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Preface to "The Ins and Outs of miRNAs as
Biomarkers"

Since the first discovery of a noncoding RNA in C. elegans in 1993, knowledge of miRNAs has

continued to the present with thousands of papers clearly defining their crucial role in a wide range

of disorders and physiological processes. miRNAs are major components of the cellular epigenetic

machinery that act as specific gene silencers through base pairing with a target mRNA. miRNAs have

emerged as peacemakers of body homeostasis, playing critical roles in the pathology of a variety of

disorders, including cancer. The discovery of circulating miRNAs in plasma and other body fluids

has underscored their potential as intercellular signalling molecules and indicators of disease. In

addition, data from clinical trials have predicted that anti-miR and miR-mimic compounds constitute

a prospective class of drugs for therapeutic applications in next-generation medicine, and numerous

biopharmaceutical companies are currently involved in this exciting opportunity.

This Special Issue aims to provide a broad overview of recent knowledge on several open

questions and emerging options in the field of miRNA research as early diagnostic tools, providing

evidence for the efficacy and implications of this class of small molecules that play a big role in

regulating gene expression.

Giuseppe Iacomino and Fabio Lauria

Editors
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In the past decade, there has been an epochal change in the way that diseases are
investigated and diagnosed. The advent of high-throughput technologies has placed us
firmly into the post-genomic era. Omics investigation techniques have advanced quickly in
the field of personalized medicine, exerting great influence on the progress of epigenetics
research [1]. In essence, every step in gene expression flow is finely controlled, and the
discovery of small non-coding RNAs (sncRNAs) has added new contributors to the already
well-specialised supervisory mechanisms.

Based on their methods of operation, assembly, and structure, sncRNAs can be
classified as small interfering RNAs, PIWI-interacting RNAs, endogenous small inter-
fering RNAs, promoter-associated RNAs, small nucleolar RNAs, and microRNAs (miR-
NAs). These last molecules are sncRNAs (20–24 nucleotides in length), which act as
post-transcriptional regulators of gene expression. Up until now, 2599 different human
miRNAs have been identified and deposited in the miRTarBase [2]. Since the first discovery
of a noncoding RNA in C. elegans in 1993 [3], the knowledge of miRNAs has progressed,
with thousands of papers clearly defining their crucial role in a wide range of disorders
and physiological processes. These molecules typically act as specific gene silencers by
base-pairing to the 3′ untranslated sequence of a target mRNA, but they have also been
reported to bind anywhere along the mRNA sequence. Interestingly, miRNAs work by
either suppressing translation or by affecting the stability and degradation of the target
mRNA. The nucleotides in positions 2–8 of a mature miRNA have been designated as the
“seed sequence” because they are required for base pairing with a target mRNA. More-
over, non-canonical seed-like consensus sequences also mediate a portion of miRNA-target
recognition. Sequence identity in the seed region has also been employed to group miRNAs
into “families” that share the common ability to recognize clusters of target mRNAs. While
a limited number of miRNAs have a typical tissue-specific localization, the majority of
them exhibit broad tissue distribution.

A certain miRNA can target a set of transcripts at the same time; moreover, a single
mRNA typically includes numerous interaction sites for different miRNAs, thus generating
complex regulatory circuits. Even though a specific miRNA commonly exerts limited
activity on a particular target, its activity, which influences multiple transcripts in a sig-
nalling network, leads to substantial cumulative effects. As a result, Metazoan miRNAs
have been denoted as the “sculptors” of the cell transcriptome [4], and in agreement with
scientific evidence, endogenous miRNAs are capable of affecting the expression of up
to 40–60% of mouse and human genes. However, with millions of hypothetically con-
ceivable miRNA–mRNA interactions, the human miRNAs targetome is far from being
determined [5].

Given the ubiquity of nucleases, traditional views suggest that RNAs are not stable
molecules in extracellular settings. Conversely, in the recent past, several miRNAs have
been shown to retain unexpectedly high concentrations of plasma and other bodily fluids.
Circulating miRNAs (c-miRNAs) are not naked molecules and are commonly secreted
from cells that are arranged into complexes with proteins, microvesicles, or exosomes.
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Interestingly, extracellular miRNAs can be actively secreted and transferred into recipient
cells where they may influence the translation of the target gene/s, playing a role in
intercellular communication [6]. Despite this, most of the functional significance of c-
miRNAs is unknown.

The discovery and validation of biomarkers in prognosis, diagnosis, drug discovery,
treatment, and prevention play a key role in the post-genomic era. Therefore, the prognostic
and diagnostic potential of c-miRNAs as non-invasive biomarkers has been advocated in
the health of both humans and animals [7,8]. In this regard, the identification of about
300 extracellular miRNAs in several biological fluids has emphasized their potential in
biomarker development in next-generation medicine [7]. Accordingly, the dysregulation of
miRNAs has been established to reflect the status and functions of various tissues and or-
gans, most likely contributing to their anomalies [9]. In this context, many studies support
the links between miRNAs and the physiopathology of a variety of processes, including mi-
tochondrial failure, cardiovascular diseases, neurodegenerative disorders, cancer, and other
conditions, underlining their relevance for personalized medicine applications. Moreover,
the role of miRNAs in maintaining an energy balance and metabolic equilibrium in living
organisms, which is achieved by regulating different metabolic pathways, has been estab-
lished [10]. Likewise, several differentially expressed miRNAs have been characterized in
the treatment of infectious diseases [11]. Several studies have also recognized that miRNA
expression is altered in response to nutrition and lifestyle variables [12], and numerous
microRNA families have been interconnected to different dietary regimes. Accordingly,
the recent nutrimiRomics discipline was inspired by the influence of diet on miRNA levels
and the sub-sequential effects on gene expression and health-related conditions. Increasing
evidence also suggests that dietary miRNAs may survive digestion [13]; nevertheless,
the role and capability of food-related miRNAs to modulate cross-species messengers
remain puzzling.

Of note, the majority of the 139,968 papers that have been written on miRNAs research
that are listed in PubMed (November 2021) show their implications in human diseases,
emphasizing that miRNAs are highly selective health-related tools [14], with the bulk of
these studies focusing on c-miRNAs as theranostic cancer biomarkers [15–17]. However,
the number and variety of the studies reveal the extraordinary complexity of the topic, and,
at present, there is still a lack of consensus over specific miRNA profiles that are useful
for the early identification of cancer cells in vivo. Most of the working limits are related to
approaches that would be useful for c-miRNA recognition, which must be strictly specific
and capable of identifying limited amounts of target molecules. Given the conceivable
presence of unwanted contaminant inhibitors, these procedures should be strictly specific
and capable of identifying limited amounts of target molecules. The inconsistencies among
studies are correlated, at least in part, to dissimilarities in the extraction and identification
procedures, in the experimental design, and data normalization, with these limitations
supporting the need for the development of well-standardized protocols and operational
strategies [18,19].

Based on technological and conceptual progress in the field of personalized medicine,
new therapeutic opportunities are presented in clinical medicine by molecular drugs that
have been inspired by the target sequence. In this context, recent trials have predicted that
both anti-miR and miR-mimics compounds can be used as drugs for various therapeutic
applications, and numerous biopharmaceutical companies are now involved in this busi-
ness [20]. However, caution is be advised based on lessons that have been learned in the
past by the pioneering trials with antisense oligonucleotides. These synthetic molecules,
which act as specific gene silencers by base-pairing to the target RNA, have only offered a
limited number of therapies in clinical applications despite expectations and after 30 years
of research [21]. Accordingly, the development of miRNA-based therapeutics is in its
infancy, and many concerns remain to be resolved, including appropriate delivery systems,
stability, bioavailability, etc. [22].
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This Special Issue aims to provide a broad overview of the recent knowledge on
several open questions and new opportunities in the field of miRNA research and the
use of miRNAs as early diagnostic tools, providing evidence of the effectiveness and
implications of this class of small molecules that plays a big role in gene expression control.
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Abstract: miRNAs are small noncoding RNAs that control gene expression at the posttranscriptional
level. It has been recognised that miRNA dysregulation reflects the state and function of cells and
tissues, contributing to their dysfunction. The identification of hundreds of extracellular miRNAs in
biological fluids has underscored their potential in the field of biomarker research. In addition, the
therapeutic potential of miRNAs is receiving increasing attention in numerous conditions. On the
other hand, many operative problems including stability, delivery systems, and bioavailability, still
need to be solved. In this dynamic field, biopharmaceutical companies are increasingly engaged, and
ongoing clinical trials point to anti-miR and miR-mimic molecules as an innovative class of molecules
for upcoming therapeutic applications. This article aims to provide a comprehensive overview of
current knowledge on several pending issues and new opportunities offered by miRNAs in the
treatment of diseases and as early diagnostic tools in next-generation medicine.

