expression in the recipient cells. Altered expres-
sion of non-coding RNAs have been implicated to the
pathogenesis of diverse human diseases suggesting
their potential to become diagnostic or prognostic
molecular biomarkers in the near future.

Among non-coding RNAs, miRNAs have been the most
intensively investigated generating thousands of pub-
lications in this field each year. Compared to mRNAs,
miRNAs are stable in human body fluids, such as blood
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plasma, serum, urine or saliva due to the associa-
tion with RNA-binding proteins (e.g. high-density
lipoproteins) and housing in shed microvesicles.
In addition, they are fairly viable even after re-
peated cycles of freeze-thawing and long-term
frozen storage. Despite these facts, there are still
many pre-analytical and analytical challenges
for accurate detection of extracellular miRNAs
in body fluids. For instance, sample preparation
and handling need to be minimized, and special
attention is required to avoid contaminations
with cellular miRNAs potentially released from
erythrocytes or platelets. The concentration of

Discovery of second MiRNA genes

are transcribed

cell-free miRNAs may be low and variable, thus
equal volumes of specimens should be used for
total RNA extraction. There is still no standard-
ized methodology for the normalization of non-
coding RNAs.

As a consequence, variable normalization meth-
ods are applied in different studies, such as
smallendogenous nucleolar RNAs (e.g. RNU-43)
as reference genes, or external “spike-in” syn-
thetic oligonucleotides (e.g. cel-miR-39), or one
specific (mi)RNA, or global mean normalization
when hundreds of miRNAs are simultaneously
profiled. Sometimes these circumstances can
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* IncRNA: long non-coding RNA; RNAi: RNA interference; NGS: new generation sequencing.
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make difficult the comparison of results. This is
one reason why a wider miRNA profile prefers
to be evaluated in patient samples in contrast to
the analysis of individual miRNA. For such, new
miRNA panels are now commercially available
to observe “miRNA signatures”. The milestones
of 25-year-old evolution of non-coding RNA re-
search are depicted in Figure 1.

This special issue of the eJIFCC incorporates a
series of manuscripts that summarize the re-
cent issues of non-coding RNAs as non-invasive
biomarkers in various clinical conditions, espe-
cially focusing on cell-free miRNAs in different
human diseases.

In the first manuscript, Bonneau et al. raised the
guestion whether circulating miRNAs could be a
reality in near clinical practice for diagnostic and
therapeutic aspects. The authors reviewed the lat-
est issues on miRNA-based laboratory diagnostics
in malignancies, age-related diseases, and abnor-
mal heart and liver function. In addition, some
new therapeutic products are represented for liver
disease, fibrotic disorders and cancers.

Sepsis is still a demanding clinical condition and
early (differential) diagnosis and evaluation of
prognosis are a must for these patients. Szilagyi
et al. summarized the most important intracellu-
lar miRNAs with their function in Toll-like recep-
tor mediated signaling in immune cells as well
as platelets along with those circulating miRNAs,
which have been recently reported to be valu-
able in sepsis.

In the last couple of years, a number of miRNA-
related manuscripts have been published in the
field of endocrine neoplasms, such as pituitary
adenomas. Here, Butz and Patdcs reviewed the
current knowledge on circulating and tissue spe-
cific miRNAs in thyroid, adrenal, pituitary and
neuroendocrine malignancies for diagnostic and
prognostic implications.

Congenital heart diseases (CHD) are the most
common type of birth anomalies, with high

morbidity and mortality rates. Hence, a better
understanding of the function of miRNAs in the
pathomechanism of CHD may propagate their
application for laboratory analysis to improve
the diagnosis and prognosis of these patients.
Nagy and her colleagues gave an overview about
altered expression of miRNAs in different sub-
types of CHD.

Coronary artery disease (CAD) is one of the lead-
ing cause of death worldwide. Several former
studies reported that certain circulating miR-
NAs have substantial diagnostic and prognostic
values for CAD. Melak et al. described the most
suitable miRNAs as potential biomarkers in CAD
with those circumstances that may limit utility
or interfere with their levels.

The first evidence about abnormal miRNA
expression in relation to a disease was reported
in chronic lymphocytic leukemia in 2002. Since
then, several hematological disorders have been
investigated for profiling circulating miRNAs. In
thisissue, Getaneh et al. summarized the clinical
values of miRNAs in the subtypes of B-cell non-
Hodgkin lymphoma in terms of diagnostic and
prognostic implications.

Among cell-free nucleic acids, circulating miRNAs
have been considered promising tools for the di-
agnosis of pregnancy associated conditions like
preeclampsia, fetal growth restriction and gesta-
tional diabetes. These prenatal tests, which are
stillin the experimental phase, were also reviewed
by Dr. Nagy.

Beside circulating miRNAs, IncRNAs have been
also confirmed to be involved in the pathogenesis
of cancers and inflammatory diseases. Kelemen
and her colleagues summarized the role of
exosomal IncRNAs as potential biomarkers in
chronic inflammatory diseases, such as rheu-
matoid arthritis and psoriasis as well as in dif-
ferent types of cancer.

In case of rare diseases, profiling of tissue spe-
cific miRNAs can also assist the differential di-
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agnosis. Zilahi et al. described five specific tis-
sue miRNAs (myomiR) that are associated with
the development of polymyositis in an original
article.

In conclusion, we are learning about more and
more aspects of the diagnostic application of
non-coding RNAs, but we should note that these

results may be incorporated into the area of
therapeuticimplications. Based on preliminary
data, the modulation of certain miRNA function
by specific mimics or inhibitors may result in ben-
eficial effects in hepatitis C infection, or in cancer.
However, it is a far-reaching story, and is still un-
der intensive (pre)clinical investigation.
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The discovery of miRNAs in the mid-90s has changed
the dogma of gene expression regulation. Currently,
miRNAs are the main theme of thousands of publi-
cations each year and their involvement in human
diseases is everyday more deeply understood. With
that being known, what are the actual clinical applica-
tions of miRNAs and how far are they truly from the
patients? To address this question, we reviewed the
miRNA diagnostic and therapeutic market. With many
companies developing miRNA panels, the activity is
high in the diagnostic area. Some products, notably
for thyroid cancer (Interpace Diagnostic), are already
available to clinician and covered by major insurance
companies. In comparison, the therapeutic mar-
ket, mainly driven by miRNA mimics and antagomiR
products, is less advanced. Miravirsen (produced by
Roche/Santaris) and RG-101 (produced by Regulus
Therapeutics), designed to treat hepatitis C, are con-
sidered the flagship products of this class of future
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drugs. All of the miRNA-based drugs are cur-
rently in clinical trials and none have yet reached
the pharmaceutical breakthrough. However, ac-
quisition of miRNA-based companies by major
pharmas is sending a positive feedback on their
potentials. With multiple initiatives on their way,
the next years will definitely be determinant for
the miRNA market that is still in his infancy.

O0 0% o% % <%
0.0 0.0 0.0 0.0 0.0

INTRODUCTION

For the last thirty years, the fundamental re-
search into RNA biology has grown at an expo-
nential rate. We are now better positioned than
ever to understand the involvement of RNA in
almost all critical cellular processes. Indeed, for
many years, the number of non-coding RNA
discovered has steadily increased. Hence, it is
not surprising that several Nobel prizes were
awarded for corner stone RNA discoveries, such
as those won by Cech and Altman in 1989 (RNA
catalytic activities; (1)), Ramakrishnan, Steitz
and Yonath in 2009 (ribosome structure; (2)),
and of most interest for this review, to Fire and
Mello in 2006 (RNA interference; (3)).

Considering the increase in RNA-focused re-
search, one can expect that the advancement
of general and specific knowledge about RNA
could result in direct clinical applications. For
example, more than 45,000 studies were pub-
lished in 2017 on RNA (Figure 1A). From these,
a large proportion of the studies either consid-
ered that their work could contribute to the
diagnosis or the treatment of disease (about
13,000 and 10,000, respectively; Figure 1B).

From the multitude of RNA discoveries, one of
the most important was the discovery of RNA
interference by Fire and Mello and miRNAs by
Ambros and colleagues (4, 5). Thousands of
these small RNAs of approximately 20 nucleo-
tides in length have been identified in humans
so far and are conserved across all species (6).

Detectable in biopsies and body fluids, miRNAs
are considered as very sensitive and specific
circulating biomarker (7). The enthusiasm for
miRNA in the diagnostics field is reflected by the
number of related publications, reaching around
11,000 papers in 2018 (Figure 2A).

On the therapeutic side, polypharmacology
is gaining a lot of interest in the pharmaceuti-
cal era (8). It is now clear that human diseases
are complex and that deregulation of multiple
genes is often needed to transform a normal
cell into a pathological one (9). Furthermore,
redundant cellular pathways can limit efficien-
cy of monogenic targeting compounds (10).
Conversely, the miRNA’s function is by defini-
tion based on multitargeting (11). In fact, it is
well established that these small RNAs recog-
nize their mRNA targets mainly by the 2" to the
8" nucleotides of their 5’ end. Mismatches in
the 3’ sequence allow one miRNA to specifically
bind to hundreds of different mRNAs simultane-
ously regulating their expression (11, 12). It is
not surprising that these endogenous multitar-
geting molecules gained a lot of interest in the
therapeutic field. In fact, nearly 3,500 studies
were published in 2018 on miRNA-based thera-
peutics (Figure 2B).

Similarly, a multitude of clinical trials were con-
ducted or are currently underway to test new
miRNA based treatments. This effervescence is
therefore expressing the evolution of this still
young and relatively immature field of utilizing
the miRNA as a therapeutic tool.

With thousands of academic publications each
year, how far from patients are miRNAs? To an-
swer this question and bring a different angle,
we reviewed the market of the diagnostic and
therapeutic applications of miRNAs. With a lot of
companies offering miRNA-profiling services, our
focus was to highlight the ones providing specific
expression panels for a given clinical application.
On the therapeutic side, multiple clinical trials
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are currently ongoing and we focused on the
products that are the most advanced in the field.

miRNA-BASED DIAGNOSTICS

Applications in the cancer field

Since their initial discovery in 1993, miRNA have
showed a great diagnostic potential by being as-
sociated with various diseases (5, 7). Since then,
the number of publications on the diagnostic
potential of miRNA grew almost exponentially
(Figure 2B), which attracted numerous compa-
nies to develop new miRNA-based diagnostic
tools. To our knowledge, the first company fo-
cusing on miRNA-based diagnosis assays was
Rosetta Genomics (NASDAQ: ROSG), an Israeli
company incorporated in early 2000. In part-
nership with Precision Therapeutics, a person-
alized cancer therapy company, they launched
in 2012 miRview™ mets a miRNA panel allowing
the identification of cancers of unknown or un-
certain primary origin (CUP) (Table 1).

These cancers account for up to 15% of newly
diagnosed cancer in the U.S. every year (13, 14).
This CUP classifier was able to identify 42 dif-
ferent tumor types using microarray that mea-
sures the expression levels of 64 miRNAs. The
miRview™ mets panel was able to identify ac-
curately 90% of the 509 validation sample set.
The assay also showed 88% correspondence
with the patient’s clinicopathological evaluation
(14). Based on this success, Rosetta Genomic
introduced a new product called RossettaGX
Reveal™ (Reveal) in 2016.

This new miRNA classifier relied on gRT-PCR to
differentiate between benign orindeterminate
thyroid nodules using FNA cytology smears.
Reveal’s performance was validated using a mul-
ticenter retrospective cohort of 189 FNA smears
and achieved a negative predictive value of 91%,
a sensitivity of 85% and a specificity of 72% (15).
Unfortunately, the company declared bankrupt-
cy in May 2018 after a $10 million acquisition

deal by Genoptix failed. Interestingly, Interpace
Diagnostics acquired most of the equipment
through a bankruptcy auction and hired some of
Rosetta Genomics employers.

Interpace Diagnostics (NASDAQ: IDXG), is based
in New Jersey and is a molecular diagnostic test-
ing company that is offering personalized medi-
cine strategies for the diagnosis of thyroid and
pancreatic cancer. Interpace acquired a solution
developed by Asuragen combining ThyraMIR®, a
miRNA classifier, and ThyGeNEXT®, an oncogene
panel for thyroid cancer stratification (Table 1).
Initial validation was completed by Asuragen
in 2015, over 12 endocrinology centers across
the U.S. and 638 surgical and fine needles aspi-
rations (FNA) biopsies were analyzed (16). The
combination of ThyraMIR® and ThyGeNEXT® of-
fers an interesting alternative as 15-30% of stan-
dard cytological evaluations fail to discriminate
benign from the malignant lesions (17, 18). The
ThyraMIR® classifier includes the quantification
of 10 miRNAs: miR-29b-1-5p, miR-31-5p, miR-
138-1-3p, miR-139-5p, miR-146b-5p, miR-155,
miR-204-5p, miR-222-3p, miR-375 and miR-551b-
3p (Table 1).

This panel was trained using 240 well-charac-
terized, surgically resected, benign or malignant
thyroid lesions. A validation set of 54 indepen-
dent resected thyroid tissues and 235 preopera-
tive thyroid FNAs was then used for threshold
optimization (16). Based on this study, Interpace
Diagnostic claims a Negative Predictive Value
of 94%, a Positive Predictive value of 74% and
a reduction of 85% of unnecessary surgeries.
Interpace Diagnostic is CLIA certified and CAP ac-
credited, but both tests are not FDA approved.
Availability of ThyraMIR® through Labcorp, was
announced on January 12, 2016. Interpace also
received Medicare coverage in 2016 covering
over 50 million patients across the United States.
Most recently, in November 2018, the Blue
Cross Blue Shield and the U.S. Federal Employee
Health Benefit Program have agreed to include
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Companies Product Targeted miR | Disease type Dev:rl‘c;zr:ent Reference
miR-29b-1-5p,
miR-31-5p,
miR-138-1-3p,
miR-139-5p Thyroid and
Interpace | MR/ | miR-146b-5p pancreatic thygenext-
Di i ’ Availabl
Efunr(;Ste]iS/ ThyGENX miR-155, cancer VElEIE thyramir.com
g miR-204-5p,
miR-222-3p,
miR-375 and
miR-551b-3p
GRosetFa Identify rosettagenomic
eno_m_lcs/ miRview mets| miRNA library tumor origin Available -com
Precision of cancer )
Therapeutics oncotest.co.il
Genoptix Reveal miRNA library Thyroid Available genoptix.com
TAmiRNA OsteomiR Pangl of 19 Osteoporosis Available tamirna.com
mMiRNAs
TAmMIiRNA | ThrombomiR Pangl of 11 Carfjlovasc. Available -
miRNAs Disease
Hummingbird Panels Multiple Pre-Clinical & | hummingbird-
Diagnostics i (unknown) [EREE, Phase 1 diagnostics.com
g brain, heart) g '
CogniMIR | Panel (unknown) Alzheimer
DiamiR Phase 1 diamirbio.com
Others Panel (unknown) | Brain diseases
Mirnext S Heart failure | Development | hmirnext.com
423-5p
Quanterix/
DestiNA Simoa miR-122 Liver toxicity Pre-Clinical quanterix.com
Genomics

Page 119

eJIFCC2019Vol3

ONo2ppl114-127


http://thygenext-thyramir.com
http://thygenext-thyramir.com
http://rosettagenomic.com
http://rosettagenomic.com
http://oncotest.co.il
http://genoptix.com
http://tamirna.com
http://hummingbird-diagnostics.com
http://hummingbird-diagnostics.com
http://diamirbio.com
http://hmirnext.com
http://quanterix.com

Bonneau E., Neveu B., Kostantin E., Tsongalis G.J., De Guire V.
How close are miRNAs from clinical practice? A perspective on the diagnostic and therapeutic market

the ThyGeNEXT®/ThyraMIR® combined tests for
their 5.3 million beneficiaries.

Hummingbird Diagnostics (formerly known as
Comprehensive Biomarker Center) was found-
ed in 1998 in Heindelberg, Germany, and has
now extended to Boston, Massachusetts, in
the United States. Operating as a subsidiary of
Febit Holding, this company is hands-on in the
development of novel miRNA signatures in lig-
uid biopsies for early detection of various dis-
eases, ranging from cancer (Non-small-cell lung
carcinoma, melanoma, breast cancer), to neu-
rodegenerative (multiple sclerosis, Alzheimer,
Parkinson), cardiovascular (acute myocardial
infarction and heart failure) and inflammatory
bowel disease (19-21). With its DIN EN ISO/IEC
17025:2005 accreditations for RNA (including
miRNA) extraction and microarray services
(Agilent Certified Service Provider), the com-
pany profiled more than 7,000 disease-related
body fluid samples so far. The bioinformatics
and statistical processing of those large expres-
sion data led to the identification of multiple dis-
ease-related miRNA panels (Table 1). Although
none of these are currently commercially avail-
able, Hummingbird Diagnostics has 17 granted
patents in the field of whole blood expression
profiling. The clinical validation of their miRNA
signatures for early diagnostic use are ongoing
with the funding received through their partici-
pation in three European FP7-funded consortia
(BestAgeing, RiskyCAD and EURenOmics).

Applications in age-related diseases

DiamiR is located in Monmouth Junction, New
Jersey and published their first article describing
the use of miRNA biomarkers in mild cognitive
impairmentin 2012 (22). DiamiR have since pub-
lished several articles with a similar scope, which
is the use of miRNA as markers of neurodegen-
erative and neurodevelopmental disorders (23-
25). This work was funded in part by the Michael
J. Fox Foundation for Parkinson’s Research and

through a Small Business Innovation Research
(SBIR) phase Il grant of $1.5M from the National
Institute on Aging (NIA) of the National Institutes
of Health (NIH) in 2014 and 2015. More recent-
ly, in March 2017, the NIA of the NIH awarded
DiamiR another SBIR Phase IIB grant of $2.75M
over three years to further support the develop-
ment of their branded lead product, CogniMIR™
(Table 1). CogniMIR™ is currently in clinical trial
testing for early detection of Alzheimer’s dis-
ease at the presymptomatic, mild cognitive im-
pairment and dementia stages. Using different
brain-derived miRNA signatures, DiamiR also
expects to test for Parkinson’s disease, fronto-
temporal degeneration, and amyotrophic lat-
eral sclerosis. However, those products are still
in the validation process.

TAmiRNA is another European leader in miRNA
diagnostics that was founded in 2013 as a spinoff
of two Austrian companies, BOKU and Evercyte.
This R&D company develops and offers validat-
ed microRNAs panels as additional tools for the
diagnostic of age-related disorders. Funded by
AWS Seedfinancing and EU Horizon2020 pro-
grams, TAmiRNA demonstrated the clinical util-
ity of their licensed miRNAs as biomarkers in os-
teoporosis (26). OsteomiR™ is their lead product
intended to provide the risk of a first fracture in
female patients with postmenopausal osteopo-
rosis and type-2 diabetes (27-29). The integra-
tion of the expression level of 19 blood-circulat-
ing mMiRNAs gives a calculated fracture-risk index
that could be used for preventive therapy and
treatment follow-up. Similarly, TAmiRNA also
proposes the ThrombomiR™ panel (11 miRNAs)
to assess platelet function and the ToxomiR™
panel (19 miRNAs) to evaluate the toxicity oc-
curring in various tissues (Table 1). Kits based
on primer-coated gPCR plates can be either
purchased (except ToxomiR™) or samples can
be directly processed by TAMiRNA, from extrac-
tion to data analysis. By starting a partnership
agreement with SimplicityBio in February 2017,
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development of additional miRNA panels are
expected. The Swiss-based bioinformatics com-
pany has a robust in silico biomarker identifica-
tion pipeline that could accelerate TAMiRNA's
main goal in offering advanced miRNA markers
for the diagnosis and prognosis of age-related
disorders.

Applications in cardiac function
and liver toxicity

Mirnext is a Dutch biomedical company based in
Amsterdam that is interested in the diagnostic
potential of miRNAs. It was established in 2014
as a new entity of ACS Biomarker, which was
built on the Galectin-3 biomarker of heart fail-
ure (30, 31), now out-licensed to BG Medicine
and available in clinics. Mirnext is currently fi-
nanced through Life Sciences Fund Amsterdam
and Limburg Ventures, two venture capital
investors of The Netherlands. Similar to ACS
Biomarker, Mirnext’s main goal is to identify and
commercialize biomarkers in the cardiovascular
field but with full dedication towards miRNAs.
Their high-throughput, disease-based miRNA
profiling identified, among others, miR423-5p
as a useful marker of heart failure (32). Together
with other clinically relevant miRNAs, Mirnext
pursued their validation in large patient cohorts
with different cardiovascular diseases includ-
ing heart failure, coronary artery disease and
myocardial infarction. Thus, their miRNA panel
integrates many different disease mechanisms
useful for the identification and stratification of
those pathologies. In addition to the diagnosis
of heart diseases, Mirnext is aiming to evalu-
ate cardiovascular risk profiles (mortality, hos-
pitalization) of the individuals tested as part of
their multi-marker heart failure test. A single
test is expected to provide the clinician exten-
sive information on the patient’s cardiovascular
health to initiate targeted treatments. At the
time of this writing, we were unable to access
the company’s website.

Quanterix (NASDAQ QTRX) is a biotech compa-
ny founded in 2007 in Lexington, Massachusett.
Through the development of their ultra-sensitive
digital biomarker detection technology Simoa®,
Quanterix provides healthcare researchers the
ability to investigate the continuum of disease
progression. In March 2018, they announced
a collaborative effort with DestiNA Genomics
to enhance RNA biomarker detection. DestiNA
was founded in 2010 in Edinburgh, United
Kingdom, where they developed and patented
aunique PCR-free, chemical-based technology
for the detection and quantification of nucleic
acids such as miRNAs, without prior isolation
from serum or plasma (33, 34). This highly-
specific nucleic acid detection combined to the
ultra-sensitive Simoa® system provides a solid
support for disease-related miRNA biomarker
testing. Accordingly, the collaboration’s first ini-
tiative was focused on miR-122 as a liver toxicity
marker (35, 36). They demonstrated that their
assay detects miR-122 earlier and outperforms
the current protein-based biomarkers in specifi-
cally detecting and quantifying liver toxicity.

miRNA-BASED THERAPEUTICS

Several pharmaceutical and biotech companies
have launched miRNA projects in their develop-
ment pipeline (Table 2). Companies are mainly
working on two types of products; miRNA mimics
and antagomiRs. The miRNA mimics are used
to re-establish the concentration of a specific
miRNA suppressed by the evolution of a giv-
en pathology (37, 38). Inversely, antagomiRs
are used to suppress the function of specific
miRNAs overexpressed and mechanistically in-
volved in a disease (37, 38). In order to allow
the development of miRNA therapeutics, sci-
entists must address two main challenges: the
stability and delivery. First, RNA molecules are
quite unstable because of their 2’-OH chemi-
cal group (39). Therefore, several companies,
such as Dharmacon, BioSyn and GenScript, can
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Companies Product Targ.eted Disease Development Reference
miR type phase
Roche/Santaris | Miravirsen miR-122 HCV Phase 2 roche.com
RG-101 miR-122 HCV Phase 2 (hold)
Regulus- RG-012 miR-21 AL Phase 1 regulusrx.com
Therapeutics syndrome
miR-
RG-125 103/107 NASH Phase 1
MRG-201 miR-29b Fibrosis Phase 2
MRG-106 miR-155 LymphomaT Phase 1 and
MiRagen and leukemia Phase 2 miragentherapeutics
Therapeutics .com
MRG-107 miR-155 ALS Pre-Clinical
MRG-110 miR-92 Ischemia Phase 1
ENGenelC Mesomir miR-16 Mesothelioma Phase 2 engeneic.com
Abivax ABX464 miR-124 IBD Phase 2 abivax.com
Synlogic Screening synlogictx.com
Opko Screening opko.com
Al Screenin alnylam.com
Pharmaceuticals g ylam.

Interna Screenin interna-
Technologies g technologies.com
Mello Biotech Screening mellobiotech.com

produce natural and chemically modified RNA of these RNAs to the desired site of action

(2’-O-methyl; 2’-OMe, locked nucleic acid; LNA, (39). Therapeutic application requires the cor-

of 2’-fluor; 2’-F, phosphorothioate; PS) to stabi- rect delivery of the RNAs to the targeted organs

lize and reduce the high reactivity of RNA mole- in order to maintain adequate treatment speci-

cules. The other major challenge is the delivery ficity. When a treatment requires a systemic
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delivery through intra-venous injection, the de-
livery strategies are either passive or active (40,
41). The passive strategy utilizes the tendency of
several organs, like the liver, the spleen and the
lymph nodes to internalize accumulated parti-
cles. Using this non-specific approach, designed
nanoparticles or liposome-like particles incorpo-
rating RNAs can be targeted to these organs (40,
41). Inversely, the active strategies combine the
RNA or the particle with a specific molecule that
will bind to the cells of interest and will be endo-
cytosed (40, 41). These structural and delivery
challenges, albeit being constantly addressed by
new design strategies, still complicate the devel-
opment of miRNA therapeutics.

Applications in liver disease

Among the most advanced products, there is
Miravirsen (or SPC3649), an antagomiR target-
ing miR-122. Santaris Pharma initially devel-
oped this drug candidate before Roche acquired
the company in 2014 to expand its RNA thera-
peutic research and development department
(Table 2). Miravirsen is a locked nucleic acid
(LNA) containing phosphorothioate modifica-
tions. MiR-122, is known to be essential in the
life cycle of hepatitis C virus (HCV) expressed in
the liver (42, 43). Reducing the activity of miR-
122 in the context of HCV infection is impor-
tant. In fact, miR-122 is a host factor that binds
to the 5’-UTR region of the HCV genome and
enhances its transcription (43, 44). In phase 1
clinical trials, some patients who received high
doses of Miravirsen in monotherapy resulted in
undetectable HCV RNA levels (43, 44). Because
Miravirsen is a modified RNA (LNA and phos-
phorothioate), it naturally accumulates in the
liver and does not require special delivery strat-
egy. Miravirsen is currently undergoing multiple
phase 2 clinical trials.

Another product was developed to target
miR-122, RG-101, and is produced by Regulus
Therapeutics (NASDAQ: RGLS) in collaboration

with lonis Pharmaceuticals and GSK (Table 2). RG-
101 is an N-acetyl-D-galactosamine- conjugated
RNA antagomiR that also targets miR-122 in
HCV infected hepatocytes (45). RG-101, like
Miravirsen, shows considerable efficacy with
patients displaying undetectable HCV RNA lev-
els (45). However, some serious adverse events
of severe jaundice were recently declared in
a clinical trial and the FDA put the studies on
hold until the situation is clarified. It is worth
mentioning that Regulus was also working on
RG-125 (also described as AZD4076), an an-
tagomiR targeting miR-103/107, in phase 1 clin-
ical trial for treatment of nonalcoholic steato-
hepatitis (NASH; Identifier NCT02612662 and
NCT02826525) as well as RGLS5040, an anti-
miR-27 aiming to reduce cholestatic diseases.
However, development of these latter two were
recently suspended.

Applications in fibrotic disease

Regulus has also worked with Genzyme (Sanofi)
to test the efficacy of RG-012, an antagomiR
against miR-21, which reduces the fibrogenesis
of organs associated with Alport syndrome (46).
Thisis an X-linked disease and is characterized by
kidney disease, hearing loss and visual impair-
ment caused by mutations of the genes encod-
ing type-1V collagen (47). The use of a modified
single-stranded antagomiR with phosphorothio-
ate, 2’-O-methoxyethoxy and constrained ethyl
modifications showed an important improve-
ment in the survival of a Alport mouse model
with a reduction of kidney disease progression
(46). Despite interesting results, the phase 1
clinical trial of RG-012 has recently been discon-
tinued mid-2018 because of the reorganization
between Regulus and Sanofi (Clinical trial identi-
fier NCT03373786).

Another promising company is MiRagen Thera-
peutics (NASDAQ: MGEN), based in Boulder,
Colorado. First, the company developed MRG-
201, also known as Remlarsen, a miRNA mimic
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that aims to restore the levels of miR-29b, which
is a negative regulator of the extracellular matrix
deposition processes. The miR-29 family (miR-
29a/b/c) is constantly downregulated in fibrotic
diseases. MRG-201 is an LNA RNA mimic that
is administered by intradermal injection and
the phase 2 clinical trial is currently underway
(Identifier: NCT03601052). Remlarsen could vir-
tually be used for the treatment or prevention
of pathological cutaneous fibrosis, as well as of
other fibrotic diseases, including idiopathic pul-
monary fibrosis (48).

Applications in cancer

While some companies are having great suc-
cesses, others struggle to positively impact pa-
tient outcomes. This was the case of MiRNA
Therapeutics (NASDAQ: MIRN) and a miRNA
mimic, MRX34. MiR-34, is a well characterized
tumor suppressor downregulated in a broad
range of cancers (49-51). MRX34 was delivered
as a double stranded RNA encapsulated into a
liposome-formulated nanoparticle. Preclinical
studies were promising when used in several
cancer types such as renal cell carcinoma, acral
melanoma and hepatocellular carcinoma (52).
However, the FDA halted their phase 1 clinical
trial when many immune-related serious ad-
verse events leading to death were registered.
It reached a point where MiRNA Therapeutics
reduced its staff before Synlogic Inc (NASDAQ:
SYBX) finally acquired it in 2017.

MiRagen Therapeutics is actively developing
MRG-106, also known as Cobomarsen, an LNA
antagomiR that targets miR-155. This miRNA is
involved in the differentiation and proliferation
of blood and lymphoid cells. Cobormarsen is
actually involved in phase 1 trials (Identifier
NCT02580552) and phase 2 clinical trials
(Identifier NCT03713320), with the goal of
treating certain types of lymphoma and leu-
kemia (53). Similarly, MRG-107 also targets
miR-155 to alleviate symptoms associated with

amyotrophic lateral sclerosis (ALS) but has not
yet entered clinical trials. In an ever-growing
pipeline, they also work on MRG-110 in col-
laboration with Servier. This LNA antagomiR
targets miR-92 in order to treat ischemic con-
ditions such as heart failure (48). Its phase 1
clinical trial is currently recruiting (Identifier
NCT03603431).

Pharmaceutical and biotech companies are
heavily engaged in developing successful prod-
ucts and RNA biologics are closer than ever to
entering the market. Another indicator of this
effervescence is the acquisition of RNA-based
companies by pharmaceuticals giants. Santaris
Pharma was acquired by Roche in 2014, SiRNA
Therapeutics by Merck in 2007, followed by
the acquisition of this division by Alnylam
Pharmaceuticals in 2014, and more recently
MiIRNA Therapeutics by Synlogic Inc. However,
even more companies are currently testing new
miRNA therapeutics. For example, ENGenelC is
currently designing and producing Mesomir, a
miRNA mimic that aims to replace miR-16, a tu-
mor suppressor that is reduced in cases of can-
cer, such as malignant pleural mesothelioma
(54). It successfully completed phase 1 clinical
trial and will soon start phase 2 (55). On an-
other hand, Abivax produces ABX464, a small
molecular compound that triggers the increase
of miR-124 to reduce the symptoms of inflam-
matory bowel disease for patients refractory to
anti-TNF biologics and corticosteroids. It is cur-
rently in preparation for a phase 2b clinical trial
for ulcerative colitis and phase 2a for Crohn’s
disease.

Finally, a multitude of companies work in pre-
clinical and large screening studies to identify
potential biologic miRNA such as Opko with
their CURNA program, Alnylam Pharmaceuticals,
Interna Technologies and Mello Biotech. These
companies could therefore increase, in the next
several years, the number of miRNA therapeutics
being tested or entering the market.
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CONCLUSION

Enthusiasm, promise and hope are evident in
the miRNA industry. As described, multiple com-
panies are dedicating significant efforts and re-
sources to develop miRNA-based products. The
diagnostic field is definitely the most advanced
with some miRNA panels already offered to cli-
nicians and covered by major insurance com-
panies. However, considering the thousands of
publications in this area, miRNAs as diagnostic
products can still be considered in their infancy.
On the therapeutic side, despite the potentials,
the miRNA-based therapeutic breakthroughs
have not arrived yet. Recently, an analytical
model based on technological growth metrics
showed that miRNAs still require time to reach
the maturity point needed to yield a significant
number of products that could enter the mar-
ket (56). For this reason, most of the technolo-
gies discussed are currently in clinical trials.

The development and commercialization of
new diagnostic and therapeutic tools is defi-
nitely a long process. Considering the first evi-
dence of the involvement of miRNA in human
disease in 2002 and the first detection of miR-
NAs in blood in 2008, only a decade later, tre-
mendous progress and effort has been made to
bring these small RNAs from the bench to the
bedside (57, 58).
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ABSTRACT

Sepsis is a life-threating condition with dysregulated
systemic host response to microbial pathogens leading
to disproportionate inflammatory response and multi-
organ failure. Various biomarkers are available for
the diagnosis and prognosis of sepsis; however, these
laboratory parameters may show limitations in these
severe clinical conditions. MicroRNAs (miRNA) are
single-stranded non-coding RNAs with the function
of post-transcriptional gene silencing. They normally
control numerous intracellular events, such as signal-
ing cascade downstream of Toll-like receptors (TLRs)
to avoid excessive inflammation after infection. In con-
trast, abnormal miRNA expression contributes to the
development of sepsis correlating with its clinical fea-
tures and outcomes. Based on recent clinical studies
altered levels of circulating miRNAs can act as poten-
tial diagnostic and prognostic biomarkers in sepsis. In
this review, we summarized the available data about
TLR-mediated inflammatory signaling with its intracel-
lular response in immune cells and platelets upon sep-
sis, which are, at least in part, under the regulation of
miRNAs. Furthermore, the role of circulating miRNAs
is also described as potential laboratory biomarkers in
sepsis.
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INTRODUCTION

Sepsis is a life-threating condition with dys-
regulated systemic host response to microbial
pathogens defined by the Third International
Consensus Task Force (Sepsis-3), while septic
shock is a subset of sepsis with circulatory,
metabolic and cellular abnormalities (1). Based
on the etiology of insults of sepsis, we distin-
guish pathogen-associated molecular patterns
(PAMP) and damage-associated molecular pat-
terns (DAMP) (2). Since similar mediators are
released in both conditions that react with Toll-
like receptors (TLRs), they inflict similar exces-
sive inflammatory response (2). Sepsis still re-
sults in about 17% mortality due to multiorgan
failure (3), which is caused by delayed diagnosis
and treatment of patients as well as the inappro-
priate administration of broad spectrum antibi-
otics that contributes to the development of an-
tibiotic resistance (4). Several clinical trials have
aimed to test a large number of biomarkers for
the early diagnosis of sepsis (5). Currently, FDA-
(Food and Drug Administration, USA) approved
procalcitonin (PCT) can effectively differenti-
ate culture-negative and culture-positive sepsis
from non-infectious systemic inflammatory re-
sponse syndrome (SIRS) (6). In addition, several
other diagnostic and prognostic biomarkers are
available in sepsis, such as C-reactive protein
(CRP) (7), serum lactate (8), and interleukin-6
(IL-6) (9). However, these parameters may be
elevated in non-septic conditions as well (10).

MicroRNAs (miRNA) are evolutionarily con-
served, single-stranded, non-coding RNAs of
20-25 nucleotides in length with the function of
post-transcriptional gene silencing via decreas-
ing messenger RNA (mRNA) levels to fine tune
protein expression or via degradation of mRNA
to inhibit translation (11). Each miRNA target
hundreds of mRNAs, and each mRNA is under
the control of several miRNAs. Among physiolog-
ical conditions, miRNAs with a dynamic nature,

tightly control intracellular processes to main-
tain homeostasis (11). For example, miRNAs are
the fine-tuners of signaling downstream of TLRs
to avoid excessive inflammation after infection
(12). On the other hand, they have been impli-
cated in the development of various human dis-
eases, such as cardiovascular, autoimmune and
malignant disorders (13-15). miRNAs secreted
from the cells and their presence in plasma/
serum denote the role of circulating (cell-free)
miRNAs in pathogenesis (16). Although immune
response is predominantly controlled at the
transcriptional level, miRNA-mediated RNA in-
terference operates at the translation level (17).
Consequently, dysregulated intracellular and
circulating miRNA expression has been corre-
lated with the clinical features of SIRS (18), criti-
cally ill polytrauma (19), and sepsis (20-22). The
function of miRNAs in the regulation of immune
response and development of sepsis seems to
be critical (23, 24), thus a better understanding
of these mechanisms may result in improved
diagnostic and therapeutic strategies in sepsis.
In this review, we focus on TLR4-mediated in-
flammatory signaling with subsequent cellular
events in immune cells and platelets upon sep-
sis, which are, at least in part, under the regula-
tion of miRNAs. Furthermore, the role of circu-
lating miRNAs is also summarized as potential
diagnostic and prognostic biomarkers in sepsis.

BIOGENESIS AND RELEASE OF miRNAS

As the first step, primary miRNAs (pri-miRNAs)
are usually transcribed by the function of RNA
polymerase Il in the cell nucleus (25). Pri-
miRNAs are then processed into 70 bp “hairpin”
miRNA precursors (pre-miRNAs) by to the endo-
nuclease activity of Drosha (26). This reaction
is catalyzed by the DiGeorge Syndrome Critical
Region 8 (DGCR8) complex. Pre-miRNAs bind to
the Exportin-5 transporter protein, which shifts
them from the nucleus into the cytoplasm.
Ribonuclease (RNAse) lll called Dicer further
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Figure 1 Key steps in miRNA biogenesis*
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*miRNAs originate from the nucleus as pri-miRNA precursor molecules. They are processed by the RNAse llI-type enzyme,
Drosha, in association with DGCRS, into smaller pre-miRNAs, then exported to cytoplasm, where they are cleaved by Dicer
to their mature form of cc. 22 nucleotides double stranded miRNA. The guide strand of the mature miRNA is incorporated
into RISC, where it binds to target mRNA by partial complementarity with its 3° UTR. This results in decreased mRNA
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levels to fine tune protein expression or mRNA degradation to inhibit translation. Mature miRNAs with pre-miRNAs can
be released from the cells into microvesicles, exosomes, or circulate in a free form bound to Ago2 or HDL.

Abbreviations: Pol Il (RNA polymerase 1l), DGCR8 (DiGeorge Syndrome Critical Region 8), RISC (RNA-induced silencing
complex), TRBP (transactivation-responsive RNA-binding protein), Ago2 (Argonaute-2), UTR (untranslated region),

pre-miRNA (precursor miRNA).

processes pre-miRNAs into mature miRNA du-
plexes (27). The RNA-induced silencing complex
(RISC) is formed by TRBP (transactivation-re-
sponsive RNA-binding protein), Dicer and Ago2
(Argonaute-2) proteins, which guides miRNAs
to post-transcriptionally regulate mRNAs by
binding to their 3’ untranslated region (UTR). In
humans, they fine tune protein expression rath-
er than inhibit it (11). The main steps of miRNA
maturation are depicted in Figure 1.

mMiRNAs can be released in several ways from
parent cells into the plasma and remain stable
in the circulation (28). They are highly resistant
to endo- and exogenous RNase activity, exces-
sive pH and temperature conditions (29). These
characteristics are partly achieved by trans-
port within exosomes and microvesicles, or
being carried by RNA-binding protein, such as
Ago2 protein or high-density lipoprotein (28).
Microvesicles are generated by the budding of
the plasma membrane and transfer functional
miRNAs and also pre-miRNAs to target cells
(Figure 1). These “RNA vectors” can alter cel-
lular functions and induce biological responses
(30). Cell-free miRNAs have been detected in
various body fluids, such as plasma, serum,
urine or saliva (31).

SIGNALING PATHWAY INVOLVED
IN TLR4 ACTIVATION IN IMMUNE CELLS

Stimulation of TLRs induces the activation of
NF-kB (nuclear factor kappa B) and MAPK (mito-
gen activated protein kinase) pathway causing
the production of proinflammatory cytokines
in macrophages and monocytes during the de-
velopment of sepsis (32). Ten human subtypes
of TLRs (TLR1-TLR10) are known to exist (33).
These receptors become functional by diverse

stimuli (e.g. TLR2 is activated by peptidoglycan
of Gram-positive bacteria), and are localized in
various cellular compartments, such as TLR2
and TLR4 are present on the cell surface, while
TLR3 and TLR7-TLR9 sensing nucleotide deriva-
tives, are located in the membrane of intracel-
lular vesicles (33). One of the most character-
ized receptor in sepsis is TLR4 with agonist of
lipopolysaccharide (LPS) of Gram-negative bac-
teria. Signaling pathway downstream of TLR4
has been investigated in detail (34). Briefly, af-
ter recognition of LPS, TLR4 recruits the myeloid
differentiation primary response protein 88
(MyD88). MyD88 then recruits IL-1R-associated
kinases (IRAK4, IRAK1 and IRAK2) that activate
and ubiquitinylate TNFR-associated factor 6
(TRAF6). Due to the subsequent ubiquitination
of TAK1-binding protein 2 (TAB2), TAK1 becomes
activated. These events lead to the activation of
the inhibitor of NF-kB kinase (IKK) complex con-
sisting of IKK-a, IKK-B and NF-«kB essential mod-
ulator (NEMO, or IKK-y), which phosphorylates
IkBa and thereby releases NF-kB transcription
factor containing p50 and p65 for translocation
to the nucleus. This allows the transcription of
proinflammatory genes, such as /L6 and TNF-«
(34). Figure 2 depicts the major signaling events
of TLR4-induced MyD88-dependent signaling
with the inhibitory effect of miRNAs against dif-
ferent components of this pathway (described
below) (Figure 2).