Keywords: miRNA; circulating miRNA; theranostic biomarkers; RNA-based therapeutic; personal-
ized medicine; translational medicine

1. General Concepts

Recent improvements in omics research have accelerated advances in personalized
medicine with a driving impact on epigenetic research. The term epigenetics refers to
chemical changes in chromatin, inherited during cell division, that do not affect DNA
sequence and that include hundreds of posttranslational changes in chromatin chemical
composition, such as acetylation, phosphorylation, methylation, and ubiquitination [1,2].

Gene expression is an outstandingly controlled process, and the discovery of small
noncoding RNAs (sncRNAs) has provided outstanding contributors to its well-specialized
supervisory systems. Most synthesized RNAs are ribosomal ribonucleic acid (rRNA),
transfer ribonucleic acid (tRNA), and noncoding RNAs, such as long noncoding RNAs
(lncRNAs), circular RNAs (circRNAs), and sncRNAs [3]. sncRNAs are classified as small
interfering RNAs, PIWI-interacting RNAs, endogenous small interfering RNAs, promoter-
associated RNAs, small nucleolar RNAs, and microRNAs (miRNAs), based on their struc-
ture, assembly, and operational modes [4]. The latter have prospects as new therapeutics,
with the RNA itself acting as a target or drug.

miRNAs are sncRNAs with a length of 20–24 nucleotides that control gene expression
posttranscriptionally [5]. A distinct miRNA species acts by regulating one or multiple
transcripts at the same time (up to hundreds), and a single mRNA species often exhibits
multiple interaction sites for various miRNAs, thus generating complex regulatory circuits.
As a result, even while single miRNAs commonly have a restrained effect on a particular
target, their action produces cumulative effects by negatively influencing different tran-
scripts in a signalling network. Accordingly, metazoan miRNAs have been dubbed the
sculptors of the cell transcriptome [6].

These short molecules work as gene silencers by way of base-pairing to a target mRNA
in the 3′ untranslated sequence even though they have been observed to bind anywhere
alongside the mRNA sequence. Interestingly, miRNAs can act either by influencing the
stability and degradation of the target mRNA or by suppressing its translation. Because

5



Genes 2023, 14, 314

they are essential for base pairing with a target mRNA, the nucleotides at positions 2–8 of a
mature miRNA have been termed a "seed sequence"; however, a fraction of miRNA-target
recognition is also mediated through noncanonical seed-like consensus sequences. In
addition, seed-region identity has also been used to classify miRNAs into families that
have a common capacity to recognize sets of target mRNAs [7].

Currently, 3012 unique human miRNAs have been recognized and stored in the
miRTarBase repository, with a huge, estimated capacity of 4,475,477 potential miRNA–
target interactions [8]. Furthermore, several issues have been reported regarding the quality
of miRNA annotations in publicly available databases, as well as the reproducibility of
microRNA studies [9]. Comprehensively, endogenous miRNAs have been reported to
regulate most, if not all, protein-coding genes in mammals. However, with hundreds of
conceivably miRNA–mRNA interactions, the human miRNA targetome is far from being
determined [10].

The miRNA biogenesis pathway is accountable for the handling of a pre-miRNA to a
mature miRNA and has been widely reported [11–13]. Of note, miRNAs are themselves
sensitive to transcriptional and posttranscriptional control, and emerging approaches for the
direct mapping of RNA modifications in sncRNAs have been proposed, with an emphasis
on mass spectrometry and nanopore technologies [14]. As an example, the terminal
nucleotidyltransferases (rNTrs) can modulate miRNA sequences by adding nontemplated
nucleotides to the 3’-end (tailing). Accordingly, miRNA isoforms with diverse 3′-ends (and
possibly functions), known as 3′ isomiRs, have been thoroughly detected by NGS [15]. The
editing by adenosine deaminase acting on RNA (ADAR) is a relevant regulatory mechanism
acting at the posttranscriptional level and is increasingly found in metazoans [16]. The
enzyme induces A-to-I RNA editing modification of double-stranded RNA. Editing leads
to changes in miRNA processing, as well as the editing of a target mRNA, thus upsetting
the mutual complementarity and driving a microRNA–mRNA interactional redirection,
distressing diverse cellular processes. Of note, the editing activity of ADAR is increasingly
reported to be enhanced in cancer, but its influence on deriving RNA modifications is still
unknown [16].

Excitingly, several endogenous cellular RNAs, such as circular RNAs, long noncoding
RNAs, transcribed pseudogenes, and mRNAs, act as natural miRNA sponges, able to firmly
interact with and disrupt target miRNAs, thus distressing their controlled networks [17].

Although a small number of miRNAs have a tissue-specific distribution, most reveal a
broad tissue localization. Given the pervasive presence of nucleases, it is assumed that RNA
molecules are prone to rapid degradation in the extracellular environment. Nevertheless,
miRNA molecules have been found to retain unexpected stability in plasma and other
physiological fluids since they can be packaged from cells in the form of microvesicles
and exosomes or protein complexes, such as Argonaute 2 (AGO-2) (taking part in the
RNA silencing complex), nucleophosmin-1 (NPM-1) (an RNA-binding protein involved in
ribosome nuclear export), or high-density lipoproteins. These forms are able to be actively
released into the extracellular space and reach recipient cells, where they can influence the
translation of target genes, thus defining an explicit role of miRNAs in cell–cell communi-
cation [18]. Accordingly, the discovery of about 300 circulating miRNAs (c-miRNAs) has
highlighted miRNAs’ potential as intercellular signalling molecules and disease biomark-
ers [19] since a dysregulated expression of miRNA can unsettle tightly controlled RNA
networks in tissues and organs, potentially contributing to abnormalities [20]. Nevertheless,
most of the functional significance of c-miRNAs remains unknown to date, and the gap
between discovery and function has yet to be bridged.

Many studies have found correlations between altered levels of miRNA and the
physiopathology of numerous processes including mitochondrial [21], cardiovascular [22],
neurodegenerative [23], immune disease [24], inflammatory [25], rare genetic disorders,
and more; most of these studies have focused on miRNAs as biomarkers of cancer [26–30],
emphasizing their relevance as personalized theranostic factors. Interestingly, miRNAs are
not only prospective markers of the onset and progression of neoplastic disease, but also
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indicators of responses to cancer therapy, as well as their relationship to drug resistance
and the modulation of responses to cancer treatment [31].

By controlling crucial metabolic processes, miRNAs have also been found to play a role
in energy balance and the oversight of metabolic pathways in living organisms [20,32–38].
Furthermore, the treatment of infectious diseases has been linked to several miRNAs [39].
Yet, it has been discovered that miRNA expression changes in response to dietary and
lifestyle factors [40]; consequently, the recent nutrimiRomics research focuses on the impact
of diet on miRNA levels in the human body, as well as their downstream impact on gene
expression and subsequent health outcomes. Finally, there is growing evidence that dietary
miRNAs may survive digestion [41]. However, the roles and capabilities of food-related
miRNAs in modulating interspecies RNA are still an enigma.

2. Technological Advances Offer New Opportunities for miRNAs
in Translational Medicine

Since the first report of a noncoding RNA identified in C. elegans in 1993 [42], the bulk of
the 153,210 papers on miRNA research listed in PubMed (January 2023) reveals their critical
impact on human diseases. The substantial translational interest is confirmed by searching
Google’s patent database; a search for the keywords “microRNA” and “biomarker” yielded
56,021 results (as of January 2023). The quantity and diversity of studies are evocative
of the astonishing complexity and limitations of miRNA research that is increasingly
projected toward next-generation medicine. According to the unusual levels of miRNAs
found in some unhealthy conditions, novel molecular diagnostic strategies are expected,
deeply encouraging researchers and producers to focus on miRNAs as relevant noninvasive
disease biomarkers. However, so far, there is no agreement on specific miRNAs suitable
for early disease detection, even in crucial topic areas such as in vivo cancer research [43].
Current limitations in this discovery field are related to c-miRNA recognition methods,
which must be extremely specific and able to recognize small quantities of target molecules,
while also taking into account the presence of unwanted contaminants and inhibitors that
could interfere with downstream analytical methodologies. Differences in all the critical
steps used for miRNA extraction, detection, data normalization, validation, target gene
identification, and experimental design are responsible for at least some of the discrepancies
between the different studies [44]. Overall, these constraints require the timely development
of standard procedures and well-recognized guidelines to accurately decipher the power
and versatility of miRNAs in molecular diagnostics [45,46].

Furthermore, the prompt increase of RNA drugs in recent research and clinical de-
velopment, driven in part by the success of messenger RNA vaccines in the fight against
the SARS-CoV-2 pandemic, has spurred the pursuit of mRNA-based drugs for treating
other conditions.

Therapeutic agents are classically based on synthetic small molecules, monoclonal
antibodies, or large proteins. Traditional drugs may fail to hit intended therapeutic targets
due to the inaccessibility of active sites in the target’s three-dimensional structure. RNA-
based therapies can offer an exceptional opportunity to potentially reach any relevant target
with therapeutic purposes. Additionally, techniques based on nucleic acid technologies
can avoid the need for laborious synthesis procedures. Yet, the recognition sequence can
be quickly revised and adapted to the target. Nevertheless, RNA-based therapies have
specificity problems that carry the risk of side effects [47,48]; in addition, RNA-based drugs’
susceptibility to degradation may determine poor pharmacodynamics [47,48]. A number of
these issues can be mitigated by chemical changes in the structure of the synthetic polymer
(RNA or DNA). Of note, RNA-based drugs are usually larger in size than small-molecule
therapies and carry electrical charges, which makes their intracellular delivery in their
native form difficult.

In this context, the therapeutic potential of miRNA treatments is receiving attention
in clinical trials of almost all human diseases [43,49]. Given the ability of miRNAs to
target specific mRNAs, inhibitors based on the sequence of overexpressed miRNAs can
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be used prospectively in the form of anti-miRs to lower elevated levels of miRNAs and,
in turn, restore their downregulated transcripts [50]. This opportunity for medically-
based interventions is closely linked to the pioneering use of antisense molecules, the first
molecular drugs inspired by the target sequence [51]. These synthetic tools have a sequence
complementary to a specific mRNA whose levels they can modulate [52]. Anti-miRs are
typically based on first-generation antisense single-stranded oligonucleotides (ASOs), or
their chemically modified forms as blocked nucleic acids (LNAs), which are opportunely
designed to recognize target mRNAs. Yet, anti-miRs with a 2′-O-methoxyethyl substitution
are classified as antagomiRs [53]. Furthermore, miRNA mimics are chemically synthesized,
double-stranded small RNA molecules which mimic mature endogenous miRNAs (miRNA
replacement therapy) after transfection into cells, the action of which is aimed at replacing
downregulated or missing miRNA expression [54].

The delivery of virus-mediated miRNA-based therapies has shown great success in
animal models, where adenoviruses have been successful in delivering both anti-miR and
miRNA mimics. However, despite the high efficiency of virus-based miRNA delivery
systems, several concerns continue, including toxicity, immunogenicity, and insert-size
constraints [55]. To overcome these difficulties, over the years, nonviral approaches for the
production and delivery of miRNA-based drugs have emerged. Substantial improvements
in designing, synthesis, binding affinity, stability, and target modulation effects of both
miRNA mimics and anti-miRs have been accomplished through chemical changes to
the nucleotide backbone since a major challenge for RNA-based therapeutic strategies is
the possible degradation of oligonucleotides by RNases in extracellular and endocellular
compartments. Accordingly, the oligonucleotide chemistry has been widely altered by
modifying the nucleotides, introducing base modifications, modifications on ribose moiety,
and modifications to the phosphate group in the sugar−phosphate backbone (Figure 1). As
an example, by introducing methylation (2′-O-methoxyethyl), locked nucleic acids (LNAs),
a nucleic acid analogue that contains a 2′-O-methoxyethyl, 2′-fluoro and 2′,4′-methylene
bridge, peptide nucleic acid (PNA) a synthetic polymer, an analogue to DNA and RNA, in
which the sugar–phosphate backbone has been substituted by a unit of N-(2-aminoethyl)
glycine, adding phosphorothioate (PS)-like groups (by replacing the nonbridging oxygen in
the phosphate group with sulphur) [51], and others [56]. Overall, these changes have been
shown to increase the stability of oligonucleotides by making internucleotide linkages more
resistant to the degradation of nucleases, and preserving both the ability to activate RNase
H (the enzyme responsible for mRNA target cleavage) and their function in suppressing the
target gene. In this research field, the diverse anti-miRNA oligonucleotide chemistries were
also directly compared, and the in vitro results showed that the combination of 2′-O-methyl
and LNA with phosphorothioate ends was about 10 times more active than modification
alone, and 2 times as effective as the 2′-O-methyl with LNA changes [57]. Overall, up to
now, most efforts to develop therapies based on chemically modified miRNAs have been
directed toward the development of anti-miRs using LNA chemistry, whereas currently
commercially available miRNA mimics are often modified by methylation [58,59].

Another strategic approach facilitating RNA-based therapeutics in clinical application
consists of encapsulating miRNA mimics or anti-miRs in carrying vehicles to confer to
them protection from nuclease.
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Therapeutic miRNAs include negatively charged polymers that cannot directly cross
cell membranes. To get to their intended targets, they need appropriate formulations,
including carriers as well as chemical modifications. Accordingly, delivery systems must
shield the therapeutic RNAs from serum nucleases, avoid immune-system interference,
escape unintended interactions with serum proteins, and prevent renal clearance when
given systemically. Previous studies have shown that therapeutic RNAs administered
locally or topically can circumvent complications associated with systemic administration,
have higher bioavailability, and have a reduced clearance as compared to those adminis-
tered systemically; nevertheless, this delivery opportunity is restricted to tumours, mucous
membranes, eyes, and skin [60]. In this context, the subcutaneous administration of naked
mRNA, as compared with mRNA-loaded nanoparticles, leads to a more effective translation
of the protein [61].

The nanocarrier encapsulation strategy can both protect and deliver the drug to
recipient cells, while biological obstacles, such as immunogenicity and nuclease, are often
approached by chemically modifying the nucleotide structure [62]. Various transport
methods are increasingly being used to improve bioavailability, including liposomes and
biodegradable polymers. In this context, liposomes, long used as immunological adjuvants
in vaccination, adequately fulfil this role [63].

Lipid nanoparticles are the most commonly used nonviral delivery technology for
nucleic-acid-based drugs and vaccines [64]. They are composed of complexes of anionic nu-
cleic acids and synthetic cationic lipids. The cationic lipids characteristically include amine
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derivatives, such as primary, secondary, and tertiary amines, in addition to quaternary am-
monium, amidinium salts, and various amine combinations [65]. Furthermore, guanidine,
imidazole groups (pyridinium, piperazine), and amino acids, including tryptophan, lysine,
arginine, and ornithine, have also been employed [66]. A comprehensive list of commonly
used cationic lipids in drug formulations was recently reviewed [66]. The advantages of
lipid-based transfer systems consist of ease of assembly, biodegradability, the ability to
shield nucleic acids entrapped by nucleases, the protection of renal clearance, the ability
to promote cellular uptake, and the avoidance of endosomes. Additional carriers with
biodegradability, biocompatibility, and low toxicity are employed. Polymeric nanoparticles
are among the most-studied carriers and include synthetic and natural cationic polymers,
as well as polyethylenimine (PEI), cyclodextrin, chitosan, and poly (lactic-co-glycolic acid)
(PLGA) [67]. Furthermore, dendrimers, carbon nanotubes, peptides, gold nanoparticles,
silica-derived nanoparticles, iron-oxide-based magnetic nanoparticles, and other nanoparti-
cles are increasingly being studied for medical interventions (Figure 2) [62].
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3. RNA Therapeutics

The great expectation in the field of miRNA therapeutics is fully evidenced by the
number of studies discovered by querying the keyword "microRNA" in the Clinical Trials
Database (U.S. National Library of Medicine; http://www.ClinicalTrials.gov, accessed on
20 January 2023, a search of which yielded 1213 results, a result that includes 368 studies in
the recruitment or not-yet-recruited phase, 91 ongoing studies, and 414 completed studies.
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In this dynamic field, biopharmaceutical companies are increasingly engaged, and ongoing
clinical trials point to anti-miR and miR-mimic molecules as an innovative class of drugs
for upcoming therapeutic applications in the coming years [68]. As an example, in 2020,
the North American market accounted for more than 45% of the comprehensive miRNA
market, given the presence of key players with research and development abilities and
recognized research infrastructure in terms of genomics, proteomics, oncology, and in silico
tools. Interestingly, this market, estimated at USD 225.5 million in the year 2020, is projected
to increase at a compound annual growth rate of 13.8% from 2020 to 2027, to reach a revised
value of USD 556.1 million [69].

The Lesson of Antisense Technology

The road to development and regulatory approval of emerging miRNA-based thera-
peutics could be faster than conventional drugs. However, such therapy, as with miRNAs in
the biomarker field, is still in the early stages of development, and many aspects, including
synthesis, purification, chemical stability, immunogenicity, bioavailability, distribution,
metabolism, and body-elimination capacity, need to be further confirmed in preclinical
studies [70]. Yet, attention must be paid to the accurate delivery of these novel drugs to
target tissues and organs. Furthermore, miRNA-based drug formulations are largely based
on the knowledge of antisense drugs previously approved by the U.S. Food and Drug
Administration (US FDA) for the treatment of several diseases, some relevant examples of
which are given below.

Eteplirsen (Exondys 51®)
It is a drug used to treat some types of Duchenne muscular dystrophy (DMD),

caused by specific mutations in the dystrophin gene. The gene deletion determines a
reading frameshift causing an early stop codon that prevents translation to functional
dystrophin protein by nonsense-mediated RNA decay [71]. Exon skipping may be induced
by Eteplirsen, a phosphorodiamidate morpholino oligomer (PMO), that, by selectively
binding to exon 51 of the dystrophin pre-mRNA transcript, restores the reading frame
phase and allows the assembly of a modified functional protein. The drug only targets
specific mutations and can be used to treat about 14% of DMD cases [71].