In parallel, MyD88-independent TLR4 signaling
is also induced upon infection causing produc-
tion of type | interferons (35). This pathway is
also under a broad regulation of miRNAs (36).
Although it is evident that deregulated TLR4-
induced NF-kB inflammatory response is pre-
dominantly involved in sepsis, administration of
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Figure 2  TLR4-mediated signaling with the normal inhibitory function of miRNAs*
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*Figure 2 - Legend:

Intracellular miRNAs are expressed as a consequence of TLR4-induced signaling cascade to regulate the expression and
function of signaling cascade components and that of induced proinflammatory proteins in the immune cells upon infection.
Abbreviations: TLR4 (Toll-like receptor 4), NF-kB (nuclear factor kappa B), MyD88 (myeloid differentiation primary response
protein 88), IRAK (IL-1R-associated kinase), TRAF6 (TNFR-associated factor 6), TAB2 (TAK1-binding protein 2), IKK (inhibitor

of NF-kB kinase), NEMO (NF-kB essential modulator).

different anti-inflammatory drugs, such as
TNF-a antagonist (37) or corticosteroids (38) re-
sulted in only a moderate improvement in sepsis
therapy suggesting that other regulatory factors
may be also associated with sepsis.

TLR4-MEDIATED PLATELET ACTIVATION
AND MEGAKARYOCYTE FUNCTION

Most TLR members are expressed on platelets
and megakaryocytes (39). Hence, platelets par-
ticipate in amplified inflammatory and immune
response, and TLR2 and TLR4 can vastly contrib-
ute to sepsis related thrombotic complications.
TLR-induced platelet activation causes platelet
adhesion, aggregation, heterotypic aggregates
formation, expression and release of proin-
flammatory cytokines and thrombin genera-
tion (39). Of note, platelets express TLR4, but
not CD14, thus a low amount of soluble CD14
is required to initiate LPS-mediated platelet
response (40). Upon infection, platelet activa-
tion is not directly induced by LPS via TLR4, but
it is primed after stimulation elicited by other
platelet agonists (41). As a result, release of
soluble CD40L and platelet factor-4 is increased
without higher P-selectin expression (42). Our
group previously demonstrated that the rough
form of LPS from S. minnesota induced platelet
CD40L expression with elevated microparticle
levels and potentiated platelet aggregation at
low concentration of thrombin receptor activat-
ing peptide, however, P-selectin positivity was
not enhanced (43). Septic patients frequently
show increased platelet activation that may
turn into severe thrombocytopenia because
of neutrophil-dependent sequestration of acti-
vated platelets into lungs in a TLR4-dependent

fashion (44). Moreover, platelet TLR4 is involved
in TNF-a production after LPS administration
(45), induces platelet binding to neutrophils
causing formation of neutrophil extracellular
nets (46), and propagates the splicing of unpro-
cessed IL-1B and tissue factor to be translated
in platelets (47, 48). Interestingly, low concen-
tration of LPS (without induced systemic TNF-a
production) caused platelet activation with
enhanced platelet clearance and production
increasing the thrombotic risk, while high LPS
levels resulted in altered platelet reactivity not
merely due to TLR4 function (49). Hence, plate-
lets with TLR4 act at the crossroads of sepsis
linking inflammation with coagulation abnor-
malities via propagation of thrombin generation
(50) and expression and secretion of proinflam-
matory cytokine (47).

The molecular machinery of TLR4-mediated
signaling in platelets is not fully elucidated as
yet. TLR4 can trigger platelet activation via dif-
ferent signaling molecules. TLR4 interacts with
MyD88 and TIR domain containing adaptor pro-
tein (TIRAP), and downstream proteins IRAK1,
IRAK4 and TRAF6 are activated resulting in JUN
N-terminal kinase (JNK) and PI3K/Akt pathway
activation (51). MyD88 also forms complex with
guanylyl cyclase (GC) causing cGMP protein ki-
nase (PKG) activation and ERK phosphorylation
(52). Additionally, platelets contain an intact,
functional, and complete NF-kB pathway with
non-genomic functions that becomes phos-
phorylated upon platelet stimulation (53, 54).
Recently, the TLR4-PI3K-Akt-ERK-cPLA2-TXA2
pathway has been described during platelet ac-
tivation (55). Figure 3 demonstrates the key in-
tracellular elements of TLR4-induced signaling
in platelets (Figure 3).
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Figure 3 Signaling pathway downstream of TLR4 receptor in platelets
with related cellular events and their regulatory miRNAs*
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*TLR4-induced platelet activation initiates different signaling cascades causing:

i) guanylyl cyclase (GC) activation causing cGMP protein kinase (PKG) activation and ERK phosphorylation;

ii) NF-kB pathway activation with ERK phosphorylation; and

iii) PI3K-Akt-ERK-cPLA2-TXA2 pathway activation.

These signaling events lead to the enhanced expression/function of a, 8, receptor, ADP receptor P2Y12, and P-selectin,
as well as regulation of granule secretion.
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TLR4 is also involved in the regulation of plate-
let production. Expression of TLR4 was observed
in human megakaryoblastic leukemia cell line
MEG-01 (56), and also in human megakaryo-
cytes in patients with myelodysplasia (57).
TLR4 was elevated during maturation of mu-
rine megakaryocytes showing higher CD41 ex-
pression (44). TLR4-deficient mice showed de-
creased platelet count, turnover with lower RNA
content and less responsiveness to thrombin-
activated expression of P-selectin compared to
wild type littermates (58).

In low-grade endotoxemia, platelet turnover
often increases, which causes a larger num-
ber of newly formed, more active platelets
(59). These platelets carry higher and altered
RNA levels being more prone to produce pro-
teins and to participate in thrombus formation
compared to older platelets (60). This phenom-
enon was supported by a former animal model
when megakaryocytes produced platelets with
altered mRNA profile within 24 hours in septic
mice and these platelets mediated lymphotox-
icity via granzyme B (61). Accordingly, TLR4-
induced signaling can modulate thrombopoi-
esis as well.

ALTERED LEVEL OF miRNAs BY TLR4
SIGNALING IN IMMUNE CELLS

TLR4-mediated signaling enables to modulate
miRNA expression. Several miRNAs are up-reg-
ulated following LPS stimulation, such as miR-
155, miR-146a, miR-21, miR-223, miR-9 and let-
7e, etc. in monocytes and macrophages. Among
them, there are subtypes with early (e.g. miR-
155) and late (e.g. miR-21) response in expres-
sion, but these all are NF-kB-dependent.

On the other hand, some miRNAs are down-
regulated (e.g. miR-125b and let-7i) due to TLR
signaling via transcriptional repression or desta-
bilization of miRNA transcripts (12).

REGULATION OF TLR4-MEDIATED
SIGNALING CASCADE
BY miRNAs IN SEPSIS

miRNAs have been implicated as an important
link between the innate and adaptive immune
systems, and their dysregulation might have a
role in the pathogenesis of inflammatory dis-
eases (12). miRNAs directly target signaling pro-
teins and control NF-kB activity in immune cells,
thus have been identified as novel regulators of
immune system (12, 62). Figure 2 depicts those
key cellular miRNAs, which negatively regulate
the components of TLR4-induced NF-kB sig-
naling pathway (Figure 2). TLR4 expression is
highly restricted to immune cell types, such as
macrophages, dendritic cells, T- and B-cells. The
expression of receptor is regulated by let-7 fam-
ily. As such, overexpression of let-7i resulted in
reduced level of TLR4 in human cholangiocytes
(63), while transfection of antisense miRNA to
let-7e in macrophages caused enhanced LPS-
induced cytokine response via higher expression
of TLR4 (64). MiR-146b also targets TLR4 based
on luciferase reporter assays of HEK293 cells
when there was decreased activity of reporter
genes containing the 3’-UTR of TLR4 when miR-
146b was transfected (65). In addition, myeloid-
specific miR-223, which has an important role in
granulopoiesis (66), is also a regulator of TLR4
(67) (Figure 2). Based on these results, miRNAs
can tone down TLR4 expression.

Signaling molecules downstream of TLR4 func-
tion under the control of miRNAs. Expression
of MyD88 protein is affected by miR-200b and
miR-200c (68). Furthermore, miR-149 negative-
ly regulated MyD88 protein levels in RAW264.7
cells when lentiviral vector expressing miR-149
was transfected (69). Overexpression of miR-
203 resulted in significantly repressed trans-
lation of MyD88 in macrophages (70). Finally,
miR-155 decreased MyD88 expression at pro-
tein but not mRNA level suggesting that the
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miR-155-mediated inhibition is a post-tran-
scriptional event in HEK293 cells (71). MiR-
146 family negatively regulates the translation
of IRAK1 and TRAF6. Taganov et al. reported
for the first time that there are miRNAs which
are up-regulated by TLR signaling, and in turn,
miR-146a and miR-146b were found to sup-
press IRAK1 and TRAF6 (72). This role of miR-
146b was later confirmed by others (65). The
IKK complex is essential for NF-kB activation.
Decreased levels of miR-15a, miR-16 and miR-
223 were detected with elevated IKK-a levels
when human monocytes were differentiated
with granulocyte-monocyte colony stimulat-
ing factor (73). IKK-B has complementary se-
guences for miR-199a and the transfection of
this miRNA caused reduced IKK-B level studied
in ovarian cancer cells (74).

Similarly, a direct regulatory association be-
tween miR-126 and IkBa was described in HT29
cells (75) (Figure 2).

Via targeting transcription factors along TLR4
pathway, miRNAs can have a global impact on
TLR4-induced gene expression (76). miRNAs in-
duced by a particular signaling can inhibit the
transcription factor, which is necessary for its ex-
pression. For example, elevated level of miR-155
feeds back and targets FOXP3 to decrease its ex-
pression (77). NFKB1 that is cleaved to form the
NF-kB subunit p50, was shown to be targeted by
miR-9 in human monocytes and neutrophils (78)
(Figure 2).

TLR4-mediated NF-kB activation causes exces-
sive production of proinflammatory cytokines,
e.g. TNF-a and IL-6. Expression of these cyto-
kines is directly targeted by miRNAs as well.
The repressive effect of miR-579, miR-221, and
miR-125 was studied on TNF-a during LPS tol-
erance in THP-1 cells (79). In addition, TNF-a
translation could be also influenced by miR-16
(80) and miR-155 (81). Inflammatory response
mediated by NF-kB rapidly reduced let-7 levels

resulting in higher levels of IL-6 in cancer cells.
As IL-6 activates NF-kB, thereby completes a
positive feedback loop that maintains the epi-
genetic transformed state in the absence of the
inducing signal (82) (Figure 2).

Among TLR4 signaling regulators, acetylcho-
linesterase that blocks NF-kB translocation, is
regulated by miR-132 (83), translation inhibi-
tor PDCD4 is targeted by miR-21 (84), while
negative regulator SHIP1 is a primary target of
miR-155 (85) in macrophages. These two later
miRNAs with these effects can indeed fine tune
TLR4 signaling that can be important for LPS tol-
erance or in the resolution of TLR4-induced re-
sponses (12). Overall, accumulating data above
clearly demonstrate that miRNAs highly control
each level of this very complex machinery of
TLR-mediated signaling in immune cells.

IMPACT OF miRNAs
ON PLATELET FUNCTION

Platelets play an important role in vascular in-
tegrity. They circulate in a resting state and be-
come activated after vessel injury by exposed
collagen and von Willebrand factor to adhere
and aggregate for prevention of bleeding (86).
miRNAs are also carried by platelets due to the
delivery of miRNAs with mRNAs from mega-
karyocyte (87). The fact about functional miR-
NAs in platelets without nucleus was ques-
tioned for a long time, thus it was also obscure
whether platelets are able to produce proteins
de novo when being exposed to different chal-
lenges. Platelet miRNAs have been studied in
relation to the expression of platelet receptors
or other activation-related intracellular pro-
teins (88). As yet, only a few miRNAs have been
proved as regulator of platelet proteins, such
miR-223 regulates ADP receptor P2Y12, intra-
cellular FXIII-A, and integrin B1 expression (89).
P2Y12 receptor is targeted by miR-126 as well (90).
VAMPS8/endobrevin, a critical v-SNARE protein
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involved in platelet granule secretion, is regu-
lated by miR-96 (91), while the expression of
allbB3 receptor is controlled by miR-326, miR-
128, miR-331, miR-500 (92) and miR-130a (93).

Our group has recently reported that miR-26b
and miR-140 could affect SELP (P-selectin) mRNA
level in MEG-01 cells (94). In addition, Nagalla et
al. described miR-200b:PRKAR2B (encoding the
B-regulatory chain of cAMP-dependent protein
kinase type Il, PKA) and miR-495:KLHL5 (encod-
ing a Kelch-like protein that binds actin) interac-
tions in platelets (95) (Figure 3). Of note, these
functions of platelet miRNAs above were not in-
vestigated specifically among septic conditions
as yet.

CIRCULATING miRNAs AS LABORATORY
BIOMARKERS IN SEPSIS

Besides their normal function in the regulation
of gene expression, altered miRNA levels in plas-
ma/serum have been intensively investigated
with regards to their role as possible biomarkers
in different human diseases, also in sepsis (20,
23, 24). Abnormal circulating miRNA levels re-
flected the pathophysiological processes during

Table 1

severe inflammation and bacterial infection,
which was profiled in sepsis mice model using
cecal ligation and puncture (CLP) (96). Cell-free
miRNAs are stable in the circulation, and can be
guantified more rapidly compared to time con-
suming microbial cultures. Hence, plasma or se-
rum miRNAs may serve as potential biomarkers
in the differential diagnosis of sepsis from SIRS,
and may act as prognostic parameters under
treatment (23). We have summarized the re-
sults of previous clinical studies profiling serum
or plasma miRNAs (Table 1), and some key miR-
NAs are further described in detail below.

miR-150

This miRNA was formerly identified as a key reg-
ulator of immune cell differentiation and activa-
tion (17). During the maturation of B- and T-cells,
miR-150 expression is down-regulated. When
LPS was injected into humans, miR-150 levels
went down in leukocytes (92). Since then, sev-
eral trails reported that plasma/serum miR-150
was decreased in patients with sepsis at differ-
ent degree (98, 99). Furthermore, the reduction
of miR-150 showed a strong correlation with
the severity of sepsis and the concentrations

miRNAs Body fluid/ StUd.y Methods Results Reference
sample populations
plasma/blood 24 sepsis vs. . J (sepsis vs.
leukocytes 32 healthy controls ricroarray controls) 98
138 sepsis, J (non-survival vs
serum 85 ICU w/o sepsis vs. | QgRT-PCR . ' 99
survival)
miR-150 76 healthy controls
plasma/blood | 23 sepsis, 22 SIRS, HiSeq J (sepsis vs. SIRS)
. . 100
leukocytes 21 healthy controls | Sequencing | (sepsis vs. controls)
120 sepsis, J (sepsis vs.
JERLE 50 healthy controls ART-PCR controls) 101
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serum 50 sepsis, 30 SIRS, ART-PCR J (s§p5|s vs. SIRS) 105
20 healthy controls (sepsis vs. controls)
plasma 14 sepsis, 14 SIRS gRT-PCR { (sepsis vs. SIRS) 106
miR-146a blood 226 sepsis, RT-PCR J (sepsis vs. 108
leukocytes | 206 healthy controls g controls)
blood 32 sepsis, . J (sepsis vs.
leukocytes 38 healthy controls ricroarray controls) 107
11 . .
7 sepsis su.rvwor, Solexa J (non-survival vs.
serum 97 sepsis . . 111
. Sequencing survival)
non-survivor
serum | ey controls | TR | tortrory | 105
miR-223 Y PSIS V-
137 sepsis, &> (sepsis vs.
RT-PCR 11
Serum 84 healthy controls g ¢ controls) 0
25 neonatal sepsis, U (e s
plasma 25 non-sepsis gRT-PCR P ' 109
controls)
controls
serum 166 sepsis, 32 SIRS, ART-PCR ™ (s.ep5|s vs. SIRS) 113
24 healthy controls (sepsis vs. controls)
46 neonatal sepsis, A (e ve
serum 41 non-sepsis gRT-PCR P ' 114
controls)
controls
miR-15a/16 117 sepsis survivor, TH**
. Solexa .
serum 97 sepsis . (non-survival vs. 111
. Sequencing .
non-survivor survival)
29 sepsis w/ shock, .
hock vs.
plasma 33 sepsis w/o shock, | gRT-PCR 1 (e s ocK Vs 115
sepsis)
32 controls
117 sepsis SRR Solexa N (non-survival vs.
serum 97 sepsis . . 111
. Sequencing survival)
non-survivor
. 54 sepsis w/coagula- .
- D .
miR-122 serum tion disorder (CD), gRT-PCR /Eo(r?—C[S)esF:IZi\S 117
69 sepsis w/o CD P
108 sepsis, 20 N (sepsis vs.
- 11
serum healthy controls ART-PCR controls) 8

* denotes alteration of miR-15a, ** denotes change in miR-16 levels.
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of plasma IL-18 (98). On the other hand, higher
miR-150 correlated with the survival of septic
patients suggesting its reliable prognostic value
(99). Based on a genome-wide sequencing of
cellular miRNAs, miR-150 was able to discrimi-
nate between patients who had SIRS and those
with sepsis (100). Recently, plasma miR-150
was found to be lower than normal that corre-
lated with renal dysfunction and 28-day survival
as well as plasma levels of IL-6 and TNF-a (101).
MiR-150 expression was significantly decreased
in human umbilical vein endothelial cells
(HUVECS) in vitro after LPS treatment, and over-
expression of miR-150 could protect HUVECs
from LPS-induced inflammatory response and
apoptosis targeting NF-kB1 (101). Finally, re-
duced miR-150 level in peripheral leukocytes
correlated with Gram-negative bacterial sepsis
in the urogenital tract (102).

miR-146a and miR-223

MiR-146a has been widely studied in connec-
tion with immune response (72) and chronic
inflammatory disorders (103). In parallel, miR-
223 has been considered to play a key role in
hematopoietic lineage differentiation (66), and
was found to be up-regulated in the mucosa
of colon in inflammatory bowel disease (104).
Wang et al. described for the first time that
there were significantly reduced serum levels
of these miRNAs in septic patients compared
to SIRS individuals and healthy controls (105).
Additionally, the areas under the receiver op-
erating characteristic curve (AUC-ROC) value
was much higher in case of miR-223 (0.858)
and miR-146a (0.804) vs. traditional biomark-
ers |L-6 (0.785) and CRP (0.589) (105). Similarly,
septic subjects demonstrated lower plasma
miR-146a levels than patients with SIRS (106).
The expression of miR-146a was also down-
regulated in blood leukocytes from sepsis (107,
108). Similarly, plasma miR-223 was decreased
in neonatal sepsis vs. non-sepsis controls (109),

while Benz et al. did not find significant differ-
ence in this miRNA level (110). However, when
miR-223 was correlated with the outcome of
sepsis, miR-223 was significantly lower in non-
survivors in contrast to survivors of sepsis (111).
Taken together, these studies suggested that
decreased miR-223 and miR-146a levels were
optimal for diagnosis of sepsis.

miR-15a and miR-16

These miRNAs were originally identified as
tumor suppressors and dysregulated levels of
miR-15a and miR-16 was found in certain solid
tumors, such as in ovarian cancer (112). Since
then, miR-15a and miR-16 were associated
with innate immune system by targeting IkBa
MRNA upstream of NF-kB pathway (73). Both
miRNAs were found to be higher in both sep-
sis and SIRS subjects vs. normal controls (113).
In addition, miR-15a had substantial AUC value
(0.858) for the diagnosis of sepsis compared
CRP (0.572) and PCT (0.605) and showed 94.4%
specificity (113). Up-regulated miR-15a/16 was
reported from the serum of neonatal sepsis pa-
tients, while transfection of miR15a/16 mimics
into RAW264.7 macrophages down-regulated
TLR4 and IRAK-1 in LPS-treated cells (114).
Interestingly, diverse expression was seen in
these miRNAs among survivor and non-survi-
vors, i.e. serum miR-15a was significantly higher
in non-survivors, while miR-16 was lower in this
subgroup (111). Finally, higher level of miR-15a
was associated with the development of sep-
tic shock in contrast to those with sepsis only
(115).

miR-122

Although miR-122 is a liver-related miRNA, and
thus showed elevated levels in liver injury ear-
lier (116), its potential role in the diagnosis and
prognosis of sepsis has been revealed as well.
The level of miR-122 was elevated in sepsis,
and even higher expression was found in those
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who did not survive sepsis (111). Moreover, in-
creased serum miR-122 was correlated to coag-
ulation disorders in sepsis (117). Very recently,
multivariate regression analysis showed that
serum miR-122 was an independent prognostic
factor for 30 day-mortality based on Sepsis-3
criteria (118).

Other miRNAs

In addition to the outlined miRNAs, a large num-
ber of other miRNAs have been investigated in
relation to sepsis. MiR-486 and miR-182 were
overexpressed, while miR-342 was down-reg-
ulated in peripheral blood leukocytes of septic
individuals (98). Altered levels of miRNAs pre-
dicted the outcome of sepsis. Serum miR-483
(111) and miR-297 (119) were reduced, while
miR-574 (119) was increased in survivors than
non-survivors. Tacke et al. found that miR-133a
levels were elevated in sepsis that correlated
with sepsis severity, SOFA (Sequential Organ
Failure Assessment) scores and CRP/PCT con-
centrations (120). The members of miR-4772
family were up-regulated in both ex vivo blood
leukocytes and in vitro stimulated monocytes
by LPS, however it was not able to differentiate
sepsis from SIRS (100). A miRNA regulatory net-
work with pathway analysis, disease ontology
analysis and protein-protein interaction net-
work analysis were applied to test miRNA reli-
ability. Huang et al. identified 7 miRNAs, which
have the potential to be diagnostic (miR-15a,
miR-16, miR-122, miR-146a, miR-223, miR-499,
miR-150) and 3 prognostic sepsis biomarkers
(miR-483, miR-574, miR-193) (121).

CELL-FREE miRNAs
AS THROMBOSIS SENTINELS

Although the role of miRNAs in the regulation
of hemostasis and in the development of co-
agulation disorders has not been totally clari-
fied as yet, panels of plasma miRNAs may aid
to diagnose and monitor coagulation-related

diseases (122). For example, cell-free miRNAs
alterations were directly associated with coro-
nary artery disease, acute ischemic stroke, an-
tiphospholipid syndrome reviewed in Ref. 122.
Since platelets are major source of circulating
miRNAs, change in their plasma levels can ef-
fectively indicate platelet activation and related
vascular disorders (123). Further clinical studies
are also required to evaluate the potential of
circulating miRNAs for time-course detection of
sepsis-induced platelet activation with or with-
out disseminated intravascular coagulopathy,
as it was performed in rats after non-lethal en-
dotoxin injection (124).

CONCLUSIONS

The properties of miRNAs hold potentials for
analyzing them as novel diagnostic and prognos-
tic biomarkers. Although there are several cir-
cumstances that may challenge the analysis of
circulating miRNAs, they may become routinely
accessible, non-invasive molecular biomarkers
in the near future based on the results of re-
cent clinical trials (14). In addition, circulating
miRNAs seem to be critical components of the
pathogenesis of diseases like other already es-
tablished biomarkers, such as BCR-ABL or HER2
in malignancy, thus they are not only the molec-
ular remnants of different cell types, but rather
of functional importance (125).

Consequently, miRNAs represent not only a new
diagnostic repertoire, but targeted drugs can be
developed to inhibit diseases with altered miR-
NA profile.
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MicroRNAs (miRNAs) are small, protein noncoding
RNAs that regulate gene expression post-transcrip-
tionally. Their role is considered to set the gene ex-
pression to the optimal level, or in other words to pro-
vide “fine tuning” of gene expression. They regulate
essential physiological processes such as differentia-
tion, cell growth, apoptosis and their role is known in
tumor development too.

At tissue level differential miRNA expression in en-
docrine disorders including endocrine malignancies
has also been reported. A new era of miRNAs-relat-
ed research started when miRNAs were successfully
detected outside of cells, in biofluids, in cell-free en-
vironments. Their significant role has been demon-
strated in cell-cell communication in tumor biology.

Due to their stability circulating miRNAs can serve as
potential biomarkers. In common diseases circulat-
ing miRNAs can be potentially proposed as screen-
ing biomarkers and they are also useful to detect
tumor recurrence hence they can be applied in post-
surgery follow-up too. MiRNAs as diagnostic mark-
ers can also be helpful at tissue level when certain
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histology diagnosis is challenging. Beside diag-
nosis, tissue miRNAs have the potential to pre-
dict prognosis.

Intensive research is carried out regarding en-
docrine tumors as well in terms of miRNAs.
However, until now miRNAs as biomarkers do
not applied in routine diagnostics, probably due
to the challenging preanalytics. In this review
we summarized tissue and circulating miRNAs
found in thyroid, adrenal, pituitary and neuro-
endocrine tumors. We aimed to highlight the
most important, selected miRNAs with poten-
tial diagnostic and prognostic value both in tis-
sue and circulation. Common miRNAs across
different endocrine neoplasms are summarized
and miRNAs enriched at 14931 locus are also
highlighted suggesting their general role in tu-
morigenesis of endocrine glands.

00 0% o% o% <%
0.0 0’0 0’0 0’0 0‘0

INTRODUCTION

MicroRNAs (miRNAs) are small, protein noncod-
ing RNAs that regulate gene expression post-
transcriptionally. Through RNA interference
miRNAs target mRNAs mainly at 3’ untranslated
regions but even the coding sequence or 5’UTR
were described to be miRNA target regions
[1]. After biogenesis the mature miRNA incor-
porates into miRNA-induced silencing complex
(miRISC) [1]. In the miRISC complex, based on
sequence complementarity miRNAs cause
translational repression, mRNA destabilization
or mRNA cleavage. However in some particular
cases miRNAs can enhance gene expression as
well [1]. It is thought that approximately 30-
50% of all protein-coding genes might be con-
trolled by miRNAs [2]. One miRNA potentially
targets several transcripts, and one gene’s tran-
scription is influenced by numerous miRNAs.
Therefore, the net physiological outcome is the
result of a miRNA target network. Their role is
considered to set the gene expression to the

optimal level, or in other words provide “fine
tuning” and adaptive setting of gene expression
[3]. Their roles have been described in the regu-
lation of several physiological and pathophysi-
ological cellular processes such as proliferation,
differentiation, metabolism and apoptosis.

A new era of miRNA-related research started
when miRNAs’ presence was proved outside of
cells, in biofluids. Henceforth extracellular miR-
NAs have been considered as a novel type of
biomarkers that are secreted and can be taken
up by various cells. Furthermore, as signal medi-
ators they can function similarly to hormones or
cytokines. Several studies showed correlations
between circulating miRNA dysregulation and
pathophysiological conditions. Regarding neo-
plastic diseases extracellular miRNAs recently
have been investigated and linked to diagnosis,
prognosis and recurrence [4]. Differential miR-
NA expression in endocrine disorders including
malignancies has also been reported [5, 6].

Extracellular (EC) miRNAs are secreted by near-
ly all kinds of cells and therefore they are de-
tectable practically in all body fluids [7]. As un-
protected miRNAs are sensitive to degradation
mainly through RNAses present in large amount
in these fluids, miRNAs in circulation are bound
to proteins (mainly Argonaute (AGO)) or they
are packaged into vesicles that protect miRNAs
against degradation or cleavage. Based on size,
EC vesicles are mainly categorized as exosomes,
microvesicles or apoptotic bodies. Exosomes
are small (approximately 30-100 nm) mem-
brane-limited secreted vesicles [8]. They are
formed in the endosomal compartments of cell
(multivesicular endosomes or MVEs) and can be
released to extracellular space. Microvesicles
are more variable in size, typically between 50-
1000 nm. They are generated by directly bud-
ding or shedding off the plasma membrane.
Both exosomes and microvesicles contain vari-
ous molecules including mRNA, miRNA, pro-
teins, cytokines and different surface receptors
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specific for their cell origin. Interestingly, several
miRNAs were found in high density lipoprotein
(HDL) particles as well [8].

Since their discovery there is exponentially
increasing information regarding EC vesicle
function. Studies showed their significant role
in cell-cell communication in immunology and
tumor biology. For instance, exosomes secret-
ed by dendritic cells carry antigens and are
able to induce immune response [9]. They can
mediate paracrine signals of cancer cells influ-
encing tumor microenvironment by exosome
secretion in promoting growth by inhibiting
antitumor immune response and by facilitat-
ing angiogenesis, cell migration and metasta-
sis [10]. Also, tumor cells were found to exhibit
self-promoting effect by secreting microvesi-
cles [11]. However, gastric cancer cells were
detected to eliminate tumor-suppressor miR-
NAs by exosome secretion [12].

On the whole, in a malignant tumor overex-
pressed (oncogenic) and downregulated (tu-
mor suppressor) miRNAs can be useful as po-
tential biomarkers. MiRNAs are tissue specific,
they may be unique identifiers of certain tumor
types both in tissue and in circulation. The pur-
pose of miRNA biomarkers can be various and
they have a great potential in many ways. In
frequent diseases, e.g., thyroid nodule (where
prevalence is 2-6%, 19-35% and 8-65% by pal-
pation, ultrasound and autopsy, respectively)
circulating miRNAs can be potentially recom-
mended as screening biomarkers [13]. miRNAs
as diagnostic markers can also be helpful when
cytology following fine-needle aspiration biop-
sy (FNAB) has to be performed, as from 3-6%
to 10-25% of FNAB are interpreted as indeter-
minate without definitive diagnosis regarding
thyroid tumors [13]. Additionally, in any tumor
where histological diagnosis can be challenging
(e.g. adrenal carcinoma or pheochromocytoma)
miRNA biomarkers can be used to help diagno-
sis. Beside diagnosis, tissue miRNAs have the

potential to predict prognosis and therapy re-
sponse as well. Circulating miRNAs are also use-
ful to detect tumor recurrence hence they can
be applied in post-surgery follow-up.

In this review we focus on tissue and circulat-
ing miRNAs in thyroid, adrenal, pituitary and
neuroendocrine tumors. Although the frame of
this review cannot allow assessing all miRNAs
in all the above mentioned neoplasms, for that
many excellent reviews are available targeting a
single tumor type, rather we would like to high-
light the most important, selected miRNAs as
potential diagnostic and prognostic tissue and
circulating biomarkers.

THYROID TUMORS

Thyroid cancer is the most frequent endocrine
malignancy. The majority of thyroid tumors
(~95%) arise from follicular cells and they are
categorized as papillary (PTC, 75-80%) and
follicular (FTC, 10-15%) or anaplastic thyroid
cancer (ATC, 0.2-2%). Tumors developing from
parafollicular C cells are called medullary thy-
roid cancer (MTC) representing ~5-10% of all
thyroid cancers. Although commonly they occur
sporadically, some of them (25-30%) are heredi-
tary and part of multiple endocrine neoplasia
type 2 (MEN2), caused by germline mutations
of the RET proto-oncogene [14]. Most of the
well differentiated thyroid cancers (DTC, includ-
ing PTC, FTC) have excellent prognosis, however
patients with ATC have 6-12 months’ median
survival [13]. Thyroglobulin is widely applied as
tumor marker for tumors arising from follicular
cells. It is used for evaluation of tumor residuum
or recurrence in patients treated by total thy-
roidectomy and/or radioidine ablation. On the
other side calcitonin, a product of parafollicular
C cells, is used for the diagnosis and follow-up
of MTC. Both tumor markers have limitations
therefore miRNAs can be practical in these dis-
eases too [15].
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Interestingly, global miRNA downregulation was
detected in malignant thyroid cancer compared
to normal tissue together with decreased DICER

Table 1

Authors

Stokowy
etal. 2016

Paskas
etal. 2015

Panebianco
etal. 2015

Shen
etal. 2012

Keutgen
etal. 2012

Mazeh
etal. 2012

Panel
of markers

miR-484,
miR-184b-3p

BRAF V600E,
miR-221,
miR-222,
galectin-3

miR-146b,
miR-222,
KIT, TC1

miR-146b,
miR-221,
miR-187,
miR-30d

miR-328,

miR-222,
miR-21,

miR-197

miR-21,
miR-31,
miR-146b,
miR-187,
miR-221,
miR-222

Groups

mutation-
negative
follicular thyroid
carcinomas and
follicular thyroid
adenomas

benign vs.
malignant
thyroid nodule

benign vs.
malignant
thyroid nodule

benign vs.
malignant
thyroid nodule

benign vs.
malignant
thyroid lesions

benign vs.
malignant
thyroid nodule

gene expression that was associated with ag-
gressive features [13, 15].

Since the first publication on miRNAs in thyroid
cancer in 2005, numerous studies have been

n
(sample
number)

44

120

118

68

72

11

Sensitivity
(o)

89

73.5

92.3

88.9

100

88

Specificity
(o)

87

89.8

94.7

78.3

86

100

Diagnostic
accuracy
(%)

na

75.7

96

85.3

90

90
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published and extensively reviewed e.g., by
Malek et al. and Celano et al. in 2017. Among
several miRNA alterations described, recent
meta-analyses emphasize the role of couple
of commonly upregulated miRNAs: miR-146b,
miR-221, miR-222, miR-181b in PTC compared
to normal tissue [13, 15]. Regarding the role of
some of these miRNAs, downregulation of KIT
was identified as the common potential regulat-
ing mechanism [16]. In FTC, miR-637, miR-181c-
3p, miR-206, and miR-7-5p were discovered as
de novo potential FTC markers based on an-
other meta-analysis comprising 3 independent
datasets [17]. In anaplastic thyroid cancer, simi-
larly to DTC cases, overexpression of miR-146b,
miR-221, and miR-222 was described together
with downregulation of miR-200 and miR-30
families leading to enhanced epithelial-to-mes-
enchymal transition (EMT) [18]. miRNAs have
been dysregulated in MTC too, and this dysreg-
ulation was described as a probable early event
in C-cell carcinogenesis [19]. Similar to ATC, the
underexpressed miR-200 family through regu-
lating E-cadherin by directly targeting ZEB1 (zinc
finger E-box binding homeobox 1) and (ZEB2
zinc finger E-box binding homeobox 2) leads to
enhanced expression of transforming growth
factor B (TGFB)-2 and TGFB-1 [13, 15].

Apart from tissue samples fine needle aspira-
tion biopsy (FNAB) specimens were also sub-
jected to miRNA analysis and yielded highly
comparable results [15]. Meta-analyses showed
that multiple miRNA assays showed a higher di-
agnostic accuracy than single miRNA and the
test results indicated 77% sensitivity, 75% speci-
ficity with 0.83 AUC in a receiver operating char-
acteristic analysis [20]. However, several other
studies reported promising sets of miRNAs in
discriminating benign vs. malignant thyroid le-
sions from FNAB samples (Table 1).

Circulating miRNAs in both serum and plasma
were tested and excellently summarized by
Celano et al. Although the summary reported

a highly variable miRNA expression [15], some
miRNAs were identified by multiple groups. In
PTC patients, the levels of miR-146b, miR-221
and miR-222 were detected to be higher com-
pared to controls [13, 15, 21]. Post-surgically,
significantly reduced miR-151 and miR-222 ex-
pression was reported compared to pre-opera-
tive samples in more than one study [21]. Also,
miR-146b reportedly discriminated benign and
malignant tumors with 61.4% sensitivity and
74.3% specificity, while miR-155 had 57.9% sen-
sitivity and 63.2% specificity in serum/plasma
[13, 15]. The levels of these two miRNAs were
also correlated with lymph node metastases
and tumor size [13, 15].

Plasma exosomal miRNAs were also assessed
and miR-31 was found to be over-represented
in the samples of patients with PTC compared
to benign tumors, while miR-21 helped to dis-
tinguish between FTC and benign tumors. Using
both miR-21 and miR-181a-5p helped to distin-
guish between PTC and FTC with 100 % sensitiv-
ity and 77 % specificity [23].

Prognostic miRNAs

Several studies investigated the potential prog-
nostic value of miRNAs that was summarized
in Celano et al. Higher expression of miR-146b,
miR-221 and miR-222 showed association with
prognostic parameters on tissue level [15]. The
expression of these miRNAs showed association
with tumor size, capsular and vascular invasion,
extra-thyroidal extension, lymph node metasta-
ses and TNM stage [15]. Besides, the overexpres-
sion of miR-146b correlated with multifocality
and miR-221 with distant metastases as well in
PTC. Overall survival was significantly decreased
in patients with higher miR-146b expressionin tu-
mor tissue [24]. In a recent study 7 miRNAs (miR-
146b, miR-184, miR-767, miR-6730, miR-6860,
miR-196a-2 and miR-509-3) were associated
with the overall survival and miR-184, miR-146b,
miR-509-3 and lysophosphatidic acid receptor 5
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(LPARS5) were identified as independent risk fac-
tors for prognosis by multivariate analysis [25].
In FTC, the level of miR-221-3p, miR-222-3p,
miR-222-5p, miR-10b and miR-92a was higher in
metastatic cases vs. non-metastatic. Regarding
MTC, Abraham et al. published that miR-183 and
miR-375 were associated with lymph node me-
tastases, distant metastases and mortality [26].
Also, upregulation of miR-224 was described as
potential prognostic biomarker associated with a
better outcome in MTC patients [19].

Among circulating miRNAs the level of miR-
222, miR-221, miR-146b and miR-151-5p was
described to be decreased after tumor removal
[15]. Serum level of miR-146a-5p and miR-221-
3p was found to be consistent with response to
therapy, including patients with structural evi-
dence of disease whose thyreoglobulin (Tg) test
remained negative [13, 15]. Therefore it is sug-
gested that these two miRNAs could be applied
as post-treatment monitoring biomarker of PTC
patients, especially when Tg assay results are
uninformative [13, 15].

ADRENAL TUMORS

Adrenal tumors can develop from the adrenal
cortex or the medulla. Adrenocortical tumors
(ACT) are common and their prevalence reaches
6% after the age of 60 years [27]. Most of them
are benign (adrenocortical adenomas, ACA) in
nature. Although the most common tumors,
so called incidentalomas are non-functioning,
some are associated with hormone overpro-
duction syndromes (such as Cushing’s, Conn’s
syndrome, hyperandrogenism). Adrenocortical
carcinomas (ACC) however, are rare and aggres-
sive tumors (0.5—2/million per year) [27] with
a dismal prognosis where surgical resection is
the only curative treatment. The differential di-
agnosis between ACA and localized ACC can be
challenging as radiological and pathological fea-
tures can be similar but the distinction between

them is essential due to the completely differ-
ent therapy.

HORMONE PRODUCING
ADRENAL ADENOMAS

Regarding functional adenomas, peripheral
blood hormone testing can helpindiagnosis.
In aldosterone producing adenomas (APAs)
high expression of miR-23 and miR-34a was de-
scribed [27]. He et al. reported 31 miRNAs which
were significantly differentially expressed in
APAs when compared to normal adrenal cortex.
Of these, 23 were downregulated with miR-375
being the most underexpressed [28]. Between
expression of miR-375 and miR-7 a strong
positive correlation was found indicating a po-
tential synergistic function [28]. MiR-375 sub-
stitution in NCI-H295R ACC cell line resulted in
decreased cell growth and it inhibited its target
gene metadherin (MTDH). Also, miR-375 expres-
sion was negatively correlated with APA tumor
size reflecting its potential role as a prognostic
marker. In cortisol producing adenoma and car-
cinoma, circulating, extracellular, vesicle-associ-
ated miR-22-3p, miR-27a-3p and miR-320b were
significantly overrepresented compared to non-
functional adenomas [29].

ADRENOCORTICAL CARCINOMAS (ACC)

Diagnostic miRNAs in ACC

Similarly to thyroid tumors, numerous pub-
lications reported differentially expressed
miRNA profile in ACA and ACC which are ex-
ceedingly summarized by Igaz et al., Cherradi
et al., and Hassan et al. [30-32]. The most
frequently reported overexpressed miRNAs
were miR-483-5p and -3p, miR-503, miR-210
and miR-184 in ACC vs ACA. Certainly, miR-
483-5p and miR-483-3p have a significant role
in adrenal tumorigenesis, its gene is located
in the intron of the insulin like growth factor
2 (IGF2) gene, a well-known overexpressed
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gene in ACC. Expectedly, a positive correlation
was described between miR-483-5p and IGF2
expression levels [33]. Experiments, however,
demonstrated that miR-483-5p has an inde-
pendent role in ACC’s pathogenesis as IGF2
transgenic animals did not develop tumors
[31]. Indeed, downregulation of miR-483-5p
(and miR-483-3p) led to decreased prolifer-
ation of ACC cell line [34], and it protected
cells from apoptosis by targeting proapop-
totic PUMA (p53-upregulated modulator of
apoptosis or BBC3: BCL2 binding component
3) [30]. Wang et al, suggested the use of the
combination of SMAD4 (SMAD family mem-
ber 4) negative/low expression with elevated
miR-483-3p expression that provided a diag-
nostic specificity of 92.8% for distinguishing
ACA vs. ACC (while SMAD4 expression itself
demonstrated high sensitivity of 92%) [35].
The overexpression of miR-210 has been also
documented by several publications [31, 32].
This miRNA is widely overexpressed in differ-
ent tumors and it is also called as a “hypox-
amir” due to its upregulation by both hypox-
ia inducible factor 1 subunit alpha and beta
(HIF1a, HIF1B). It has a role in tumorigenesis
through regulating arrest of cell prolifera-
tion, repression of mitochondrial respiration,
arrest of DNA repair, vascular biology, and
angiogenesis [36]. Among downregulated
mMiRNAs in ACC miR-195 has been frequent-
ly reported [31, 32]. As a member of miR-
15/16/195/424/497/6838 family it promotes
apoptosis together with inhibiting cell prolif-
eration in ACC and other cells targeting cell
cycle regulators such as cyclin D1 (CCND1) or
cyclin dependent kinase 6 (CDK6) [31].