Fomivirsen (Vitravene)
It was the first antisense drug to be approved by the FDA (in 1998) and by the European

Agency for the Evaluation of Medicinal Products (in 1999), and it is used to treat the
symptoms of retinitis, the most frequent manifestation of cytomegalovirus (CMV) disease
in patients with HIV infection [72]. Fomivirsen is a phosphorothioate oligonucleotide (PS)
with potent antiviral properties developed by Ionis Pharmaceuticals and marketed by
Novartis CIBA Vision. When injected into a human eye, hybridization of this antisense
ODN to CMV mRNA avoids RNA transcription from the immediate-early region-2 gene,
thereby limiting viral replication [72]. Furthermore, this agent prevents the adsorption of
CMV into host cells via a sequence-independent mechanism.

Givosiran (Givlaari®)
It is a drug used to treat acute hepatic porphyria (AHP) in both adults and adolescents.

AHP is an uncommon genetic disorder caused by inborn defects in metabolism, in which
the enzyme delta-aminolevulinate synthase 1 (ALAS1), involved in the synthesis of the
heme group, is produced in excess. This condition results in a harmful accumulation of
porphyrins in the liver and bone marrow that triggers a wide range of highly debilitating
symptoms [73]. Givosiran, developed by Alnylam Pharmaceuticals, is a siRNA drug
conjugated to GalNAc to accomplish liver-specific distribution, where it leads to a decrease
in the ALAS1 enzyme and downstream metabolites [73].

Golodirsen (Vyondys 53TM)
It is an antisense PMO oligomer from Sarepta. The drug is used in DMD patients

with a definite mutation in the dystrophin gene that can be treated by skipping exon 53.
The objective of exon skipping is to allow the muscle tissue to make a shorter form of
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the modular dystrophin protein. In subjects treated with Golodirsen, levels of dystrophin
increased by more than 15 fold [74].

Inotersen (Tegsedi®)
It was originally developed by Ionis Pharmaceuticals in 2018 and marketed globally

by Akcea Therapeutics. Inotersen consists of an ASO with PS modifications along the
sequence and five 2’-O-MOE nucleotides at the 5’ and 3’ ends, designed to inhibit TTR
production [75]. hATTR amyloidosis is an inherited, progressive, and fatal disease for which
there are limited treatment options. The mutated protein forms amyloid deposits, which
accumulate in tissues and organs throughout the body, including nerves, interfering with
their functions. Inotersen reduces transthyretin production, thereby decreasing amyloid
formation and alleviating the symptoms of hATTR amyloidosis. Inotersen is effective in
treating stage 1 or stage 2 neuropathy in patients with this condition.

Milasen
It is a personalized drug that was explicitly designed for the treatment of a 6-year-

old child suffering from neuronal ceroid lipofuscinosis 7 (CLN7) [76]. Neuronal ceroid-
lipofuscinosis (NCL) includes a group of genetic, lysosomal storage disorders charac-
terised by progressive intellectual and motor deterioration, vision loss, seizures, and early
death [77]. The genomic analysis of the patient recognized the insertion of SVA (SINE-
VNTR-Alu) retrotransposon into the MFSD8 gene. The 22-mer ASO contains 2’-O-MOE-
and PS-based modifications and targets cryptic splice sites in the MFSD8 pre-mRNA, restor-
ing normal splicing (exons 6–7). Of note, Milasen treatments significantly improved the
patient’s quality of life.

Nusinersen (Spinraza®)
Spinal muscular atrophy (SMA) represents one of the most common genetic diseases

responsible for infantile death due to mutations in the SMN1 gene and the consequent
injury of motor neurons. The intronic splicing silencer N1 represents a relevant pharma-
cological target, and several ASOs are being developed to include exon 7 in the mature
mRNA transcript of the SMN2 gene to increase the synthesis of spinal motor neuron pro-
teins. Nusinersen was developed by Biogen and contains both 2’-O-MOE- and PS-based
changes [78]. The drug was approved by the FDA in 2016 and shown to be effective in
improving motor function and survival in infant- and childhood-onset SMA.

Patisiran (Onpattro®)
It is sold under the brand name Onpattro and was developed by Alnylam. It is

the first siRNA-based drug used for the treatment of polyneuropathy in people with
hereditary transthyretin (TTR)-mediated amyloidosis, a rare and fatal condition [79]. TTR
is a protein involved in the carriage of thyroxin and retinol-binding protein vitamin A
complex. Mutations in the TTR gene produce proteins more prone to misfolding and
collapse as TTR amyloid fibrils in the extracellular spaces of several organs, finally leading
to their dysfunction. In a phase III study, patients treated with Patisiran displayed an 80%
reduction of TTR levels in serum.

4. miRNA-Based Therapeutics

The development and commercialization of new diagnostics and therapeutics is a long
process. Since the association of miRNAs with human disorders was discovered in 2002,
their great potential as next-generation drugs has prompted fields at the interface of biology,
chemistry, and medical science to invest heavily in the development and exploitation
of miRNA-based therapies. However, despite the considerable number of preclinical
studies, the development of both miRNA diagnostic and therapeutic applications is still
in its infancy, and only a minor number of miRNA-based therapies have moved on to
clinical development. In this scenario, several biotech and pharmaceutical companies
have included miRNAs in their line of development to rapidly bring noncoding RNAs
from the bench to the patient’s bedside, working on two types of drugs: antagomiRs and
miRNA mimics. The list of miRNA-based drugs in clinical trials is expanding daily, with
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several candidates directed against genetic, metabolic, and oncological diseases reaching
the clinical-trials stage [56,80].

Miravirsen
It is the first antisense miRNA that passed in clinical trials as a targeted therapy for

the treatment of hepatitis C virus (HCV) infection. The drug consists of a 15-mer LNA-PS-
modified ASO able to target miR-122, which controls HCV replication in the liver [81]. The
long-term efficacy and safety of Miravirsen in patients with chronic HCV infection were
evaluated in a phase II study. The drug was supplied to the patient through subcutaneous
injection during the study. Treatment with Miravirsen has been established to determine a
dose-dependent reduction in viral cargo in chronic HCV subjects. However, severe side
effects halted the trial.

RG-012
Regulus Therapeutics has developed an anti-miR-21 for the management of Alport

syndrome, an inherited disease caused by mutations in the COL4A3, COL4A4, and COL4A5
genes that result in eye abnormalities, hearing loss, and kidney disease. In this context,
glomeruli become less able to function as the disease progresses, resulting in end-stage
renal failure. The disease has no approved therapy [82]. miR-21 is a noncoding RNA
that negatively controls genes/networks and has been described as being up-regulated in
fibrotic kidney disease. Preclinical studies have shown that treatment with an anti-miR-21
significantly attenuates kidney failure by reducing the rate of progression of renal fibrosis.
RG-012 has been granted orphan drug status in the United States and Europe.

Cobomarsen (MRG-106)
miR-155 is up-regulated in several lymphoma subtypes, as well as in diffuse large

B-cell lymphoma [83]. Cobomarsen is an LNA-based antagomiR targeting miR-155. The
molecule developed by miRagen Therapeutics (Viridian Therapeutics Inc) is currently
in phase II trials for the treatment of cutaneous T-cell lymphoma, T-cell lymphoma,
and leukaemia.

MRG-107
MRG-107 is also being developed by miRagen Therapeutics and, similar to MRG-

106, it targets miR-155. The miRNA plays relevant functions in the immune mechanisms
and inflammation processes in amyotrophic lateral sclerosis (ALS). In the spinal cords of
ALS patients, levels of miR-155 are increased. The inhibition of miR-155 has alleviated
symptoms and extended survival in preclinical models of the disease.

MRX34
miR-34a is a natural tumour-suppressor expressed at reduced levels in many tumour

types. Clinical studies have reported a negative correlation between reduced miR-34
expression and survival in several tumour types. MRX34 is a liposomal formulation of
miR-34a. It is considered to be a first-in-class miRNA mimic for the treatment of a wide
range of cancers, including ovarian cancer, colon cancer, cervical cancer, hepatocellular
carcinoma, non-small cell lung cancer, and others. The formulation is currently in a phase I
clinical trial [84].

RG-101
miR-122 is a liver-specific micro-RNA with relevant functions in this organ’s

metabolism [20]. This miR is also an essential host factor for HCV. Clinical manage-
ment with RG-101, an anti-miR-122 ODN conjugated with N-acetylgalactosamine (GalNAc)
developed by Regulus Therapeutics, resulted in a significant reduction in viral loads in
chronic HCV subjects. The drug is currently in a phase I clinical trial [85].

RGLS4326
Polycystic kidney disease (ADPKD) is an autosomal dominant disease caused by

mutations in the PKD1 or PKD2 gene. (Autosomal recessive polycystic kidney disease is
less common.) ADPKD represents one of the most frequent monogenetic disorders, and it
is the primary genetic cause of end-stage renal disease [86]. Therapeutic opportunities for
ADPKD treatment are limited. RGLS4326 is a single-stranded, chemically modified, 9-mer
ASO with full complementarity to the seed sequence of miR-17. ASO potentially inhibits
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the pathologic functions of the miR-17 family in ADPKD [87]. This molecule is in a phase I
clinical trial.

MRG-110
It is an antagomiR developed by MiRagen Therapeutics in collaboration with Servier.

The drug targets miR-92 to treat ischemic conditions such as heart failure [88]. The phase I
clinical trial is currently in the recruitment phase.

Remlarsen (MRG-201)
The drug is intended to mimic the activity of miR-29, a miRNA which downregulates

the levels of collagen and other proteins involved in scar formation. Levels of miR-29
family members are typically downregulated in fibrotic diseases [89]. Remlarsen, an LNA
RNA mimic, is being investigated to determine if it can limit the formation of fibrous scar
tissue when administered by intradermal injection at the site of an excisional wound [90].
The phase II clinical trial is currently underway.

MesomiR
As in other cancer types, miRNA expression in malignant pleural mesothelioma

(MPM) exhibits characteristic variations. The MesomiR 1 study is an ongoing phase I
study testing the treatment of miR-15/16 (microRNAs implicated as tumour suppressors
in MPM) packed in EDV TM nanocells (a 400 nm particle of bacterial origin able to carry a
drug cargo) and targeted with EGFR antibodies (TargomiRs) in patients with MPM and
refractory lung cancer (NSCLC) [91].

MGN-1374
miRagen Therapeutics is a company developing several miRNA-based drugs, among

which ASO MGN-1374 targets the miR-15-family seed region. The 8-mer LNA oligonu-
cleotide is in the preclinical stage for the control of postmyocardial infarction remodelling.

Of note, several other therapeutic miRNAs are under investigation.

5. Conclusions

Advances in understanding the role of miRNAs in pathophysiology, along with opti-
mizing the efficacy and safety of anti-miRs/miRNA-mimic-based strategies, are contribut-
ing to the translation of miRNA research into clinical practice. RNA-based therapies have
the remarkable potential to theoretically reach any relevant target, offering the opportunity
to modulate specific miRNA levels. Currently, several RNA-based drugs have been ap-
proved for medical application, and the therapeutic potential of miRNA-based treatments
is receiving increasing attention in relation to almost all human diseases, with the list of
miRNA-based therapeutics in clinical trials expanding daily. Nevertheless, despite these
exciting advancements, miRNA-based drugs have not yet passed phase III clinical trials
and received approval from the US FDA for clinical use. In fact, several bottlenecks, such
as best target selection, development of more effective modified ASOs, off-target binding,
toxicity, immunogenicity, bioavailability, the efficiency of delivery systems to target organs,
and vector encapsulation, still limit the possibility of translating miRNA-based approaches
into therapeutic realities. Against this backdrop, numerous biotech and pharmaceutical
companies are increasingly engaged in including miRNAs in their development pipeline to
rapidly bring miRNA-based technology from the bench to the patient’s bedside.
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Abstract: Increasing data suggest that overnutrition-induced obesity may trigger an inflammatory
process in adipose tissue and upturn in the innate immune system. Numerous players have been
involved in governing the inflammatory response, including epigenetics. Among epigenetic players,
miRNAs are emerging as crucial regulators of immune cell development, immune responses, au-
toimmunity, and inflammation. In this study, we aimed at identifying the involvement of candidate
miRNAs in relation to inflammation-associated biomarkers in a subsample of European children with
overweight and obesity participating in the I.Family study. The study sample included individuals
with increased adiposity since this condition contributes to the early occurrence of chronic low-grade
inflammation. We focused on the acute-phase reagent C-reactive protein (CRP) as the primary
outcome and selected cytokines as plausible biomarkers of inflammation. We found that chronic
low-grade CRP elevation shows a highly significant association with miR-26b-3p and hsa-miR-576-5p
in boys. Furthermore, the association of CRP with hsa-miR-10b-5p and hsa-miR-31-5p is highly sig-
nificant in girls. We also observed major sex-related associations of candidate miRNAs with selected
cytokines. Except for IL-6, a significant association of hsa-miR-26b-3p and hsa-miR-576-5p with
TNF-α, IL1-Ra, IL-8, and IL-15 levels was found exclusively in boys. The findings of this exploratory
study suggest sex differences in the association of circulating miRNAs with inflammatory response
biomarkers, and indicate a possible role of miRNAs among the candidate epigenetic mechanisms
related to the process of low-grade inflammation in childhood obesity.

Keywords: miRNAs; chronic low-grade inflammation; inflammation-associated biomarkers; overweight
and obesity; children/adolescents; sex-related associations

1. Introduction

During the past decade, obesity has become a global epidemic with substantial health,
social, and economic implications. According to the World Health Organization, there are
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nearly 2 billion overweight adults worldwide and approximately 600 million of them are
obese [1,2]. Numerous studies have recognized a strong association between an increased
body mass index (BMI) and quality and expectancy of life given its interconnected effects
with type 2 diabetes, hyperlipidemia, non-alcoholic fatty liver disease, hypertension, heart
disease, stroke, arthritis, cancer, depression, asthma, psychological problems, and other
non-communicable diseases [3–5].

Despite extensive investigation, most of the genetic variability in obesity remains
unresolved and the influence of candidate genes in this context appears limited. Numerous
studies have suggested that genes that predispose to obesity are not causal but act in
conjunction with a variety of individual, environmental, and lifestyle factors, including
obesogenic environments, low levels of education, sedentary habits, and reduced sleep
hours, among others [6]. A highly energy-dense diet, as well as low physical activity levels,
are considered driving factors [3]. Evidence also indicates that offspring born to obese
mothers are prone to a higher BMI and fat accumulation, thus supporting the conceivable
transgenerational risk contribution based on epigenetic mechanisms [7].

The basic tissue for energy storage in humans is the white adipose tissue. Aside from
its storing function, this tissue is metabolically active. It releases hundreds of different
factors, such as hormones including adiponectin and leptin, growth factors including
Insulin-Like Growth Factor-1 (IGF-1) and Platelet-Derived Growth Factor (PDGF), and
inflammatory mediators including Tumor Necrosis Factor-α (TNF-α), Interleukin-6 (IL-6),
and Interleukin-8 (IL-8), all of which contribute to insulin sensitivity and dietary control.
Growing data suggest that overnutrition-induced obesity triggers an inflammatory process
in adipose tissue [8], with even moderate weight gain linked to inflammatory activation [9]
and an upturn in the innate immune system [10]. Moreover, chemokines and their receptors
also contribute to obesity development by activating the resident immune surveillance
system [11]. This state is firmly interconnected to the local recruitment of macrophages
and enhanced immune cell infiltration/proliferation/activation [12]. All these processes
collectively point toward adipocyte hypertrophy and impaired adipogenesis [13]. The
resulting persistent chronic low-grade inflammation represents a hallmark of obesity that
leads to and perpetuates the state of metabolic alterations and insulin resistance in target
organs, including the adipose tissue, liver, muscles, and vascular system [14]. Among the
inflammatory biomarkers, the acute-phase reactant C-reactive protein (CRP) is considered
the major factor associated with overweight and obesity in both adults and children [15,16].

In recent years, numerous biochemical players have been recognized as being involved
in the inflammatory response, including microRNAs (miRNAs), small non-coding RNAs
expressed in a wide variety of organs and cells and capable of potentially influencing
almost all cellular functions. miRNAs are constituents of the epigenetic mechanisms that
finely regulate the expression of messenger RNAs [17]. Until now, 2599 different miRNAs
have been documented in humans (miRTarBase, release 8.0) [18]. Growing evidence also
underlines their relevance as stable, non-invasive, and reliable biomarkers for a variety
of pathophysiological conditions [19–21], including the body’s energy balance [22]. Many
studies have established that altered miRNA profiles are interconnected with obesity [23]
and other non-communicable diseases [24,25]. However, nowadays, epigenetics repre-
sents a critical but still poorly understood factor among the known molecular mechanisms
related to the process of low-grade inflammation in obesity [26]. Among epigenetic play-
ers, miRNAs are progressively emerging as key regulators of immune cell development,
immune responses, autoimmunity, and inflammation, capable of affecting both pro-and
anti-inflammatory responses [26]. Indeed, by influencing definite signaling networks in
the immune system, so-called immuno-miRs have been shown to impact both innate and
adaptive immune responses in health and disease [27]. Of note, immuno-miRs may exert
different functions in different cell types. Therefore, during inflammation, different cells
undergo substantial transcriptional activation, thus presenting different sets of targets
regulated by a given miRNA.
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In this study, we aimed to identify the potential involvement of candidate miRNAs in
relation to inflammation-associated biomarkers in a subsample of European children with
overweight and obesity (OW/Ob) participating in the I.Family study (www.ifamilystudy.eu,
last accessed on 21 February 2022) [28,29]. The primary outcome of this study was the
association of miRNA expression with CRP. The association of miRNAs with the selected
cytokines constituted a secondary outcome of the study. The study sample included
individuals with OW/Ob since this condition is a known risk factor contributing to the
early occurrence of chronic low-grade inflammation and interconnected metabolic changes.