Beside adrenocortical tumor tissues, miR-483-
5p was found to be increased in serum, plas-
ma and circulating exosomes derived from pa-
tients with ACC compared to patients with ACA
[31, 32]. Circulating miR-100, miR-181b, miR-
184, miR-210 and miR-34a were found to be

upregulated and miR-195, miR-335, miR-376a
downregulated in ACC samples compared to
ACA [31, 32]. After tumor removal, the initially
highly expressed miR-483-5p decreased and low
level of miR-195-5p increased in blood stream of
patients with ACC. Therefore, it is suggested that
these miRNAs directly derived from ACC tissues
[32]. Interestingly, opposite expression of miR-
NAs in tissue vs. serum was also described in in-
dependent publications too. While miR-34a was
detected increased in serum and decreased in
ACC tissues, miR-376a showed the opposite pat-
tern suggesting a potential selecting mechanism
of extracellular secretion [31, 32]. Assessing di-
agnostic potential of miRNAs Chabre et al. also
investigated miR-195, miR-335 and miR-376a
and found that miR-195 showed the highest
sensitivity (90,9%) and specificity (100%) in dis-
criminating ACC patients [37].

Prognostic miRNAs in ACC

The decreased expression of miR-195 and miR-
497 in ACC was reported to directly regulate
TARBP2 (TARBP2 subunit of RISC loading com-
plex) and DICER1 (dicer 1, ribonuclease IlIl) ex-
pression in ACC cells therefore contributing to
a global downregulation of miRNA expression
[32, 34]. Also, a significant overexpression of
TARBP2, DICER, and DROSHA (drosha ribonu-
clease lll) in ACC compared with ACA or normal
adrenal cortices were found and inhibition of
TARBP2 in human ACC cell line resulted in a de-
creased cell proliferation and induction of apop-
tosis [38]. Interestingly, low DICER1 expression
was also associated with poor clinical outcome
in adrenocortical carcinoma [30-32].

Lower expression of miR-483-5p in combina-
tion with increased miR-195 level was reported
as predictor of poor prognosis in ACC [30-32].
High expression of miR-503 was associated with
shorter survival [34], and increased expression
of miR-210 with ACC clinicopathologic parame-
ters of aggressiveness and a poor prognosis [39,

Page 152
eJIFCC2019Vol30No2ppl146-164



Henriett Butz, Attila Patdcs
MicroRNAs in endocrine tumors

40]. In a recent study, three miRNA clusters
were identified related to prognosis [40].
“Mil” and “Mi2” miRNA clusters including 11
upregulated miRNAs located at Xq27.3 and 38
downregulated miRNAs derived from 1432 lo-
cus were associated with better prognosis (C1B
molecular group) while “Mi3” miRNA cluster as-
sociated with poor prognosis (C1A group).

Using next-generation sequencing expression
levels of 6 microRNAs (miR-503-5p, miR-483-
3p, miR-450a-5p, miR-210, miR-483-5p and
miR-421) predicted malignant/non-malignant
status with over 95% accuracy [41]. In this
study the best single miRNA for malignancy was
miR-483-3p [41]. MiR-139-5p and miR-376a
levels significantly increased in aggressive ACC
compared with non-aggressive ACC patients
in tumor samples but not in circulation [37].
Additionally, high circulating levels of miR-483-
5p or low circulating levels of miR-195 were as-
sociated with both shorter recurrence-free sur-
vival and shorter overall survival in the study of
Chabre et al. 2013 [37].

PHEOCHROMOCYTOMA-
PARAGANGLIOMA

Although the localization is different pheochro-
mocytomas (PCC) and paragangliomas (PGL)
arise from the same type of neural crest tis-
sue of the sympathetic and parasympathetic
paraganglia [42]. Tumors of the adrenal me-
dulla are called PCCs and neoplasms develop-
ing from thoracic, abdominal or pelvic region
paraganglia are named as PGLs. It represents
a rare disease as its estimated incidence is 1-8
cases per million worldwide annually [42]. PCCs
and PGLs are usually benign (10-year overall
survival is around ~96%), however 10% of PCC
and even 40% of PGL become metastatic re-
sulting in a poorer prognosis (5-year survival
below 50%) [42]. Unfortunately, there are nei-
ther clear histopathological signs of malignant

behavior nor efficient therapy for malignant
PCC/PGL. Therefore, investigating miRNAs as
potential biomarkers can be useful in this re-
gard. Nonetheless, compared to thyroid and
adrenocortical neoplasms miRNAs are not so
extensively investigated in PCC/PGL.

More than 30% of the cases are attributed to
germline mutation leading to autosomal domi-
nant genetic syndromes such as multiple en-
docrine neoplasia type 2A and 2B caused by
RET mutations, von Hippel Lindau syndrome
due to VHL mutations, neurofibromatosis type 1
with NF1 mutations or hereditary PG syndromes
caused by mutations of succinate dehydroge-
nase (SDH) genes. Lately, as a result of next-
generation sequencing, novel genes, including
KIF1b, PHD2, TMEM127, MAX, FH, MDH2, GOT2
and SLC25A11 were identified in the pathogen-
esis of PCC/PGL [43].

Diagnostic miRNAs

miRNA profile in different genetic subtypes is
also distinct. Hypoxia induced miR-210 was
found overexpressed commonly in pseudohy-
poxia-associated PCC/PGLs harboring SDHB and
VHL mutations. Upregulation of miR-139-3p,
miR-541, miR-765 and miR-133b was described
in VHL associated tumors, while miR-96 and
miR-183 were found to be overexpressed in neo-
plasms with SDHB mutations [30, 44, 45]. NGF
(nerve growth factor) treatment in vitro in PCC
cell line significantly decreased the level of miR-
139-3p and miR-210 and led to differentiation
raising the role of these two miRNAs in tumor
development [46]. Similarly, through targeting
ezrin, miR-96 and miR-183 also suppressed cell
adhesion and differentiation [30]. In MEN2B as-
sociated PCs miR-885-5p was repeatedly found
to be overexpressed [30]. miR-885-5p regulates
molecules involved in apoptosis (Casp3) and
cell cycle (CDK2) [30], and by targeting IGF-
binding proteins its role was supposed in RET
mutation associated PCC/PGL pathogenesis
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[30]. Interestingly, miR-137 and miR-382 can be
considered as general PCC/PGL markers as they
were found overexpressed in most cases ex-
cept for MAX mutation associated tumors [30].
Interestingly, similarly to ACCs, miRNAs coded at
14932 genomic region (DLK-MEG3 region) was
described to be downregulated in MAX mutated
and a subset of sporadic PC samples as well [42].
The DLK-MEG3 locus was reported to be hyper-
methylated in approximately 10% of PC samples
and the role of downregulated miRNAs located
here was also proposed [30].

Prognostic miRNAs

Similarly to ACC, miR-483-5p was found to be
upregulated in malignant PCC/PGL in more
than one study [30]. Also, the well-known tu-
mor suppressor miR-15a, miR-16 were under-
expressed in malignant PCCvs. benign tumors
[47]. These miRNAs were downregulated in sev-
eral neoplasms and they are considered tumor
suppressors by targeting BCL2 and CCND1 [30,
47]. |gaz et al. described miR-1225-3p overex-
pressed compared to sporadic non-recurring,
MEN2-, VHL-, and NF1-associated PCs [30]. By
targeting Notch signaling, the role of miR-1225-
3p is considered in PC tumorigenesis as in in vi-
tro experiments Notch-1 inhibited proliferation
of PC cell [30].

Compared with benign PCCs, miR-101 level was
higher in patients with malignant PCCs and the
level of miR-101 was higher in SDHD mutation
associated tumors [48]. In discriminating malig-
nant from benign PCs AUCs for miR-101 in all in-
vestigated PCCs samples were 0.79 and 0.77 for
non-SDHD mutant samples [48]. Another study
by Patterson et al. also proposed that miR-483-
5p, miR-101, and miR-183 could serve as use-
ful diagnostic markers (AUC: 0.7; 0.78 and 0.82,
respectively) for distinguishing malignant from
benign PCCs [44].

PITUITARY TUMORS

Pituitary adenomas are among the most fre-
guent intracranial tumors with a high incidence
rate, approx. 10-15 % [49]. Although the great
majority of pituitary tumors are benign they can
lead to significant morbidity through compress-
ing adjacent structures (visual impairment,
headache) or by hormonal disturbance (either
hypo- or hyperfunction). Of these 95% are spo-
radic, only the remaining 5% are associated
with genetic syndromes such as MEN1, MEN4,
Carney complex or McCune-Albright syndrome.
Interestingly, miRNAs are an extensively inves-
tigated field in pituitary tumors. Since the first
study published in 2005 by Bottoni et al.[50],
more than a hundred hits have appeared for a
search with keywords “microrna” AND “pitu-
itary” AND “adenoma” in Pubmed in February,
2019. These studies broadly evaluated not
only miRNA signature characteristics of differ-
ent types of pituitary adenomas but also target
genes and miRNA function as well. Accordingly,
several reviews summarizing the expression
profile and role of tissue miRNAs widely inves-
tigated in pituitary adenoma have been pub-
lished, one of the most recent by Feng et al. in
2018 [51] who extensively summarized miRNAs
reported in pituitary adenomas dissected by
adenoma subtypes. Here, we aim to highlight
the roles of miRNAs by their targets’ function.
Although the expression profile and role of tis-
sue miRNAs are widely investigated in pituitary
adenoma, we lack information about the diag-
nostic potential of miRNAs present in circula-
tion. Pituitary adenomas are hormone secreting
which give an excellent opportunity to monitor
tumor growth and function by hormone tests,
therefore the role of miRNAs might be less im-
portant. However, regarding non-functional
pituitary adenomas a blood-based miRNA bio-
marker could help the diagnosis and patient
follow-up after surgery.
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Diagnostic miRNAs

Pituitary subtype-specific miRNA profile was
described by several studies [51].

In GH producing adenomas several miRNAs
target insulin growth factor binding proteins
(IGFBP-3, -6, -7) that regulates organ develop-
ment and growth [51]. The overexpressed miR-
26a has a key role in the pathogenesis of GH-
secreting adenoma by directly regulating PI3K/
Akt signaling pathway and LEF-1 that is involved
in anterior pituitary development [51]. The
overexpression of Pituitary Tumor-Transforming
Gene 1 (PTTG1) was demonstrated in ~90% of
pituitary adenoma independently of adenoma
type. A set of downregulated miRNAs (miR-126,
miR-381, miR-665, miR-300, miR-381, miR-329)
is suggested to contribute to PTTG1 overexpres-
sion as restoring their level in vitro led to sup-
pressed viability and proliferation of pituitary
cells [52]. High Mobility Group AT-Hook Protein
2 encodes a non-histone chromosomal high mo-
bility group (HMG) protein, as a transcriptional
regulator it controls cell cycle and pituitary cell
proliferation. Numerous miRNAs were identi-
fied targeting HMGA1 and 2 in GH, PRL and non-
functioning pituitary adenomas [51]. In sporadic
GH-producing adenomas miR-34a and miR-107
were found to regulate A/IP a well-known tumor
suppressor frequently mutated in familial pitu-
itary adenomas.

In corticotroph adenomas miR-26a was mas-
sively overexpressed compared to normal pi-
tuitary. MiR-26a downregulated Cyclin A and
Cyclin E and it targeted PRKCD (protein kinase C
delta) that was reported to suppress ACTH se-
creting pituitary cells [51].

In prolactinomas HMGA1 and 2 as a target of sev-
eral miRNAs were also validated. Interestingly
the expression of miR-432 were found to be
positively correlated with serum prolactin [51].
The role of downregulated miR-410 was also

proved in pathogenesis of prolactinoma by tar-
geting Cyclin B1 [51].

In non-functioning pituitary adenomas (NFPAs)
the role of HMGA1 and 2 proteins also has to be
mentioned regulated by several miRNAs [51].
Cell cycle in NFPAs is regulated in G2M transition
by miRNAs through targeting Weel and CDC25A
[53]. The TGFp signaling is also controlled by
miRNAs through SMAD3 [54]. Additionally, miR-
106b influenced migration and invasion of pitu-
itary adenoma cells via regulating PTEN and fur-
ther activity of the PI3K/AKT signaling pathway
and MMP-9 expression [51].

In pituitary carcinoma metastasis expression
of miR-20a, miR-106b and miR-17-5p were
increased compared to the primary neoplasm
and these miRNAs were proved to be involved
in pituitary carcinoma metastasis by attenuating
PTEN and TIMP2 (TIMP metallopeptidase inhib-
itor 2) [55]. In ACTH producing carcinomas miR-
493 was significantly upregulated compared to
ACTH adenomas while miR-122 overexpressed
in both corticotroph adenomas and carcinomas
compared to normal pituitary [56]. LGALS3 and
RUNX2 are both predicted targets of miR-493
and these genes have been shown to have roles
in pituitary tumor cell growth [56].

Prognostic miRNAs

Level of several miRNAs (miR-24, miR-34a, miR-
93, miR-148-3p, miR-152, miR-132, miR-15a,
and miR-16) are significantly lower in invasive
pituitary adenomas compared with non-inva-
sive ones [57]. In prolactinomas, miR-183 was
found downregulated in aggressive tumors and
it inhibited tumor cell proliferation by inhibiting
KIAA0101 that is involved in cell cycle activation
and inhibition of p53-p21 mediated cell cycle
arrest [58]. In corticotroph adenomas miR-93-
3p, MiR-93-5p, miR-25-3p and miR-106b-5p
were detected to be overexpressed in invasive
tumors compared to non-invasive ones through
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targeting MCM7 the overexpression of these
miRNAs led to increased invasiveness and un-
favorable outcomes after resection [51, 59].
Patients with corticotroph adenomas with de-
creased level of miR-141 had higher chance of
remission [60].

In NFPAs several miRNAs showed correlation
with tumor size some of the (miR-450b-5p, miR-
424, miR-503, miR-542-3p, miR-629, and miR-
214) were underexpressed and target SMAD3
[54]. In invasive adenomas expression levels
of miR-181b-5p, miR-181d, miR-191-3p, and
miR-598 were upregulated, and the expression
levels of miR-3676-5p and miR-383 were down-
regulated [61]. In GH3 cells Caveolin-1 (CAV1)
was reported to promote invasion while silenc-
ing CAV1 indirectly induced miR-145, miR-124,
and miR-183 that suppressed the migration and
invasion of pituitary adenoma cells through tar-
geting FSCN1, PTTG1IP and EZR, respectively
[57].

NEUROENDOCRINE TUMORS (NETs)

Neuroendocrine tumors (NETs) consist of het-
erogeneous neoplasms of different origin aris-
ing from neuroendocrine cells throughout the
body (most commonly from the lungs, pan-
creas, small intestine, and rectum). Gastro-
entero-pancreatic NETs (GEP-NETSs) represent
less than 1% of digestive cancers and 7-21% of
all neuroendocrine neoplasms [62]. Lung NETs
originate from pulmonary neuroendocrine cells
accounting for approximately 25% of primary
lung neoplasms. Lung NETs classified into the
following subtypes: typical carcinoids (TCs, well
differentiated, low-grade); atypical carcinoids
(ACs, well-differentiated, intermediate-grade);
large cell neuroendocrine carcinomas (LCNECs,
poorly differentiated, high-grade); and small
cell lung cancer (SCLCs, poorly differentiated,
high-grade) [63]. NET as a heterogeneous group
have different behavior and prognosis but they

express neuroendocrine markers such as chro-
mogranin A (CgA) and synaptophysin. Based on
the World Health Organization (WHO) classifica-
tion the prognosis is characterized by the grade
of neuroendocrine differentiation and the pro-
liferative index (Ki-67) from G1-G3. However,
guidelines indicate that prognosis is also influ-
enced by several other factors, such as patient
age, tumor site, metastatic spread and hormon-
al production [64]. Unfortunately as more than
80% of patients usually present with metastatic
disease, NET prognosis is poor, due to the rela-
tive lack of effective therapy [63, 64]. Among
circulating biomarkers, CgA has been measured
in several NETs, but its value as a prognostic bio-
marker in NETs is limited [64], therefore identifi-
cation of prognostic factors to predict outcome
would be fundamental.

Diagnostic miRNAs

Interestingly, little information is available re-
garding miRNA profile in gastric NETs (gNETs),
however it was described that gastrin-induced
miR-222 overexpression resulted in reduced
p27, which in turn caused actin remodeling and
increased migration in human stably CCK2 re-
ceptor expressing gastric adenocarcinoma cell
line [65].

In circulation, serum miR-222 expression was
increased in hypergastrinemic patients with au-
toimmune atrophic gastritis and type 1 gastric
NET. Because its level decreased in patients af-
ter CCKR2 agonist treatment miR-222 was pro-
posed to be a promising biomarker for gastrin
induced premalignant changes in the stomach
[65].

However, different miRNA sets with altered ex-
pression were described regarding pancreatic
NET (pNET), comparing functional, nonfunc-
tional NET, normal pancreas, normal pancre-
aticislets in any combinations that is reviewed
in detail by Malczewska et al. and Zatelli et al.
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[64, 65]. The overexpressed miR-103, miR-107
and the underexpressed miR-155 discriminated
sporadic pancreatic NET (insulinoma and non-
functioning) from acinar cell carcinomas. The
role of downregulated miR-155 was suggested
in pathogenesis by targeting proapoptotic tu-
mor protein p53 inducible nuclear protein 1
(TP53INP). Also, miR-144/451 cluster and miR-
21 was found overexpressed compared to nor-
mal pancreatic islets [65]. MiR-204 was found
primarily expressed in insulinomas and corre-
lated with immunohistochemical expression
of insulin [66]. Interestingly, several miRNAs
located at 14932 region showed dysregulated
expression, including miR-144/451 cluster [65].
Interestingly, these miRNAs showed overex-
pression in insulinomas compared to other
endocrine tumors where miRNAs of this re-
gion are frequently downregulated. In in vitro
experiments miR-144 induced cell proliferation
in murine pancreatic B cells and regulated Akt
signaling by targeting PTEN [65]. Additionally,
miR-451 also promoted cell proliferation by
regulating cell cycle through targeting p19 [67].
Overexpression of miR-21 were reported over-
expressed in pNET [65, 66]. Expression of miR-
642 correlated with Ki67 (MiB1) score and miR-
210 correlated with metastatic disease [68].

13 miRNAs were identified by comparing serum
from pNET patients and healthy volunteers and
miR-193b was up-regulated in both pNET tis-
sue and serum when compared to controls de-
scribed by Thorns et al. [68]. In addition, miR-
1290 showed overexpression in pNETs and the
latter could accurately distinguish patients with
low-stage pancreatic cancer from healthy con-
trols and subjects with chronic pancreatitis [69].

MiRNA profile of small bowel NET (sbNET) was
also investigated, however fewer experimental
information are available regarding miRNA’s
function studies and target validation. MiR-
7-5p, miR-182, miR-183 and miR-96-5p were
found to be upregulated in sbNET compared to

normal small bowel consequently in different
studies [65]. Furthermore, miR-182, miR-183
and miR-96 overexpressed in NET metastases
compared to primary tumors [65]. Similarly, up-
regulation of miR-196a was described in numer-
ous studies however its role in cell proliferation
could not be confirmed [65, 69]. In addition, the
downregulation of miR-129-5p and miR-133a
was also established in sONET metastases vs.
primary tumors [65].

Similarly to tissue, overexpression of miR-182,
miR-196a and miR-200a and downregulation
of miR-31, miR-129-5p and miR-133a were de-
tected in blood of sbNET patients and the level
of some of them changed upon somatostatin
treatment [65].

Similarly to sbNET, in appendiceal carcinoids
without metastases low levels of miR-96 and
high levels of miR-133a were detected [65]. In
colorectal NET (cNET) patients underexpression
of miR-186 was found in tumor tissue, blood
and stool samples compared to controls. In par-
allel, PTTG1 upregulation was detected in the
same samples together with decreased miR-
186 expression therefore the authors suggested
that upregulation of PTTG1 was induced by the
loss of miR-186 [70].

Interestingly, based on miRNA expression pro-
file analysis common origin for pulmonary carci-
noids and GI-NETs was suggested by Yoshimoto
etal. [71].

Lung NETs. The expression profiles of pulmo-
nary carcinoids and SCLCs were quite different,
indicating the distinct genesis of these neuroen-
docrine neoplasms [71].

Prognostic miRNAs

A study by Sadanandam et al. identified mo-
lecular subtypes of pNETs (islet-like, inter-
mediate and metastasis-like primary types)
[72]. As these subtypes exhibit distinct meta-
bolic profiles marked by differential pyruvate
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metabolism, substantiating the significance of
their separate identities they may have role to
predict different behavior. Expectedly, the three
subtypes have distinct mRNA and miRNA sig-
natures as well [72]. Roldo et al. reported the
overexpression of miR-21 as positively correlat-
ed with Ki-67 proliferation index and presence
of liver metastases [66]. Besides, expression of
miR-642 was also described to correlate with
Ki67 index score while miR-210 correlated with
metastatic disease [68]. Additionally miR-196a
was identified as prognostic factor in pNET as its
expression significantly associated with stage,
and mitotic count [64]. Also, high miR-196a
level was associated with decreased overall sur-
vival and disease-free survival. The hazard ratio
for recurrence of patients with high miR-196a
expression was 16.267 [73].

In SBNET increased plasma miR-21 and de-
creased miR-150-5p were characteristic to met-
astatic tumors [74]. In line with this, low plasma
miR-21 and high miR-150-5p levels were asso-
ciated with significantly prolonged overall sur-
vival [74]

In rectal carcinoids miR-885-5p was identified
as upregulated in tumors with lymphovascular
invasion. Also, high miR-885-5p expression was
independently associated with lymphovascular
invasion. Therefore miR-885-5p is suggested as
a potential biomarker for predicting malignancy
[75].

Regarding NET in the lung Zatelli et al. thor-
oughly summarized miRNAs with prognostic
role [64]. miR-150 and miR-886-3p were found
downregulated while miR-92a2* and miR-7
upregulated in SCLC that showed correlation
with overall or disease-free survival. The lat-
ter miRNAs were found to be associated with
chemoresistance too [64]. In other publications
including typical, atypical carcinoids and large
cell neuroendocrine carcinomas the upregulat-
ed miR-21 and the downregulated miR-409-3p,

miR-409-5p, and miR-431-5p correlated with
the presence of lymph node metastases and set
of other 5 upregulated miRNAs with overall sur-
vival [64].

COMMON miRNAs DETECTED
IN VARIOUS ENDOCRINE TUMORS

Although miRNAs’ expression and their func-
tions are tissue specific, discussing common
miRNAs among different endocrine tumors can
still be an interesting aspect reflecting potential
common pathomechanism. For instance, miR-
210 was overexpressed in several endocrine tu-
mors, such as ACC and PCC/PGL [30, 31]. Also,
its increased expression seems to be an unfa-
vorable prognostic factor correlating clinico-
pathologic parameters of aggressiveness and a
poor prognosis in ACC and in pNET [39, 40, 68].
Usually, the increased expression of miR-210
might be a consequence of hypoxic environment
within tumor tissues or activation of pseudohy-
poxia signaling pathway in PPC/PGL. As a gen-
eral phenomenon increase of miR-210 was also
described in other, non-endocrine solid tumors
(i.e. breast, lung, head and neck, pancreatic and
glioblastoma).

Overexpression of miR-483-5p and miR-483-3p
in tissues and in circulation (serum, plasma and
exosomes) is almost a unique characteristic of
ACC and is considered as a prognostic marker
[30, 31, 32, 33]. It predicted malignant/non-ma-
lighant status and it associated with both short-
er recurrence-free survival and shorter overall
survival. Interestingly, not only for tumors of
adrenal cortex but for tumors originated from
adrenal medulla (PCC/PGL) miR-483-5p is also
proposed as useful diagnostic markers for ma-
lignancy [30].

Two well-known tumor suppressor miRNAs:
miR-15a and miR-16 are downregulated in pi-
tuitary adenomas and in PCC where they were
described to be able to discriminate benign
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Figure 1 miRNAs coded at 14932 is commonly dysregulated in endocrine neoplasms:

downregulated in neuroendocrine tumors, pituitary adenomas, thyroid
cancer and adrenocortical carcinoma (indicated by green arrows)
and overexpressed in pheochromocytomas (showed by red arrow)*
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*At 14q32 region paternally imprinted genes (DLK1, RTL1, and DIO3) are illustrated by black, maternally imprinted
noncoding RNAs (MEG3, anti-RTL1, and MEG8) are represented by grey boxes.

Lollipops indicate methylation sites at DLK1 promoter region, intergenic differentially methylated region (IG-DMR),
and MEG3 differentially methylated region (MEG3-DMR) region. MiRNAs at 14932 region are located in 2 clusters
separated by a small nucleolar RNA (snoRNA) cluster. miRNA cluster 1 contains 10 miRNAs and cluster 2 encodes
more than 40 miRNAs. Therefore, alteration in methylation, chromatin remodeling, genomic imprinting imbalance or
structural loss can lead to dysregulated miRNA expression. 14932 miRNAs influence cell proliferation, cell adhesion,
and migration through regulating targets involved in transforming growth factor beta signaling or epithelial-mesen-
chymal transition.

TGFBR2: Transforming Growth Factor Beta Receptor 2; ROCK2: Rho Associated Coiled-Coil Containing Protein Kinase 2;
ICK: Intestinal Cell Kinase; CDH11: Cadherin 11, CDK5: Cyclin Dependent Kinase 5; TWIST1: Twist Family BHLH Tran-
scription Factor 1; cMYC: MYC Proto-Oncogene; RTL1: retrotransposon-like gene RTL1; RTL1-AS: retrotransposon-like
gene RTL1 antisense; DLK1: Delta Like Non-Canonical Notch Ligand 1; MEG3: Maternally Expressed 3;

MEGS8: Maternally Expressed 8, Small Nucleolar RNA Host Gene; DIO3: lodothyronine Deiodinase 3.
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and malignant forms of the disease [47, 51]. In
addition, the lost expression of general tumor
suppressor miRNAs targeting BCL2 and CCND1
have been described in other, non-endocrine
tumors as well [30, 47].

Additionally, Pituitary Tumor-Transforming Gene
1 (PTTG1) is another target gene thatis regulated
by miRNAs in endocrine tumors. Several miRNAs
(miR-126, miR-381, miR-665, miR-300, miR-381,
miR-329) are suggested to contribute to PTTG1
overexpression in pituitary adenomas [51], that
is also upregulated in colorectal NET by the loss
of miR-186 [70]. However, PTTG1 overexpres-
sion is not unique for endocrine tumors as it was
described in several other malignancies with
prognostic potential.

MiR-21, a widely investigated oncomiR, has
been found up-regulated in many types of hu-
man tumors. Indeed, in lung NET and pNET it
was described overexpressed and in pNET its ex-
pression positively correlated with proliferation
index and with metastases [65, 66]. Additionally,
its level was reported elevated in circulation in
sbNET where it was described to be characteris-
tic to metastatic tumors and associated with sig-
nificantly prolonged overall survival [74]. In fol-
licular thyroid cancer plasma level of exosomal
miR-21 helped to distinguish between FTC and
benign tumors [23].

Similarly to miR-21, miR-222 is differentially ex-
pressed in several endocrine tumors, such as in
gastric NET (where it is induced by gastrin) and
in thyroid cancer (both papillary and anaplas-
tic) [13, 15, 18, 65], whereas in follicular thyroid
cancer the tissue level of miR-222 was prognos-
tic (higher in metastatic cases vs. non-metastat-
ic). In the blood stream of PTC patients, miR-222
expression significantly decreased after surgery
[21].

CONCLUSIONS AND FUTURE PERSPECTIVES

It is obvious that miRNAs are potentially useful
and promising tissue and circulating biomark-
ers. They are extensively investigated in differ-
ent neoplasms including tumors of the neuro-
endocrine system. Interestingly, miRNAs coded
at 14932 region seems to be dysregulated in al-
most all endocrine neoplasms (Figure 1) and sev-
eral other tumors. This region is frequently found
hypermethylated in cancer compared to normal
tissues. The downregulation of miRNAs located
at 1432 region shows important correlations
with poor prognosis and aggressiveness in differ-
ent cancer types. Studies also suggest chromatin
remodeling by IncRNA-mediated mechanisms
in this region beside DNA methylation that may
also influence miRNA expression. Additionally,
as 14932 is an imprinted region and imprinting
imbalance could also result in alteration of pater-
nally and maternally expressed genes.

Regarding their application to routine diagnostics
thyroid tumors and FNAB samples seem to be in-
vestigated the most intensively. Although high
sensitivity and diagnostic accuracy of miRNAs
have been reported in thyroid cancer which may
be suitable for differentiation of benign vs malig-
nant thyroid nodules, routine use of miRNAs as
biomarkers has not been widespread yet either
in thyroid or other endocrine and non-endocrine
tumors. In literature it is suggested that this may
be due to challenging preanalytics, especially in
case of bio-fluids. Additionally, there are no IVD-
CE (IVD: applicable for In Vitro Diagnostic, CE:
complies with the essential requirements of the
relevant European health, safety and environ-
mental protection legislations) marked assays to
measure miRNAs in clinical care. That also may
delay miRNAs’ application as potential diagnostic
biomarkers.
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However, regarding thyroid nodules there are
common miRNAs among different studies dis-
criminating benign and malignant nodules (e.g.
miR-221, miR-222, and miR-146b). These miR-
NAs should be further investigated as potential
candidates for clinical use.

In pituitary neoplasms, however there is the
most information gathered regarding the patho-
genesis and miRNA-regulated networks, there is
basically no information on miRNAs in biofluids.
It can be a consequence of negative results or
the difficulty of sample group homogenization
due to the different adenoma groups especially
inthe light of the 2017 WHO classification. In
adrenocortical carcinoma the role of one miRNA
(miR-483-5p) has been repeatedly proved by
several studies in both tissue level and in circula-
tion. And finally, the prognostic role of miRNAs
is also intensively investigated in NETs however,
again, due to the heterogeneous tumor group
there is still a need for data regarding the ap-
plication of any miRNA biomarker in clinical use.
Behind the discrepant results found in literature
not only the tumor heterogeneity but also the
differences in study design and technical imple-
mentation could be suspected. Regarding cir-
culating biomarkers, currently there are many
biological (age, gender, BMI, smoking status,
disease stage, other accompanying illnesses,
medications, etc.) and technical (serum, plas-
ma, extracellular vesicle as source, different
nucleic acid extraction methods, miRNA detec-
tion methods, etc.) factors known and unknown
which need standardization and harmonization
in order to establish evidences before applica-
tion of miRNAs as biomarkers.

REFERENCES

1. Valinezhad Orang A, Safaralizadeh R, Kazemzadeh-
Bavili M (2014) Mechanisms of miRNA-Mediated Gene
Regulation from Common Downregulation to mRNA-Spe-
cific Upregulation. Int J Genomics 2014:970607. https://
doi.org/10.1155/2014/970607

2. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed
pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell
120:15-20. https://doi.org/10.1016/j.cell.2004.12.035

3. Mattick JS, Makunin IV (2005) Small regulatory RNAs
in mammals. Hum Mol Genet 14 Spec No 1:R121-132.
https://doi.org/10.1093/hmg/ddi101

4. Silva J, Garcia V, Zaballos A, et al (2011) Vesicle-related
microRNAs in plasma of nonsmall cell lung cancer pa-
tients and correlation with survival. Eur Respir J 37:617—
623. https://doi.org/10.1183/09031936.00029610

5. Szabo PM, Butz H, Igaz P, et al (2013) Minireview: mi-
Romics in endocrinology: a novel approach for modeling
endocrine diseases. Molecular endocrinology 27:573-85.
https://doi.org/10.1210/me.2012-1220

6. Farazi TA, Hoell JI, Morozov P, Tuschl T (2013) Mi-
croRNAs in human cancer. Adv Exp Med Biol 774:1-20.
https://doi.org/10.1007/978-94-007-5590-1_1

7. Weber JA, Baxter DH, Zhang S, et al (2010) The microR-
NA spectrum in 12 body fluids. Clin Chem 56:1733-1741.
https://doi.org/10.1373/clinchem.2010.147405

8. Turchinovich A, Weiz L, Burwinkel B (2012) Extracellular
miRNAs: the mystery of their origin and function. Trends
Biochem Sci 37:460-465. https://doi.org/10.1016/].
tibs.2012.08.003

9. Zitvogel L, Regnault A, Lozier A, et al (1998) Eradica-
tion of established murine tumors using a novel cell-
free vaccine: dendritic cell-derived exosomes. Nat Med
4:594-600

10. Barros FM, Carneiro F, Machado JC, Melo SA (2018)
Exosomes and Immune Response in Cancer: Friends or
Foes? Front Immunol 9:730. https://doi.org/10.3389/
fimmu.2018.00730

11. Fabbri M, Paone A, Calore F, et al (2012) MicroRNAs
bind to Toll-like receptors to induce prometastatic inflam-
matory response. Proc Natl Acad Sci USA 109:E2110-
2116. https://doi.org/10.1073/pnas.1209414109

12. Ohshima K, Inoue K, Fujiwara A, et al (2010) Let-7 mi-
croRNA family is selectively secreted into the extracellular
environment via exosomes in a metastatic gastric cancer
cell line. PLoS ONE 5:e13247. https://doi.org/10.1371/

journal.pone.0013247

13. Malek A, Sleptsov |, Cheburkin Y, Samsonov R, Kolesn-
ikov N (2017) miRNA as Potential Tool for Thyroid Cancer
Diagnostics and Follow up: Practical Considerations. JSM
Thyroid Disord Manag 2(1): 1007.

14. Raue F, Frank-Raue K (2015) Epidemiology and Clini-
cal Presentation of Medullary Thyroid Carcinoma. Recent
Results Cancer Res 204:61-90. https://doi.org/10.1007/
978-3-319-22542-5_3

Page 161
eJIFCC2019Vol30No2ppl146-164


https://doi.org/10.1155/2014/970607
https://doi.org/10.1155/2014/970607
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1093/hmg/ddi101
https://doi.org/10.1183/09031936.00029610
https://doi.org/10.1210/me.2012-1220
https://doi.org/10.1007/978-94-007-5590-1_1
https://doi.org/10.1373/clinchem.2010.147405
https://doi.org/10.1016/j.tibs.2012.08.003
https://doi.org/10.1016/j.tibs.2012.08.003
https://doi.org/10.3389/fimmu.2018.00730
https://doi.org/10.3389/fimmu.2018.00730
https://doi.org/10.1073/pnas.1209414109
https://doi.org/10.1371/journal.pone.0013247
https://doi.org/10.1371/journal.pone.0013247
https://doi.org/10.1007/978-3-319-22542-5_3
https://doi.org/10.1007/978-3-319-22542-5_3

Henriett Butz, Attila Patdcs
MicroRNAs in endocrine tumors

15. Celano M, Rosignolo F, Maggisano V, et al (2017) Mi-
croRNAs as Biomarkers in Thyroid Carcinoma. In: Interna-
tional Journal of Genomics. https://www.hindawi.com/
journals/ijg/2017/6496570/. Accessed 27 Feb 2019

16. He H, Jazdzewski K, Li W, et al (2005) The role of mi-
croRNA genes in papillary thyroid carcinoma. Proc Natl
Acad Sci USA 102:19075-19080. https://doi.org/10.1073/
pnas.0509603102

17. Stokowy T, Wojtas B, Fujarewicz K, et al (2014) miR-
NAs with the potential to distinguish follicular thyroid
carcinomas from benign follicular thyroid tumors: results
of a meta-analysis. Horm Metab Res 46:171-180. https://
doi.org/10.1055/s-0033-1363264

18. Fuziwara CS, Kimura ET (2014) MicroRNA Deregula-
tion in Anaplastic Thyroid Cancer Biology. Int J Endocrinol
2014:743450. https://doi.org/10.1155/2014/743450

19. Mian C, Pennelli G, Fassan M, et al (2012) MicroRNA
profiles in familial and sporadic medullary thyroid car-
cinoma: preliminary relationships with RET status and
outcome. Thyroid 22:890-896. https://doi.org/10.1089/

thy.2012.0045

20. Zhang Y, Zhong Q, Chen X, et al (2014) Diagnostic val-
ue of microRNAs in discriminating malignant thyroid nod-
ules from benign ones on fine-needle aspiration samples.
Tumour Biol 35:9343-9353. https://doi.org/10.1007/
s13277-014-2209-1

21. Lee JC, Zhao JT, Clifton-Bligh RJ, et al (2013) MicroR-
NA-222 and microRNA-146b are tissue and circulating
biomarkers of recurrent papillary thyroid cancer. Cancer
119:4358-4365. https://doi.org/10.1002/cncr.28254

22.Yu S, Liu Y, Wang J, et al (2012) Circulating microRNA
profiles as potential biomarkers for diagnosis of papillary
thyroid carcinoma. J Clin Endocrinol Metab 97:2084—
2092. https://doi.org/10.1210/jc.2011-3059

23. Samsonov R, Burdakov V, Shtam T, et al (2016) Plasma
exosomal miR-21 and miR-181a differentiates follicular
from papillary thyroid cancer. Tumour Biol 37:12011-
12021. https://doi.org/10.1007/s13277-016-5065-3

24. Chou C-K, Yang KD, Chou F-F, et al (2013) Prognosticim-
plications of miR-146b expression and its functional role
in papillary thyroid carcinoma. J Clin Endocrinol Metab
98:E196-205. https://doi.org/10.1210/jc.2012-2666

25. Tang J, Kong D, Cui Q, et al (2018) Bioinformatic analy-
sis and identification of potential prognostic microRNAs
and mRNAs in thyroid cancer. Peer) 6:e4674. https://doi.
org/10.7717/peerj.4674

26. Abraham D, Jackson N, Gundara JS, et al (2011) Mi-
croRNA profiling of sporadic and hereditary medullary
thyroid cancer identifies predictors of nodal metastasis,
prognosis, and potential therapeutic targets. Clin Cancer

Res 17:4772-4781. https://doi.org/10.1158/1078-0432.
CCR-11-0242

27. Lerario AM, Moraitis A, Hammer GD (2014) GENETICS
AND EPIGENETICS OF ADRENOCORTICAL TUMORS. Mol
Cell Endocrinol 386:67-84. https://doi.org/10.1016/].
mce.2013.10.028

28.He J, Cao Y, Su T, et al (2015) Downregulation of
miR-375 in aldosterone-producing adenomas promotes
tumour cell growth via MTDH. Clin Endocrinol (Oxf)
83:581-589. https://doi.org/10.1111/cen.12814

29. Perge P, Decmann A, Pezzani R, et al (2018) Analysis
of circulating extracellular vesicle-associated microRNAs
in cortisol-producing adrenocortical tumors. Endocrine
59:280-287. https://doi.org/10.1007/s12020-017-1506-z

30. Igaz P, Igaz |, Nagy Z, et al (2015) MicroRNAs in adrenal
tumors: relevance for pathogenesis, diagnosis, and thera-
py. Cell Mol Life Sci 72:417-428. https://doi.org/10.1007/
s00018-014-1752-7

31. Cherradi N (2015) microRNAs as Potential Biomarkers
in Adrenocortical Cancer: Progress and Challenges. Front
Endocrinol (Lausanne) 6:195. https://doi.org/10.3389/
fendo.2015.00195

32. Hassan N, Zhao JT, Sidhu SB (2017) The role of mi-
croRNAs in the pathophysiology of adrenal tumors. Mol
Cell Endocrinol 456:36-43. https://doi.org/10.1016/].
mce.2016.12.011

33. Patterson EE, Holloway AK, Weng J, et al (2011) Mi-
croRNA profiling of adrenocortical tumors reveals miR-
483 as a marker of malignancy. Cancer 117:1630-1639.
https://doi.org/10.1002/cncr.25724

34. Ozata DM, Caramuta S, Veldzquez-Fernandez D, et al
(2011) The role of microRNA deregulation in the patho-
genesis of adrenocortical carcinoma. Endocr Relat Cancer
18:643-655. https://doi.org/10.1530/ERC-11-0082

35. Wang C, Sun Y, Wu H, et al (2014) Distinguishing ad-
renal cortical carcinomas and adenomas: a study of clini-
copathological features and biomarkers. Histopathology
64:567-576. https://doi.org/10.1111/his.12283

36. Chan YC, Banerjee J, Choi SY, Sen CK (2012) miR-210:
the master hypoxamir. Microcirculation 19:215-223.
https://doi.org/10.1111/j.1549-8719.2011.00154.x

37. Chabre O, Libé R, Assie G, et al (2013) Serum miR-483-
5p and miR-195 are predictive of recurrence risk in adre-
nocortical cancer patients. Endocr Relat Cancer 20:579—
594. https://doi.org/10.1530/ERC-13-0051

38. Caramuta S, Lee L, Ozata DM, et al (2013) Clinical and
functional impact of TARBP2 over-expression in adre-
nocortical carcinoma. Endocr Relat Cancer 20:551-564.
https://doi.org/10.1530/ERC-13-0098

Page 162
eJIFCC2019Vol30No2ppl146-164


https://www.hindawi.com/journals/ijg/2017/6496570/
https://www.hindawi.com/journals/ijg/2017/6496570/
https://doi.org/10.1073/pnas.0509603102
https://doi.org/10.1073/pnas.0509603102
https://doi.org/10.1055/s-0033-1363264
https://doi.org/10.1055/s-0033-1363264
https://doi.org/10.1155/2014/743450
https://doi.org/10.1089/thy.2012.0045
https://doi.org/10.1089/thy.2012.0045
https://doi.org/10.1007/s13277-014-2209-1
https://doi.org/10.1007/s13277-014-2209-1
https://doi.org/10.1002/cncr.28254
https://doi.org/10.1210/jc.2011-3059
https://doi.org/10.1007/s13277-016-5065-3
https://doi.org/10.1210/jc.2012-2666
https://doi.org/10.7717/peerj.4674
https://doi.org/10.7717/peerj.4674
https://doi.org/10.1158/1078-0432.CCR-11-0242
https://doi.org/10.1158/1078-0432.CCR-11-0242
https://doi.org/10.1016/j.mce.2013.10.028
https://doi.org/10.1016/j.mce.2013.10.028
https://doi.org/10.1111/cen.12814
https://doi.org/10.1007/s12020-017-1506-z
https://doi.org/10.1007/s00018-014-1752-7

https://doi.org/10.1007/s00018-014-1752-7

https://doi.org/10.3389/fendo.2015.00195
https://doi.org/10.3389/fendo.2015.00195
https://doi.org/10.1016/j.mce.2016.12.011
https://doi.org/10.1016/j.mce.2016.12.011
https://doi.org/10.1002/cncr.25724
https://doi.org/10.1530/ERC-11-0082
https://doi.org/10.1111/his.12283
https://doi.org/10.1111/j.1549-8719.2011.00154.x
https://doi.org/10.1530/ERC-13-0051
https://doi.org/10.1530/ERC-13-0098

Henriett Butz, Attila Patdcs
MicroRNAs in endocrine tumors

39. Duregon E, Rapa |, Votta A, et al (2014) MicroRNA
expression patterns in adrenocortical carcinoma variants
and clinical pathologic correlations. Hum Pathol 45:1555—
1562. https://doi.org/10.1016/j.humpath.2014.04.005

40. Assié G, Letouzé E, Fassnacht M, et al (2014) Integrat-
ed genomic characterization of adrenocortical carcinoma.
Nat Genet 46:607—612. https://doi.org/10.1038/ng.2953

41. Koperski t, Kotlarek M, Swierniak M, et al (2017) Next-
generation sequencing reveals microRNA markers of ad-
renocortical tumors malignancy. Oncotarget 8:49191—
49200. https://doi.org/10.18632/oncotarget.16788

42. Castro-Vega LJ, Letouzé E, Burnichon N, et al (2015)
Multi-omics analysis defines core genomic alterations in
pheochromocytomas and paragangliomas. Nat Commun
6:6044. https://doi.org/10.1038/ncomms7044

43. Sarkadi B, Grolmusz VK, Butz H, et al (2018) [Evolu-
tion of molecular genetic methods in the clinical diagno-
sis of hereditary endocrine tumour syndromes]. Orv Hetil
159:285-292. https://doi.org/10.1556/650.2018.31036

44, Patterson E, Webb R, Weisbrod A, et al (2012) The
microRNA expression changes associated with malig-
nancy and SDHB mutation in pheochromocytoma. En-
docr Relat Cancer 19:157-166. https://doi.org/10.1530/
ERC-11-0308

45. Tsang VHM, Dwight T, Benn DE, et al (2014) Over-
expression of miR-210 is associated with SDH-related
pheochromocytomas, paragangliomas, and gastrointes-
tinal stromal tumours. Endocr Relat Cancer 21:415-426.
https://doi.org/10.1530/ERC-13-0519

46. Hamada N, Fujita Y, Kojima T, et al (2012) MicroRNA
expression profiling of NGF-treated PC12 cells revealed
a critical role for miR-221 in neuronal differentiation.
Neurochem Int 60:743-750. https://doi.org/10.1016/].
neuint.2012.03.010

47. Meyer-Rochow GY, Jackson NE, Conaglen JV, et al
(2010) MicroRNA profiling of benign and malignant pheo-
chromocytomas identifies novel diagnostic and thera-
peutic targets. Endocr Relat Cancer 17:835-846. https://
doi.org/10.1677/ERC-10-0142

48. Zong L, Meng L, Shi R (2015) Role of miR-101 in pheo-
chromocytoma patients with SDHD mutation. Int J Clin
Exp Pathol 8:1545-1554

49. Aflorei ED, Korbonits M (2014) Epidemiology and etio-
pathogenesis of pituitaryadenomas.JNeurooncol 117:379—-
394, https://doi.org/10.1007/s11060-013-1354-5

50. Bottoni A, Piccin D, Tagliati F, et al (2005) miR-15a and
miR-16-1 down-regulation in pituitary adenomas. J Cell
Physiol 204:280-285. https://doi.org/10.1002/jcp.20282

51. Feng Y, Mao Z-G, Wang X, et al (2018) MicroRNAs and
Target Genes in Pituitary Adenomas. Horm Metab Res
50:179-192. https://doi.org/10.1055/s-0043-123763

52. Liang H, Wang R, Diao C, et al (2015) The PTTG1-
targeting miRNAs miR-329, miR-300, miR-381, and
miR-655 inhibit pituitary tumor cell tumorigenesis and
are involved in a p53/PTTG1 regulation feedback loop.
Oncotarget 6:29413-29427. https://doi.org/10.18632/

oncotarget.5003

53. Butz H, Likd I, Czirjak S, et al (2010) Down-regulation
of Weel kinase by a specific subset of microRNA in human
sporadic pituitary adenomas. J Clin Endocrinol Metab
95:E181-191. https://doi.org/10.1210/jc.2010-0581

54. Butz H, Racz K, Hunyady L, Patécs A (2012) Cross-
talk between TGF-B signaling and the microRNA ma-
chinery. Trends Pharmacol Sci 33:382—-393. https://doi.
org/10.1016/j.tips.2012.04.003

55. Wei Z, Zhou C, Liu M, et al (2015) MicroRNA involve-
ment in a metastatic non-functioning pituitary carci-
noma. Pituitary 18:710-721. https://doi.org/10.1007/
s11102-015-0648-3

56. Stilling G, Sun Z, Zhang S, et al (2010) MicroRNA
expression in ACTH-producing pituitary tumors: up-
regulation of microRNA-122 and -493 in pituitary carci-
nomas. Endocrine 38:67-75. https://doi.org/10.1007/
$12020-010-9346-0

57.Yang Q, Li X (2019) Molecular Network Basis of Inva-
sive Pituitary Adenoma: A Review. Front Endocrinol (Lau-
sanne) 10:. https://doi.org/10.3389/fendo.2019.00007

58. Roche M, Wierinckx A, Croze S, et al (2015) Deregu-
lation of miR-183 and KIAA0101 in Aggressive and Ma-
lignant Pituitary Tumors. Front Med (Lausanne) 2:54.
https://doi.org/10.3389/fmed.2015.00054

59. Garbicz F, Mehlich D, Rak B, et al (2017) Increased
expression of the microRNA 106b~25 cluster and its
host gene MCM7 in corticotroph pituitary adenomas is
associated with tumor invasion and Crooke’s cell mor-
phology. Pituitary 20:450-463. https://doi.org/10.1007/
$11102-017-0805-y

60. Amaral FC, Torres N, Saggioro F, et al (2009) MicroR-
NAs differentially expressed in ACTH-secreting pituitary
tumors. J Clin Endocrinol Metab 94:320-323. https://doi.
0rg/10.1210/jc.2008-1451

61. Wu S, Gu Y, Huang Y, et al (2017) Novel Biomark-
ers for Non-functioning Invasive Pituitary Adenomas
were ldentified by Using Analysis of microRNAs Expres-
sion Profile. Biochem Genet 55:253-267. https://doi.
org/10.1007/s10528-017-9794-9

62. Yao JC, Hassan M, Phan A, et al (2008) One hundred
years after “carcinoid”: epidemiology of and prognostic
factors for neuroendocrine tumors in 35,825 cases in the

Page 163
eJIFCC2019Vol30No2ppl146-164


https://doi.org/10.1016/j.humpath.2014.04.005
https://doi.org/10.1038/ng.2953
https://doi.org/10.18632/oncotarget.16788
https://doi.org/10.1038/ncomms7044
https://doi.org/10.1556/650.2018.31036
https://doi.org/10.1530/ERC-11-0308
https://doi.org/10.1530/ERC-11-0308
https://doi.org/10.1530/ERC-13-0519

https://doi.org/10.1016/j.neuint.2012.03.010
https://doi.org/10.1016/j.neuint.2012.03.010
https://doi.org/10.1677/ERC-10-0142
https://doi.org/10.1677/ERC-10-0142
https://doi.org/10.1007/s11060-013-1354-5
https://doi.org/10.1002/jcp.20282
https://doi.org/10.1055/s-0043-123763
https://doi.org/10.18632/oncotarget.5003
https://doi.org/10.18632/oncotarget.5003
https://doi.org/10.1210/jc.2010-0581
https://doi.org/10.1016/j.tips.2012.04.003
https://doi.org/10.1016/j.tips.2012.04.003
https://doi.org/10.1007/s11102-015-0648-3
https://doi.org/10.1007/s11102-015-0648-3
https://doi.org/10.1007/s12020-010-9346-0
https://doi.org/10.1007/s12020-010-9346-0
https://doi.org/10.3389/fendo.2019.00007
https://doi.org/10.3389/fmed.2015.00054
https://doi.org/10.1007/s11102-017-0805-y
https://doi.org/10.1007/s11102-017-0805-y
https://doi.org/10.1210/jc.2008-1451
https://doi.org/10.1210/jc.2008-1451
https://doi.org/10.1007/s10528-017-9794-9
https://doi.org/10.1007/s10528-017-9794-9

Henriett Butz, Attila Patdcs
MicroRNAs in endocrine tumors

United States. J Clin Oncol 26:3063—-3072. https://doi.
org/10.1200/JC0.2007.15.4377

63. Hendifar AE, Marchevsky AM, Tuli R (2017) Neuroen-
docrine Tumors of the Lung: Current Challenges and Ad-
vances in the Diagnosis and Management of Well-Differ-
entiated Disease. J Thorac Oncol 12:425-436. https://doi.
org/10.1016/j.jtho.2016.11.2222

64. Zatelli MC, Grossrubatscher EM, Guadagno E, et al
(2017) Circulating tumor cells and miRNAs as prognostic
markers in neuroendocrine neoplasms. Endocr Relat Can-
cer 24:R223-R237. https://doi.org/10.1530/ERC-17-0091

65. Malczewska A, Kidd M, Matar S, et al (2018) A Com-
prehensive Assessment of the Role of miRNAs as Bio-
markers in Gastroenteropancreatic Neuroendocrine
Tumors. Neuroendocrinology 107:73-90. https://doi.
org/10.1159/000487326

66. Roldo C, Missiaglia E, Hagan JP, et al (2006) MicroRNA
expression abnormalities in pancreatic endocrine and
acinar tumors are associated with distinctive pathologic
features and clinical behavior. J Clin Oncol 24:4677-4684.
https://doi.org/10.1200/JC0.2005.05.5194

67. Jiang X, Shan A, Su Y, et al (2015) miR-144/451 Pro-
mote Cell Proliferation via Targeting PTEN/AKT Pathway
in Insulinomas. Endocrinology 156:2429-2439. https://
doi.org/10.1210/en.2014-1966

68. Thorns C, Schurmann C, Gebauer N, et al (2014) Glob-
al microRNA profiling of pancreatic neuroendocrine neo-
plasias. Anticancer Res 34:2249-2254

69. Li A, Yu J, Kim H, et al (2013) MicroRNA array analysis
finds elevated serum miR-1290 accurately distinguishes
patients with low-stage pancreatic cancer from healthy

and disease controls. Clin Cancer Res 19:3600-3610.
https://doi.org/10.1158/1078-0432.CCR-12-3092

70. Wang M, Xia X, Chu W, et al (2015) Roles of miR-186
and PTTG1 in colorectal neuroendocrine tumors. Int J Clin
Exp Med 8:22149-22157

71. Yoshimoto T, Motoi N, Yamamoto N, et al (2018)
Pulmonary Carcinoids and Low-Grade Gastrointestinal
Neuroendocrine Tumors Show Common MicroRNA Ex-
pression Profiles, Different from Adenocarcinomas and
Small Cell Carcinomas. Neuroendocrinology 106:47-57.
https://doi.org/10.1159/000461582

72. Sadanandam A, Wullschleger S, Lyssiotis CA, et al
(2015) A Cross-Species Analysis in Pancreatic Neuroen-
docrine Tumors Reveals Molecular Subtypes with Distinc-
tive Clinical, Metastatic, Developmental, and Metabolic
Characteristics. Cancer Discov 5:1296—-1313. https://doi.
0rg/10.1158/2159-8290.CD-15-0068

73. Lee YS, Kim H, Kim HW, et al (2015) High Expres-
sion of MicroRNA-196a Indicates Poor Prognosis in
Resected Pancreatic Neuroendocrine Tumor. Medi-
cine (Baltimore) 94:e2224. https://doi.org/10.1097/
MD.0000000000002224

74. Bowden M, Zhou CW, Zhang S, et al (2017) Profiling
of metastatic small intestine neuroendocrine tumors
reveals characteristic miRNAs detectable in plasma.
Oncotarget 8:54331-54344, https://doi.org/10.18632/
oncotarget.16908

75. Mitsuhashi K, Yamamoto |, Kurihara H, et al (2015)
Analysis of the molecular features of rectal carcinoid tu-
mors to identify new biomarkers that predict biological
malignancy. Oncotarget 6:22114-22125

Page 164
eJIFCC2019Vol30No2ppl146-164


https://doi.org/10.1200/JCO.2007.15.4377

https://doi.org/10.1200/JCO.2007.15.4377

https://doi.org/10.1016/j.jtho.2016.11.2222
https://doi.org/10.1016/j.jtho.2016.11.2222
https://doi.org/10.1530/ERC-17-0091
https://doi.org/10.1159/000487326
https://doi.org/10.1159/000487326
https://doi.org/10.1200/JCO.2005.05.5194
https://doi.org/10.1210/en.2014-1966
https://doi.org/10.1210/en.2014-1966
https://doi.org/10.1158/1078-0432.CCR-12-3092
https://doi.org/10.1159/000461582
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.1158/2159-8290.CD-15-0068
https://doi.org/10.18632/oncotarget.16908
https://doi.org/10.18632/oncotarget.16908

The Journal of the International Federation of Clinical Chemistry
and Laboratory Medicine

JIFCC

This is a Platinum Open Access Journal distributed under the terms of the Creative Commons Attribution Non-Commercial License which permits unrestricted
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

'The role of microRNAs
in congenital heart disease
Orsolya Nagy, Sandor Barath, Aniko Ujfalusi

Department of Laboratory Medicine, Faculty of Medicine, University of Debrecen, Hungary

ARTICLE INFO

ABSTRACT

Corresponding author:

Aniko Ujfalusi

Department of Laboratory Medicine
Faculty of Medicine

University of Debrecen

Nagyerdei krt. 98.

Debrecen H-4032

Hungary

Phone: +36 52 340 006

Fax: +36 52 417 631

E-mail: ujfalusi.aniko@med.unideb.hu

Key words:
microRNA, cardiogenesis,
congenital heart disease

Congenital heart diseases (CHDs) are the leading in-
herited cause of perinatal and infant mortality. CHD
refers to structural anomalies of the heart and blood
vessels that arise during cardiac development and
represents a broad spectrum of malformations, in-
cluding septal and valve defects, lesions affecting the
outflow tract and ventricules. Advanced treatment
strategies have greatly improved life expectancy and
led to expanded population of adult patients with
CHD. Thus, a better understanding of the pathogen-
esis and molecular mechanisms underlying CHDs is
essential to improve the diagnosis and prognosis of
patients. The etiology of CHD is largely unknown, ge-
netic and environmental factors may contribute to
the disease. In addition to the mutations affecting ge-
nomic DNA, epigenetic changes are being increasing-
ly acknowledged as key factors in the development
and progression of CHDs. The posttranscriptional
regulation of gene expression by microRNAs (miRs)
controls the highly complex multi-cell lineage pro-
cess of cardiac tissue formation. In recent years, mul-
tiplex experimental models have provided evidence
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that changes in expression levels of miRs are as-
sociated with human cardiovascular disease, in-
cluding CHD. The newly described correlations
between miRs and heart development suggest
the potential importance of miRs as diagnostic
markers in human cardiovascular diseases. In
the future, more intensive research is likely to
be carried out to clarify their contribution to
personalized management and treatment of
CHD patients. In this paper, we discuss the cur-
rent knowledge on the causative role of miRs in
cardiac development and CHDs.
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INTRODUCTION

CHD defines functional and structural disorders
of the heart and blood vessels that arise during
embryogenesis. CHD is the most common cause
of perinatal and infant mortality. The reported
birth prevalence varies widely across countries
and continents, the best estimation generally
accepted is 8 per 1,000 live births (1). CHDs
are the leading cause of infant morbidity and
mortality and account for approximately 40%
of prenatal deaths and 20% of mortality in the
first year of life (2, 3). CHDs encompass a wide
spectrum of phenotypes including atrial septal
defect (ASD), ventricular septal defect (VSD),
patent ductus arteriosus (PDA), transposition
of the great arteries (TGA), pulmonary valve
atresia (PVA), coarctation of the aorta (CoA),
tricuspid atresia (TA), tetralogy of Fallot (TOF),
hypoplastic left heart syndrome (HLHS) and
univentricular heart (UH). The severity of the
different forms of CHD varies extensively from
simple mild lesions with follow-up for decades
without any treatment to complex cyanotic
malformations requiring urgent surgical inter-
vention (4). Recent advances in pre- and post-
natal diagnosis as well as surgical treatment
approaches have increased life expectancy of
patients with CHD. Nowadays more than 75% of

CHD patients live to adulthood, increasing the
pediatric CHD cohort and requiring lifelong spe-
cialized cardiac care. As a result, an increased
number of patients will reach the reproductive
age and can transmit the disease with a high
risk (5, 6). Therefore, a better understanding of
the etiology is essential in order to give early
diagnosis, allow timely interventions, effective
patient management and proper genetic coun-
seling. To date, approximately 20% of CHD cases
have known causes, such as teratogen effects
or genetic alteration. Half of the genetic abnor-
malities are chromosomal aneuploidy, submi-
croscopic copy number variation or nucleotide
sequence mutations. These abnormalities may
cause syndromes (with extracardiac symptoms)
or isolated heart defects. Clarification of genet-
ic background is complicated due to low pen-
etrance, high phenotypic variability and vari-
able expression of symptoms (7, 8). Very little is
known about the etiology of the remaining 80%
of cases, most of them follow multifactorial in-
heritance including genetic and environmental
factors in disease development (7). Recently,
epigenetics is being increasingly acknowl-
edged as a key mechanism in the pathophysiol-
ogy of cardiovascular diseases, including CHDs.
Epigenetics refers to a set of mechanisms that
regulate gene expression without changing the
underlying nucleotide sequence. Beside DNA
methylation and histone modification as two
basic elements of epigenetic machinery, non-
coding RNA (ncRNA) molecules can also induce
epigenetic modifications by post-transcriptional
regulation of gene expression. The best studied
group of noncoding RNAs are miRs, which are
small, evolutionarily conserved, single-stranded
RNA molecules, approximately 22 nucleotides
in length at mature stage. They suppress ex-
pression of target genes by inhibiting transla-
tion or encouraging degradation of their mRNA
by complementary base pairing at 3’UTR. The
degree and nature of complementary sites
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between the miR and target mRNA appear to
determine the gene silencing mechanism. Since
the first description in the early 1990s, more
than 1000 miRs have been identified in mam-
mals regulating more than 30% of genes. A
single miR can regulate multiple target mRNAs,
and individual mRNA can be targeted by many
miRs (2, 9, 10).

The aim of this paper is to review the current
knowledge of the potential role of miRs in ab-
normal cardiac development and consequently
in CHD.

THE ROLE OF MICRORNAS
IN HEART DEVELOPMENT

Various roles of miRs were identified in the
pathogenesis, progression, and remodeling of
cardiovascular diseases. The process of cardiac
tissue formation and cardiac gene expression
is so highly complex that it requires formation
of diverse cell types, including cardiomyocytes,
valvular and endothelial cells, conduction sys-
tem, smooth muscle cells, in a tightly regulated,
spatiotemporal manner. MiRs increase this com-
plexity even further by adding another layer of
regulation at the post-transcriptional level (11,
12). The significance of miRs in cardiogenesis
was first revealed in gene deletion experiments
in animal models, using mice and zebrafish.

Dicer is an essential endonuclease in the miR
biogenesis pathway, disruption of its function
removes all mature miRs. Dicer deletion in
mice and mutation in zebrafish caused lethality
by arresting gastrulation, providing convincing
evidence on the essential role of miRs in early
animal development. To better understand the
function of miRs in cardiac tissues, studies on
tissue specific Dicer deletion were carried out
on mouse heart at different developmental
stages. Deletion of cardiac specific Dicer pre-
natally resulted in defective heart morphogen-
esis and embryonic lethality. However, heart

specific Dicer deletion after birth led to abnor-
mal expression of contractile proteins, and re-
markable sarcomere disarray coupled with re-
duced cardiac function and rapid progression
to dilated cardiomyopathy and heart failure.
This cardiac phenotype closely resembled hu-
man dilated cardiomyopathy and heart failure
(13-15). To understand the contribution of in-
dividual miRs to cardiac development, much
research has been undertaken with gain- and
loss-of-function studies of specific miRs (16-18).
The outcomes of these studies clearly indicated
that single miRs have crucial roles in cardiac de-
velopment and function.

MiR-1 (miR-1-1, miR-1-2, miR-206) and miR-133
(miR-133a-1, miR-133a-2, miR-133b) families
are highly conservative. They are abundantly,
but not exclusively expressed in the heart. These
miRs are produced from the same polycistronic
transcript, encoded by two separate genes in
the mouse and human genomes, therefore they
have identical sequences and consequently tar-
get the same mRNAs.

Last decades of intensive research using devel-
opmental models of the heart have revealed
that these miRs control fundamental cardiac
transcription factors, such as GATA4, TBX1,
MEF2C, SRF and MHC genes. MiR-1/-133 have a
crucial role in regulation of cardiomyocyte pro-
liferation. They are also known to induce me-
soderm formation and differentiation of embry-
onic stem cells. In the developing mouse heart,
excessive expression of miR-1 inhibited ventric-
ular myocyte proliferation (17).

In contrast, targeted deletion of miR-1-2 was
found to be lethal at nearly 50% of mouse
embryos at weaning age, and some animals
showed ventricular septal or conduction system
defects in later stage (18). Deletion of either
miR-133a-1 or miR-133a-2 did not affect seri-
ously the cardiogenesis, but resulted in VSD and
chamber dilatation leading to late embryonic or
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early postnatal death (19). Both miR-1 and miR-
133 seemed to regulate growth-related car-
diac genes as growth suppressors and had an
opposite role in cardiomyocyte apoptosis (20,
21). Furthermore, miR-1 was linked to NOTCH1
receptor, whose ligand is essential in normal
asymmetric division (22). To understand the ex-
act molecular mechanism underlying the func-
tion of miRs, their target genes are required to
be identified. In case of miR-1, one important
validated target is Hand2 cardiac transcription
factor. Deletion of Hand2 gene in mouse models
leads to similar failure in ventricular myocytes
as miR-1 overexpression, which also reduces ex-
pression of Hand2 (17).

The miR-15 family includes six miRNAs: miR-
15a, miR-15b, miR-16-1, miR-16-2, miR-195,
miR-497. By inhibiting these miRs, mitosis of
myocardial cells increases and the suppression
of the most important target gene, CHEK1 is
eliminated. Of particular importance is the miR-
195, whose overexpression was detected dur-
ing cardiac hypertrophy in human and mouse
hearts, and it was sufficient alone to induce
hypertrophic growth of cultured rat cardiomyo-
cytes (23).

MiRs belongingtothe miR-208 family (miR-208a,
miR-208b, miR-499) are commonly referred to
as MyomiRs, expressed specifically in the heart.
MiR-208-null animals do not show gross devel-
opmental defects although their overexpres-
sion induces cardiac hypertrophy and conduc-
tion defects (24). Among their target genes, the
THRAP1 is involved in the negative regulation of
myocardial growth and hypertrophy. MiR-499 is
responsible for the expression of myosin genes
in the heart muscle of mice (24-26).

The 17-92 miRs are clustered, and initially
they were known as oncogenes (oncomiR). A
few of these miRs (miR-17, miR-18a, miR-19a,
miR-19b-1, miR-20a, miR-92a-1) play an impor-
tant role in cardiogenesis, participating in the

differentiation of progenitor cells in the heart
muscle. Their elevated level causes CHDs due
to inhibition of the expression of the main pro-
genitor genes (ISL1, TBX1) (12).

The miR-143 family expressed in endocardial,
myocardial and cardiac progenitor cells is in-
volved in the regulation of the ADD3 target
gene, which encodes the F-actin capping pro-
tein. This pathway is involved in the proper
design and function of the heart chambers.
By knocking out these miRs, outflow tract or
ventricular disorders can develop in the heart
(27, 28).

Evolutionarily conserved miR-218a-1, miR-
218a-2 and miR-218b together with SLIT2 and
ROBO genes provide the adequate develop-
ment of the heart tube. Together with the tran-
scription factor TBX5, they participate in the
morphogenesis of the heart. Downregulation of
miR-218 causes overexpression of TBX5, result-
ing in heart looping and chamber disorders (29).

ALTERED MICRORNA EXPRESSIONS
IN CONGENITAL HEART DISEASES
AND THEIR USE AS BIOMARKERS

During the past decade, findings of miR expres-
sion profiling experiments have demonstrated
that significant changes of specific miR signa-
tures occur in various forms of cardiovascular
diseases, including CHDs (22). The first studies
documented deregulated miR expression pat-
terns in humans mostly in the myocardial tis-
sues, such as ventricular myocardium or outflow
tract tissues (2, 10, 30). Subsequently, it became
clear that some miRs released from their cells
of origin can also be detected in different bodily
fluids (31-33). Numerous studies started to in-
vestigate tissue- and disease-specific miR pro-
files in bodily fluids in different human patho-
logical conditions (34-36). Extracellular miRs
became attractive candidates as noninvasive
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biomarkers for early diagnosis or prognosis of
CHDs (34, 37, 38) (Table 1).

However, extracellular miR profiling as a valid
diagnostic or prognostic tool is still in the de-
scriptive phase. The highly variable miR assess-
ments from blood are derived from the dif-
ferent extraction methods, analysis platforms
applied and the fact that the extracellular miRs
are either associated with proteins or contained

Methods

in cellular fragments (e.g. microparticles, exo-
somes). An excellent review summarizes the
currently used methodological approaches in
utilizing miRs as circulating biomarkers.

The authors highlighted optimal miR isolation
protocols, the advantages and disadvantages
of various expression methods and provided a
workflow in designing miR profiling from plas-
ma or serum samples (39).

MicroRNAs

Sample | CHD Control

Refer-

Cardiac
tissue

Cardiac
tissue

TOF
(n=16)

TOF
(n=21)

n=8
normally
developing
hearts

n=6
normal
controls

Screening

Microarray

Microarray

Confirma-
tory

RT-qPCR

RT-qPCR

Page 169

Candi-
date

miRs
(n=61)

miRs
(n=41)
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Confirmed

miR-27b
miR-421
miR-1275

Expres-
sion

Upregu-
lated

miR-122
miR-1201

miR-19a
miR-130b
miR-146b-5p
miR-154
miR-155
miR-181c
miR-181d
miR-192
miR-222
miR-337-5p
miR-363
miR-424
miR-424*
miR-660
miR-708

Downregu-
lated

Upregu-
lated

miR-29c
miR-181a*
miR-720

Downregu-
lated

ence

(10)

(30)




Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

Cardiac
tissue

VSD
(n=28)

TOF
(n=16)

TOF
(n=26)

HLHS
(n=15)

CHD
(n=30)

CHD
(TOF,
VSD, PA)
(n=10)

TOF
(n=30)

Cyanotic
CHD
(n=10)
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n=9
normal
heart
tissues

n=8
normally
developing
hearts

n=15
healthy in-
dividuals

n=6
non-failing
control
hearts

n=30
normal
samples

n=11
acyanotic
cardiac
defects

n=10
normal
samples

n=10
acyanotic
cardiac
defects

Microarray

Microarray

Microarray

Microarray

Gene ex-
pression
microarray

Gene ex-
pression
microarray

RT-qPCR

RT-gPCR

RT-qPCR

RT-gPCR

RT-qPCR

RT-qPCR

RT-qPCR

RT-qPCR
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miRs
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miRs
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miR-145
miR-182

miR-1
miR-19a
miR-30a
miR-30c
miR-30d
miR-30e
miR-130a
miR-130b
miR-144
miR-206
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lated
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lated
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lated
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miR-99a
miR-100 |Downregu-
miR-137-3p lated
miR-145a
miR-145 Downregu-
lated
miR-138 | UPresw
lated
miR-1 Downregu-
miR-206 lated
miR-184 Downregu-
lated
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(44)

(46)

(49)

(52)

(45)

(36)

(53)
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hsa-let-7e
miR-16
miR-18a
miR-25
n=20 . miR-93
Serum (r-]r_GZAé) healthy | Microarray| RT-qPCR (rr?_lzR;) miR-106a Ulztceegdu_ (47)
- subjects - miR-144*
miR-451
miR-486-3p
miR-486-5p
miR-505*
n=20
serum | S0 | normal - RT-qPCR - miR-873 | "PreBY | (sg)
(n=61) |. . . lated
individuals
. n=20
Cyanotic acyanotic Downregu-
Serum | CHD ¥ ; RT-qPCR ; miR-182 8U (55)
(n=32) CHD lated
- individuals
. Upregu-
R-4
MiR-498 lated
n=15 hsa-let-7e-5p
VSD | VSD-free miRs | MiR-155-5p
PI Mi RT-qPCR : 4
asma (n=20) S icroarray gPC (n=36) | mMiR-222-3p Downre (40)
. gu-
pants mlR—379—5p -
miR-409-3p
miR-433
miR-487b
CHD
(ASD, n=27 . . hsa-let-7a
Plasma | VSD, | healthy Pg’i’}'g RT-qPCR (:'_':Z) hsa-let-7b Ugrteegd“ (37)
AVSD) | children 4 ) miR-486
(n=26)
CHD n=30 miR-19b
Maternal| (ASD, - SOLiD miRs miR-22 Upregu-
serum |VSD, TOF) PeotLT:sl sequencing RT-gPCR (n=11) miR-29c lated (42)
(n=30) miR-375
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Vil Uel? h:llti Microarra
blood | (n=37) y y
controls

miR-183-5p
miR-421
miR-625-5p

Upregu-
lated

RT-qPCR

miR-1233-3p

miRs

(n=49) (11)

miR-140-3p
miR-142-5p
miR-181d-5p
miR-206
miR-339-5p

Downregu-
lated

*ASD: atrial septal defect, AVSD: atrioventricular septal defect, CHD: congenital heart disease, HLHS: hypoplastic left
heart syndrome, miRs: microRNAs, PA: pulmonary atresia, RT-qPCR: reverse transcription-quantitative polymerase
chain reaction, TGA: transposition of the great arteries, TOF: tetralogy of Fallot, VSD: ventricular septal defect.

To date, especially the common and/or severe
CHDs have been studied extensively by miR ex-
pression profiling. VSD, as a discontinuation in
the septal wall between left and right ventricles,
accounts for approximately 20-40% of CHDs (Fig.
1b) (40). Large defects lead to severe heart fail-
ure requiring urgent surgical intervention, while
smaller ones may be asymptomatic and close
spontaneously. The more severe forms can re-
sult in left-to-right shunt with consecutive left
ventricle overload and pulmonary hypertension.
Although its embryology and pathology have
been clarified, its etiology remains unknown.
After initial microarray screening, Li et al (41)
compared the expression of a set of 25 candidate
miRs in heart tissues of patients with VSD and
healthy controls by qRT-PCR. They found that
miR-1-1 expression was decreased in patient
samples and associated with the increased level
of its target genes, GJA1 and SOX9. The miR-181c
overexpression, linked with the downregulation
of BMPR2 gene, was identified as well. Later on,
another research group reported for the first
time circulating miR profiles for patients with
VSD with upregulation of miR-498 and downreg-
ulation of hsa-let-7e-5p, miR-155-5p, miR-222-
3p, miR-379-5p, miR-409-3p, miR-433 and miR-
487b in plasma samples of patients (40). Zhu et
al hypothetize that miRs in maternal serum can

be used as biomarkers for the prenatal detection
of fetal CHD in early pregnancy. They analyzed
miR profiles in serum samples from pregnant
women, who had fetuses with ASD, VSD or TOF
and from women with normal pregnancies. They
identified significantly higher expression of miR-
19b and miR-29c in case of VSD and upregula-
tion of miR-22 and miR-375 in TOF. Results of this
study raised the possibility of using miRs in the
maternal serum for early diagnosis of fetal car-
diac disorders as noninvasive biomarkers (42).
However, because of the limitations of the study,
further research is required to confirm the use-
fulness of miRs in the clinical practice for prena-
tal diagnosis of CHD.

There are much less data on the expression pro-
file of miRs in congenital ASD (Fig. 1c). In a more
recent study Song and colleagues (37) identified
significant upregulation of hsa-let-7a, hsa-let-
7b and miR-486 in children with ASD, VSD and
AVSD. The hsa-let-7a and hsa-let-7b were spe-
cifically overexpressed in ASD cases supporting
their hypothesis that specific miRs are associ-
ated with specific types of CHD. Similar expres-
sion profiles of hsa-let-7a and hsa-let-7b were
detected in mothers of ASD children. Based on
their results, not only do these miRs have diag-
nostic but also predicting roles for CHD risk in
offspring.
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Figure 1 Altered expression of miRs in CHDs*
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*Figure 1 - Legend
a) normal heart structure

b) Ventricular Septal Defect (VSD): a hole in the wall between the lower chambers of the heart (the ventricles)
c) Atrial Septal Defect (ASD): a hole in the wall between the upper chambers of the heart (the atria)
d) Tetralogy of Fallot (TOF): a combination of four heart defects that are: 1. ventricular septal defect, 2. pulmonary

stenosis, 3. right ventricular hypertrophy, 4. overriding aorta

e) Transposition of the Great Arteries (TGA): the two major arteries (aorta and pulmonary artery) that carry blood

away from the heart are switched (transposed)

f) Hypoplastic Left Heart Syndrome (HLHS): a combination of: 1. underdeveloped left ventricle, 2. hypoplastic aorta, 3.

atrial septal defect, 4. patent ductus arteriosus.
'I‘ Upregulation slz Downregulation
References: (10-12, 30, 36, 37, 40-42, 44-47, 49).

TOF (Fig. 1d) is the most common form of cya-
notic CHD that represents 5-8% of all CHDs (43).
It is characterized by: 1) pulmonary outflow
tract obstruction; 2) VSD; 3) overriding aor-
tic root; and 4) right ventricular hypertrophy.
Without surgery, patients have poor progno-
sis and follow-up studies show that even after
repair of TOF they have a higher risk for heart
failure. Despite its prevalence and clinical sig-
nificance, the underlying mechanism is poorly
understood.

More recently, miRs have been investigated as
etiological factors in the pathogenesis of TOF.
O’Brien and colleagues (10) examined expres-
sion patterns of miRs in right ventricular myo-
cardium from infants with nonsyndromic TOF
compared to infants with normally developing
heart. Microarray analysis revealed that the lev-
els of 61 miRs significantly changed, especially
miR-1275, miR-27b, miR-421, miR-1201 and
miR-122, moreover the levels of expressions
were similar to those in the fetal myocardium.
Potential targets of miRs with altered expres-
sion were concentrated in gene networks criti-
cal to cardiac development. Subsequently, this
group performed a follow-up study focusing on
miR-421 by under- and overexpressing of miR-
421 on primary cells from ventricular myocar-
dium of TOF heart.

The authors found an inverse correlation be-
tween expression of miR-421 and SOX4 that is
a key regulator of the Notch signaling pathway,

which suggests the association of miR-421 with
TOF (44). He et al (45) studied miR-138 expres-
sion in myocardial samples from patients with
cyanotic TOF and identified a two-fold increase
compared to patients with acyanotic CHD.
Based on studies from Liang and colleagues
(46) miR-940 is the most downregulated miR
in myocardium from patients with TOF among
the identified 75 dysregulated miRs. Zhang et
al (30) applied microarray analysis to identify
deregulation of miRs in right ventricular out-
flow tract tissue in infants with TOF. They found
18 miRs with significantly altered expression,
among which miR-424/424* and miR-222 were
shown to affect cardiomyocyte proliferation
and differentiation. MiR target gene network
analysis showed that 16 of the 18 miRs targeted
97 genes involved in heart development.

Abnormal expression of connexin 43 (Cx43) has
been documented in conotruncal anomalies al-
though the underlying mechanism is unknown.
Wu and colleagues (36) investigated the poten-
tial role of miRs in altered expression of Cx43
in myocardium samples of patients with TOF.
They showed that miR-1 and miR-206 were sig-
nificantly decreased in the TOF patients as com-
pared with controls, which may cause upregula-
tion of Cx43 protein synthesis and suggest the
role of these miRs in the pathogenesis of TOF.

Little is known about the expression profile of
miRs in CHD with systemic right ventricle. In
patients with TGA (Fig. 1e) after atrial switch
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operation, late systemic right ventricular dys-
function develops. Lai et al (47) tested the circu-
lating miR expression profile in these patients.
They found that 23 miRs were upregulated, 11
were validated to be increased in patients com-
pared with controls. MiR-18a and miR-486-5p
expression signature correlated negatively with
systemic ventricular contractility.

HLHS (Fig. 1f) represents 2% to 9% of CHDs
and accounts for 23% of neonatal deaths.
Characteristics of HLHS include varying degrees
of hypoplasia of the left ventricle, mitral valve
and aortic valve atresia/stenosis, and hypopla-
sia of the ascending aorta. This is one of the
most serious cardiac malformation and leads
to death in the newborn period without treat-
ment. Nowadays as a result of surgical palliative
techniques a five-year survival can be reached
in more than half the cases (48). Sucharov et
al (49) investigated the miR expression in the
right ventricle myocardium of HLHS patients.
They found that pediatric HLHS population has
a unigue miR profile, and some miRs (miR-100,
miR-145a, miR-99a, miR-137-3p, miR-204) are
modulated by changes in volume loading of the
right ventricle. Biostatistical analysis revealed
that target genes of these miRs are important
for cardiac development and disease.

The most common genetic defect leading to CHD
is the trisomy 21 in Down syndrome. Five miRs
are overexpressed in Down syndrome, miR-99a,
hsa-let-7c, miR-125-b2, miR-155 and miR-802,
all of them are located on chromosome 21 (50).

Patients with DiGeorge syndrome, which is the
most common microdeletion syndrome, have
heterogeneous phenotype including CHD, im-
munodeficiency and hypocalcemia. The genetic
cause is the deletion of 22g11.2 region includ-
ing TBX1, which is essential in normal cardiac
development. The DGCR8 gene encodes a cru-
cial component of the RNA induced silencing
complex (RISC), necessary for miR biogenesis.

Haploinsufficiency of this complex leads to im-
paired miR expression and development of CHD
(51).

CONCLUSION

CHDs account for a significant part of cardio-
vascular diseases, perinatal morbidity and mor-
tality. Improved survival of children with CHD
has led to high number of adult patients facing
multiple challenges throughout their lifetime.
Despite our increasing knowledge on the ge-
netic basis and signaling pathways involved in
cardiac development, there are still huge gaps
that require further examination.

In the cardiovascular research field, numerous
studies demonstrated that miRs are required
for proper heart development and function.
Characteristic expression profiles of miRs have
specific and generalized effects on cell signaling
pathways associated with CHD.

MiRs are attractive diagnostic and prognostic
biomarkers as they remain stable in bodily fluids
and avoid RNA degrading enzymes and hereby
may provide an additional diagnostic tool to as-
sess heart disease.