2. Materials and Methods
2.1. Participants

The study was conducted on a subgroup of European children/adolescents with
OW/Ob belonging to the I.Family study, an EC-funded project aiming at investigating
determinants of food choice, lifestyle, and related health outcomes in children and ado-
lescents of eight European countries (Belgium, Cyprus, Estonia, Germany, Hungary, Italy,
Spain, and Sweden). A full description of the study designs, selection criteria, and par-
ticipants’ characteristics, from which the subsample data are drawn, has been previously
published [30]. A complete explanation of the I.Family study (registration number IS-
RCTN62310987) has been earlier reported [29]. The study was conducted according to the
criteria set by the Declaration of Helsinki. Approval by the national ethics committees
was obtained by each of the participating centers. Anthropometric characteristics, puber-
tal status, and dietary intake data were collected using standardized procedures; a full
description of these methods has been previously published [31,32]. In each country, we
first selected 20 children (n = 160) who retained overweight or obesity, i.e., who had a BMI
z-score of more than + 1 at baseline and after 2 years at follow-up, respectively, and did not
change more than ± 0.1 in BMI z-score per year (defined as overweight/obese) [33]. Out
of 160 subjects, the current analysis was performed on a subsample of 79 overweight and
obese children/adolescents (Belgium n = 7, Cyprus n = 6, Estonia n = 13, Germany n = 16,
Hungary n = 8, Italy n = 12, Spain n = 5, and Sweden n = 12), with a complete dataset for
the variables of interest, after the exclusion of 19 participants with hemolyzed samples.

2.2. Biochemical Analysis

The fasting venous blood draws were collected in BD Vacutainer® blood tubes accord-
ing to standardized operative procedures. A complete description of the sample collection
and investigative procedures has been earlier published [34]. Clinical chemistry tests were
determined as part of routine laboratory testing, in a central laboratory (University of
Bremen, Centre for Biomolecular Interactions Bremen—CBIB). Serum samples stored at
−80 ◦C were used to detect levels of CRP, Interleukin-1 Receptor Antagonist (IL1-Ra), IL-6,
IL-8, Interleukin-15 (IL-15), and TNF-α using an electrochemiluminescent multiplex assay
(using either single or MULTI-SPOT® Assay Systems, Meso Scale Discovery).

2.3. miRNA Profiling

Taking advantage of the qPCR array technology, we previously reported that an altered
circulating miRNA profile is associated with OW/Ob in children and adolescents [30]. In
that study, we also identified four circulating miRNAs, hsa-miR-10b-5p (MIMAT0000254),
hsa-miR-26b-3p (MIMAT0004500), hsa-miR-31-5p (MIMAT0000089), hsa-miR-576-5p (MI-
MAT0003241), potentially linked to increased CRP levels in subjects with OW/Ob (unpub-
lished data). Of note, among the four miRNAs characterized, only hsa-miR-10b-5p was
confirmed to be associated with OW/Ob. In the current investigation, we aimed to confirm
the association of the candidate miRNAs with levels of CRP and the selected inflamma-
tory biomarkers through validation by SYBR green-based real-time quantitative RT-PCR
(RT-qPCR) in the new sample of children and adolescents with OW/Ob. Protocols for
miRNA extraction and screening from plasma samples have been earlier published [30,32].
Individual plasma samples were first tested for hemoglobin levels and hemolyzed samples
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were excluded from the analysis [30]. Different assays were performed in triplicate em-
ploying the miScript Primer Assays according to the manufacturer’s instructions (Qiagen,
Germany). miRNA relative levels were determined using the Cel-miR-39 spike-in as the
endogenous normalizer [30]. Levels were calculated using the Data Assist v3.1 software
package (Life Technologies, Thermo Fisher Scientific, Milan, Italy).

2.4. Statistical Analysis

Statistical analyses were achieved by using IBM SPSS Statistics software (v24.0. Ar-
monk, NY, USA: IBM Corp.). Data collected were calculated as means and 95% confidence
intervals (CIs). Associations of miRNA expression with CRP and the different interleukins
were assessed using linear regression analyses, adjusting for covariates including country
of residence, age, BMI z-score, pubertal status. Since potential sex disparities in CRP levels
have been previously reported [35], we considered boys and girls separately in the statisti-
cal analysis. To control for the false discovery rate (FDR), the Benjamini–Hochberg (BH)
method was adopted. The level of statistical significance was set at α < 0.05.

3. Results
3.1. Anthropometric Characteristics and Biochemical Markers of the Study Sample

The anthropometric and metabolic characteristics and levels of inflammatory markers
of the 79 participants are reported in Table 1. There were no obvious differences regard-
ing the anthropometric characteristics and tested biochemical markers between males
and females.

Table 1. Anthropometric and chemical characteristics of the study sample.

Ow/Ob Boys (25/11) Girls (31/12)

Age (years) 12.1 (11.5–12.8) 12.4 (11.9–12.9)
Puberty (% yes) 47.8 52.2
BMI z-score 1.8 (1.6–2.0) 1.7 (1.5–1.9)
CRP (mg/dL) 0.36 (0.08–0.63) 0.45 (0.14–0.77)
TNF-α (pg/mL) 4.3 (2.7–6.0) 3.9 (2.4–5.4)
IL-1Ra (pg/mL) 422.9 (339.7–506.2) 527.8 (398.0–657.6)
IL-6 (pg/mL) 1.2 (−0.1–2.5) 0.8 (0.5–1.0)
IL-8 (pg/mL) 38.5 (−23.1–100.0) 17.6 (1.7–33.6)
IL-15 (pg/mL) 2.6 (2.2–3.0) 3.0 (2.5–3.4)
hsa-miR-10b-5p 2.9 (2.1–3.6) 3.3 (2.7–3.9)
hsa-miR-26b-3p 2.4 (1.6–3.3) 2.7 (0.7–4.6)
hsa-miR-31-5p 1.1 (0.3–1.8) 1.5 (0.8–2.3)
hsa-miR-576-5p 7.3 (5.4–9.1) 6.4 (5.0–7.8)

Data are expressed as mean (CIs) or as frequency (%).

3.2. RT-qPCR Validation in Individual Plasma Samples

After plasma extraction, the single candidate miRNAs were determined in individual
assays by RT-qPCR. Differences in miRNA signatures with respect to anthropometric and
biochemical variables were investigated. Associations of miRNA expression levels with
CRP, the primary outcome of this study, and the selected interleukins were assessed using
linear regression analysis stratified by sex. Results reported in Table 2 are adjusted for
covariates including country of residence, age, BMI z-score, and pubertal status. CRP
values show a significant association with miR-26b-3p and hsa-miR-576-5p exclusively
in boys. Moreover, their associations with hsa-miR-10b-5p and hsa-miR-31-5p are highly
significant only in girls. In Figure S1 is reported the distribution of selected miRNAs in
relation to CRP levels in the girls’ and boys’ subgroups.
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Table 2. Association of miRNA expression levels with CRP.

Boys (36) q-Value Girls (43) q-Value

hsa-miR-10b-5p 2.7 (1.7–3.7) 0.399 3.6 (3.0–4.2) 0.008
hsa-miR-26b-3p 3.2 (3.0–3.4) 0.004 2.1 (−0.9–5.0) 0.553
hsa-miR-31-5p 1.1 (−0.3–2.1) 0.914 1.3 (0.9–1.8) 0.02
hsa-miR-576-5p 8.3 (6.8–9.8) 0.006 6.8 (5.7–8.0) 0.187

Data are expressed as mean (CIs). Covariates: Country of residence, age, BMI z-score, pubertal status. q-values
are BH-adjusted p-values. Values in bold indicate statistically significant results.

Table 3 reports the results of the associations of candidate miRNAs with the cytokines
selected as additional inflammation biomarkers. A significant association of both hsa-
miR10b-5p and hsa-miR-26b-3p with TNF-α, IL1-Ra, IL-8, and IL-15 levels was found
exclusively in boys. No association of candidate miRNAs with IL-6 has been established.
Moreover, none of the candidate miRNAs was associated with cytokine levels in girls.

Table 3. Association of miRNA expression levels with selected cytokines (secondary outcome).