According to recent reports miRs can serve as
noninvasive biomarkers for the extent of myo-
cardial damage and the postoperative clinical
course of pediatric patients with CHDs follow-
ing surgery.

Despite the results having been reported in the
past decade, the exact role of miRs in CHDs is
still unclear. Large-scale studies are needed to
provide a better understanding of the molecu-
lar interactions causing CHD.
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Coronary artery disease is one of the most common
cardiovascular diseases in the world. Involvement of
microRNAs on the pathogenesis of this disease was
reported either in beneficial or detrimental way.
Different studies have also speculated that circulat-
ing microRNAs can be applied as promising biomark-
ers for the diagnosis of coronary artery disease.
Particularly, microRNA-133a seems to fulfill the crite-
ria of ideal biomarkers due to its role in the diagnosis,
severity assessment and in prognosis. The panel of
circulating microRNAs has also improved the predic-
tive power of coronary artery disease compared to
single microRNAs. In this review, the role of circulat-
ing microRNAs for early detection, severity assess-
ment and prognosis of coronary artery disease were
reviewed.
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INTRODUCTION

Coronary arteries supply blood to the heart mus-
cle and consist of two main arteries: the right
and left coronary arteries, and their two branch-
es, the circumflex artery and the left anterior de-
scending artery (1). Analogous to other arteries,
normal coronary artery consists of three well-
defined layers: the intima, media, and adventi-
tia. These three layers are separated by layers of
elastin. Internal elastic lamina separates intima
from media and external elastic lamina separates
media from the adventitia (2).

Coronary artery disease (CAD) is the leading
cause of cardiovascular deaths (CVD) globally
(3). In 2020, it is estimated that this disease will
account for death of 11.1 million patients glob-
ally (4). Someone suffers from coronary disease
every 26 seconds, and someone dies from every
minute in the USA (5). In Europe, between 1in 5
and 1in 7 women die from CAD, and the disease
accounts for between 16% and 25% of all deaths
in European men (6). Studies suggest that the
average age-adjusted incidence rates of CAD
per 1,000 person-years are 12.5 for white men,
10.6 for black men and 4.0 for white women (7).
The clinical spectrum of CAD ranges from stable
angina pectoris (stable CAD) to acute coronary
syndromes (ACS) which includes unstable an-
gina (unstable CAD) and myocardial infarction
(8). The myocardial infarction (Ml) is further
classified into ST segment elevated MI (STEMI)
and non-ST segment elevated MI (NSTEMI). In
terms of arterial occultation STEMI is charac-
terized by a complete occultation of epicardial
coronary blood vessel and elevated ST in elec-
trocardiogram whereas NSTEMI is characterized
by a sever coronary artery narrowing. However,
both of them are accompanied by necrosis of
myocardial cell and elevated cardiac biomarkers
(9). Only a few previous articles have reviewed
the potential of circulating microRNAs (miR-
NAs) as biomarker on different phases of CAD.

Consequently, this review narrates the role of
circulating miRNAs in the early detection, di-
agnosis, severity assessment of CAD as well as
restenosis, and their role as a prognosis marker.
Furthermore, it describes the pathogenesis, cur-
rent diagnosis modalities, and limitation of miR-
NAs as a biomarker of CAD.

PATHOGENESIS OF CORONARY
ARTERY DISEASE

The primary pathologic process causing CAD is
atherosclerosis of the large and medium sized
coronary artery. The increment of cholesterol
level which binds with low density lipoprotein
and very low-density lipoprotein increases the
chance of infiltration of these moleculesinto the
artery wall and leads to oxidation (10). This can
initiate migration of smooth muscle cells from
the tunica media to intima of the artery (11).
Activated smooth muscle cells produce fibrotic
extra cellular matrix (ECM), which changes the
lipid rich fatty streak into more advanced lesion
(12). The ECM forms the fibrous cap that has an
important role in maintaining the mechanical
stability of the plaque. In addition to calcifica-
tion, neo-vascularization affects the structure
of the plaque. As the plaque size increases, the
oxygen from the bloodstream does not reach all
areas of the lesion, and the inner section gets
hypoxic and these neo-vessels also cause small
hemorrhages inside the plague which subse-
guently increases its size rapidly (13).

In most cases, ischemia and infarctions are
caused by physical disruption of the fibrous cap
of the lesion, which allows thrombogenic mate-
rial to interact with blood cells (14). This contact
leads to formation of a thrombosis, which can
block the blood flow in the artery. Inflammatory
cells also destabilize the plaque by secreting
pro-inflammatory cytokines, proteases, coagu-
lation factors and vaso-active molecules. These
molecules inhibit the formation of stable fibrous
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cap, degrade the collagen in the cap and initiate
the formation of the clot (15).

Recently, the discovery of miRNAs involvement
on the pathogenesis of CAD reignited the les-
son for using them as diagnosis and prognostic
marker for cardiovascular disease (CVD). Now, it
is accepted that miRNAs are involved eitherin a
beneficial or detrimental way in almost all steps
of atherogenesis, including endothelial damage
and dysfunction, monocyte-wall invasion and
activation, lipoprotein formation, plaque stabil-
ity, remodeling of the CV system, and platelet
and vascular smooth muscle cell function (16).

microRNAs regulate gene expression post tran-
scriptionally by degrading messenger RNA tar-
gets and/or by blocking their translation (17,
18). Each miRNA can target multiple mRNAs
and regulate ~60% of mammalian protein-
coding genes (19). They have diverse functions
in the regulation of several key biological and
cellular processes including differentiation,
proliferation, and apoptosis in cardiovascular
system (20).

In recent years, circulating miRNAs have creat-
ed great interest and have been investigated as
a source of novel biomarkers for several human
diseases (21-23). They are reported from whole
blood, peripheral blood mononuclear cells,
platelets, serum, plasma, and other body fluids
(24). Regarding, using miRNAs as a biomarker
in CAD abundant researches have been under-
taken. They revealed that determining the ex-
pression level of miRNAs in body fluids have a
potential role intended for early detection, di-
agnosis, severity assessment markers and prog-
nostic indicators.

EXISTING DIAGNOSIS MODALITIES
FOR CORONARY ARTERY DISEASE

Currently, common diagnosis of CAD relies on
visualization of the anatomic structure of coro-
nary artery and functional assessment of the

heart. Coronary angiography is considered as
a gold standard method for diagnosis of CAD
(25). However, coronary angiography may over-
estimate or underestimate disease due to the
fact that it is influenced by technical factors and
complexity of coronary anatomy and plaque
configuration (26, 27).

Furthermore, complications from the technique
including those related to local anesthesia and
use of contrast material, as well as contrast
induced nephropathy, infection, local vascular
injury, myocardial infarction, stroke, and death
are also common (28, 29). Additionally, prevail-
ing of non-flow limiting CAD in women which is
undetectable through this technique also com-
promises its value (30). As a result, the emerg-
ing of noninvasive techniques, whether imag-
ing or non-imaging, hold great prospects (31).
MicroRNAs in this regard might have potential
to skip these bottlenecks.

DETECTION METHODS OF miRNAs

High throughput sequencing, quantitative real
time polymerase chain reaction (RT-qPCR)
and microarrays are the major quantification
methods that are currently being used (32).
Sequencing is the best technique for discovering
new miRNAs whereas qPCR is the gold standard
technique for quantification of miRNAs (33).
On the other hand, microarray technique is the
best alternative method for genome-wide as-
says on a larger scale (34). However, quantifica-
tion of miRNAs, compared to protein, still lacks
standardized methods and clear recommenda-
tion about which body fluid is appropriate?

SAMPLE PREPARATION
AND NORMALIZATION
TECHNIQUE OF miRNAs

Selecting the appropriate sample is the basic is-
sue for analyzing miRNAs. MicroRNAs are found
intracellularly or can be actively secreted by
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cells (35). Even though there is high extracellu-
lar RNase activity, miRNAs are stable in extracel-
lular area, due to their packaging in apoptotic
bodies, microvesicles (MV), exosomes, lipopro-
teins (Lp), and special proteins. Previous stud-
ies showed that miRNAs are found in blood,
urine, breast milk (36), saliva, tears, and other
body fluids (37). In this review, blood and its
components like plasma, serum, a peripheral
blood mononuclear cell (PBMC) were the major
sample for miRNAs determination (Table 1).

MicroRNAs can be extracted by different tech-
niques. The most common technique is select-
ed based on the desired purity and amount of
miRNA. Some of the extraction methods are
TRIzol based, miRNeasy and mirVANA (38).
TRIzol based method was the technique used
by various studies (Table 1).

Quantification of miRNA expression needs data
normalization. The normalizer might be either
endogenous or exogenous reference genes.
However, there is no consensus on optimal
normalization strategy, particularly the choice
of reference genes. In terms of the source of the
reference, it might be endogenous or exogenous
whereas in terms of their nature, it might be miR-
NAs, synthetic RNA or other genes (39). In this
review, the most common exogenous reference
gene found in various studies is a miRNA obtained
from C. elegans which is the cel-miRNA-39. The
small non-coding RNA (RNU6) was also the most
frequently used non miRNA endogenous refer-
ence genes (Table 1). Furthermore, miRNA-156a
and miRNA-16 were used as endogenous miRNA
normalizer as well.

ROLE OF miRNAs AS POSSIBLE
BIOMARKERS FOR CORONARY
ARTERY DISEASE

MicroRNAs are small non-coding endogenous
RNAs and can regulate different developmental
and physiological processes of cardio-vascular

system (34). These molecules are also highly
valuable biomarkers due to their cell-type spec-
ificity, abundance, and stability in most solid
and liquid clinical specimens (40). Gustafson et
al. stated the beneficial aspect of miRNA-guid-
ed diagnostics as an increasingly and powerful
molecular approach for deriving clinically signif-
icant information from patient samples. Li et al.
also proved that these miRNA molecules can be
used as diagnosis, management, and monitor-
ing of numerous diseases. They are also helpful
for stratifying the type of CAD patients and even
the type of ACS in different groups. For instance,
a study done by Ward et al. showed that miR-
NA-25-3p, miRNA-221-3p, and miRNA-374b-5p
were highly associated with STEMI, and miRNAs
221-3p and 483-5p were highly correlated to
NSTEMI (41).

Early detection of coronary artery disease

Various guidelines (42-44) support to screen
individuals having family history of premature
CAD and diabetes mellitus (DM). Screening of
CAD includes remarkable investigation starting
from the easy Framingham risk score screen-
ing tool to more complicated and relatively ac-
curate coronary angiography (45). As a result,
highly sensitive and specific screening tests with
low cost and invasiveness are essential for a
better monitoring program of CAD. microRNAs
expressed and released from platelet, mono-
cyte, endothelial cells at the initiation stage of
CAD may take their share in this regard. Wang
et al. recommended that circulating levels of
miRNA-31 and miRNA-720 have a potential role
for early detection of CAD. They proved that
these miRNAs can regulate endothelial progeni-
tor cell (EPC) function via the suppression of
FAT4 and thromboxane A2 receptor which are
expressed in EPC’s of CAD patients early (46).
Their expressions were remarkably low in CAD
patients compared to non-CAD patients.
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miR-1 Up Eii(&ii’g;
miR-126 1 Up vs. aRT-PCR | 2V | piacma [mirna1s| TR | (s2)
miR-483 Up evaluation based
miR-133a | U non-CAD
P (n=20)
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miR-126
miR-17
miR-92a
miR-155
miR-145
miR-133a
miR-208a

miR-206
miR-574

miR-34a
miR-21
miR-23a

miR-2861
miR-3135b
miR-191

miR-126
miR-199a

miR-197
miR-223

miR-133a
miR-208b

miR-208a

miR-155

Down
Down
Down
Down
Down
Up
Up

Up
Up

Up
Up
Up

Up
Up
Up

Up
Up

Up
Up

Up
Up

Up

Up

CAD (n=36)
VS.
non-CAD
(n=17)

CAD (n=67)
VS.
non-CAD
(n=67)

CAD (n=32)
non-CAD
(n=20)

CAD (n=90),
VS.
non-CAD
(n=70)

CAD
(n=176)

(ACS, SAP)
(n=873)

ACS
(n=444)

CHD
(n=290)
VS.
HC
(n=110)

CHD
(n=300)
VS.
HC
(n=100)

qRT-PCR

Microarray
gRT-PCR

Microarray
gRT-PCR

Microarray
gRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR

diagnosis

diagnosis

diagnosis

Severity
assessment

prognostic

prognostic

Prognostic,

diagnostic

Severity

Severity
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miR-483 Up SCAD cel-
miR-451a | Down gRT-PCR Severity Plasma . miRNeasy| (68)
. (n=59) miRNA-39
miR-155 Up
CAD (n=95)
SAP (n=30) .
miR-486a Up UAP (n=39) Lipo- cel-
miR-922 Up MI (n=26) gRT PCR Severity prot.eln MIRNA-39 miRNeasy| (70)
fractions
VS.
HC (n=16)
miR-100 | Down 'SnRo(r:'_T;;)
miR-143 | Down . TRIzol
miR-145 | Down (n—vls30) gRT PCR Severity Plasma RNU6 based (80)
miR-21 Up HC (n=52)
ISR (n=39)
miR-425 Up VS. miRNA PCR .
miR-93 Up non-ISR array Severity ABBIE i i (81)
(n=39)
3R | POy o f/:=6) Plasma/ TRIzol
miR-155 Up gRT-PCR | Restenosis miR-24 (82)
MiR-185 U non-ISR cell culture based
Pl (N=a3)

*Abbreviations - ACS: Acute Coronary Syndromes, AP: Angina Pectoris, CAD: Coronary Artery Disease,

CHD: Coronary Heart Disease, ISR: In-Stent Restenosis, HC: Health Control, MI: Myocardial Infarction, miR: microRNA,
MV: Microvesicles, n: number of participants, qRT-PCR: quantitative Real-Time Polymerase Chain Reaction,

SAP: Stable Angina Pectoris, UAP: Unstable Angina Pectoris, RNU: small non-coding RNAs.

On the other hand, Hulsmans et al. showed the
down regulation of the monocyte derived three
isoforms of miRNA-181 in coronary artery dis-
ease. Particularly, miRNA-181-a was associated
with CAD even after adjustment for traditional
risk factors: obesity and metabolic syndrome
(47). They also described that miRNA-181 relat-
ed with inflammatory toll-like receptor and nu-
clear factor kB signaling and it may be potential
biomarker for early detection of obesity related
coronary artery disease. However, expression of
miRNA-181 has been observed to be regulated

by other toll-like receptor signaling factors that
may potentially reduce its specificity of the
prediction.

Bialek et al. also showed that plasma miRNA-
208a is an interesting and promising candidate
for a new biomarker released early after onset
of myocardial infarction. The peak of miRNA-
208a was observed earlier than the traditional
biomarkers (cTnl and CK-MB mass). This implies
that miRNAs will have an importance as early
biomarker role in emergency department than
the traditional markers (48).
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Differentiate patients with CAD from non-CAD

Diagnostic values, which is commonly expressed
in area under the curve (AUC) of the receiver
operating characteristics (ROC) in this review,
ranges from “bad” classification power (AUC,
0.5-0.6) for some miRNAs to “excellent” for oth-
ers (AUC, 0.9-1.0).

Various miRNAs have a potential to classify CAD
patients from non-CAD. Sayed et al. have as-
sayed three plasma miRNAs: miRNA-765, miR-
NA-149, and miRNA-424 in CAD patients with
non-CAD controls. All of them showed promis-
ing results to discriminate stable and unstable
CAD from controls. ROC-AUC value of down-reg-
ulated plasma miRNA-149 classified stable and
unstable CAD patients from non-CAD (0.938 and
0.951), respectively. Up-regulated miRNA-765
also distinguished CAD from non-CAD patients
(49).

Discriminatory powers of miRNA-149 and miR-
NA-765 plasma levels were also repeated in
other study (50). They classified unstable CAD
from the controls with AUC values of 0.972
and 0.977, respectively. Whereas, stable CAD
were differentiated from controls with 0.959
and 0.938 AUC values for miRNA-765 and miR-
NA-149, respectively. With this significant clas-
sification power, however, plasma levels of miR-
NA-765 were significantly correlated with age
in all groups. This ultimately affects the charac-
teristics of ideal biomarker. In contrast, plasma
levels of miRNA-149 was not statistically signifi-
cant in this aspect.

Furthermore, Wang et al. have revealed that
miRNA-133a classified CAD from non-CAD indi-
viduals and exceeded the prediction potentials
of the demographical data (age, sex, smoke, hy-
pertension, diabetes, hyperlipidemia, etc.) and
cardiac troponin | (cTnl) (51). The cTnl, clinical
data, and miRNA-133a individually showed AUC
value of 0.741, 0.785 and 0.918, respectively.
Interestingly, the addition of miRNA-133a to

the clinical data and cTnl remarkably increased
the AUC values that were 0.942 and 0.925, re-
spectively. Another study also showed that
plasma miRNA-133a level was useful for diag-
nosis of unstable CAD (AUC = 0.906) (52). The
combination of other two miRNAs (miRNA-1
and miRNA-126) increased the efficiency of de-
tecting unstable CAD from controls. Moreover,
miRNA-1 and miRNA-126 could differentiate
both stable and unstable CAD from the controls
independently with a potential of > 0.85 value
of AUC in the above study. Both of them were
up-regulated in CAD patients (53).

Classification of CAD from non-CAD with “satis-
factory” power was also reported by Zhou et al.
through plasma expression of miRNA-206 and
miRNA-574-5p (AUC value of 0.607 and 0.699,
respectively) (54). Bioinformatics analysis re-
vealed that their potential target gene might be
involved in the onset and development of CAD
that extend our understanding to validate them
for early diagnosis of CAD.

Other studies without ROC curve analysis
showed that different miRNAs have statistical-
ly significant difference between CAD and non-
CAD. Han et al. (55) showed that from miRNA-
34a, miRNA-21, miRNA-23a, miRNA-30a and
miRNA-106b; miRNA-34a and miRNA-21 were
significantly higher in the plasma of CAD pa-
tients compared to controls, whereas miRNA-
23a had reduced expression among CAD pa-
tients (all P<0.01). The ratio of miRNA-135a to
miRNA-147 concentration PBMC had showed 19
fold increment in CAD patients compared with
controls. MiRNA/target gene/biological func-
tion linkage analysis suggested that the change
in PBMC miRNA signature in CAD patients is
probably associated with a change in intracel-
lular cadherin/Wnt signaling (56). Dong et al.
identified a panel of PBMC miRNA (miRNA-24,
miRNA-33, miRNA-103a, and miRNA-122) that
provided a high diagnostic accuracy of CAD
(AUC=0.911, 95% CI 0.880-0.942) (57). Faccin
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et al. also showed that a combination of three
miRNAs (miRNA-155,-145 and let-7c) revealed a
better classification power than the single miR-
NA alone (58).

Severity assessment
of coronary artery disease

The Synergy between percutaneous coronary
intervention with Taxus and cardiac surgery
(SYNTAX) and gensini score are the two ana-
tomical tools used to assess severity of CAD
(59). Various circulating miRNAs have also cor-
related with the severity of CAD. They are cor-
related with the level of stenosis, complexity
of stenosis and stability of the plaque in CAD.
Circulating miRNA-133a expression is one of the
miRNA that correlates with the severity of coro-
nary artery stenosis in terms of complexity and
level of stenosis.

Quantitative analysis revealed that circulating
miRNA-133a level was significantly elevated in
CAD patients having stenosis of coronary artery
compared to non-coronary heart disease (CHD)
patients. It was also moderately correlated with
gensini scores and it was a better indicator of se-
verity assessment relative to cTnl (51). However,
miRNA-133a couldn’t significantly differentiat-
ed low level stenosis from non-CHD individuals.
Furthermore, in the other studies, miRNA-208a
(60), miRNA-155(61) and miRNA-223 (62) were
strongly correlated with gensini scores.

Guo et al. also tried to correlate plasma level
of miRNA-145 with number of diseased ves-
sel, SYNTAX score and stability of the plaques.
They found that significantly lower levels of
miRNA-145 in patients with three-vessel dis-
ease and high SYNTAX score compared with
those with one or two-vessel disease and low
or intermediate SYNTAX score, respectively.
However, the result revealed that the level of
miRNAs-145 between patients with one-vessel
and two vessel disease, and between low score

and intermediate score groups were not signifi-
cantly different (63). Furthermore, miRNAs-214
tends to correlate with the SYNTAX score (64).

Every year, a large portion of CAD patients ex-
perience a sudden cardiac arrest due to un-
stable plaques rupturing (65). This produce
subtotal or total occlusion and leading to ACS.
Consequently, noninvasive biomarkers which
can identify one of the severe form of CAD is
clinically demanding.

In this regard, a study done by Li X et al. re-
vealed the expression of miRNAs-122, -140-
3p, -720, -2861, and -3149 have been highly
elevated in the ACS group compared with the
non-ACS groups and have good potential to
identify patients. The discriminatory powers of
these miRNAs were greater than AUC of 0.8 ex-
cept for miRNAs-3149, i.e., 0.670. Using panel
of miRNAs-122, -2861, and -3149 had a better
classification power compared to using it alone
(66). Other miRNAs such as: miRNA-106b, miR-
NA-25, miRNA-92a, miRNA-21, miRNA-590-5p,
miRNA-126 and miRNA-451 also classified ACS
from non ACS (67). In line with this, a study
done by Li S et al. showed that combinations of
miRNA-483-5p and miRNA-451a can discrimi-
nate plaque rapture with an excellent classi-
fication power, AUC (0.982; Cl: 0.907-0.999).
A panel of miRNA-483-5p and miRNA-155-5p
had also showed the highest AUC (0.898; ClI:
0.790-0.962) (68). In a study done by Luque et
al. also showed that miRNA-638 was an inde-
pendent predictor of plaque instability for ca-
rotid artery (69).

On the contrary, serum levels of 6 miRNAs in-
cluding miRNA-92a and miRNA-122 could not
differentiate ACS from non-ACS in other study.
However, analysis of lipoprotein sub fraction
level of miRNA-486 and -92a revealed good dis-
tinguishing power of ACS from non ACS (70).
Level of high density lipoprotein-2 (HDL-2) miR-
NA-92a and HDL-3 miRNA-486 could classify
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the ACS and non ACS up to an accuracy of 84%
with adjustment for age, gender and serum lip-
ids. Coronary bifurcation lesion is also one of
the severe forms of CAD. Hence, it is the most
challenging lesion in percutaneous coronary in-
tervention (PCl) medicine due to rate of re-ste-
nosis and major adverse cardiac event (71). As a
result, determining whether the lesion is bifur-
cated or not is crucial for effective management
of CAD. Liu et al. showed that miRNA-30-d was
up-regulated and miRNA-1246 down-regulated
in bifurcated compared to patients with non-
bifurcated lesion (72).

Furthermore, miRNAs have been correlated
with the characteristic of different plaques. For
instance, more calcified plaque and less calcified
plague have diverse array of clinical outcome
and miRNAs which are correlated to the level of
calcification may have a potential to assess the
severity of CAD. miRNA-21 expression in macro-
phages of non-calcified coronary artery lesions
was significantly higher with an AUC value of
0.655 (73). Liu et al. also obtained biomark-
ers that can classify calcified from non-calcified
lesion. Out of 8 miRNAs, further validation of
miRNA-2861, miRNA-3135b and miRNA-191-3p
showed better classification power (74).

Prognostic markers of coronary artery disease

Though limited information has been reported
so far regarding correlation of miRNAs with CAD
prognosis, reports indicated that some miRNAs
might have a potential. Their ability of involve-
ment in all aspects of CAD progression like
vascular performance and cardiac remodeling
either in beneficial or detrimental way might
make them capable of predicting future conse-
quence of the diseases (16).

To appreciate this, Jansen et al. determined
plasma and microvesicles (MV) level of 10 miR-
NAs: miRNA-126, miRNA-222, miRNA-let7d,
miRNA-21, miRNA-20a, miRNA-27a, miRNA-923,

mMiRNA-17, miRNA-130, and miRNA-199a, which
are involved in vascular activities. There were no
significant association between cardiovascular
events and plasma level of the above miRNAs.
In contrast, increased expression of miRNA-126
and miRNA-199a in circulating MVs was signifi-
cantly associated with a lower major adverse CV
event rate (75).

Likewise, Schulte et al. confirmed in a large co-
hort that baseline serum levels of miRNA-126
was not a helpful prognostic marker of CAD,
even with the adjustment of cases into ACS
and stable CAD groups (76). However, Elevated
levels of miRNA-197 and miRNA-223 reliably
predicted future cardiovascular death. Widera
et al. also investigated the prognostic value of
plasma levels of cardiomyocyte-enriched miR-
NAs (miRNA-1, miRNA-133a, miRNA-133b, miR-
NA-208a, miRNA-208b, and miRNA-499) among
ACS patients. Out of them, only miRNA-133a
and miRNA-208b levels were significantly asso-
ciated with the risk of death (77).

Association of restenosis
with miRNA expression

Restenosis is a common adverse event of en-
dovascular procedure that is characterized by
recurrence of narrowing of a blood vessel. If
restenosis occurs after stenting, this is called
in-stent restenosis (ISR) (78). In general, the
threshold value for restenosis is a 250% narrow-
ing (79). microRNAs are also associated with the
occurrence of restenosis in CAD patients. He
et al. showed that the reduction of circulating
miRNA-143 and miRNA-145 levels were associ-
ated with the occurrence of ISR and could serve
as novel non-invasive biomarkers for ISR (80).
Furthermore, a study done by O’Sullivan et al.
indicated that miRNA-93-5p independently pre-
dicted ISR after adjustment for traditional CAD
risk factors (81). Fejes et al. examined the role
of miRNA-181b, miRNA-185 and miRNA-155
to distinguish ISR patients from non-ISR.
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miRNA-181b were downregulated, while both
mMiRNA-185 and miRNA-155 were upregulated
in ISR patients compared to non ISR (82). The
purpose and implications of various selected
miRNAs which have diagnostic and prognostic
role for CAD are listed in (Table 1).

PARAMETERS INFLUENCING
miRNAs LEVELS

Former studies have proven that heparin ad-
ministration to the patients prior to blood sam-
pling interferes with result of miRNAs (83,84).
Collecting blood samples with heparinized test
tube had also mislead miRNA determination
(85). Boileau A et al. also revealed that endoge-
nous heparin has a great effect on miRNA quan-
tification (86).

Furthermore, anti-platelet therapy has also an
effect on miRNAs expression. Russo et al. re-
viewed that platelet-derived miRNAs, like miR-
NA-92a and miRNA-19b respond to aspirin ther-
apy (87). Willeitnet al. also revealed that plasma
levels of platelet miRNAs, such as miRNA-223,
miRNA-191, and others, that is, miRNA-126 and
miRNA-150, were reduced under anti-platelet
treatment (88). Therefore, high caution is need-
ed when selecting patients for in vivo studies of
miRNA quantification with respect to heparin
and anti-platelet administration prior to blood
sampling. In fact, the addition of heparinase en-
zyme in the sample reversed the effect of hepa-
rin (89, 90).

Quantification of miRNA levels altered in CAD
might also be influenced by the intake of medi-
cation, such as statins and angiotensin convert-
ing enzyme (ACE) inhibitors (91). These find-
ings emphasize the importance of quantifying
the drug- and metabolite-based influence on
miRNAs in the clinical setting. At the same time
the inconsistency of the data reflects the neces-
sity of further studies evaluating pathways of
how miRNA levels are influenced in circulating

blood. Additionally, it needs to be considered,
that levels of biomarkers can also be influenced
by the speed of their elimination. Gidl6f et al.
found cardiac miRNA levels strongly correlat-
ing with renal function indicating that the renal
function might also influence the plasma levels
of miRNAs (92).

The influence of high-altitude hypoxic environ-
ments on plasma miRNA profiles has also been
observed. Yan et al. recently reported that 175
miRNAs differently expressed relative to alti-
tude and their expression level were also cor-
related with red blood cell counts and hemo-
globin values (93). Co-variability of miRNA level
with demographic factors was also reported.
Neha Singh et al. found that miRNA-126-5p and
miRNA-92a-3p were co-variables with age and
serum creatinine level (94).

LIMITATIONS OF UTILIZING
miRNAs AS BIOMARKERS

The major drawback of using miRNAs as bio-
markers for clinical diagnosis is their laborious
isolation and detection procedures. In addi-
tion, the current technology employed to iso-
late and estimate levels of miRNA requires op-
timization (95).

Other most significant challenge is their lower
tissue and disease specificity because of an ap-
parent expression of miRNAs in different dis-
eased state and tissues. For instance, Witwer
et al. reviewed that the scenario of miRNA-141
which was increased in pregnant women, pros-
tate cancer and other cancers originated from
epithelial, breast, colon and lung (96). Such kind
of scenario also exists in CAD.

CONCLUSION AND FUTURE PERSPECTIVE

Circulating miRNAs as blood-based biomarker in
CAD is highly promising: for early detection, as-
sessing severity and prognostic indicators. They
have potentials of “excellent” to “satisfactory”
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power of classifying patients with or without
CAD as well as patients with stable CAD or un-
stable CAD. Furthermore, miRNAs are not spe-
cific, a single miRNA can be elevated or reduced
in different disease conditions. As a result, de-
veloping an algorithm or a panel of tests might
have a contribution to increase the specificity of
miRNAs. In this review, modeling of panel tests
revealed remarkable results for identifying CAD
patients and grading of severity of the disease
(53,57,58, 67, 68). As a result, extensive valida-
tion of panels of miRNAs in large cohorts with
their physiological role might be an extraordi-
nary finding.

Acronyms

ACE: angiotensin converting enzyme
ACS: Acute Coronary Syndrome

AUC: Area Under the Curve

CAD: Coronary Artery Disease

CVD: Cardiovascular Disease

CHD: Coronary Heart Disease

cTnl: Cardiac Troponin |

CV: Cardiovascular

ECM: Extra Cellular Matrix

EPC: Endothelial Progenitor Cell

ISR: In-Stent Restenosis

Lp: lipoproteins

miRNA: microRNA

MiI: Myocardial Infarction

MV: Microvesicle

PARS: Post-Angioplasty Restenosis
PBMC: Peripheral Blood Mononuclear Cell
PCI: Percutaneous Coronary Intervention

gRTPCR: quantitative Real Time Polymerase
Chain Reaction

RNU: small non-coding RNA
ROC: Receiver Operating Characteristics
STEMI: ST segment elevated M|

SYNTAX: Synergy between percutaneous
coronary intervention with Taxus and cardiac
surgery
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B-cell non-Hodgkin’s lymphomas are tumors of
B-cells that arise following clonal expansion and
consequent invasion of immune organs by B-cells
blocked at a certain step of the differentiation pro-
cess. Genetic abnormalities with altered gene expres-
sion are common in the transformed state of B-cells
at any stage of B-cell development. These stages are
regulated by a combination of transcription factors,
epigenetic modifications, microRNAs, and extrinsic
signals. MicroRNAs are a class of short non-coding
single-stranded RNAs implicated in the regulation of
mMRNA function and translation. Each microRNA can
regulate multiple transcripts; and a transcript is un-
der potential control by multiple microRNAs. Their
dysregulation can contribute to the pathogenesis of
B-cell non-Hodgkin lymphomas, and they could be
used as a potential target for diagnosis, evaluation of
prognosis and therapy monitoring. The mechanisms
of microRNA dysregulation range from dysregulation
of the DNA sequences encoding the microRNAs to
transcriptional regulation of microRNA loci. In this
review, we summarized the microRNA profiles of the
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most common B-cell Non-Hodgkin Lymphomas
for the pathogenesis, diagnosis and their poten-
tial therapeutic implications.

O 0% o% o% <%
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INTRODUCTION

Lymphomas represent a heterogeneous group
of cancers that vary in presentation, progno-
sis, and pathogenesis. According to the World
Health Organization (WHO) classification re-
port, more than 100 different lymphoma types
have been identified. Non-Hodgkin’s lymphoma
(NHL) is a heterogeneous group of disorders
that arises in lymphoid hematopoietic tissue
and that can be grouped into B- and T-cell lym-
phomas which account for about 90% and 10%
NHLs, respectively (1, 2). B-cells Non-Hodgkin
Lymphomas (BCNHL) are tumors of B-cells that
arise following clonal expansion and consequent
invasion of immune organs by B-cells blocked at
a certain step of the differentiation process (3,
4). B-cell lymphomas (BCLs) are a complex and
heterogeneous group of tumors with different
cellular origin, genetics and pathology. Patients
diagnosed with these diseases show extremely
variable clinical courses, ranging from very in-
dolent to highly aggressive types, receive vari-
ous types of treatment modalities, respond dif-
ferently to therapy, and have extremely variable
clinical outcomes (5).

This heterogeneity is partly reflective of the fact
that these tumors are derived from different
stages of mature B-cell differentiation. It en-
compasses a wide variety of disease subtypes
in which the incidence pattern greatly varied.
Diffuse large B cell ymphoma (DLBCL), Mantle
cell Lymphoma (MCL), Follicular Lymphoma (FL),
Burkitt’s lymphoma (BL), Chronic Lymphocytic
Leukaemia (CLL), Mucosa-Associated Lymphoid
Tissue (MALT) and Marginal zone lymphoma
(MZL) are the main subtypes (4). Majority of
NHL B-cells have passed the germinal centre

(GC) reaction and thus their immunoglobulin
(IG) genes have undergone somatic hypermuta-
tion (SHM) and heavy chain class-switching. FL
and DLBL are good examples of this lymphoma.
Other subtypes like MCL and CLL are derived
from GC-inexperienced B cells in at least a pro-
portion of cases, or other cell types are margin-
al zone B cells e.g. MZL (6). The pathophysiology
of these lymphomas come from intrinsic cellular
aberrations like B-cell receptor (BCR) and NF-kB
signaling defect affecting pathways of particular
importance and the fact that the tumor cells are
reliant on the microenvironment through cell-
extrinsic communication and activation via dif-
ferent cell surface receptors (7-9).

Chromosomal translocations involving an onco-
gene and one of the immunoglobulin genes are
a common phenomenon in BCNHLs (10). Three
BCNHLs have characteristic genetic abnormali-
ties that are important in determining their
biologic features and are useful for differential
diagnosis. These include: t(14;18) in FL, t(11;14)
in MCL and t(8;14) in BL. Characteristic for these
translocations is that a cellular proto-oncogene
is placed under the control of the Ig promoter
on chromosome 14q, resulting in constitu-
tive activation of the gene which in turn gives
to the cell survival or proliferative advantage.
In FL, t(14;18) translocation results in overex-
pression of an anti-apoptosis gene called B cell
lymphoma-2 (BCL-2). In MCL and BL, the trans-
locations result in over-expression of cell cycle
genes associated with proliferation of Cyclin D1
(CCND1) or Myc, respectively (11, 12). These
lymphomas are influenced by aberrant genetic
alterations, epigenetic dysregulation, aberrant
pathway activation, and complex tumor—micro-
environment interactions (13). Diagnosis and
classification modalities of these multi-subclass
of BCNHLs are challenging. Moreover, the mo-
lecular heterogeneity of these disease makes
the treatment modalities difficult, accordingly
patients who are treated similarly have variable
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outcomes (14). However, the advancement of
recent technologies in the use of effective and
practical detection techniques, and identifica-
tions of novel biomarkers at the genetic, epi-
genetic, and protein level as well as at the tu-
mor microenvironment enables and improves
the diagnostic process, sub-typing, outcome
stratification, and personalized therapy for lym-
phoma patients (15).

Among these biomarkers micro ribonucleic
acids (miRNAs) are the most important one.
Individual miRNA expression and miRNA signa-
tures analysis allow specific cell differentiation
stages to be easily identified in the pathogen-
esis of BCNHL (16). As a result, it can be taken
as a powerful player in the pathogenesis, diag-
nosis and prognosis these diseases (17). In this
review, the authors summarize the miRNA pro-
files and the implications of miRNA dysregula-
tion in the pathogenesis, diagnosis and progno-
sis of BCNHL, as these molecules appear to be
cell type and disease specific, unlike most other
biomarkers currently available.

DEFINITION OF miRNAs, BIOGENESIS,
MECHANISM OF GENE REGULATION AND
THEIR ROLES IN BCNHL PATHOGENESIS

Definition and biogenesis of miRNA

MiRNAs are small, evolutionary highly con-
served, 20-24 nucleotides long, single stranded
non-coding RNA molecules. They are involved
in the regulation of gene expression by bind-
ing to target mRNA in plants, animals and viral
genome via post-transcriptional degradation or
translational repression. Their mechanism of
gene regulation is by translational silencing or
by impairing the stability of their target mes-
senger RNAs (mRNAs) (18, 19).

It is predicted that miRNA account for 1-5% of
the human genome and regulate at least 30%
of protein-coding genes (20). Until 2000’s, 940
distinct miRNAs molecules have been identified

within the human genome (21). Later on, the re-
cent advancement in small RNA deep sequenc-
ing technology has now enabled the identifica-
tion of over 2500 mature human miRNAs (22).

MiRNA precursors are commonly found in
clusters through many different regions of the
genome, most frequently within intergenic re-
gions and introns of protein coding genes (23).
Human miRNA biogenesis is a multistep pro-
cess that begins in the nucleus where miRNA
genes are transcribed by RNA polymerase Il
into long primary miRNAs (pri-miRNAs) mol-
ecules, and subsequently trimmed into small-
er, stem-looped, hairpin-like miRNA precursor
(pre-miRNA) by RNase Ill-type enzyme Drosha
that form a microprocessor complex with its
binding partners DiGeorge Syndrome critical re-
gion gene 8 (DGCR8). Then the pre-miRNAs are
exported from the nucleus into the cytoplasm
via Exportin-5 to be sliced by another RNase IlI-
type enzyme called Dicer and its binding part-
ners called the transactivator RNA-binding pro-
tein (TRBP), to generate a 19- to 23-nucleotides
RNA duplex that contains both the mature miR-
NA strand and its complementary strand. The
mature miRNA strand is preferentially incorpo-
rated into a miRNA-induced silencing complex
(miRISC), while the other strand of miRNA is de-
graded by the RNA-induced silencing complex
(RISC). The miRNA strand guides the RISC to its
mRNA target, containing complementary se-
guence to the mature miRNA and subsequently
induces the cleavage or silencing of the target
mMRNA. The complementarity between miRNA
and target mRNA is a crucial factor for the post-
transcriptional regulatory mechanism (24, 25).

Mechanisms of miRNAs in gene regulation

Normally, miRNAs play a role in heterochromatin
formation, histone modification, DNA methyla-
tion, and gene silencing which affects the level of
target gene expression (26). They generally bind
to a specific target mMRNA with a complementary
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sequence to induce cleavage, or degradation or
block translation by a feedback mechanism.
MiRNAs also inhibit protein translation from
the target mRNA (27). They can also speed up
deadenylation, causing mRNAs to be degraded
rapidly (28). For example, miRNA-430 in zebraf-
ish, bantam-miRNA and miRNA-9 in Drosophila
cultured cells causes translational repression by
the disruption of translation initiation (29).

For the ease of understanding, some scholars
categorized and summarized the mechanisms
of miRNAs actions as follows: Cap-40S initiation
inhibition; 60S Ribosomal unit joining inhibition;
elongation inhibition; ribosome drop-off (pre-
mature termination); co-translational nascent
protein degradation; sequestration in P-bodies;
MRNA decay (destabilization); mRNA cleavage;
and transcriptional inhibition through microRNA
mediated chromatin reorganization followed by
gene silencing (30).

MiRNAs may influence histone marks by regu-
lating the expression of histone modifiers. For
example, in MCL, downregulated expression
of miRNA-15a, miRNA-16-1, and miRNA-29 are
due to histone hyperacetylation at the promot-
er sites of their genes. The hyperacetylation is
brought about by the overexpression of Myc:
Myc binds to and represses Histone Deacetylase
3 (HDAC3), an enzyme that is responsible for
removing acetyl groups from histone residues.
This in turn results in the downregulation of
miRNA-15a/16-1 (31).

MiRNAs virtually regulate all cellular processes
including cell cycle, developmental, cell prolif-
eration, apoptosis, differentiation, metabolism,
organ development and morphogenesis, hema-
topoiesis and disease process including cancers
(32, 33). MiRNAs regulate gene expression at the
post-transcriptional level by binding to short mo-
tifs of complementary sites of transcribed target
mMRNA at the 3’-untranslated regions (3’-UTRs).
When it binds to its specific target, it can cause

either protein translational repression or tran-
script degradation of the mRNA molecule (34).

Deregulation of miRNA expression is a type of
genetic alterations relevant for lymphomagen-
esis. The loss of miRNA-15 and miRNA-16 in
CLL with deletion of the 13gq14 region (35) and
upregulation of miRNA-155 and its precursor
MRNA BIC in DLBCL and are good examples (36).

MiRNAs usually play a critical role in tumor de-
velopment since they are often located at frag-
ile sites and genomic regions on chromosomes
that are associated with cancer (37). They are
important in cancer biology by regulating the
expression levels of target mRNAs to assist tu-
mor growth, metastasis, angiogenesis and im-
mune evasion (38). They play an important role
in determining cancer behavior since the non-
coding regions of the genome are frequently
deleted in cancer including BCNHL often con-
tain miRNA genes (18).