Cytokine Sex miR-10b-5p q-Value miR-26b-3p q-Value miR-31-5p q-Value miR-576-5p q-Value

TNF-α
Boys 2.5 (2.0–3.0) 1.000 3.0 (2.6–3.4) 0.006 1.3 (0.3–2.2) 0.963 7.7 (6.4–9.0) 0.005
Girls 3.2 (2.4–4.0) 0.635 2.4 (−0.4–5.2) 1.000 1.5 (1.0–2.1) 0.485 7.2 (6.1–8.2) 0.730
Boys 2.6 (2.1–3.1) 0.810 3.0 (2.6–3.4) 0.005 1.1 (−0.03–2.2) 0.393 7.9 (6.4–9.4) 0.023

IL1-Ra Girls 3.3 (2.5–4.1) 0.558 2.3 (−0.8–5.5) 1.000 1.6 (0.9–2.2) 1.000 6.6 (5.3–7.8) 0.735

IL-6
Boys 2.6 (2.0–3.2) 0.743 3.0 (2.1–4.0) 0.461 0.8 (−0.5–2.0) 0.963 7.1 (4.2–10.0) 0.932
Girls 3.3 (2.5–4.1) 0.949 2.2 (−0.9–5.3) 0.732 1.6 (0.9–2.2) 0.692 6.8 (5.7–8.0) 0.625
Boys 2.4 (1.8–3.0) 0.927 2.9 (2.5–3.3) 0.005 1.2 (0.2–2.2) 0.410 7.2 (5.6–8.9) 0.021

IL-8 Girls 3.3 (2.4–4.1) 0.649 2.5 (−0.5–5.4) 1.000 1.6 (1.1–2.1) 1.000 7.3 (6.2–8.4) 0.856

IL-15
Boys 2.6 (2.1–3.1) 0.588 2.9 (2.5–3.3) 0.005 1.2 (0.1–2.3) 0.890 7.5 (5.9–9.1) 0.015
Girls 3.3 (2.6–4.0) 0.512 2.3 (0.9–2.3) 0.912 1.6 (0.9–2.2) 0.856 6.8 (5.7–8.0) 0.908

Data are expressed as mean (CIs). Covariates: Country of residence, age, BMI z-score, pubertal status. q-values
are BH-adjusted p-values. Values in bold indicate statistically significant results.

4. Discussion

Inflammation is a physio-pathological process, commonly triggered by injuries and
infections, and characterized by a complex flow of dynamically and finely regulated re-
sponses. The degree, the dynamics of pro-and anti-inflammatory networks, and the course
of an inflammatory reaction may decisively impact the onset, progression, and develop-
ment of health disorders. Inflammation and its supporting mechanisms are considered
closely related to numerous diseases’ progression. Various studies have established that
specific miRNAs participate in the development of innate and adaptive immunity, acting
as crucial players in the fine-tuning of the inflammatory network. In this context, several
miRNAs attenuate the response, while others, by depressing specific inhibitors, are capable
of intensifying the immune reaction [36], with certain miRNAs essential for mounting
the inflammatory response [37]. Notably, chronic inflammation is one of the main factors
involved in the process of obesity progression [9,38], and several studies have reported that
even limited weight gain is interconnected with the sustained inflammatory process [38].

Previously, we identified specific circulating miRNAs associated with childhood
obesity in a subsample of the I.Family study [28,30]. Moreover, we also recognized in that
study candidate miRNAs possibly related to CRP levels, among which only hsa-miR-10b-5p
was associated with OW/Ob. In the present analysis, we report sex-related associations of
these miRNAs with inflammatory biomarkers in children and adolescents with OW/Ob.
Of note, the subjects enrolled for the current investigation belong to a different subgroup of
the common I.Family population.

Given the different fat distribution and the influence of sex hormones, it is conceiv-
able that the relationship between inflammatory markers and obesity may differ by sex.
Accordingly, we stratified the study population by sex. Association analyses were cor-
rected for confounding factors including the country of residence, age, BMI z-score, and
pubertal status.
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We found a clear indication pointing towards a cross-talk between candidate c-
miRNAs and inflammatory biomarkers in the context of raised adiposity. Among the
numerous inflammatory biomarkers, we focused on the acute-phase reactant CRP as the
primary outcome of the study. CRP has been considered the strongest factor associated with
OW/Ob in epidemiological studies [15]. Several reports consider CRP to be a consequence
of an obesity condition rather than the cause [15]; conversely, increasing evidence estab-
lishes a causal role of CRP elevation in the onset and development of obesity by causing
extensive tuning in the innate immune system and energy expenditure system [39].

We also found sex-related associations of the candidate miRNAs with the selected
cytokines as plausible inflammation biomarkers. Except for IL-6, a significant association
of both hsa-miR-26b-3p and hsa-miR-576-5p with TNF-α, IL1-Ra, IL-8, and IL-15 levels was
found exclusively in boys. Moreover, no association of candidate miRNAs with cytokine
levels was established in the girls’ subgroup.

Among the characterized miRNAs, miR-10b-5p is one of the first identified as ab-
normal in human cancer and, since its first description, it has been widely studied in
this context. Recent papers also suggest that it participates in inflammation control and
inflammation-associated diseases by regulating T cells [40,41]. Similarly, miR-26b has
been described as a key regulator in carcinogenesis and cancer progression, acting as a
tumor suppressor gene in several types of cancer. miR-26b has also been shown to play a
role in inflammation as in cytokine secretion [42]. miR-26b also targets the inflammatory
factor prostaglandin-endoperoxide synthase 2, which plays relevant roles in inflamma-
tory diseases by inducing the production of prostaglandin E2 [43]. However, abnormal
expression of miR-31-5p has been described in various cancers, where this miRNA plays
a significant role in tumorigenesis, acting as either an oncogene or tumor suppressor, in
a context-dependent manner, although the underlying mechanism remains unclear [44].
Moreover, miR-31 is involved in several inflammation-associated disorders. Interestingly,
the molecular role of miR-31-5p activation in early inflammation has been recently de-
fined [45]. Several studies have demonstrated that miR-576-5p acts as a tumor-promoting
miRNA in several types of human tumors, highlighting its potential role as a predictor of
cancer prognosis [46]. However, in silico studies have shown that miR-576-5p is involved
in the regulation of inflammatory, growth, and proliferation signaling pathways.

Our apparently controversial results are in line with recent studies reporting sex influ-
ences on the severity and evolution of various inflammatory conditions [47,48]. Numerous
studies have confirmed the role of sex hormones in the immune response and recent clinical
data have shown significant sex differences in inflammatory markers also in prepubertal
children, supporting a genetic contribution [47]. Sex differences occur in both innate and
adaptive immune responses and are evolutionarily conserved across species [49]. Overall,
there is accumulating evidence that sex is a critical variable that influences innate and
adaptive immune responses, resulting in sex-specific outcomes, but the main molecular
mechanisms remain elusive [48].

The findings of this exploratory study suggest major differences in the association
of circulating miRNAs and inflammatory response biomarkers across sexes, pointing to a
conceivable role of miRNAs among the candidate epigenetic mechanisms related to the low-
grade inflammation process in childhood obesity, calling for more attention in this largely
underexplored area. However, evidence concerning how these molecules may act remains
questioned since the experimental design of our cross-sectional analysis, explorative in
essence, cannot answer this question.

5. Conclusions

Many regulatory steps are relevant in the transformation and delivery of genetic
information to cellular effectors. This network orchestration is finely regulated by both tran-
scriptional and post-transcriptional mechanisms. Sex differences can provide substantial
support in defining the course of these supervisory mechanisms [50]. The fascinating emer-
gence of circulating miRNAs as stable and affordable molecules has opened up a promising
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opportunity for the identification of new crucial players in the onset and progression of
inflammation in childhood obesity, as well as their potential application as non-invasive
biomarkers. However, it is still uncertain whether the identified miRNAs are drivers of
sex-related disparities in obesity-related inflammation or represent epiphenomena. Further
molecular-oriented studies are needed to explore the functional relevance of the miRNA
species identified.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes13040632/s1, Figure S1. The different panels show the distribution of
reported miRNAs in relation to CRP levels in girls and boys.
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Abstract: Aging is one of the hallmarks of multiple human diseases, including cancer. We hypothe-
sized that variations in the number of copies (CNVs) of specific genes may protect some long-living
organisms theoretically more susceptible to tumorigenesis from the onset of cancer. Based on the
statistical comparison of gene copy numbers within the genomes of both cancer-prone and -resistant
species, we identified novel gene targets linked to tumor predisposition, such as CD52, SAT1 and
SUMO. Moreover, considering their genome-wide copy number landscape, we discovered that mi-
croRNAs (miRNAs) are among the most significant gene families enriched for cancer progression
and predisposition. Through bioinformatics analyses, we identified several alterations in miRNAs
copy number patterns, involving miR-221, miR-222, miR-21, miR-372, miR-30b, miR-30d and miR-31,
among others. Therefore, our analyses provide the first evidence that an altered miRNAs copy
number signature can statistically discriminate species more susceptible to cancer from those that are
tumor resistant, paving the way for further investigations.