Dysregulation of miRNA may result in the aber-
rant expression of miRNA target genes, and re-
sults in the acceleration of lymphomagenesis
(39). Dysregulations of miRNAs can be associ-
ated with different diseases (40), chronic lym-
phocytic leukemia (CLL) being the first human
disease known to be associated with miRNA
dysregulation. In the pathogenesis of B cell
malignancies, miRNAs participate in pathways
fundamental to cell development like B-cell
receptor (BCR) signalling, B-cell migration/ad-
hesion, cell-cell interactions in immune niches
and the production and immunoglobulins class-
switching. MiRNAs influence B cell maturation,
generation of pre-, marginal zone, follicular, B1,
plasma and memory B cells. They also regulate
B-cell proliferation through inhibiting proteins
like E2F1 involved in the process of cell prolif-
eration (41).

Each NHL subtype has their distinct miRNA sig-
natures resulting from coordinately dysregulated
expressions of miRNAs. This miRNA dysregulation
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may be due to dysregulation of the DNA sequenc-
es encoding the miRNA to transcriptional regula-
tion of miRNA loci, miRNA biogenesis pathway or
messenger RNA (mRNA) targets. The activation
of oncogenic pathways, and the reprogramming
of BCNHL transcriptomes may be due to this
abnormal miRNA expression. This widespread
dysregulation suggests that miRNAs can be used
as a diagnostic and prognostic tool. Profiling of
different cell types and tissues indicated that the
pattern of expression of miRNAs is cell type and
tissue specific, suggesting that the program of
expression of miRNAs is neatly cell type depen-
dent and tightly associated with cell differentia-
tion and development (42, 43).

miRNA PROFILE IN BCNHL PATHOGENESIS,
DIAGNOSIS AND SUBTYPING

miRNA profile in BCNHL pathogenesis

MiRNAs are very crucial for the regulation of
translation in physiological and pathological
states, including the sequential differentiation
of B-cells and lymphomagenesis (44).

MiRNAs control hematopoiesis through modu-
lating different signaling pathways that are cell
type and context specific (45). MiRNAs play an
important role in hematopoiesis as it had been
confirmed by the deletion of components of
these miRNAs biosynthetic pathway in vivo dem-
onstrates the critical role in hematopoiesis. For
instance, MiRNA miRNA-17-92 cluster, miRNA-
34a, miRNA-125b, miRNA-150, miRNA-181a,
and miRNA-212/132 are important for a correct
early B-cell development process (46). They
mainly involved in the regulations of germinal
center (GC) B cell differentiation by targeting of
activation induced cytidine deaminase (AID) (47,
48). However, miRNA-17-79 cluster, miRNA-24,
mMiRNA-146, miRNA-155, miRNA-128, and miR-
NA-181b prevent the differentiation of early
stage B cell progenitor cells. Other few miRNAs
such as miRNA-16, miRNA-103, and miRNA-107

act later on, and miRNA-221, miRNA-222, and
miRNA-223 regulate the terminal or end stages
of hematopoietic development (49).

Potential regulatory role for miRNAs in discrete
stages of mature B-cell differentiation have a
direct role for the miRNA-mediated regulation
of oncogenes and key transcription factors in
B-cell differentiation (50). MiRNAs that play a
determinant task in the lineage differentiation
decision of B-cells includes the high expression
levels of the cluster of miRNA-23a (miR-23a,
miRNA-27a, and miRNA-24) and miRNA-125b
reduce the differentiation to B-cell lympho-
cyte lineage in favor of myeloid differentia-
tion (51, 52). Moreover, some miRNAs have
an important role in early B-cell development
like miRNA-150 up-regulation in hematopoi-
etic progenitors reduces the normal quantity
of mature B cells by blocking the maturation
process at the pro-B cell stage (53). There is
a strong association between changed miRNA
expression and oncogenesis. MiRNAs that en-
hance cellular processes are associated with
oncogenesis and tumor progression, with un-
controlled clonal expansion, increased inva-
siveness, and resistance to apoptosis. Those
miRNAs involved in these processes are called
‘oncomiRs’, and are frequently upregulated.
On the other hand, miRNAs that counteract
these oncogenic characteristics are called ‘tu-
mor-suppressor miRNAs’, and are often down
regulated in cancer including BCNHL (54).

The importance of miRNAs in cancer has been
underlined by the identification of changes in
their target binding sites and the miRNA pro-
cessing machinery of tumor cells (54, 55).

miRNAs influence B-cell maturation, generation
of pre-B, marginal zone, follicular, B1, plasma
and memory B cells. MiRNA-150, miRNA-155,
mMiRNA-21, miRNA-34a, miRNA-17-92 and miR-
NA-15-16 are the major miRNAs having essen-
tial functions in malignant B-cell development
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(56). The levels of miRNA155, miRNA200c, miR-
NA130a, miRNA125b and miRNA21 were found
significantly upregulated whereas miRNA29c,
miRNA451 and miRNA145 were found down-
regulated in BCNHL patients when compared
with healthy controls (57).

The miRNA-17-92 cluster is a polycistronic miRNA
encoded by chromosome 13 amplified in BCNHLs
(58). This cluster of miRNA is the most complex
and highly conserved sequence in humans that
produces six mature miRNAs, (miRNA-17, miR-
NA-18a, miRNA-19a, miRNA-20a, miRNA-19b1,
and miRNA-92-1) generated from the third
exon of the open reading frame C130rf25 at loci
13g31.3. The 13g31.3 gene locus is a frequent
site for gene amplification, which explains highly
elevated levels of miRNA-17-92 observed within
a variety of lymphomas. MiRNA-17-92 can be di-
rectly regulated by c-MYC and E2F transcription
factors (E2Fs). However, E2F3 is thought to be
the predominant regulator in BCNHL pathogen-
esis (59).

MiRNA-17-92 cluster is recurrently amplified in
human B cell malignancies, causing the overex-
pression of these miRNAs in several lymphoma
types, like MCL, FL, BL, GCB-DLBCL, but is never
overexpressed in ABC-DLBCL (60). Forced over-
expression of mMiRNA-155 results in the develop-
ment of DLBCL (61) by suppressing the growth-
inhibition of BMP2/4 and TGF-B1 via SMADS5
inhibition (62).

MiRNA-19a and miRNA-19b are two miRNAs
in this cluster play key roles in the induction of
BCNHL progression. Whereas miRNA-17-5p and
miRNA-20a are the other two miRNAs which
play a key role in controlling cell proliferation
by regulating the transcription factor E2F1. As
a result, miRNA-17-5p and miRNA-20a are con-
sidered as tumor suppressors, highlighting the
complexity and versatility of miRNA-mediated
regulation in cancer (54, 63).

miRNA profiles in the subtypes of BCNHL

miRNA profiles in Diffused Large
B-Cell Lymphoma (DLBCL)

DLBCL is one of the most common, frequent and
aggressive kind of BCNHL, accounting for nearly
30-40% of newly diagnosed lymphomas (1). It
is a heterogeneous group of diseases with an
aggressive clinical course (64) that accounts for
approximately one third of patients with NHL.
Due to its heterogeneity in genetic abnormali-
ties, clinical features, response to treatment
and prognosis (65, 66) and outcome prediction
based on clinical and molecular features is diffi-
cult. Thus, an assessment of miRNA expression
profiling can be used to get important informa-
tion regarding diagnostic, subtyping and out-
come prediction for DLBCL (67).

In light of miRNAs’ potential as diagnostic mark-
ers for cancer prognostication there is an in-
creasing interest in the possible role for miRNAs
as markers for both B-cell differentiation stage
and malignant transformation. It has been
shown that miRNA expression patterns can
characterize the stages of human B-cell differ-
entiation (50, 68, 69). To date, a large number of
microRNA signatures in lymphomas were iden-
tified, and the role of miRNAs in the develop-
ment, classification and in the regulation of tar-
get genes is under intensive investigation (68).

miRNAs, such as miRNA-17-92, miR-15a/16-1
clusters, miRNA-222 and let-7f are highly ex-
pressed in DLBCL pathogenesis and common
targets for copy number changes. Among the
multiple miRNA loci on 12q that were frequent-
ly targeted by copy number gains, miRNA 26a-2
and let-7i were found also highly expressed in
the prime tumors. These data suggest that the
chromosome 12g miRNAs are more likely to con-
tribute to the pathogenesis of GCB-type DLBCL
(70).

The mechanisms of the above miRNAs in the
pathogenesis of DLBCL are described below.
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The role of miRNA-15a/miRNA-16-1 cluster in
the pathogenesis of DLBCL via targeting BCL2
is to reduce apoptosis of lymphoma cells (71).
Similarly, the increased expression of miR-
NA-17-92 cluster leading to increased expres-
sion of MYC and increases the development and
the aggressiveness of lymphomas (72) and by
reducing the degree of apoptosis of lymphoma
cells (73). The function of miRNA-17-92 is as-
sociated with c-MYC, and a negative feedback
loop may exist between miRNA-17-92 and c-
MYC. This is important in the regulation of cell
proliferation and apoptosis as it induces the
growth of B-cell lymphoma by reducing apop-
tosis and promoting the proliferation of lym-
phoma cells. There are several other potential
targets for miR-17-92, including proapoptotic
BCL-2 interacting mediator of cell death, PTEN
and E2F transcription factor 1, which is a direct
target of MYC and promotes cell cycle progres-
sion (74).

On the other hand, the let-7f miRNA regulates
the expression of the RAS proteins that regulate
cell growth and differentiation through MAP ki-
nase signaling. Hence, let-7f indirectly alters the
cell proliferation rate through its downstream
MAP signaling cascade and regulates the ex-
pression of oncogenes (75).

Additionally, miRNA-330, miRNA-17-5p, miR-
NA-106a, and miRNA-210 were found increas-
ingly expressed DLBCL. The mechanism in
the pathogenesis of the disease is that an al-
teration in miRNA expression levels in DLBCL
causes an aberrant expression of miRNA tar-
get genes and consequent disruption of the
gene expression profile, which can result in
cancer development. Multiple mechanisms
has been identified like genomic mutation of
miRNA loci, epigenetic changes and deregula-
tion of transcription factors contribute to the
modulations of miRNA expression levels (76,
77). In the contrary of the above-mentioned
miRNAs, miRNA-150, miRNA-145, miRNA-328,

mMiRNA-139, miRNA-99a, miRNA-10a, miR-
NA-95, miRNA-149, miRNA-320, miRNA-151
and let7e had considerably decreased expres-
sion in DLBCL (78). As it had been reported by
Fassina et al., miRNA-17-92 cluster, miRNA-150
and miRNA-210 were found to be significantly
overexpressed in GCB-DLBCL and allowed cor-
rect identification of 97% GCB-DLBCL cases
(79).

As it had been reported by Thapa et al., miR-
NA-17, miRNA-106a and miRNA-106b regu-
late the proliferation, apoptosis and invasion
of DLBCL cells by repressing the expression of
cyclin-dependent kinase inhibitor 1. In addi-
tion, higher expression level of miRNA-15a3,
mMiRNA-16, miRNA-17, miRNA-106, miRNA-21,
miRNA-155 and miRNA-34a-5p are specific to
DLBCL than in other malignancies. This suggest-
ing that these miRNAs may be used as potential
candidate biomarkers for DLBCL diagnosis (80).
DLBCL tumors are also characterized by upregu-
lated expression of miRNA-150, miRNA-17-5p,
miRNA-145, and miRNA-328 when compared
with samples taken from normal lymph nodes
and follicular lymphoma (FL) (78).

MiRNA-155 is one of the best recognized miR-
NAs in lymphomas, particularly in DLBCL usu-
ally upregulated in several lymphoma subtypes
(54, 61, 74) such as in primary mediastinal BCL
(PMBCL) and DLBCL, especially of the ABC type
(81, 82). It acts as an onco-miRNA in the patho-
genesis and aggressiveness of these lymphoma
subtypes. Levels of miRNA-155 expression in
ABC- DLBCL subtype were found to be signifi-
cantly higher than in GC-DLBCL, suggesting that
miRNA-155 is diagnostically useful to distin-
guish ABC-DLBCLs from GC-DLBCL and may ex-
plain the poor prognosis of ABC-DLBCL patients
(15). For example, forced over-expression of
miRNA-155 in mice results in the development
of a high grade BCL similar to DLBCL (61, 83)
confirmed that the association between this
miRNA expression and BCNHL development.
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Down-regulation of the target mRNA is consid-
ered the main mechanism by which miRNAs
modulate protein expression. MiRNA expres-
sion level can aid to distinguish between sub-
types of DLBCL (GC-DLBCL and ABC-DLBCL) even
though the subtype differentiation is based on
validated FFPE technique by using Nanostring
testing. For example, the miRNA-21, miR-
NA-144, miRNA-155, miRNA-221, miRNA-222
and miRNA-451 were found upregulated and
more highly expressed in the ABC subtype than
in the GCB subtype (69). On the other hand,
miRNA-28, miRNA-151, miRNA-331, and miR-
NA-454-3p were found to be upregulated in the
GC-type DLBCL (84). For example, the mecha-
nism by which miRNA-21 upregulated expres-
sion influences the pathogenesis of ABC-DLBCL
is associated with tumor growth, invasion and
metastasis through targeting multiple tumor
and metastasis suppressor genes, including pro-
grammed cell death 4 (neoplastic transforma-
tion inhibitor), tropomyosin 1-a and phospha-
tase and tensinhomolog (PTEN) (85, 86).

miRNA profiles
in Burkitt Lymphoma (BL) diagnosis

Burkitt lymphoma (BL) is another aggressive
type of BCL. BL is a highly aggressive type of
BCNHL and is the fastest growing human tumor.
It has two major subtypes, the endemic one
that is predominantly affecting young children
and common in equatorial Africa, and the sys-
temic/sporadic type which is affecting adults as
well and occurs in worldwide (87). Recent stud-
ies using NGS on BL have improved the under-
standing of the pathogenesis of these tumors.
Mutations in the transcription factor 3 (TCF3) or
its negative regulator ID3 occur in about 70% of
sporadic and immunodeficiency-related BL and
40% of endemic cases. TCF3 promotes survival
and proliferation in lymphoid cells by activating
the B-cell receptor/phosphatidylinositol 3-ki-
nase signaling pathways and modulating the

expression of cyclin D3, which is also mutated
in 30% of BL (1). The most frequently mutated
genes in Burkitt lymphoma were MYC (40%)
and Inhibitor of DNA binding 3 (/ID3) (34%) (88).

It is characterized by a high degree of prolifera-
tion of the malignant cells and deregulation
of the c-Myc gene caused by t(8;14)(q24;932)
leading to the constitutive expression of the
Myc oncogene (89). BL is also characterized by
the dysregulated expression of Myc as a con-
sequence of translocations of immunoglobulin
genes. It was found that miRNA-155 expression
is highly reduced in BL because miRNA-155 sup-
presses activation induced cytidine deaminase
(AID) mediated Myc-IGH translocation (90).
Therefore, BL can be characterized by the un-
stable interaction between c-Myc and miRNAs
like let-7a, miRNA-34b, miRNA-98, miRNA-331
and miRNA-363 (91). Upregulated expressions
of miRNA-155 mediated by c-MYC play a role in
the lymphomagenesis of pediatric BL (36).

In addition to histological, immunohistochemis-
try testing in conjunction with BCL2 and c-Myc
testing, miRNA profiling can improve the dif-
ferentiation of BL from DLBCL (1). Moreover,
miRNA may have a clear role in pathogenesis,
differentiating BL from other, but it is only inves-
tigational. For example, the loss of miRNA-155
expression in BL is useful distinctive marker in
the differential diagnosis from DLBCL (92).

In BL patient’s miRNA expression profiling, miR-
NA-150 having c-Myb and survivin protein tar-
gets had extremely decreased expression levels.
Thus, deregulation of miRNA-150 is an impor-
tant diagnostic biomarker for BL screening and
diagnosis (93). In majority of the cases of BL,
there is a c-Myc translocation, members of
the miRNA-17-92 cluster (miRNA-17-3p, miR-
NA-18a, miRNA-19a, miRNA-19b and miR-
NA-92) are up regulated and let-7 family miR-
NAs are down regulated (94). Expressions of
miRNA-21 and miRNA-23a are useful molecular
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biomarkers in the diagnosis and prognosis for
BL in children (95). MiRNA-221/222 is also criti-
cal mediator for BL pathogenesis (96).

miRNAEs profiles in Follicular Lymphoma (FL)

Follicular lymphoma (FL) is another of the most
common forms of B-cell lymphoma derived
from germinal center B-cells. It comprises ap-
proximately 15-20% of newly diagnosed lym-
phomas (97).

A specific chromosomal translocations t(14;18)
(932;921) involving the B-cell lymphoma-2
gene (BCL2) and immunoglobulin (Ig) loci is es-
sential for FL development (11). In addition to
t(14;18)(g32;921) as the molecular hallmark
of FL, chromosomal rearrangements affecting
the BCL6 locus constitute one of the most com-
mon cytogenetic finding (98, 99). FL is the slow
growing BCNHLs accounting for about 20-30%
of all NHL. It has the tendency to transform into
DLBCL, with translocation t(14;18)(q23;921) in
90% of cases and is associated with BCL2 acti-
vation which may lead to accumulation of GCB
cells with prolonged lifespan (100).

The comparison study performed on miRNA
expression profiles of FL and DLBCL shown that
miRNA-155, miRNA-210, miRNA-106a, miR-
NA-149, and miRNA-139 were found overex-
pressedin both of these cancers when compared
with normal lymph nodes. These overexpressed
miRNAs are suggestive of lymphomagenesis
(78). Other overexpressed miRNAs distinct to FL
are miRNA-20a/b and miRNA-194 and they tar-
get cell proliferation inhibitors like CDKN1A and
SOCS2, respectively (101).

The miRNAs that showed significantly decreased
expressions in FL patients are miRNA-202, and
miRNA-139-5p. However, miRNA-338-5p, miR-
NA-9, and miRNA-330-3p are significantly up
regulated (94, 102).

miRNAEs differentially expressed
in BL, DLBCL and FL

Rapid and accurate differential diagnosis of BL
versus DLBCL is very important for therapeutic
decisions and patient prognosis. MiRNA-155
is the most significantly lost miRNA in BL, fol-
lowed by miRNA-29b and miRNA-146a, where-
as the most significantly gone miRNAs in DLBCL
are miRNA-17-3p, miRNA-595 and miRNA-663.
MiRNA-29b is downregulated in BL cases (103-
105). In addition, miRNA-34b is also downregu-
lated in BL (94, 106).

MiRNA-155, miRNA-21 and miRNA-26a are po-
tential diagnostic biomarkers to differentiate
BL from DLBCL and DLBCL/BL. In both BL and
DLBCL/BL cases of lymphoma, miRNA-155, miR-
NA-21, and miRNA-26a showed considerably
reduced level of expression than primary DLBCL
(107). In addition to miRNA-155, miRNA-17-5P,
miRNA-106A, and miRNA-210 are found sig-
nificantly expressed at a higher concentration
in DLBCL than in normal tissue. In opposite to
this, miRNA-10a, miRNA-95, miRNA-99a, miR-
NA-139, miRNA-145, miRNA-149, miRNA-150,
miRNA-151, miRNA-320 and miRNA-328 were
found to be expressed at a significantly re-
duced level. MiRNA-330, miRNA-17-5P, miRNA-
106A and miRNA-210 are the most discrimi-
natory miRNAs - for DLBCL and FL diagnosis.
Comparing DLBCL and FL with other subtypes,
mMiRNA-17-5P and miRNA-92 were found over-
expressed whereas eight miRNAs consisting of
miRNA-330, miRNA-338, miRNA-135A, miR-
NA-150, miRNA-125B, miRNA-301, miRNA-126,
and miRNA-213 were found down regulated in
DLBCL (78).

miRNA profiles in Mantle
Cell Lymphoma (MCL)

MCL constitutes approximately 5% to 10% of
all newly diagnosed cases of NHLs (108) hav-
ing the genetic hallmark of t(11;14)(q13;932)
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translocation that results in overexpression and
displaces the cyclin D1(CCND1) gene on chro-
mosome 11 downstream to the enhancer re-
gion of the IgH gene on chromosome 14 (109).

MiRNA expression profiling of B cells from MCL
patients led to the identification of miRNA ex-
pression signature and frequent deregulation
of a set of miRNAs. For example, miRNAs such
as miRNA-124a, miRNA-155, miRNA-328, miR-
NA-326, miRNA 302c, miRNA-345, miRNA-373,
and miRNA-210 were identified as upregulated
in patients with MCL (110). The mechanism of
this upregulated miRNA in the pathogenesis
of MCL is inhibiting CDK6 expression as well
as phosphorylation of RB1. The good example
of this mechanism is that miRNA-124a inhib-
it CDK6 expression as well as phosphorylation of
RB1, targeting of CDK6 and CCND1 prevents the
downstream pro-survival signaling of the cyclin/
CDK pathway (111).

Several miRNAs have been implicated in MCL
pathogenesis. The major downregulated miR-
NAs include miRNA-29 family (miRNA-29a, -29b,
and -29c), miRNA-142-3p/5p, miRNA-150,
and miRNA-15a/b were found associated with
short overall survival of patients with MCL (110).
The pathophysiologic roles of miRNAs such as
miRNA-15a, miRNA-16-1, and miRNA-29 are
by transcriptional repression and its epigene-
ticregulation by c-Myc in MCL. They are down-
regulated due to histone hyperacetylation at
the promoters of their genes. In this instance,
the hyperacetylation is brought about by the
overexpression of Myc gene in which the bind-
ing of Myc on target gene represses HDAC3, an
enzyme that is responsible for removing acetyl
groups from histone residues. This in turn results
in the downregulation of miRNA-15a/16-1 (31).
MiRNA-29 indirectly targets the de novo DNA
methyltransferases thereby controlling gene
expression. Therefore, loss of miRNA-29 may
result in elevated MCL1 levels (25). MiRNA-29b
is down regulated in malignant cells, consistent

with MCL-1 protein up regulation. Enforced
miRNA-29b expression reduced MCL-1 cellular
protein levels and thus miRNA-29 is an endog-
enous regulator of MCL-1 protein expression
and apoptosis. The miRNA-29 also targets CDK®6,
expression which is a known prognostic and
pathogenetic factor in MCL. Furthermore, down-
regulation of miRNA-29 is in line with the CCND1
overexpression and the consequent CDK4/CDK6
activation, which is the primary event in MCL
pathogenesis (112).

Another study showed that miRNA-31, miR-
NA-148a and miRNA-27b are also among the
down regulated miRNAs in MCL, on the other
hand miRNA-617, miRNA-370 and miRNA-654
are among the up regulated miRNAs. Of these,
miRNA-31 is the most down regulated miRNA
targets MAP3K14 (NIK) gene, which is essential
for activation of the alternative NF-kB pathway
(113). The miRNA clusters at locus 7922 includ-
ing miRNA-106b, miRNA-93 and miRNA-25 are
also highly up regulated in MCL. MiRNA-106b
specifically promotes cell-cycle progression by
targeting cyclin-dependent kinase inhibitors
p21/CDKN1a. In addition to this function, miR-
NA-106b overrides doxorubicin-induced DNA
damage checkpoint (114). MiRNR-181a and
miRNR-181b are down regulated in lymphoma
and acts as a tumor suppressor by targeting the
T cell lymphoma 1(TCL1) oncogene and indirect-
ly regulate the levels of the oncogene mantle
cell ymphomal (MCL1) (112). miRNA-21 over-
expression also leads to pre-BCL, which is com-
pletely dependent on the continued expression
of miRNA-21 (54, 115).

miRNAs profiles in Mucosa-Associated
Lymphoid Tissue (MALT) Lymphoma

MALT lymphoma usually presents as localized
disease and typically arises from sites such
as the stomach but characteristically dissem-
inates, either within the same organ or to other
extranodal sites where MALT lymphomas are
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known to arise (116). Chromosomal alterations,
especially trisomy 3, 12, and 18, are common
in MALT lymphomas. Chromosomal transloca-
tions associated with MALT lymphomas include
t(11:18)(g21: g21), resulting in the production
of a chimeric protein (AP12- MALT1) (117); and
t(1;14)(p22;932), t(14;18)(932;921), and t(3;
14)(p14.1;932), resulting respectively in tran-
scriptional deregulation of BCL10, MALT1, and
FOXP1 (118, 119).

Different studies conducted indicated that,
there are miRNAs significantly up regulated in
MALT lymphoma cases. The miRNA-200 family
(miRNA-200a, b and c) is the most common one.
The other miRNAs located in these clusters, miR-
NA-429 and miRNA-141, were also up regulated.
The miRNA-200 family inhibits the initiating step
of metastasis, the epithelial-mesenchymal tran-
sition, by maintaining the epithelial phenotype
through directly targeting the transcriptional
repressors (120). But miRNA-126 was found
down regulated in the case of MALT (94, 120).
Additionally, up regulation of miRNA-181c, miR-
NA-182, miRNA-183, miRNA-200c, miRNA-363,
miRNA-654 and miRNA-768-5p were found in
this subtype of BCNHL (94).

Table 1

miRNAs profiles in Nodal Marginal
Zone Lymphoma (MZL)

Nodal marginal zone lymphoma (NMZL) is a small
B-cell neoplasm whose molecular pathogenesis
is still essentially unknown and whose differ-
entiation from other small B-cell lymphomas is
hampered by the lack of specific markers (121).

Nodal MZL shows greater expression of miR-
NA-221, miRNA-223, and let-7f. Expression of
these miRNAs is enhanced in nodal MZL, whereas
FL strongly expresses miRNA-494. Upregulation
of miRNA-223 and miRNA-221, which targets the
germinal center-related genes LMO2 and CD10,
could be partially responsible for expression of
a marginal zone signature. In splenic MZL, the
miRNA-29 cluster is commonly lost and its ex-
pression silenced (121). (Table 1)

miRNA PROFILES IN BCNHL PROGNOSIS

Best treatment for cancer requires accurately
recognizing patients for risk-stratified thera-
py. Those individuals having a rapid response
to initial treatment may benefit from short-
ened treatment regimens. The role of miRNA
in cancers is also implicated in the prognosis

MiRNA Expression Sl HALIEL Reference
subtype Role
ABC-DLBCL
Subtyping
MIiRNA-155, -21,-221 | Increased vs. GCB-DLBCL (69)
DLBCL, FL Diagnosis
miRNA-155, -21, -210 Increased DLBCL Diagnosis | (69, 76, 122)
. ABC-DLBCL .
miRNA-21 Increased vs. GCB-DLBCL Subtyping (122)
miRNA-330, -17-5p, .
106, -210 Dysregulated DLBCL vs. FL Subtyping (78)
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miRNA-125b, -143, )
451, -145 Increased DLBCL vs. FL Subtyping
(123)
miRNA-223, -217, DLBCL )
-222,-221, e ez vs. transformed FL TN
miRNA-17-92 cluster, -29a, Increased ABC-DLBCL Subtvoin
-106a, 720, -1260, -1280 vs. GCB-DLBCL pEnE
A (124)
miRNA-20b, -2643, .
92b, -487b Increased DLBCL vs. FL Subtyping
miRNA-17-92 cluster, GCB-DLBCL .
-150, -210 LUt vs. high grade FL Subtyping (79)
miRNA-153, -16-1, -29c, . .
155, -34a Increased DLBCL Diagnosis (85)
miRNA-451 Decreased FL Diagnosis
(102)
miRNA-338-5p Increased FL Diagnostic
miRNA-17-92 cluster . .
(-18b, -20b, -106a Increased BL Diagnostic
BL vs. DLBCL (14)
miRNA-155 Decreased Subtype
ABC-DLBCL vs. GCB-DLBCL
miRNA-155, -200c, . .
-130a,-125b, -21 Increased DLBCL Diagnostic
(57)
miRNA-451, and -145 Decreased DLBCL Diagnostic
miRNA-9, -301, . .
1338 and -213 Increased FL Diagnostic (78)
miRNA-150, -550, . .
1243, -518b, -539 Increased MALT Diagnostic (125)

Abbreviations: miRNA, microRNA; DLBCL, diffuse large B-cell lymphoma; ABC-DLBCL, Activated B-cell like diffuse large
B-cell lymphoma,; GCB-DLBCL, Germinal center diffuse large B-cell ymphoma; FL, follicular lymphoma; MCL, mantle-cell
lymphoma; HL, Hodgkin lymphoma; MALT, mucosa-associated lymphoid tissue lymphoma.

indication. Their expression level is very good are quantifiable within the diagnostic laborato-
indicator for prognoses of lymphomas. For ex- ry. They can be performed at each consultation
ample, low miRNA-324a levels could serve as to assess disease response and detect relapse.
an indicator of poor survival (126). Circulating

miRNAs have the potential to assist clinical de- Currently, there are so many miRNAs having
cision making because they are highly stable in therapeutic roles in BCNHL patients, particu-
blood. They are overexpressed in cancer and larly patients suffering from DLBCL disease have
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been identified. A set of miRNAs, consisting of
mMiRNA-222, miRNA-181a, miRNA-129-5p, and
miRNA-18a, has been shown to have prognos-
tic value for DLBCL patients (127). On the oth-
er hand, eight miRNAs were found to corre-
late with patient survival. Patients with down

regulated miRNA-21, miRNA-23A, miRNA-27A,
and miRNA-34A expression had an inferior over-
all survival (OS), while patients with low levels of
mMiRNA-19A, miRNA-195, and miRNA-LET7G had
a shorter event-free survival (EFS). Patients with
low expression of miRNA-127 had low OS and

MiRNA Subtype Expression Role Refer-
level ence
. de novo Prognostic-longer
miRNA-21 DLBCL IEEEEe relapse-free survival 38, 7}
miRNA-155 ABC-DLBCL |  Increased Prognostic-treatment | ) /)
failure
miRNA-125b, -130a DLBCL Increased Prognostic-poor (57)
outcome
miRNA-18a, -181a and -222 DLBCL Prognostic (128)
miRNA-106b, -1181, -124, . .
2R, 2, SR, e, RNl DLBCL Increased Proi??:cc;i;idtlgme (130)
-629, -652, -654-3p, -671-5p, trear')cment
-766, -877, -93, -93
miRNA-223, -217, -222, -221 FL Increased Prognostic (123)
miRNA-29 MCL Increased Prognostic (110)
miRNA-21, -23a, -27a and -34a DLBCLs Down regulated Poor OS time (15)
miRNA-19a DLBCLs Decreased Shorter EFS time (15)
miRNA-195, -let7g DLBCLs Decreased Longer EFS time (15)
miRNA-92a DLBCLs Decreased A high relapse rate (69)
miRNA-127 DLBCLs Decreased Poor OS and EFS (15)

*Abbreviations: miRNA, microRNA; DLBCL, diffuse large B-cell lymphoma; GCB, germinal center B-cell; ABC, activated
B-cell like; OS, overall survival; EFS, event free survival; RCHOP, rituximab, cyclophosphamide; RFS, relapse free survival
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EFS. Increased expression of miRNA-18a was as-
sociated with shorter OS whereas increased ex-
pression of miR-181a was seen in patients with
longer EFS. In contrast, higher expression of mi-
ANA-222 was associated with shorter EFS (128,
129).

MiRNA-21, has been detected in the sera of
DLBCL patients and has been suggested as an
independent prognostic indicator in primary
DLBCL (76, 78). Patients with down regulated
mMiRNA-21, miRNA-23a, miRNA-27a and miRNA-
34a expression levels had inferior overall sur-
vival (OS). In contrast, event free survival (EFS)
was found influenced by low expression levels
of miRNA-19a (shorter EFS), miRNA-195 and let-
7g (longer EFS, respectively). A poor OS is most
strongly correlated with decreased expression
of miRNA-21 and miRNA-27a. In addition to
miRNA-127, EFS is most strongly influenced by
let-7g and miRNA-19a. A reduced expression
level of let-7g is contributed to significantly lon-
ger EFS whereas a reduced expression level of
miRNA-19a correlated with significantly shorter
EFS. In conclusion, reduced expression levels of
sixmiRNAs (miRNA-19a, miRNA-21, miRNA-233,
miRNA-27a, miRNA-34a and miRNA-127) iden-
tified as poor EFS and/or OS indicators, whereas
the opposite is true for miRNA-195 and let-7g. A
down-regulated expression level of this miRNA
correlates with poor survival prognosis (78).
(Table 2)

CONCLUSION AND RECOMMENDATIONS

The importance of miRNAs in cancer biology is
through controlling expression of their target
mRNAs to facilitate tumor growth, invasion,
angiogenesis and immune evasion. MiRNAs
are very important molecule in the pathogen-
esis, diagnosis and prognosis of BCNHL patients
since they are easy to detect, are relatively sta-
ble during sample handling. They are important
determinants of cellular processes controlling

pathogenesis, progression, and response to
treatment of several types of cancers includ-
ing B-cell malignancies through translational
repression and transcriptional degradation. As
such, they can be taken as one of the important
diagnostic and prognostic biomarkers available
so far. However, integrating these biomarkers
into clinical practice effectively and precisely in
daily practice is challenging. Despite these chal-
lenges, there are many reasons to be optimistic
that novel biomarkers will facilitate better algo-
rithms and strategies as we enter a new era of
precision medicine to better refine diagnosis,
prognostication, and rational treatment design
for patients with lymphomas.

00 % o% o% o°%
XX EXE XS X4

Abbreviations

ABC: Activated B-cell

AID: Activation-Induced Cytidine Deaminase
BCNHL: B-Cell Non-Hodgkin Lymphomas
BCL: B-Cell lymphoma; BCR: B-Cell Receptor
BL: Burkitt’s lymphoma

CCND: Cyclin D1

CSR: Class Switch Recombination

DLBCL: Diffuse Large B-Cell Lymphoma
DNA: Deoxyribonucleic Acid

EFS: Event free survival

FL: Follicular Lymphoma

GC: Germinal Center

HL: Hodgkin’s Lymphoma

IgH: Immunoglobulin Heavy Chain Genes
LP: Lymphocyte-Predominant

MCL: Mantle Cell Lymphoma

miRNA: microRNA

miRISC: miRNA-associated RNA-Induced
Silencing Complex

Page 208
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

MYC: Myelocytomatosis

NMZL: Marginal Zone Lymphomas
NHL: Non-Hodgkin Lymphoma

OS: Overall survival

RNA: Ribonucleic Acid

RAG: Recombination Activating Gene
SHM: Somatic Hypermutation

V(D)J: Variable, diversity and joining
WHO: World Health Organization

0L o% o% <% <%
XX S XS X X

Authors’ contributions

ZG and MM drafted the manuscript. ZG, FA and
MM participated in the design of the study.
ZG conceived of the study and participated in its
design and coordination and helped to draft the
manuscript. All authors read and approved the
final manuscript.

Acknowledgments

The authors would like to thank the Department
of Hematology and Immunohematology, School
of Biomedical and Laboratory Science, College
of Medicine and Health Sciences, University of
Gondar for its support.

REFERENCES

1. Swerdlow SH, Campo E, Pileri SA, Harris NL, Stein H,
Siebert R, et al. The 2016 revision of the World Health Or-
ganization classification of lymphoid neoplasms. Blood.
2016;127(20):2375-90.

2. Coiffier B. Monoclonal antibody as therapy for
malignant lymphomas. Comptes rendus biologies.
2006;329(4):241-54.

3. Rosenquist R, Bea S, Du MQ, Nade IB. Pan-Hammar-
strom Q. Genetic landscape and deregulated path-
ways in B-cell lymphoid malignancies J Intern Med
2017;282:371-94.

4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015.
CA: a cancer journal for clinicians. 2015;65(1):5-29.

5. Jaffe ES. The 2008 WHO classification of lymphomas: im-
plications for clinical practice and translational research.
ASH Education Program Book. 2009;2009(1):523-31.

6. Kiippers R, Klein U, Hansmann M-L, Rajewsky K. Cellu-
lar origin of human B-cell ymphomas. New England Jour-
nal of Medicine. 1999;341(20):1520-9.

7. Rosenquist R, Davi F, Ghia P, editors. The microenvi-
ronment in lymphomas—dissecting the complex crosstalk
between tumor cells and ‘by-stander’cells. Seminars in
cancer biology; 2014: Elsevier.

8. Rossi D, Ciardullo C, Gaidano G, editors. Genetic aber-
rations of signaling pathways in lymphomagenesis: rev-
elations from next generation sequencing studies. Semi-
nars in cancer biology; 2013: Elsevier.

9. Sutton L-A, Agathangelidis A, Belessi C, Darzentas N,
Davi F, Ghia P, et al., editors. Antigen selection in B-cell
lymphomas—tracing the evidence. Seminars in cancer
biology; 2013: Elsevier.

10. Siebert R, Rosenwald A, Staudt LM, : MS. Molecular
features of B-cell lymphoma. . Curr Opin Oncol. 2001; 13:
316-24.

11. Swerdlow SH CE, Harris NL, Jaffe ES, Pileri S, Stein H,
Thiele J, et al. WHO Classification of Tumors of Haema-
topoietic and Lymphoid Tissues: International Agency for
Research on Cancer; 2008.

12. Jaffe ES. Pathology and genetics of tumors of haema-
topoietic and lymphoid tissues: larc; 2001.

13. Shaffer Il AL, Young RM, Staudt LM. Pathogenesis of
human B cell ymphomas. Annual review of immunology.
2012;30:565-610.

14. Igbal J, Shen Y, Huang X, Liu Y, Wake L, Liu C, et al.
Global microRNA expression profiling uncovers molecular
markers for classification and prognosis in aggressive B-
cell ymphoma. Blood. 2015;125(7):1137-45.

15. Sun R, Medeiros LJ, Young KH. Diagnostic and predic-
tive biomarkers for lymphoma diagnosis and treatment
in the era of precision medicine. Modern Pathology.
2016;29(10):1118-42.

16. Di Lisio L, Martinez N, Montes-Moreno S, Piris-Villaes-
pesa M, Sanchez-Beato M, Piris MA. The role of miRNAs
in the pathogenesis and diagnosis of B-cell lymphomas.
Blood. 2012;120(9):1782-90.

17. Due H, Svendsen P, Bgdker JS, Schmitz A, Bggsted M,
Johnsen HE, et al. miR-155 as a Biomarker in B-Cell Malig-
nancies. BioMed research international. 2016;2016.

18. Provan D, Gribben J. Molecular hematology: John Wi-
ley & Sons; 2010.

Page 209
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

19. MacFarlane L-A, and, Murphy PR. MicroRNA: Bio-
genesis, Function and Role in Cancer. Current genomics.
2010;11:537-61.

20. Rajewsky N. L(ou)sy miRNA targets? Nature Structural
&Amp; Molecular Biology. 2006;13:754.

21. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ.
miRBase: tools for microRNA genomics. Nucleic acids re-
search. 2007;36(suppl_1):D154-D8.

22. Kozomara A, Griffiths-Jones S. miRBase: annotating
high confidence microRNAs using deep sequencing data.
Nucleic acids research. 2013;42(D1):D68-D73.

23. Lin S-L, Kim H, Ying S-Y. Intron-mediated RNA interfer-
ence and microRNA (miRNA). Frontiers in bioscience: a
journal and virtual library. 2008;13:2216-30.

24. Bartel DP. MicroRNAs: genomics, biogenesis, mecha-
nism, and function. cell. 2004;116(2):281-97.

25. MacFarlane L-A, R Murphy P. MicroRNA: biogen-
esis, function and role in cancer. Current genomics.
2010;11(7):537-61.

26. Hawkins PG, Morris KV. “RNA and transcriptional
modulation of gene expression”. . Cell. 2008;7(5):602-7.

27. Williams A. Functional aspects of animal microRNAs.
Cellular and molecular life sciences. 2008;65(4):545.

28. Eulalio A, Huntzinger E, Nishihara T, Rehwinkel J, Faus-
er M, Izaurralde E. “Deadenylation is a widespread effect
of miRNA regulation”. RNA. 2009;15(1):21-32.

29. Djuranovic S, Nahvi A, Green R. “miRNA-medi-
ated gene silencing by translational repression fol-
lowed by mRNA deadenylation and decay”. . Science.
2012;336(6078):237-40.

30. Morozova N, Zinovyev A, Nonne N, Pritchard LL, Gor-
ban AN, Harel-Bellan A. “Kinetic signatures of microRNA
modes of action”. RNA. 2012;18(1635-1655).

31. Zhang X, Chen X, Lin J, Lwin T, Wright G, Moscinski L, et
al. Myc represses miR-15a/miR-16-1 expression through
recruitment of HDAC3 in mantle cell and other non-Hodg-
kin B-cell lymphomas. Oncogene. 2012;31(24):3002.

32. Kloosterman WP, Plasterk RH. The diverse functions
of microRNAs in animal development and disease. Devel-
opmental cell. 2006;11(4):441-50.

33. Garzon R, Fabbri M, Cimmino A, Calin GA, Croce CM.
MicroRNA expression and function in cancer. Trends in
molecular medicine. 2006;12(12):580-7.

34. Pillai RS, Bhattacharyya SN, Filipowicz W. Repression
of protein synthesis by miRNAs: how many mechanisms?
Trends in cell biology. 2007;17(3):118-26.

35. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S,
Noch E, et al. Frequent deletions and down-regulation of

micro-RNA genes miR15 and miR16 at 13q14 in chronic
lymphocytic leukemia. Proceedings of the National Acad-
emy of Sciences. 2002;99(24):15524-9.

36. Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez MF, et
al. Accumulation of miR-155 and BIC RNA in human B cell
lymphomas. Proceedings of the National Academy of Sci-
ences. 2005;102(10):3627-32.

37.Zhao C, Wang G, Zhu Y, Li X, Yan F, Zhang C, et al. Ab-
errant regulation of miR-15b in human malignant tumors
and its effects on the hallmarks of cancer. Tumor Biology.
2016;37(1):177-83.

38. Lee RC, Feinbaum RL, Ambros V. The C. elegans het-
erochronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell. 1993;75(5):843-54.

39. Lim EL, Marra M. MicroRNA dysregulation in B-cell
non-Hodgkin lymphoma. Blood Lymphatic Cancer: Tar-
gets Ther. 2013;3:25-40.

40. Mraz M, Pospisilova S. “MicroRNAs in chronic lym-
phocytic leukemia: from causality to associations and
back”. . Expert Review of Hematology. 2012;5(6):579-81.

41. Musilova K, Mraz M, Mraz. “MicroRNAs in B cell lym-
phomas: How a complex biology gets more complex”
Leukemia. Leukemia. 2014.

42. lorio MV, Croce CM. MicroRNAs in cancer: small mol-
ecules with a huge impact. Journal of Clinical Oncology.
2009;27(34):5848-56.

43. Lim EL, Marra M. MicroRNA dysregulation in B-cell
non-Hodgkin lymphoma. Blood and Lymphatic Cancer:
Targets and Therapy. 2013;2013(1):25-40.

44. Malpeli G, Barbi S, Tosadori G, Greco C, Zupo S, Pe-
dron S, et al. MYC-related microRNAs signatures in non-
Hodgkin B-cell lymphomas and their relationships with
core cellular pathways. Oncotarget. 2018;9(51):29753.

45, Petriv O, Kuchenbauer F, Delaney A, Lecault V, White
A, Kent D, et al. Comprehensive microRNA expression pro-
filing of the hematopoietic hierarchy. Proceedings of the
National Academy of Sciences. 2010;107(35):15443-8.

46. Solé C, Larrea E, Di Pinto G, Tellaetxe M, Lawrie CH.
miRNAs in B-cell lymphoma: molecular mechanisms and
biomarker potential. Cancer letters. 2017;405:79-89.

47. de Yébenes VG, Belver L, Pisano DG, Gonzalez S, Vil-
lasante A, Croce C, et al. miR-181b negatively regulates
activation-induced cytidine deaminase in B cells. Journal
of Experimental Medicine. 2008;205(10):2199-206.

48. Teng G, Hakimpour P, Landgraf P, Rice A, Tuschl T,
Casellas R, et al. MicroRNA-155 is a negative regulator
of activation-induced cytidine deaminase. Immunity.
2008;28(5):621-9.

Page 210
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

49. Georgantas RW, Hildreth R, Morisot S, Alder J, Liu C-g,
Heimfeld S, et al. CD34+ hematopoietic stem-progenitor
cell microRNA expression and function: a circuit diagram
of differentiation control. Proceedings of the National
Academy of Sciences. 2007;104(8):2750-5.

50. Zhang J, Jima DD, Jacobs C, Fischer R, Gottwein E,
Huang G, et al. Patterns of microRNA expression char-
acterize stages of human B-cell differentiation. Blood.
2009;113(19):4586-94.

51. Kong KY, Owens KS, Rogers JH, Mullenix J, Velu CS,
Grimes HL, et al. MIR-23A microRNA cluster inhibits B-cell
development. Experimental hematology. 2010;38(8):629-
40. el.

52. Chaudhuri AA, So AY-L, Mehta A, Minisandram A, Sinha
N, Jonsson VD, et al. Oncomir miR-125b regulates hema-
topoiesis by targeting the gene Lin28A. Proceedings of
the National Academy of Sciences. 2012;109(11):4233-8.

53.Zhou B, Wang S, Mayr C, Bartel DP, Lodish HF. miR-
150, a microRNA expressed in mature B and T cells,
blocks early B cell development when expressed prema-
turely. Proceedings of the National Academy of Sciences.
2007;104(17):7080-5.

54. Stahlhut C, Slack FJ. MicroRNAs and the cancer phe-
notype: profiling, signatures and clinical implications. Ge-
nome medicine. 2013;5(12):111.

55. Ebert MS, Sharp PA. Roles for microRNAs in con-
ferring robustness to biological processes. Cell.
2012;149(3):515-24.

56. Musilova K, Mraz M. MicroRNAs in B-cell lymphomas:
how a complex biology gets more complex. Leukemia.
2015;29(5):1004-17.

57. Yuan WX, Gui YX, Na WN, Chao J, Yang X. Circulating
microRNA-125b and microRNA-130a expression profiles
predict chemoresistance to R-CHOP in diffuse large B-cell
lymphoma patients. Oncology letters. 2016;11(1):423-32.

58. Blenkiron C, Miska EA. miRNAs in cancer: approaches,
aetiology, diagnostics and therapy. Human molecular ge-
netics. 2007;16(R1):R106-R13.

59. Giangrande PH, Zhu W, Rempel RE, Laakso N, Nevins
JR. Combinatorial gene control involving E2F and E Box
family members. The EMBO journal. 2004;23(6):1336-47.

60. Rao E, Jiang C, Ji M, Huang X, Igbal J, Lenz G, et al. The
miRNA-17~ 92 cluster mediates chemoresistance and en-
hances tumor growth in mantle cell lymphoma via PI3K/
AKT pathway activation. Leukemia. 2012;26(5):1064-72.

61. Costinean S, Zanesi N, Pekarsky Y, Tili E, Volinia S,
Heerema N, et al. Pre-B cell proliferation and lympho-
blastic leukemia/high-grade lymphoma in Ep-miR155
transgenic mice. Proceedings of the National Academy of
Sciences. 2006;103(18):7024-9.

62. Rai D, Kim S-W, McKeller MR, Dahia PL, Aguiar RC. Tar-
geting of SMADS5 links microRNA-155 to the TGF-$ path-
way and lymphomagenesis. Proceedings of the National
Academy of Sciences. 2010;107(7):3111-6.

63. Trimarchi JM, Lees JA. Sibling rivalry in the E2F family.
Nature reviews Molecular cell biology. 2002;3(1):11-20.

64. De Paepe P, De Wolf-Peeters C. Diffuse large B-cell
lymphoma: a heterogeneous group of non-Hodgkin lym-
phomas comprising several distinct clinicopathological
entities. Leukemia. 2007;21(1):37-43.

65. Westin JR, Fayad LE. Beyond R-CHOP and the IPI in
large-cell lymphoma: molecular markers as an opportu-
nity for stratification. Current hematologic malignancy
reports. 2009;4(4):218-24.

66. Lossos IS, Morgensztern D. Prognostic biomarkers in
diffuse large B-cell lymphoma. Journal of clinical oncol-
ogy. 2006;24(6):995-1007.

67.Ni H, Tong R, Zou L, Song G, Cho WC. MicroRNAs in
diffuse large B-cell ymphoma (Review). Oncology letters.
2016;11(2):1271-80.

68. Malumbres R, Sarosiek KA, Cubedo E, Ruiz JW, Jiang
X, Gascoyne RD, et al. Differentiation stage—specific ex-
pression of microRNAs in B lymphocytes and diffuse large
B-cell lymphomas. Blood. 2009;113(16):3754-64.

69. Lawrie CH, Soneji S, Marafioti T, Cooper C, Palazzo S,
Paterson JC, et al. Microrna expression distinguishes be-
tween germinal center B cell-like and activated B cell-like
subtypes of diffuse large B cell lymphoma. International
Journal of Cancer. 2007;121(5):1156-61.

70. Li C, Kim S-W, Rai D, Bolla AR, Adhvaryu S, Kinney MC,
et al. Copy number abnormalities, MYC activity, and the
genetic fingerprint of normal B cells mechanistically de-
fine the microRNA profile of diffuse large B-cell lympho-
ma. Blood. 2009;113(26):6681-90.

71. Palmero El, de Campos SGP, Campos M, Souza NC,
Guerreiro IDC, Carvalho AL, et al. Mechanisms and role of
microRNA deregulation in cancer onset and progression.
Genetics and molecular biology. 2011;34(3):363-70.

72.Tagawa H, Karube K, Tsuzuki S, Ohshima K, Seto M.
Synergistic action of the microRNA-17 polycistron and
Myc in aggressive cancer development. Cancer Science.
2007;98(9):1482-90.

73.He L, Thomson JM, Hemann MT, Hernando-Monge
E, Mu D, Goodson S, et al. A microRNA polycistron as a
potential human oncogene. nature. 2005;435(7043):828.

74. Sandhu SK, Croce CM, Garzon R. Micro-RNA expres-
sion and function in lymphomas. Advances in hematol-
ogy. 2011;2011.

Page 211
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

75. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis
R, Cheng A, et al. RAS is regulated by the let-7 microRNA
family. Cell. 2005;120(5):635-47.

76. Lawrie CH, Gal S, Dunlop HM, Pushkaran B, Liggins
AP, Pulford K, et al. Detection of elevated levels of tumor-
associated microRNAs in serum of patients with diffuse
large B-cell lymphoma. British journal of haematology.
2008;141(5):672-5.

77.Croce CM. Causes and consequences of microR-
NA dysregulation in cancer. Nature reviews genetics.
2009;10(10):704.

78. Roehle A, Hoefig KP, Repsilber D, Thorns C, Ziepert
M, Wesche KO, et al. MicroRNA signatures characterize
diffuse large B-cell lymphomas and follicular lymphomas.
British journal of haematology. 2008;142(5):732-44.

79. Fassina A, Marino F, Siri M, Zambello R, Ventura L,
Fassan M, et al. The miR-17-92 microRNA cluster: a novel
diagnostic tool in large B-cell malignancies. Laboratory in-
vestigation. 2012;92(11):1574-82.

80. Thapa DR, Li X, Jamieson BD, Martinez-Maza O. Over-
expression of microRNAs from the miR-17-92 paralog
clusters in AIDS-related non-Hodgkin’s lymphomas. PloS
one. 2011;6(6):e20781.

81. Kluiver J, Kroesen B, Poppema S, Van den Berg A. The
role of microRNAs in normal hematopoiesis and hemato-
poietic malignancies. Leukemia. 2006;20(11):1931-6.

82. Koralov SB, Muljo SA, Galler GR, Krek A, Chakraborty
T, Kanellopoulou C, et al. Dicer ablation affects antibody
diversity and cell survival in the B lymphocyte lineage.
Cell. 2008;132(5):860-74.

83. Croce CM. Pre-B Cell Proliferation and Lymphoblastic
Leukemia/High-Grade Lymphoma in MIR155 Transgenic
Mice. Google Patents; 2007.

84. Montes-Moreno S, Martinez N, Sanchez-Espiridién B,
Uriarte RD, Rodriguez ME, Saez A, et al. miRNA expres-
sion in diffuse large B-cell ymphoma treated with che-
moimmunotherapy. Blood. 2011;118(4):1034-40.

85. Fang C, Zhu D-X, Dong H-J, Zhou Z-J, Wang Y-H, Liu L,
et al. Serum microRNAs are promising novel biomarkers
for diffuse large B cell lymphoma. Annals of hematology.
2012;91(4):553-9.

86. Zhu S, Si M-L, Wu H, Mo Y-Y. MicroRNA-21 targets the
tumor suppressor gene tropomyosin 1 (TPM1). Journal of
Biological Chemistry. 2007;282(19):14328-36.

87. Molyneux EM, Rochford R, Griffin B, Newton R, Jack-
son G, Menon G, et al. Burkitt’s lymphoma. The Lancet.
2012;379(9822):1234-44.

88. Love C, Sun Z, Jima D, Li G, Zhang J, Miles R, et al. The
genetic landscape of mutations in Burkitt lymphoma. Na-
ture genetics. 2012;44(12):1321.

89. Dave SS, Fu K, Wright GW, Lam LT, Kluin P, Boerma E-J,
et al. Molecular diagnosis of Burkitt’s lymphoma. New
England Journal of Medicine. 2006;354(23):2431-42.

90. Dorsett Y, McBride KM, Jankovic M, Gazumyan A, Thai
T-H, Robbiani DF, et al. MicroRNA-155 suppresses acti-
vation-induced cytidine deaminase-mediated Myc-Igh
translocation. Immunity. 2008;28(5):630-8.

91. Bueno MJ, de Cedron MG, Gomez-Lépez G, de Castro
IP, Di Lisio L, Montes-Moreno S, et al. Combinatorial ef-
fects of microRNAs to suppress the Myc oncogenic path-
way. Blood. 2011;117(23):6255-66.

92. Di Lisio L, Sdnchez-Beato M, Gémez-Lopez G, Rodri-
guez ME, Montes-Moreno S, Mollejo M, et al. MicroRNA
signatures in B-cell lymphomas. Blood cancer journal.
2012;2(2):e57.

93. Wang M, Yang W, Li M, Li Y. Low expression of miR-
150 in pediatric intestinal Burkitt lymphoma. Experimen-
tal and molecular pathology. 2014;96(2):261-6.

94. Lisio LD, M Sa’nchez-Beato, Go’ mez-Lo” pez G,
Rodri'guez M, Montes-Moreno S, Mollejo M, et al. Mi-
croRNA signatures in B-cell lymphomas. Blood Cancer
Journal. 2012;2:e57; doi:10.1038/bcj.2012.1.

95. Li J, Zhai X-W, Wang H-S, Qian X-W, Miao H, Zhu X-H.
Circulating MicroRNA-21, MicroRNA-23a, and MicroRNA-
125b as Biomarkers for Diagnosis and Prognosis of Burkitt
Lymphoma in Children. Medical Science Monitor: Inter-
national Medical Journal of Experimental and Clinical Re-
search. 2016;22:4992.

96. CONSIGLIO J. miR-221/222: New Insights in Burkitt
Lymphoma. 2014.

97. Salles G, Ghesquiéres H. Current and future manage-
ment of follicular lymphoma. International journal of he-
matology. 2012;96(5):544-51.

98. Bastard C, Deweindt C, Kerckaert JP, Lenormand B,
Rossi A, Pezzella F, et al. LAZ3 rearrangements in non-
Hodgkin’s lymphoma: correlation with histology, immu-
nophenotype, karyotype, and clinical outcome in 217 pa-
tients. . Blood. 1994;83(1):2423-7.

99. Cattoretti G, Chang CC, Cechova K, Zhang J, Ye BH,
Falini B, et al. BCL-6 protein is expressed in germinal-cen-
ter B cells Blood. 1995;86:45-53.

100. Ott G, Rosenwald A. Molecular pathogenesis of fol-
licular lymphoma. Haematologica; 2008.

101. Wang W, Corrigan-Cummins M, Hudson J, Maric
I, Simakova O, Neelapu SS, et al. MicroRNA profiling of
follicular lymphoma identifies microRNAs related to

Page 212
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

cell proliferation and tumor response. Haematologica.
2012;97(4):586-94.

102. Takei Y, Ohnishi N, Kisaka M, Mihara K. Determina-
tion of abnormally expressed microRNAs in bone marrow
smears from patients with follicular lymphomas. Spring-
erPlus. 2014;3(1):288.

103. Pekarsky Y, Santanam U, Cimmino A, Palamarchuk
A, Efanov A, Maximov V, et al. Tcll expression in chronic
lymphocytic leukemia is regulated by miR-29 and miR-
181. Cancer research. 2006;66(24):11590-3.

104. Harris NL, Horning SJ. Burkitt’s lymphoma—the mes-
sage from microarrays. Mass Medical Soc; 2006.

105. Peter ME. Let-7 and miR-200 microRNAs: guardians
against pluripotency and cancer progression. Cell cycle.
2009;8(6):843-52.

106. Olive V, Bennett MJ, Walker JC, Ma C, Jiang |, Cordon-
Cardo C, et al. miR-19 is a key oncogenic component of
mir-17-92. Genes & development. 2009;23(24):2839-49.

107. Zajdel M, Rymkiewicz G, Chechlinska M, Blachnio
K, Pienkowska-Grela B, Grygalewicz B, et al. miR expres-
sion in MYC-negative DLBCL/BL with partial trisomy
11 is similar to classical Burkitt lymphoma and differ-
ent from diffuse large B—cell lymphoma. Tumor Biology.
2015;36(7):5377-88.

108. Anderson J, Armitage J, Berger F, Cavalli F, Chan W,
Close J, et al. A clinical evaluation of the International
Lymphoma Study Group Classification of non-Hodgkin’s
lymphoma: a report of the Non-Hodgkin’s Lymphoma
Classification Project. Blood. 1997.

109. Griffiths-Jones S, Grocock RJ, Van Dongen S, Bate-
man A, Enright AJ. miRBase: microRNA sequences, tar-
gets and gene nomenclature. Nucleic acids research.
2006;34(suppl 1):D140-DA4.

110. Zhao J-J, Lin J, Lwin T, Yang H, Guo J, Kong W, et
al. microRNA expression profile and identification of
miR-29 as a prognostic marker and pathogenetic fac-
tor by targeting CDK6 in mantle cell lymphoma. Blood.
2010;115(13):2630-9.

111. Silber J, Lim DA, Petritsch C, Persson Al, Maunakea
AK, Yu M, et al. miR-124 and miR-137 inhibit prolifera-
tion of glioblastoma multiforme cells and induce differ-
entiation of brain tumor stem cells. BMC medicine.
2008;6(1):14.

112. Mott JL, Kobayashi S, Bronk SF, Gores GJ. mir-29
regulates Mcl-1 protein expression and apoptosis. Onco-
gene. 2007;26(42):6133-40.

113. Di Lisio L, Gomez-Lopez G, Sanchez-Beato M, Go-
mez-Abad C, Rodriguez M, Villuendas R, et al. Mantle cell
lymphoma: transcriptional regulation by microRNAs. Leu-
kemia. 2010;74(7):1335-42.

114. lvanovska |, Ball AS, Diaz RL, Magnus JF, Kibukawa
M, Schelter JM, et al. MicroRNAs in the miR-106b fam-
ily regulate p21/CDKN1A and promote cell cycle progres-
sion. Molecular and cellular biology. 2008;28(7):2167-74.

115. Medina PP, Nolde M, Slack FJ. OncomiR addiction in
an in vivo model of microRNA-21-induced pre-B-cell lym-
phoma. Nature. 2010;467(7311):86-90.

116. PG I. Mucosa-associated lymphoid tissue lympho-
ma. Semin Hematol. 1999;36:139- 47.

117. Dierlamm J, Baens M, Wlodarska |. The apoptosis
inhibitor gene API2 and a novel 18q gene, MLT, are re-
currently rearranged in the t(11; 18)(q21;g21) associated
with mucosa-associated lymphoid tissue lymphomas.
Blood. 1999;93: 3601-9. .

118. Willis TG, Jadayel DM, Du MQ. Bcl10 is involved in
1(1;14)(p22;932) of MALT B cell ymphoma and mutated
in multiple tumor types. Cell. 1999; 96:35-45. .

119. Streubel B, Lamprecht A, Dierlamm J. T(14; 18)
(932;921) involving IGH and MALT1 is a frequent chromo-
somal aberration in MALT lymphoma. Blood 101:2335-9.

120. Park S-M, Gaur AB, Lengyel E, Peter ME. The miR-
200 family determines the epithelial phenotype of can-
cer cells by targeting the E-cadherin repressors ZEB1 and
ZEB2. Genes & development. 2008;22(7):894-907.

121. Arribas AJ, Campos-Martin Y, Gdmez-Abad C, Algara
P, Sdnchez-Beato M, Rodriguez-Pinilla MS, et al. Nodal
marginal zone lymphoma: gene expression and miRNA
profiling identify diagnostic markers and potential thera-
peutic targets. Blood. 2012;119(3):e9-e21.

122. Chen W, Wang H, Chen H, Liu S, Lu H, Kong D, et
al. Clinical significance and detection of microRNA-21 in
serum of patients with diffuse large B-cell lymphoma in
Chinese population. European journal of haematology.
2014;92(5):407-12.

123. Lawrie CH, ChiJ, Taylor S, Tramonti D, Ballabio E, Pala-
zz0 S, et al. Expression of microRNAs in diffuse large B cell
lymphoma is associated with immunophenotype, surviv-
al and transformation from follicular lymphoma. Journal
of cellular and molecular medicine. 2009;13(7):1248-60.

124. Culpin RE, Proctor SJ, Angus B, Crosier S, Anderson
JJ, Mainou-Fowler T. A 9 series microRNA signature dif-
ferentiates between germinal centre and activated B-cell-
like diffuse large B-cell lymphoma cell lines. International
journal of oncology. 2010;37(2):367.

125. Thorns C, Kuba J, Bernard V, Senft A, Szymczak S,
Feller AC, et al. Deregulation of a distinct set of microR-
NAs is associated with transformation of gastritis into
MALT lymphoma. Virchows Archiv. 2012;460(4):371-7.

126. Vosa U, Vooder T, Kolde R, Fischer K, Valk K, Tonis-
son N, et al. Identification of miR-374a as a prognostic

Page 213
eJIFCC2019Vol30No2pp195-214



Zegeye Getaneh, Fikir Asrie, Mulugeta Melku
MicroRNA profiles in B-cell non-Hodgkin lymphoma

marker for survival in patients with early-stage nons-
mall cell lung cancer. Genes, Chromosomes and Cancer.
2011;50(10):812-22.

127. Mazan-Mamczarz K, Gartenhaus RB. Role of mi-
croRNA deregulation in the pathogenesis of diffuse
large B-cell lymphoma (DLBCL). Leukemia research.
2013;37(11):1420-8.

128. Alencar AJ, Malumbres R, Kozloski GA, Advani R, Tal-
reja N, Chinichian S, et al. MicroRNAs are independent
predictors of outcome in diffuse large B-cell lymphoma

patients treated with R-CHOP. Clinical Cancer Research.
2011;17(12):4125-35.

129. Perry AM, Mitrovic Z, Chan WC. Biological prognos-
tic markers in diffuse large B-cell lymphoma. Cancer Con-
trol. 2012;19(3):214-26.

130. Knudsen S, Hother C, Grgnbak K, Jensen T, Han-
sen A, Mazin W, et al. Development and blind clinical
validation of a microRNA based predictor of response
to treatment with R-CHO (E) P in DLBCL. PLoS One.
2015;10(2):e0115538.

Page 214
eJIFCC2019VoI30No2pp195-214



The Journal of the International Federation of Clinical Chemistry
and Laboratory Medicine

JIFCC

This is a Platinum Open Access Journal distributed under the terms of the Creative Commons Attribution Non-Commercial License which permits unrestricted
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cell-free nucleic acids in prenatal diagnosis

and pregnancy-associated diseases

Balint Nagy

Department of Human Genetics, Faculty of Medicine, University of Debrecen, Hungary

ARTICLE INFO

Corresponding author:

Balint Nagy

Department of Human Genetics
Faculty of Medicine

University of Debrecen

Egyetem tér 1

4032 Debrecen

Hungary

E-mail: nagy.balint@med.unideb.hu

Key words:

cell-free nucleic acids, prenatal diagnosis,
microRNA, long non-coding RNA, circular RNA,
preeclampsia, gestational diabetes,

congenital heart defects

ABSTRACT

There is a great effort to find out the biological role
of cell-free nucleic acids (cfNAs). They are considered
very promising targets in the diagnosis of genetic dis-
eases. Non-invasive sampling (liquid biopsy) has re-
cently become a very popular method, and new mo-
lecular biological techniques have been developed
for these types of samples. Application of next-gen-
eration sequencing (NGS) and massively parallel se-
quencing (MPS) is spreading fast. These are the part
of the arsenal of the modern prenatal genetic diag-
nostic laboratories by now. Cell-free DNA based non-
invasive prenatal testing accounts for more than half
of the prenatal genetic tests performed, it is gradu-
ally replacing the invasive amniocentesis or chorionic
villus sample-based diagnostics. Besides that, new
non-coding RNAs are taking more attention: microR-
NAs (miRNAs), long non-coding RNAs (IncRNAs), cir-
cular RNAs (circRNAs) are in the focus of the clinical
research to detect the most common pregnancy-
associated diseases, like preeclampsia, fetal growth
restriction, congenital heart diseases and gestational
diabetes. The research is at advanced stage on the
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use of microRNAs, while IncRNAs and circRNAs
are still promising targets. In this review, com-
prehensive information is given about the re-
cent developments on this field.

00 % o% o% o°%
XX EXE XS X4

INTRODUCTION

There is a great effort to determine the biologi-
cal role and the clinical applicability of the cell-
free nucleic acids. These molecules could be
DNA, mtDNA, mRNA, miRNA, IncRNA, circRNA
and other nucleic acids. They are present in dif-
ferent body fluids and offer the possibility to use
them in diagnosis of different diseases. Liquid
biopsy became very popular sampling method
recently. The first non-invasive method in pre-
natal diagnosis was introduced by Dennis Lo
from the University of Hong Kong, he was able
to detect the fetal sex and RhD blood group in

Table 1

1997 (1). He introduced the real-time PCR tech-
nique at that time for that purpose. Researchers
tried to detect genetic diseases from maternal
plasma applying similar technique (trisomies),
but they were not very successful. There was a
real breakthrough in 2011, when the first report
was published on determination of trisomy 21
using massively parallel sequencing (MPS) (2).
Newer genetic diseases were then detected
prenatally. The results of a special interesting
prenatal case called the attention for the pos-
sibility of diagnosis of oncological diseases by
this technique. The next-generation sequencing
(NGS) reading pattern warned for the mother’s
hemato-oncological disease, which was not di-
agnosed yet (3). This observation opened the
door for new clinical applications of MPS in the
field of oncology, and later for cardiovascular
diseases, neurological diseases, infectious dis-
eases, etc. The application of cfDNA is already

Full name Abbreviation Size Function Prgnat?l
application
Genomic DNA gDNA 166 - >10,000 bp | unknown trisomy, mutation,
deletion, microdeletion
Mitochondrial DNA mtDNA 20D o unknown Gl el
<1-21 kbp rupture
Messenger RNA MRNA varies coding not used
preeclampsia,
MicroRNA mIiRNA 18-25 bp regulation congenital heart
diseases, gestational
diabetes
congenital heart
Circular RNA circRNA varies regulation diseases, gestational
diabetes
Long non-coding . congenital heart
RNA IncRNA over 200 bp regulation diseases
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a success story in prenatal diagnosis of genetic
diseases, while there are other non-age-related
pregnancy-associated diseases, which cause
high maternal and fetal mortality and morbid-
ity. It seems that non-coding RNAs could help to
solve these problems. Table 1 shows those cell-
free nucleic acids that have prenatal diagnostic
potential.

CELL-FREE FETAL DNA (cffDNA)

The presence of cell-free DNA (cfDNA) was
observed by Mandel and Metais in the sera of
cancer patientsin 1948 (4). Tan et al. reported
a higher concentration of cfDNA in samples of
cancer patients in 1966 (5). Later the first clin-
ical application was introduced by Leon et al.,
but did not get larger attention because of tech-
nical reasons (6). They measured the concentra-
tions of cfDNA in blood samples from oncologi-
cal patients. The real clinical application started
when Dennis Lo detected the fetal gender and
RhD group in the maternal plasma in 1997 (1).
The maternal blood contains cfDNA molecules
which originate in 90-95% from the mother
and in 5-10% from the fetus. Introduction of
the massively parallel sequencing made wider
prenatal clinical application possible from 2011
(2). The number of the performed non-invasive
prenatal tests is growing steadily, at least 50%
of the genetic tests are made by this method
nowadays. They have a very high sensitivity and
specificity. There are several reports showing
high number of non-invasive tests performed in
different countries (7,8). It is possible to detect
trisomies, mutations, deletions, etc. with NGS.

However, there are a few drawbacks in non-inva-
sive prenatal testing (NIPT). Low fetal DNA con-
tent in those patients who are having high body
mass index (BMI), or in the case of early preg-
nancy, these could cause false negative results.
Placental mosaicism, vanishing twin could cause
false negative or false positive results. These

factors should be considered during the evalua-
tion of the NIPT results.

CELL-FREE FETAL MITOCHONDRIAL
DNA (cffmtDNA)

Higher level of nuclear DNA (nDNA) was observed
in several pregnancy-related complications like
in preeclampsia, fetal growth restriction and
preterm delivery. Little is known about cfmtDNA
in these syndromes. Recently, Kacerovsky et al.
studied the nDNA and mtDNA levels in amniotic
fluid samples obtained from preterm prelabor
rupture of membrane cases (9). They observed
higher levels of these DNA molecules in these
cases. They suppose these are connected to the
intra-amniotic inflammatory response. There
are only a few studies related to the mtDNA and
prenatal diagnosis of diseases.

CELL-FREE RNA (cfRNA)

MRNA

According to the latest results, there are about
23,000 genes in the human genome, which en-
code several types of RNAs, including mRNAs.
Different tissues have their own mRNA profile.
They are present in the serum and in other bio-
logical fluids and could be measured. During the
pregnancy, placental markers are detectable in
the maternal circulation. A paper was published
on the application of single nucleotide polymor-
phism (SNP) for the detection of trisomies us-
ing allelic ratio of specific heterozygous SNP on
cffmRNA. There are altered ratios in the case of
trisomies, 1:1 shows diallelic, while 1:2 or 2:1
shows trisomic sample (10). Somehow mRNAs
are not used in prenatal diagnosis of genetic
diseases as yet.

miRNAs

miRNAs are short ribonucleic acid molecules with
the size of 18-25 bp. They belong to the non- cod-
ing RNAs, produced from longer precursors. They
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play a pivotal role in gene regulation. miRNAs are
present in different biological fluids (plasma, li-
quor, saliva, seminal fluid, etc.) and they are con-
sidered as ideal molecules from the laboratory
point of view: they are stable following freezing
and thawing cycles, and it does not have an effect
on their quality and concentration. Their encap-
sulation into extracellular vesicles during apop-
tosis and necrosis allows these stabilized miRNAs
to reach any part of the body. The other possible
way for their transport, formation of macromol-
ecule complexes with Argonaute2 (Ago2), LDL
and HDL (11).

Genomic studies identified several hundreds of
miRNAs in the placenta (12), some of them ex-
pressed only in that tissue, while some in other
tissues. Their role and function are not well
known, probably they take part in the regula-
tion of placentation (13).

Most key molecules from the biogenesis of miR-
NAs are detectable in the placenta (14, 15, 16).
Placenta specific miRNAs appeared in the lat-
est time of the evolution and they are present
only in mammals (17). They are expressed dif-
ferently in the certain parts of the placenta and
secreted from the trophoblast layer in different
concentrations during the periods of pregnancy
(18, 19). This concentration depends on the sig-
nal transduction cascades and environmental
factors (hypoxia, oxidative stress, etc.) (13).

There are placenta-specific miRNAs that are not
expressed in other tissues, these are located
on chromosome 14 and 19 in clusters (C14MC,
C19MC and miR-371-3). The C14MC includes
34 mature miRNAs and these are evolutionarily
conserved in mammals having placenta (20).
The C19MC has 46 different spin-like structure
miRNAs and from these 59 mature miRNAs are
formed, this is the biggest known cluster in pla-
cental mammals (21). Both clusters are imprint-
ed, while they show altered expression during
the pregnancy. The C14MC miRNAs expressed

from the maternal allele and their level is the
highest in the first trimester and it decreases
later (21). The C19MC is the opposite, the pa-
ternal allele is active (22) and the expression is
increasing during the pregnancy (21). It is de-
tectable even in the maternal circulation (23,
24). Less is known about the miR-371-3 cluster,
which is located also on chromosome 19 (25).

They are expressed in the placenta and in embry-
onic stem cells (26). There is a great effort to find
out the biological function of miRNAs and their
diagnostic applicability in clinical practice. They
could be classified as placenta specific, placenta-
associated and placenta-derived miRNAs (27).

There are pregnancy-related complication and
an intensive research performed to find out the
utility of miRNAs in the diagnosis of preeclamp-
sia, congenital heart diseases, gestational diabe-
tes and fetal growth restriction.

PREECLAMPSIA

Preeclampsia is a serious pregnancy-associ-
ated disease and occurs in about 3-5% of the
pregnancies. This is the main cause of mater-
nal, neonatal morbidity and mortality. There is
no reliable biomarker for the prediction of the
development of this disease. There are numer-
ous publications on the determination of miR-
NA expression in preeclampsia, even from the
Central-Eastern European region several groups
performed active research in this field (28).
There is an agreement that placental dysfunc-
tion is the main cause of the development of
this disease, while the pathogenesis is not clear-
ly understood yet. Genetic predisposition, im-
mune factors, and inflammation related causes
are well studied. A number of research groups
reported abnormal expression of miRNAs in the
pathophysiological process of the disease (29,
30). These are involved in metabolic changes,
immune function, cell adhesion, cardiovascular
development, etc.
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miR-210 is widely studied in preeclampsia as
it is proved to be induced by hypoxia. It is up-
regulated in various tumors and cardiovascular
diseases, and similarly in pregnancies with pre-
eclampsia. miR-155 is upregulated along with
transcription factor 1 and NF-kB protein, it may
also inhibit trophoblast proliferation and inva-
sion (30).

Skallis et al. published a review recently on miR-
NAs in preeclampsia. They divided their effect
according to play a role in impaired trophoblast
migration and invasion (miR-195, miR-276C,
miR-278a-5p, miR-210), impaired angiogenesis
(miR-210, miR-21, miR-22) and dysregulation of
maternal immune system (miR-223, miR-1483,
miR-152) (31).

CONGENITAL HEART DISEASES (CHD)

This is the most common congenital malfor-
mation with an incidence of 4-5% in the gen-
eral population (32). The exact etiology of this
disease group is not known yet. CHD causes a
serious health issue accounting for 30-50% of
mortality among newborns and infants (33).
Unfortunately, the misdiagnosis is very high be-
sides the use of fetal ultrasound echocardiogra-
phy, the diagnostic efficiency is about 6-35% (34).
There are other not very specific biomarkers in
the clinical practice, like acylated ghrelin, beta
human chorionic gonadotropin and pregnancy-
associated plasma protein A (PAPP-A). Early pre-
natal diagnosis of CHDs may reduce postnatal
morbidity and mortality (35-39). Zhu et al. per-
formed a SOLID sequencing for comparison of
miRNA profile from women having a fetus with
CHD and healthy pregnant women. These were
ventricular septal defect, atrial septal defect, or
teratology of Fallot cases. They found miR-19b,
miR-22, miR-29c, and miR-375 significantly up-
regulated in the patient group (40). Our research
group found elevated miR-99a level as a possible
biomarker for the detection of CHD by analyzing

maternal plasma samples (41). The miR-99a/
let7c miRNA cluster is located in the chromo-
some region 21g21.1 and has been shown to
control cardiomyogenesis in embryonic stem
cells (42). We analyzed also let-7c expression in
the maternal circulation and found that similarly
to miR-993, it is also overexpressed in cases of
fetal cardiac malformations (43). CHDs are the
most common cause of birth defects; however,
present prenatal screening methods are not able
to detect high-risk cases effectively. MiRNA stud-
ies in the maternal circulation could improve the
efficacy of diagnosis and give new opportunities
for CHD research and diagnosis.

GESTATIONAL DIABETES (GDM)

Another serious pregnancy-related complica-
tion is gestational diabetes (GDM). Early and
effective diagnosis of the disease is an urgent
need. About 7% of pregnancies effected by
GDM and the number of cases growing year by
year (44). Even some calculations predict 25%
prevalence in the USA (45, 46). The screening
of GDM is performed between the 24th-28th
gestational weeks all over the world. Naturally
it means late diagnoses, so the treatments usu-
ally do not start before the end of the first tri-
mester. Screening strategy involving earlier de-
tection could help in the proper diagnosis and
treatment of the GDM.

Irregular expression of circulating miRNAs has
been associated with GDM. They could serve as
potential early biomarkers. The miR-518d was
the first recognized miRNA showing altered
expression in GDM, it belongs to the C19MC
cluster (47). It seems that this miRNA regulates
peroxisome proliferator-activated receptor a
(PPARa) gene. Microarray analysis performed
on GDM and non-GDM placentas showed dys-
regulation of miR-508-3p, miR-27a, miR-9, miR-
137, miR-92a, miR-33a, miR-30d, miR-362-5p
and miR-502-5p. Interestingly these miRNAs
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target genes involved in the epidermal growth
factor receptor (EGFR) signaling, which could
cause e.g. macrosomia (48). Wander et al. re-
ported recently an altered expression of 10 mi-
croRNAs, including miR-155-5p and miR21-3p,
which showed higher plasma levels in GDM
(49).

More extensive research is needed on microR-
NAs to introduce them as biomarkers in the
early GDM diagnosis.

Circular RNAs (circRNAs)

Circular RNAs are special non-coding RNAs with
evolutionary conservation, structural stabil-
ity, and tissue specificity. They act like miRNA
sponges and regulate the expression of different
genes (50). CircRNAs are present in the placen-
ta and could be involved in pregnancy related
pathological processes (51). They have role in
the development of tumors and other diseases
(52, 53).

A recently published study measured the level
of three IncRNAs in GDM and combined these
with the expression of 99 miRNAs, however,
circ_5824, circ_3636 and circ_0395 levels were
significantly lower in GDM (54). CircRNAs could
be other interesting molecules for functional
studies in GDM.

Long non-coding RNAs (IncRNAs)

LncRNAs are a kind of non-translating RNA hav-
ing the length of over 200 nucleotides. They are
stable in plasma and other biological fluids; they
show disease and tissue specificity. There are
more than 1,000 IncRNAs which are involved in
different biological processes (55). Recent stud-
ies call attention for their potential role as bio-
markers or prognostic markers.

LncRNAs have a role in the development of
the heart and CHD related IncRNAs could be
detected in placental tissues and even in the
maternal circulation (31). Gu et al. performed a

study on 62 CHD patients and 62 healthy con-
trols by using microarray and determined 3694
up-regulated and 3919 down-regulated genes.
They validated the CHD-associated IncRNAs and
found ENST00000436681, ENSTO0000422826,
AA584040, AA706223 and BX478947 suitable
to use as biomarker (31). There is intensive re-
search to find out the role and clinical applicabil-
ity of IncRNAs.

CONCLUSION AND FUTURE PERSPECTIVES

Cell-free nucleic acids have a special role in
the normal physiological processes and in the
development of diseases. CFDNA was the first
clinically applicable non-invasively obtained
sample type which is already widely used in
the prenatal detection of genetic diseases us-
ing NGS. The application of different cfRNAs
are in experimental phase now, with research
groups performing studies to find out their role
and clinical utility, like miRNAs, IncRNAs and cir-
cRNAs. Cell free miRNAs have a potential diag-
nostic, prognostic and therapeutic applicability.

They are expressed in all cell types and changes
in their expression patterns could call the atten-
tion for pathological conditions. We know less
about IncRNAs and circRNAs they have a poten-
tial for clinical use in the next couple of years.
Several pregnancy-associated diseases are in
the focus of the research, like preeclampsia,
gestational diabetes and congenital heart dis-
eases. Epigenetic changes causing fetal-mater-
nal complications is not well known, additional
studies are necessary to provide insight into the
molecular pathological mechanisms. There is a
critical issue related to the lack of standardized
protocols on sample processing, expression
profiling, and data analysis.
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The intensive study of extracellular vesicles was start-
ed about a decade ago revealing alterations of their
amount and content to several cellular stimuli, highly
depending on the releasing cell type. Exosomes, a
type of extracellular vesicles, are released by every
cell type and are present in most body fluids, what
makes them attractive targets of biomarker research.
Several studies have indicated that their content —
including proteins and coding, as well as non-coding
nucleic acids — could represent the disease state and
serves as specific disease biomarkers. Out of these
molecules, a special interest was gained by long non-
coding RNAs (IncRNAs). Just as exosomes, IncRNAs
are specific to their cell of origin and often specific to
diseases, also found extracellularly, mainly contained
in extracellular vesicles. Thus, recent efforts in bio-
marker research has turned to circulating exosomal
IncRNAs, which might lead to the development of
highly specific disease markers.

Here we summarize the current knowledge on dis-
ease-associated exosomal long non-coding RNAs. The
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intensive studies in this area have revealed nu-
merous potential targets for biomarkers, and
highlighted the potential of their combination
with other exosomal markers to represent a high-
ly sensitive and specific diagnostic tool. However,
we believe that additional functional data on
both exosomes and IncRNAs are necessary for
understanding their deregulation in diseases and
developing their use as diagnostic approaches.

0L o% o% <% <%
XA XS XS XX

INTRODUCTION

The detection of soluble biomarkers from bio-
logical fluids — referred to as liquid biopsy — is
a method that is more and more frequently ap-
plied for the early diagnosis of several diseases. It
is believed that altered levels or the appearance
of several circulating molecules potentially are in-
dications of disease and can be detected at early
stages for which other — often invasive — diag-
nostic tools are ineffective. Since extracellular
vesicles are present in body fluids and their con-
tent depends on the cell of origin, circulating ex-
tracellular vesicles could potentially serve as early
diagnostic markers for malignant diseases (1).

Extracellular vesicles are omnipresent in human
tissues and many types of biological fluids, in-
cluding blood, breast milk, urine, sperm, amni-
otic fluid, saliva, bronchoalveolar lavage, cere-
brospinal fluid, synovial fluid, pleura effusions
and ascites (2). Initially, extracellular vesicles
were considered a mechanism by which cells rid
themselves of cytoplasm and membrane pro-
teins (3); however, not long after their discov-
ery, they were found to be truly functional and
actively released from cells for a variety of rea-
sons. Extracellular vesicles are generally clas-
sified by their size, morphology and biochem-
ical composition as well as their biogenesis as
apoptotic bodies, microvesicles and extracellu-
lar vesicles (2). Apoptotic bodies are the largest
— with diameters of up to 5000 nm — and are

released during apoptosis by direct budding of
the membrane. These vesicles contain nuclear
content, cell organelles, DNA, ribosomal RNA
and messenger RNA (mRNA). Microvesicles or
microparticles are in the mid-range of extra-
cellular vesicles with diameters of 100-1000
nm and are formed by direct shedding of the
plasma membrane through outward invagina-
tions. Microvesicles contain plasma membrane
and cytosolic proteins as well as nucleic acids.
Exosomes are small membrane nanovesicles
released from various cells (B and T cells, den-
dritic cells, mast cells, mesenchymal stem cells,
epithelial cells, astrocytes, endothelial cells and
cancer cells) into the extracellular environment.
Exosomes are the smallest extracellular vesicles,
with diameters of 30-150 nm, and have a lipid
bilayer containing various proteins, coding and
non-coding RNAs and bioactive lipids, depend-
ing on their cell of origin. Exosomes are formed
by inward budding of endosomal membranes
that produce multivesicular bodies in which
intraluminal vesicles develop. Intraluminal
vesicles are subsequently secreted into the ex-
tracellular space as exosomes when multive-
sicular bodies fuse with plasma membrane (2).
Exosomes have a plethora of biological func-
tions. In addition to mediating cell-to-cell com-
munication, signal transduction and transport of
genetic material, exosomes play important roles
in immune modulation and are involved in the
pathogenesis of various human diseases, such
as cancer and autoimmune inflammatory dis-
eases (4-6).

During infection, exosomes carry pathogen-de-
rived proteins, nucleic acids, lipids and carbo-
hydrates and, thus, serve as antigen presenters,
activating innate immune receptors to induce
host defense (2). Exosomes shuttle both cod-
ing and non-coding RNAs, which maintain their
function when transferred to recipient cells.
This epigenetic signaling has an important role
in cell-to-cell communication (7).
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Long non-coding RNAs (IncRNAs) are longer than
200 nucleotide and lack protein-coding poten-
tial. These transcripts are involved in many cel-
lular processes, including the regulation of chro-
matin modification, gene transcription, mRNA
translation and protein function. The expression
of IncRNAs is generally tissue- or cell-type spe-
cific and malignant cells have been shown to
have a specific IncRNA signature (8). Since these
molecules have a role in the pathogenesis of
many diseases, they might be used as biomark-
ers for detection of disease at early stages (6,9);
however, the biological functions of circulating
IncRNAsandthemechanismsregulatingthelevels
of circulating IncRNASs still need to be evaluated.
Numerous studies have confirmed that IncRNAs
play crucial roles in various multifactorial human
diseases, such as cancer and neurological dis-
eases, and that they also have animpactin the
differentiation and activation of immune cells.
These results together suggest that INncRNAs
contribute to the pathogenesis of human in-
flammatory diseases, such as rheumatoid arthri-
tis (RA), systemic lupus erythematosus (SLE) and
psoriasis (10).

LncRNAs have been found to be enriched in exo-
somes compared to the cell of origin (11, 12). Of
the circulating extracelluar vesicles, exosomes
are the richest reservoirs for almost all IncRNAs
(13). When using IncRNAs as biomarkers, the
circulating exosome fraction is more useful
than whole body fluid, as exosomal IncRNAs are
protected against RNases, they are enriched in
the exosome fraction compared to the whole-
body fluid and their exosomal expression levels
is dependent on the cells of origin (14). Several
hypotheses have been proposed for the mecha-
nism by which molecules are loaded into exo-
somes. Most probably, structural motifs in the
IncRNAs interact with the proteins responsible
for RNA localization and exosomal loading. As
certain RNAs are enriched in exosomes, it is

likely that these RNAs are actively loaded into
extracellular vesicles (2,12).

Most studies that investigate exosomes as bio-
markers have focused on cancerous diseases
(15), and the study of exosomal IncRNAs as bio-
markers is more advanced for cancer than any
other disease. Numerous studies indicate that
the expression pattern of circulating IncRNAs
probablycarriesinformationaboutthesize ofthe
tumor or malignancy or other important char-
acteristic of the disease, and, therefore, the
presence of circulating and exosomal IncRNAs
may reflect disease progression in particular
cases. The use of circulating IncRNAs as bio-
markers is also emerging for chronic inflamma-
tory diseases, as many IncRNAs associated
with these diseases are found in circulating
exosomes. In this review, we summarize our
knowledge about exosomal IncRNAs and their
potential use as biomarkers for several human
diseases, including chronic inflammatory and
cancerous diseases.

EXOSOMAL IncRNAs
IN CHRONIC INFLAMMATORY DISEASES

Rheumatoid arthritis

RA is a common chronic inflammatory autoim-
mune disease that is characterized by the infil-
tration of lymphocytes and macrophages into
the synovial fluid, hyperplasia of the synovial
membrane, degradation of cartilage and bone
erosion (6,9). LncRNAs seem to be implicated in
the development of the disease, as altered ex-
pression is associated with the severity and ac-
tivity of the disease (for an extensive review see
reference (16)). The first IncRNA that was asso-
ciated with RA was the 2.3 kb H19 RNA, which
exhibited significantly higher expression in the
synovial tissue of RA patients compared to the
tissue of healthy individuals (16,17). Since this
discovery, numerous high-throughput analyses
were completed to describe the IncRNA profile
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of RA from cells as well as from serum. Xu et
al. investigated the expression of IncRNAs in
serum samples from RA patients and healthy
donors and identified 5 IncRNAs that were ex-
pressed at significantly higher levels in RA sam-
ples than controls: RNA143598, RNA143596,
HIX0032090, IGHCgammal and XLOC_002730
(18). Comparing the IncRNA expression in se-
rum exosomes, Song et al. found significantly
higher expression of HOTAIR, LUST, anti-NOS2A,
MEG9, SHNG4, TUG1 and NEAT1 and significant-
ly lower expression of mascRNA, PR antisense
transcripts, PRINS, and HOXA3 expression in RA
patients than in healthy individuals (19). These
molecules are likely to serve as biomarkers for
RA, and combined analysis of these molecules
may be a robust method to determine disease
prognosis. However, to date there is a lack of
information about the sensitivity and specificity
of these molecules in RA, therefore, until fur-
ther studies elucidate these characteristics, the
diagnostic application of exosomal IncRNAs is
greatly limited.

Systemic lupus erythematosus

SLE is a chronic autoimmune disease, char-
acterized by the production of multiple auto-
antibodies against nuclear auto-antigens and
double-stranded DNA. Abnormal interaction
between the innate and adaptive immune sys-
tem and activation of the complement system
leads to tissue or organ damage (10,16,20).
Lupus nephritis (LN) is one of the most seri-
ous manifestations of SLE, and 10-30% of LN
patients progress to end-stage renal disease.
Renal biopsy is still the “gold standard” to pre-
dict renal outcome, and a non-invasive method
to assess glomerular damage would be major
improvement. Recent results suggest that exo-
some-derived markers, especially from urine
samples, might be appropriate for such an as-
say (9,21,22). Circulating exosomes in the plas-
ma of SLE patients are derived from platelets,

endothelial cells and leukocytes and have clini-
cal and serological correlations (22). Circulating
exosomes are also involved in the pathogenesis
of SLE, since serum exosomes isolated from SLE
patients were able to induce cytokine produc-
tion in peripheral blood mononuclear cells of
healthy donors (23).

LncRNAs are strongly associated with suscep-
tibility to SLE. The gene for the GAS5 IncRNA
is located in the SLE-susceptibility locus of
chromosome 1g25 and is closely linked to SLE
susceptibility (10). The GAS5 IncRNA is also
implicated in RA pathogenesis (24), and GAS5
levels are also downregulated in the serum of
SLE patients (25). Moreover, serum GASS5 lev-
el could be a highly specific but not sensitive
biomarker for SLE, and in combination with
linc0597 IncRNA could be used as a highly sen-
sitive (83.44%) and specific (93.75%) biomark-
er (25). Expression of another IncRNA, NEAT1,
is increased in the peripheral blood cells of
SLE patients, as it is in RA patients (19), and is
positively correlated with disease activity (26).
NEAT1 often colocalizes with MALAT1, which
is also an abnormally upregulated IncRNA in
both RA and SLE. MALAT-1 is a key factor in the
pathogenesis of SLE, as it regulates the expres-
sion of IL-21 and SIRT1 in monocytes from SLE
patients (16,27). These studies on IncRNAs in
SLE focused on either circulating IncRNAs (25)
or cellular IncRNA expression. The fact that the
circulating and cellular IncRNAs in SLE are also
present in the serum exosomes of RA patients
(19) suggests that these IncRNAs might also be
present in serum exosomes of SLE patients.
Future studies on exosomal IncRNAs in SLE
could provide the necessary information to in-
clude circulating exosomal IncRNAs as disease
specific markers in SLE.

Psoriasis

Psoriasis is a chronic inflammatory skin disease,
characterized by the abnormal proliferation and
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differentiation of basal keratinocytes and their
deregulated interplay with professional immune
cells (28). Many non-coding RNAs, including
microRNAs (miRNAs) (29) and IncRNAs (30),
have been found to be deregulated in this dis-
ease and implicated in disease pathogenesis.

One of the first IncRNAs to be associated with
psoriasis was described by our research group
in 2005: psoriasis associated non-protein cod-
ing RNA induced by stress (PRINS). The PRINS
IncRNA is upregulated in non-lesional skin
samples of psoriatic patients (31) and func-
tions as a regulator of cellular apoptotic func-
tions by interacting with nucleophosmin (32)
and miR-491-5p (33), and effecting G1P3 gene
expression (34). PRINS also regulates inflam-
matory cytokine expression through interac-
tions with their mRNA (35).

Another regulatory IncRNA expressed in the epi-
dermis, TINCR, is localized to the cytoplasm of
differentiated human keratinocytes and is able
to stabilize mRNAs linked to differentiation (36),
many of which are implicated in psoriasis patho-
genesis (30).

Approximately 10-30% of psoriatic patients
are also affected by psoriatic arthritis (PsA),
which causes skin symptoms as well as joint
erosion and new bone formation. The analysis
of IncRNAs in blood samples from PsA patients
indicate that IncRNAs are involved in disease
pathogenesis (37) and that these molecules
could be used as new biomarkers and possibly
therapeutic targets for PsA.

Although IncRNA expression in psoriatic skin
and immune cells was described by numerous
research groups, circulating IncRNA levels and
exosomal IncRNAs have not received much at-
tention to date. Importantly, it has been sug-
gested that circulating exosomes could serve as
a tool for prognosis and for monitoring therapy
efficiency (5).

EXOSOMAL IncRNAs
AS BIOMARKERS IN CANCER

Early diagnosis of malignant neoplasms is impor-
tant for successful treatment and survival of pa-
tients. Cancers have a high mortality rate due to
the lack of suitable, specific and early detection
of diagnostic tumor biomarkers. Tumor cells re-
lease exosomes, which facilitate communication
within the local environment and primary tu-
mor cells, supporting tumor-cell growth, tumor-
associated angiogenesis and tissue inflamma-
tion in both autocrine and paracrine manners.
Numerous studies show that cancer-derived
exosomes activate signal-transduction pathways
involved in cancer cell proliferation and survival
(38,39). Exosomes regulate immune modulation,
including immunosuppression that supports the
growth of the tumor (4). Moreover, as exosomes
are known to alter cellular functions, they have
been intensively studied for their potential in
metastasis formation, especially through the
mechanism of epithelial-to-mesenchymal tran-
sition (40).

The peripheral blood of cancer patients con-
tains significantly more exosomes than blood
samples from healthy individuals (41), as tu-
morous cells release higher amounts of exo-
somes. Circulating exosomes support the dis-
semination of the tumor, are involved in the
initial events of metastasis, and carry a unique
molecular fingerprint from their cell of ori-
gin. The high number of circulating exosomes
and their molecular content makes them ideal
candidates for tumor biomarkers and for pre-
dicting the metastatic potential of a tumor in
liquid biopsies (38,42,43). However, these bio-
markers have not been integrated into clinical
routines, as their isolation is expensive and
time consuming (44).

Downregulation of tumor-suppressive miRNAs
and upregulation of oncogenic miRNAs have
been described for various human cancers.
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Cancer-associated miRNAs regulate tumori-
genesis, survival, angiogenesis, migration and
invasion of tumors (45); moreover, clinical stud-
ies have correlated dysregulated expression of
particular miRNAs with tumor responsiveness
to chemotherapies (46).

Similarly to microRNAs, IncRNAs have been
shown to play a fundamental role in cancer cell
growth, proliferation, cell death, invasion and
formation of metastasis (47); however, the ma-
jority of these genes have not yet been charac-
terized functionally. Currently, many attempts
focus on the use of IncRNAs as prognostic mark-
ers for cancer patients, as tumor cells can be
characterized by their distinct IncRNA profile
(48). These IncRNAs can be packaged within
exosomes and, as such, offer great potential for
use as markers for specific tumors (Table 1), es-
pecially as exosomal release rate is increased in
cancer cells compared to healthy cells (41).

The use of the exosomal IncRNAs as cancer bio-
markers is also supported by the high sensitiv-
ity (70% to 94%) (49-60) and specificity (72%
to 94%) (49-60) of these markers. Moreover,
the combination of either the IncRNA markers
(58-60) or IncRNAs with miRNAs (61) or already
used protein diagnostic markers (56,60) can
increase both the sensitivity and specificity of
these markers.

This possibility was tested in prostate cancer,
where the level of prostate specific antigen
(PSA) is used for screening for prostate cancer
with high specificity (~¥93%) but low sensitivity
(~20-25%) at a cutoff value of 4 ng/ml (62), how-
ever it can be also modestly elevated in benign
prostatic hyperplasia. Wang et al. suggest, that
exosomal IncRNA expression could help differ-
entiation between prostate cancer and benign
prostatic hyperplasia in cases, where PSA levels
(4-10 ng/ml) alone have little diagnostic value
(60).

EXOSOMAL IncRNAs
IN OTHER HUMAN DISEASES

Bacterial and viral interaction with host cells

Extracellular vesicles are produced by both
Gram-negative and Gram-positive bacteria (73)
and have several functions, including molecular
transport, mediation of stress response, biofilm
formation and influence on hosts cells (2). Both
normal human flora and pathogenic bacteria
communicate with the host cells through extra-
cellular vesicles, and infected host cells respond
by releasing exosomes to alert surrounding
cells (74). The extracellular vesicles released by
infected cells contain both pathogen- and host-
derived factors and play key roles in pathogen-
host interactions, including pathogen uptake
and replication and regulation of the host im-
mune response (75). Viruses also modify the
number and content of exosomes released by
infected cells, which often contain virus-associ-
ated miRNAs, as in the case of Epstein-Barr and
human immunodeficiency viruses, or parts of
the viral genome (2).

Monoclonal gammopathies

Multiple myeloma is a heterogeneous disease
with focal lesions in the bone marrow, and
analysis of a biopsy specimen obtained from
a single site in the bone marrow is not suf-
ficient for the prediction of disease outcome.
However, circulating molecules (DNA, miRNAs
and IncRNAs) in peripheral blood could serve as
potential diagnostic, prognostic and predictive
markers. PRINS, for which exosomal expression
correlates with characteristic chromosomal ab-
errations in the disease, is one such candidate
molecule (76).

Neurodegenerative diseases

LncRNAs are expressed in the central nervous
system, which allows the possibility that they
play roles in normal neurological development

Page 229
eJIFCC2019Vol30No2pp224-236



Evelyn Kelemen, Judit Danis, Anikd Géblés, Zsuzsanna Bata-Csérgd, Mdrta Széll
Exosomal long non-coding RNAs as biomarkers in human diseases

and growth and, possibly, in tumorigenesis.
Circulating and cerebrospinal-fluid-derived exo-
somes could be used to detect biomarkers for
neurodegenerative diseases and for tumors of
the central nervous system; however the IncRNA
content of such exosomes has not yet been thor-
oughly investigated (77).

Osteoarthritis

By analyzing the IncRNA profile of exosomes de-
rived from plasma and synovial fluid, Zhao and
Xu found that, whereas plasma-derived exo-
somal IncRNAs had no diagnostic value in the
disease, PCGEM-1 was significantly upregulated
in the synovial fluid of late-stage osteoarthri-
tis patients.

They hypothesize that PCGEM-1 expression
can be used to distinguish early osteoarthritis
from the late-stage disease (78).

Chronic kidney disease

In urine-derived exosomes of patients suffering
from chronic kidney disease 30 differentially ex-
pressed non-coding RNAs were identified as suit-
able biomarkers for early diagnosis, of which the
most powerful disease marker is miRNA-181a,
while IncRNAs were found to be less than 1%
of all deregulated RNA molecules in the disease
(79).

Exosomal IncRNA Cancer type

CRNDE-h Colorectal cancer

Hepatocellular

ENSG00000258332.1 .
carcinoma

H19 Bladder cancer

DISCUSSION

Liquid biopsies represent a non-invasive and
painless method for monitoring health and
disease states of individuals. Protein and RNA
content of extracellular vesicles, which are pres-
entin all body fluids, is receiving increasing lev-
els of attention for their potential as biomark-
ers. Although it seems that expression levels of
many IncRNAs within exosomes are sufficient
to serve as disease markers that can potentially
be used in diagnosis or prognostic tools for hu-
man diseases, most research studying IncRNAs
in body fluids has not determined whether the
transcripts are freely circulating in the body fluid
or are contained in exosomes. Moreover, most
reports about exosomal IncRNAs show that their
expression is deregulated in several diseases
(Table 1), indicating that these molecules might
not be sufficiently disease specific to be used as
biomarkers (19,24-26).

To overcome this issue, some studies used a
combined analysis of exosomal IncRNAs, miRNAs
and proteins as biomarkers increasing the sen-
sitivity and specificity of the diagnostic test
(56,58-61). Studies using such combined analy-
sis are also helpful for building interaction net-
works and databases of exosome-derived mole-
cules and support the functional study of these
molecules necessary to understand their role in

Reported findings

High levels correlate with poor prognosis (49)

Higher levels in serum exosomes compared to liver

cirrhosis and chronic hepatitis B (50)

High levels in serum exosomes associated with poor

disease prognosis (51)
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HOTAIR

HOTTIP

HOX-AS-2

LINCOO161

LINCO0635

IncRNA 91H

IncRNA-ATB

IncRNA-HEIH

IncRNA-p21

IncRNASNHG14

IncUEGC1/2

MALAT1

Bladder cancer

Cervical cancer

Glioblastoma
multiforme

Laryngeal
squamous cell
carcinoma

Gastric cancer

Bladder cancer

Hepatocellular
carcinoma

Hepatocellular
carcinoma

Colorectal cancer

Hepatocellular
carcinoma

Hepatocellular
carcinoma

Prostate cancer

Breast cancer

Gastric cancer

Bladder cancer

Cervical cancer

Epithelial ovarian
cancer

Non-small cell lung

cancer

High levels in urine-derived exosomes (63)

High levels (64)

High levels in serum and exosomes (52)

High levels in exosomes (61)

Expression in exosomes is an independent prognostic
factor (54)

High levels in urine-derived exosomes (63)

High levels in serum-derived exosomes (55)
Higher levels in serum exosomes than observed for
liver cirrhosis and chronic hepatitis B (50)

Early biomarker for colorectal recurrence or
metastasis (65)

Independent predictor of mortality and disease
progression in combination with miRNA-21
expression (66)

High levels in serum and serum exosomes (67)

Different levels in benign prostate hyperplasia and
prostate cancer (56)

High levels in patients resistant to trastuzumab (57)

Highly sensitive and stable biomarker (68)

High levels in urine-derived exosomes (63) associated
with poor prognosis (58)

High levels (64)

Correlated with an advanced and metastatic
phenotype and independent predictive factor for
overall survival (69)

High levels (70)
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MEG-3 Cervical cancer
PCAT-1 Bladder cancer
SAP30L-AS1 Prostate cancer
SChLAP1 Prostate cancer
SNHG16 Bladder cancer
SPINT1-AS1 Colorectal cancer
SPRY4-IT1 Bladder cancer
UBC1 Bladder cancer
ZFAS1 Gastric cancer

Low levels (64)

Expression in urine-derived exosomes associated
with poor disease prognosis (58); serum exosomal

expression used as biomarker (59)

Used in combination with SChLAP1 to differentiate
between benign prostatic hyperplasia and prostate

cancer (60)

Used in combination with SAP30L-AS1 to differentiate
between benign prostatic hyperplasia and prostate

cancer (60)

High level in serum exosomes is a diagnostic marker (59)

High level associated with poor prognosis (71)

Presence in urine-derived exosomes associated with

poor disease prognosis (58)

High level in serum exosomes is a diagnostic marker (59)

High serum-exosomal level (72)

disease pathogenesis and promote their use as
biomarkers.

The intensive study of both IncRNAs and exo-
somes only started a decade ago, thus there
are plenty of open questions. Most studies on
both fields are still descriptive, comparing ex-
pression levels of IncRNAs or number and con-
tents of exosomes in diseased tissues, cells or
liquid biopsies to healthy samples. But there is
still a lack of knowledge on the function of both
exosomes and IncRNAs in both healthy and dis-
eased states. It is also debatable whether the
identified differences are specific to one dis-
ease or general features of related diseases.
The expression of the same IncRNAs in several
inflammatory diseases (19,24-26) suggest that
their expression is rather specific to chronic in-
flammation than the disease itself. There are
plenty of open questions in this topic: What are
the target cells of the circulating exosomes and

how their cargo — especially their IncRNA con-
tent — alters the function of target cells? Are the
targeted cells specific to the disease and have a
function in the disease course? Although there
are some evidences that the amount of exo-
somes and their content changes with therapy
(46,57), whether their characteristics return to
healthy state is unknown. Nevertheless, the
lack of consensus on exosome isolation is one
of the biggest issue to overcome (44,80-84).
Most methods used so far were shown to have
high laboratory-to-laboratory and method-to-
method differences in the amount and quality
of the isolated extracellular RNA (80), which is
the biggest barrier before their implementation
as routine biomarkers.

Taken these limitations into account we believe
that the already described disease specific ex-
pression of one or more IncRNAs in exosomes
should be the starting point to their functional
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study, to provide the necessary information for
future implications in detecting, monitoring and
treating disease.
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idiopathic inflammatory myopathies (1IMs). [IMs are
'r;?;rn/?;gs;)olymyosms, microarray, a group of rare autoimmune disorders characterized
autoimmune disease by skeletal weakness and inflammation. Polymyositis
(PM) is one of the conditions of autoimmune myopa-
thies with proximal skeletal muscle weakness. A novel
group of miRNAs, known as myomiRs are described as
striated muscle-specific or muscle-enriched miRNAs.
They are involved in myoblast proliferation/differen-
tiation as well as muscle regeneration. To determine
the role of myomiRs in the development and progres-
sion of PM, we performed an initial skeletal muscle
miRNA profiling using microarray technique at diag-
nosis. The aim of the study was to examine myo-
miRs expression profile in patients with PM in order
to remark the association between the dysregulated
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myomiRs’ expression and the development of
the disease. As a results of microarray investiga-
tion, most of the myomiRs showed altered ex-
pression patterns in the muscle samples of PM
patients compared to controls. These results
suggest that myomiRs, especially miR-1, miR-
133a, miR-208b, miR-486, and miR-499 function
in a network, and are associated with the devel-
opment of PM.

INTRODUCTION

MicroRNAs (miRNAs) are endogenous non-
coding RNAs, playing critical roles in regulat-
ing gene expression, and they are important in
a wide range of physiological processes such as
cell development, differentiation and function at
transcription, post-transcription and translation
level (1) (2). MicroRNA research has intensively
developed over the past decade. The miRNA da-
tabase, called miRBase (www.mirbase.org) pro-
vides increasing number of newly identified miR-
NAs with 1917 human miRNAs according to its
current version. Some miRNAs are ubiquitously
expressed in tissue, while others are tissue-spe-
cific or tissue-enriched. Alterations in the expres-
sion of miRNAs provide valuable information on
the development of pathological conditions and
clinical disorders. Changes in miRNA expression
profiles have been identified in different autoim-
mune diseases such as multiple sclerosis (MS) (3),
systemic lupus erythematosus (SLE) (4), rheuma-
toid arthritis (RA) (5) (6), Sjogren-syndrome (pSS)
(7) (8). A recently published work, that examines
the whole expression profile of miRNAs in both
SLE and pSS instead of only certain miRNA (9).
A certain miRNA may have hundreds of different
mMRNA targets and a target might be regulated
by multiple miRNAs. Thus, characterization of
dysregulated miRNA expression profiles could
give a better understanding of the development
of immunological disturbances in autoimmune

diseases with polygenic etiology, including idio-
pathic inflammatory myopathies (1IMs). IIMs are
a group of rare autoimmune disorders character-
ized by skeletal muscle weakness and inflamma-
tion (10) (11). PM is one of the five conditions
of autoimmune myopathies predominantly with
proximal skeletal muscle weakness. Not much
was known about the pathogenesis of this con-
dition. MiRNAs represent a new and potential-
ly exciting pathway to the future research into
idiopathic inflammatory myopathies as well.
Identification of dysregulated miRNAs has led
to a greater understanding of inflammation,
muscle weakness/wasting and extra-muscular
organ involvementin [IMs (12) (13) (14). For in-
stance, five miRNAs, miR-146b, miR-221, miR-
155, miR-214 and miR-222, have been found
to be usually over-expressed across 10 primary
muscle disorders including IIMs (12) (15). Up-
regulation of immune-related miRNAs in muscle,
for example, miR-155 and miR-146b, is closely
related to autoimmunity (12). However, down-
regulation of miRNAs such as miR-1 and miR-206
is associated with inhibition of muscle regenera-
tion (16) (17). MiR-1 and miR-206 are members
of a novel group of miRNAs, known as myomiRs
(14) (18). MyomiRs are described as striated
muscle-specific or muscle-enriched miRNAs
(19). The group of myomiRs include eight miR-
NAs: miR-1, miR-133a/b, miR-206, miR-208a/b,
miR-486, and miR-499 (Table 1). MyomiRs are
expressed in both cardiac and skeletal muscle
with the exception of miR-206, which is skeletal
muscle-specific, and miR-208a, which is cardiac
muscle-specific (14) (Table 1). Some studies have
proved that not all myomiRs are exclusively ex-
pressed in a muscle-specific manner but may be
detected in low levels in other tissues (20) (21).
However, myomiRs main function is confined to
muscle. MiR-486 is sometimes considered mus-
cle-enriched rather than muscle-specific as it is
also expressed in other tissues. Skeletal muscle
development is a complex process requiring
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coordination of multiple factors, which control
the proliferation of myoblast, their exit from the
cell cycle and subsequent differentiation into
multinucleated myotubes (14). MyomiRs afflu-
ence is regulated by myogenic regulatory factors
in a negative feedback loop, through influencing
many aspects of myogenesis. For example, miR-1
stimulates differentiation of myoblast, miR-1 and
miR-206 promotes myogenic differentiation (19).

Table 1

MyomiRNAs UL

context

Location on
chromosome

20913.33 (miR-1-1)

miR-1 18q11.2 (miR-1-2)

18q11.2

miR-1333 (miR-133a-1)

miR-133b

6pl2.2

miR-206 6pl2.2

intragenic

intragenic

intergenic

intergenic

Their network has a main role in the regulation
of skeletal muscle plasticity by organizing chang-
es in fiber type and muscle mass in response to
altered contractile activity (Table 1) (19). They
are involved in myoblast proliferation/differ-
entiation, muscle regeneration, or fiber type
specification. The tissue specificity of myomiRs
is scheduled either for the genomic location of
their coding DNA within introns of myosin heavy

Host
gene

Tissue .
e Function
specificity
Stimulation
of myoblast
differentiation,
regeneration,
angiogenesis
regulation

heart/skeletal

MIB1
muscle

Promotion
of myoblast
proliferation,
differentiation,
fusion,
regeneration,
muscle fiber shift

heart/skeletal

MIB1
muscle

Promotion
of myoblast
differentiation
and fusion,
regeneration

skeletal

intergenic
muscle

Promotion
of myoblast
differentiation,
regeneration,
regeneration of
neuromuscular
synapses

skeletal

. intergenic
specific g
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miR-208a 14911.2 intragenic
miR-208b 14q11.2 intragenic
miR-486 8pll.21 intragenic
miR-499 209g11.22 intergenic

Muscle fiber shift, MYH6
heart promotion of
muscle growth MYH7
Muscle fiber shift,
heart/slfgletal promotion of MYH7
specific
muscle growth
Promotion
heart/slfgletal _ of my.ob.last ANK1
specific differentiation and
fusion
Muscle fiber shift,
heart/slfgletal promotion of MYH7B
specific
muscle growth

*Data are from M. Horak et al. (14).

chain genes or for transcriptional factors such as
MyoD, Mef2, or muscle-specific transcriptional
factors such as MyoD, Mef2, or Srf (22).

To determine myomiRs role in the develop-
ment and progression of PM, we performed
skeletal muscle miRNA profiling using micro-
array technique in PM patients at diagnosis
before treatment. Improved understanding of
the role of miRNAs and their targets therefore
could help to elucidate the pathogenesis of
PM. Although, there are some reports about
the changes of miRNA level in muscle of PM
patients, microarray profiling of all muscle-re-
lated miRNAs, called myomiRs is not available
in the literature.

The aim of our study was to examine myomiRs
expression profile in patients with PM in order
to remark the associations between the dysreg-
ulated myomiRs’ expression and the develop-
ment of the disease. Since the pathogenesis of
PM characterized by symmetric muscle weak-
ness, elevated serum creatine kinase levels,
typical myopathic features, we paid a special
attention on myomiR expression levels in PM
patients compared to controls.

To our best knowledge, this is the first study to
investigate all the eight myomiRs in the initial
skeletal muscle of patients with PM.

PATIENTS AND CONTROL INDIVIDUALS

Out of five hundred and forty patients with IIM
myositis patients, 4 patients were selected for
this study at the Division of Clinical Immunology,
Department of Internal Medicine, Faculty of
Medicine, University of Debrecen, Hungary (10)
(23). They all were diagnosed with the clinico-
pathological subgroup PM and had a definitive
diagnosis according to Bohan and Peter (11).

This means that they had progressive symmet-
ric muscle weakness of the proximal upper and
lower extremities and neck flexors; had no skin
lesions pathognomic or characteristic for der-
matomyositis (DM); had elevated serum cre-
atine kinase levels; had typical myopathic fea-
tures on electromyography; and had positive
muscle biopsy features (endomysial infiltration
of mononuclear cells surrounding, but not in-
vading, myofibers). Muscle biopsies were taken
from the weaker deltoid muscle or quadriceps
femoris muscle, in local anaesthesia, by surgeon
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specialists at the Surgical Department, Faculty
of Medicine, University of Debrecen, Hungary.
Muscle biopsy was taken in every single case
before steroid or any other immunosuppressive
therapy not to suppress inflammation. The bi-
opsy-samples were frozen in liquid nitrogen un-
til used for preparation. The average age of the
patients was 60.75 years, while the female:male
ratio was 3:1. No patient had any internal or-
gan manifestations; their PM was localized
only in muscle. The control group consisted of
three age-matched (average age: 54.3 years,
female:male ratio was 2:1) healthy female and
male volunteers who underwent surgery for
total hip replacement, and the muscle biopsy
was taken and collected, and kept in liquid ni-
trogen then. No patients or controls enrolled in
this study had ongoing infections, either viral or
bacterial.

This study meets, and is in compliance with, all
ethical standards of medicine. Informed con-
sent was obtained from all of the subjects en-
rolled in the investigation, and the study has
been approved by the Ethics Committee of our
University and the Policy Administration Services
of Public Health of the Government Office (pro-
tocol number: HBR/052/00766-2/2014.). This
study is ethically compliant and was carried out
in compliance with the Declaration of Helsinki.

METHODS

Sample handling

After taking the muscle biopsies of PM patients
and healthy individuals samples obtained from
each study subject were collected and kept in
liquid nitrogen until used.

miRNA processing

MiRNAs were extracted from frozen biopsy
samples, using the mirVana miRNA Isolation Kit
(Ambion) in accordance with the manufacturer’s
instructions.

miRNA microarray and data analysis

Integrity of RNA samples was checked on
Agilent BioAnalyzed using RNA Nano chips
(Agilent Technologies), samples with>7 RNAin-
tegrity number were used for the further exper-
iments. To obtain global miRNA expression data
Affymetrix miRNA 3.0 arrays (Affymetrix) were
processed. Total RNA samples were labelled us-
ing Affymetrix FlashTag Biotin HSR RNA Labeling
Kit according to the manufacturer’s protocol.
Briefly, 500 ng of total RNA samples were poly
(A)-tailed using poly A polymerase enzyme and
ATP at 37°C for 15 minutes, then biotinylated by
ligating biotin-labeled fragment to the 3’ end.
Labeled samples were hybridized on miRNA
3.0 arrays at 48°C and on 60 rpm for 16 hours.
After that, arrays were washed and stained by
standard Affymetrix protocol using Affymetrix
Hybridization, Wash and Stain Kit on FS 450
fluidic station instrument then the arrays were
scanned on Affymetrix GeneChip Scanner 3000
7G instrument.

Quality of miRNA arrays were checked in miR-
NA QC Tool (Affymetrix) software and raw in-
tensity values were exported with annotations
as a text file. Further data analysis was per-
formed in GeneSpring GX 12.0 software (Agilent
Technologies). First, a custom technology was
created based on the exported text file then
data were normalized using quantile normaliza-
tion algorithm. To determine differentially ex-
pressed miRNAs between diseased and healthy
groups moderated T-test was executed and p <
0.05 was considered as statistically significant
difference.

RESULTS

We carried out analysis to evaluate the expres-
sion patterns of miRNAs focusing on levels of
myomiRs (miR-1, miR-133a, miR-133b, miR-206,
miR-208a, miR-208b, miR-486, and miR-499). For
this purpose, initial skeletal muscle biopsies of 4
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patients with active PM have been investigated
and compared to muscle samples of healthy in-
dividuals. MiR-1, miR-133a, miR-208b, miR-486,
and miR-499 were differentially expressed in PM
skeletal muscle. All the myomiRs’s expression
were significantly altered in the muscle samples
of PM patients compared to healthy controls
(Table 2) (P < 0.05). In specific, miR-1, miR-499
and miR-208b were significantly down-expressed
in the affected muscle of PM patients compared
to controls. At the same time, miR-133a and miR-
486 were significantly up-regulated in the same
patient samples compared to control samples.

In contrary, miR-133b and miR-206 expression
levels were the same in both groups. In PM pa-
tients both up-regulated myomiRs, namely miR-
133a and miR-486 had less than 2-fold change in
their expression compared to controls (Table 2).
On the contrary, miR-1, miR-208b, and miR-499
were significantly down regulated in PM group
(Table 2), miR-1 showed nearly 2-fold change,
but miR-208b had over 2-fold change com-
pared to controls. However, miR-499 expression

exceeded 5-fold change in patients compared
to controls (Table 2).

DISCUSSION

Recently, miRNAs have appeared as new ele-
ments in skeletal muscle myogenesis by partic-
ipating in arranged gene regulation processes.
They have essential role in skeletal muscle de-
velopment. MicroRNAs which are exclusively or
preferentially expressed in striated muscle are
called myomiRs. The group currently includes
eight miRNAs: mi-1, miR-133a, miR-133b, miR-
206, miR-208a, miR-208b, miR-486, and miR-
499 (Table 2). Some myomiRs are located on
chromosomes in bicistronic clusters and are
thus transcribed together; this includes miR-1-
1/miR-133a-2, miR-1-2/miR-133a-1 and miR-
206/miR-133b families placed in humans on
chromosomal regions 20g13.33, 18g11.2 and
6p12.2, respectively (14). MiR-206/miR-133b is
intergenic. Other myomiRs are monocistronic
and situated in protein coding genes. MiR-208a,
miR-208b and miR-499 are encoded within the

miRNA Fold change in expression P-value Regulation
miR-1 1.69 0.026 down
miR-133a 1.46 0.021 up
miR-133b none - -
miR-208a none - -
miR-208b 291 0.042 down
miR-486 1.8 0.036 up
miR-499 7.58 0.038 down

*Fold changes of myomiRs in PM patients compared to healthy individuals. MiR-1, miR-208b, and miR-499 were signifi-
cantly down regulated, while miR-133a and miR-486 were significantly up regulated.

P < 0.05 was considered as statistically significant difference.
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introns of the myosin heavy chain genes (MYH6,
MYH7, and MYH7B). MiR-486 is encoded in the
intronic region of the ANK1 (14). MyomiRs ar-
range a subset of miRNAs participating in myo-
genesis as a network.

In our study, we revealed alterations in the ex-
pression patterns of myomiRs in patients with
PM investigating initial muscle biopsies taken
from the weaker deltoid or quadriceps femo-
ris muscle. Analyzing myomiRs expression pro-
files including diseased muscle of patients and
healthy skeletal muscle, we hypothesized to get
better insights into the disease-specific changes.
To determine differentially expressed miRNAs
between diseased and healthy groups moder-
ated T-test was executed and p < 0.05 was con-
sidered as statistically significant difference. In

miR-1 |

r - _11?'}" H.-? {Amﬂg ] -'mH;{-JI T

L — — —miR-208b |

miR-499 | g

total, there were three myomiRs (miR-1, miR-
208b, and miR-499) down regulated significant-
ly, while miR-133a and miR-486 were up regu-
lated significantly in the muscle biopsies of the
PM patients investigated.

Based on work from our laboratory and results of
published literature, we assume the hypothesis
of a regulatory network including myomiRs and
myosin heavy chain genes in PM. Based on our
findings, dysregulated expression of myomiRs
might be in association with the symptoms, the
clinical conditions and the course of PM.

Reduced miR-1 expression is the starting point
of our hypothesis. However, up to this point the
reasons for why miR-1 expression level is reduced
are unknown.

*MIiR-1 is a key element with reduced expression level in the regulation of myosin heavy chain genes’ expressions (MYH?7,
MYH2 and MYH4) (24). MYH7 gene is over-expressed as well as the expression of MYH2 and MYH4 genes based on
preliminary results. Expression level of myomiRs, which are located in intronic regions of MYH7 (19) and MYH7B has
been changed; more precisely, expression level of miR-208b and miR-499 decreased. In addition, miR-208 also regulates
stress-dependent myosin heavy chain gene (for example, MYH7, MYH2, and MYH4) expressions and down-regulation of
miR-208b promotes further upregulation of myosin heavy chain genes by positive feedback (20).
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According to the literature data available, miR-1
is a key element in the regulation of myosin
heavy chain genes’ expressions (MYH7, MYH2
and MYH4) (24). Literature has confirmed that
the MYH7 gene is over-expressed as well as the
expression of MYH2 and MYH4 genes based on
preliminary results (we have not yet published
our own results). It is already acknowledged
that miR-208b and miR-499 are placed in the
intronic regions of MYH7 gene (19). As a result
of changes in the pattern of MYH7 expression,
the expression level of myomiRs, which are lo-
cated in intronic regions of MYH7 and MYH7B
has been changed; more precisely, expression
level of miR-208b and miR-499 decreased; mea-
suring 2.91-fold change for miR-208b and 7.59
fold change for miR-499, respectively (Table
2). However, as far as we know, miR-208 con-
trols miR-499 gene expression as well (25) and
this condition makes miR-499 expression level
even lower. In addition, miR-208 also regulates
stress-dependent myosin heavy chain gene (for
example, MYH7, MYH2, and MYH4) expres-
sions (20) and down-regulation of miR-208b
promotes further upregulation of myosin heavy
chain genes by positive feedback.

There are several studies to date that reported
the function of myomiRs. These reports estab-
lished that miR-1, miR-208b, and miR-499 stim-
ulate myoblast differentiation and regenera-
tion; promote angiogenesis regulation; affect
the muscle fiber shift; and encourage muscle
growth in healthy conditions. Their reduced ex-
pression levels could influence their functions
resulting in muscle weakness, muscle atrophy,
which are typical symptoms of PM. Present data
suggest that muscle levels of certain myomiRs
might be associated with PM. However, the
number of patients and controls are relatively
low in our study and miRNA microarray results
have not been validated yet on the tested and/
or independent samples by real-time qPCR.

Validation of miRNA microarray results as well
as our hypothesis also need further studies.
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