Keywords: DNA copy number variation; miRNAs; comparative study

1. Introduction

Aging is considered one of the risk factors of cancer insurgence due to the mutational
burden derived from cell division and DNA replication [1]. Therefore, it is probable that, in
order to maintain a high longevity rate, those organisms that live longer should theoretically
possess a higher risk of cancer occurrence. Nevertheless, considering different species,
according to Peto’s Paradox theory [2], the body size of an organism and/or its lifespan
expectation are not directly correlated with the species percentage of cancer incidence.
After more than 40 years of research, the solution to this puzzling paradox is still an open
challenge to be solved. For example, despite its small size, the naked mole rat is, to date, the
longest-living member of the rodent family, being able to live more than 30 years. Several
studies highlighted that, besides the delayed aging, this species also shows the capacity
to resist spontaneous and experimentally induced tumorigenesis [3–6]. Conversely, in
some other rodents, the cancer-related mortality can reach 90%, coupled with a species
maximum life expectancy of 4–5 years [7]. The long-living Myotis lucifugus bat species
has been recently identified as a prospective organism for comparative cancer research [8].
Given their extended life-span rates [9], it has been suggested that bats develop a very
low number of cancer events, as confirmed by different pathological studies performed in
different areas of the world [10,11]. The elephant has been pinpointed as another cancer-
resistant species [12], with a cancer incidence rate considerably lower compared to the
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human one, for example (approximately 22%) [13]. In order to maintain a high longevity,
some species might have developed intrinsic molecular mechanisms that protect them
from cancer onset or development [14]. Interestingly, various authors recently reported
that the genome of the African elephant encodes multiple copies of the TP53 gene, also
known as the “guardian of the genome stability”. This amplification could be at the basis
of the elephant’s anti-cancer and longevity mechanisms by leading to increased levels of
apoptosis in response to DNA damage [12,15]. Indeed, according to Caulin and Maley
(2011) [16], the genome of large long-living organisms can reveal an altered number of
tumor suppressors and oncogenes (in multiple or reduced copies), which might represent a
possible mechanism underlying their capacity of exceeding the threshold of cancer onset,
despite their phenotypic predisposition due to body size and longevity [16]. Copy number
variations (CNVs) are duplications or deletions of genomic regions which can be associated
with phenotypic alterations, including tumorigenic diseases [17]. In particular, a variation
in the gene copy numbers can influence the activity of tumor suppressors and oncogenes,
leading to the development of cancer [18]. Within this framework, long-living animals
have to rely on compensatory mechanisms to suppress and prevent cancer progression,
which can be straightened by different molecular and genomic mechanisms such as altered
gene copy numbers that increase the number of tumor suppressors paralogues or reduce
copies of oncogenes [19,20]. As previously mentioned, mammals have evolved lifespan and
cancer incidence rates that vary among species [21], but the mechanisms underlying these
differences are still unclear. In order to test the hypothesis that genomic CNVs are related
to the cancer incidence rate of a species, we compared the genome-wide copy number
landscapes of nine different mammals (five cancer-resistant and four cancer-prone species)
and identified the target genes that can significantly discriminate between these two groups.
Contrary to what is usually done, we did not use an a priori list of cancer-related genes
but included all human genes in our analysis dataset. In this way, we were able to identify
miRNAs, usually removed from evolutionary comparative analyses, as the most enriched
elements able to discriminate those organisms that are predisposed to cancer from those
that are not.

2. Materials and Methods
2.1. Data Collection

According to the hypothesis that positively selected CNVs tend to recur during cancer
progression [22,23], but also during the evolution [24], we have recently developed the
VarNuCopy database, a unique database that collects the CNVs landscape for multiple
organisms, with the aim to compare patterns of copy number changes across the genome
of different species [25]. We used a homemade script written in Perl 5.14 and Python
3 in order to download the CNV data from Ensembl comparative genomics resources
(http://www.ensembl.org accessed on 1 March 2019) [26], an ideal system to perform
and support vertebrate comparative genomic analyses, given the consistency of gene
annotation across the genomes of different vertebrate species. We leveraged Ensembl’s
“gene gain/loss tree” feature, which displays the number of copies of extant homologous
genes for each species in a taxonomic tree view [27]. These data are estimated through CAFE
(Computational Analysis of gene Family Evolution), a computational tool commonly used
to study gene family evolution, which takes into account a priori the species phylogenetic
tree [27,28]. The Perl API script provided by the Ensembl website was used to access the
genomic databases and used to download all the available CNVs data. We encoded a new
homemade Python script to arrange the CNVs data counts in a readable tab-delimited
format and used this matrix to perform the subsequent analysis.

2.2. Statistical Comparison

Using a comparative approach, we analyzed the variation landscape of the gene
copies among the genomes of nine organisms sub-set in two categories: “cancer re-
sistant” (Heterocephalus glaber (Hg), Nannospalax galili (Ng), Dasypus novemcinctus (Dn),
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Loxodonta africana (La) and Myotis lucifugus (Ml)) and “cancer prone” (Mus musculus (Mm),
Rattus norvegicus (Rn), Canis familiaris (Cf) and Homo sapiens (Hs)) species (Supplementary
Table S1). We classified as “cancer resistant” those species that, based on the literature
review, are known to possess a low cancer incidence rate. Conversely, “cancer prone”
organisms are those species for which the percentage of tumors found in a certain number
of necropsies is known to be high.

Cancer incidence rate data were collected from different recently published litera-
ture [4–6,8,10–12,15,21,29–33]. We performed a statistical comparison between the CNVs
of the two different species groups, cancer-prone and -resistant organisms, with the aim to
identify new possible gene targets able to discriminate between the two categories. Thus, a
statistical unpaired two-group Wilcoxon test was performed using R.3.1.1(R Foundation
for Statistical Computing, Vienna, Austria), to compare their entire CNV spectra. To de-
termine whether microRNAs CNVs independently contribute to the variation in cancer
incidence percentages among our species, we applied a linear regression model through
the PGLS R package [34], in order to check for potential bias due to species phylogeny
or population structure (Figure 1D). The phylogenetic tree included in the analysis was
derived from VertLife [35] and created and visualized through the Interactive Tree of Life
web-tool (Figure 1C) [36]. Data processing and statistical tests were performed with R.3.1.1.
Figures were made using the ggplot2 R package, in association with different R Shiny apps
such as BoxPlotR, PlotsOfData, ClustVis, and miRTargetLink 2.0 [37–40].
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Figure 1. CNV landscape comparisons: (A) Boxplot of the distribution of significant gene CNVs in
cancer-prone vs. cancer-resistant species. (B) Boxplot of the distribution of significant microRNA
CNVs in cancer-prone vs. cancer-resistant species. Cancer-resistant species are highlighted in
green, cancer-prone species in red. In the boxplots, the Y-axis scale has been changed to log one.
The boxplots were built considering the average number of copies of each gene in the two dif-
ferent target groups. (C) Heatmap representing the microRNA CNV repertoires within the nine
analyzed species—(Hg): Heterocephalus glaber; (Ng): Nannospalax galili; (Dn): Dasypus novemcinctus;
(La): Loxodonta Africana; (Ml): Myotis lucifugus; (Mm): Mus musculus; (Rn): Rattus norvegicus;
(Cf): Canis familiaris; (Hs): Homo sapiens. Hg, Ng, Dn, La and Ml have been previously described as
cancer-resistant species. Mm, Rn, Cf and Hs are known to be cancer-prone species. Phylogeny was
inferred from VertLife [35], created and visualized through the Interactive Tree of Life web-tool [36].
(D) PGLS correlating the cancer incidence rate with the total number of significant microRNAs
copies across the nine species included in the analysis. The blue line represents a positive correlation
between the two variables (adjusted R2 = 0.5173; p-value = 0.01746).
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2.3. Pathways Analysis

To determine if the CNVs are enriched in specific gene families, we used Gene SeT
AnaLysis Toolkit, a tool for the interpretation of lists of interesting genes that is commonly
used to extract biological insights from targets of interest [41]. The set of significant genes
were tested for pathway associations using the hyper-geometric test for over-representation
analysis (ORA) [42] (Supplementary Table S4). We selected different pathway enrichment
categories (KEGG: https://www.genome.jp/; Wikipathway: https://www.wikipathways.
org; Reactome: https://reactome.org/; PANTHER: http://www.pantherdb.org/ accessed
on 1 June 2019), considering as over-represented those molecular networks with an FDR
significance level lower than 0.05, after a correction with the Benjamini–Hochberg method.
In this context, the ORA analysis was the preferred option among the others (e.g., gene set
enrichment or network topology-based analysis) in order to obtain biological information
underlying the significantly enriched genes, resulting in a reduction in the complexity of
the data interpretation [42].

3. Results

A two-group comparison was performed using a Wilcoxon rank sum test, in order to
identify an existing distinction in the distribution of the number of gene copies between
cancer-prone and cancer-resistant species. A list of the most significant hits (p-value < 0.05),
including known tumor suppressors and oncogenes, is reported in Table 1 (see Supplemen-
tary Tables S2 and S3 for the extended version). Our analysis, which exclusively considered
the variation in number of gene copies among different species, was able to identify those
genes involved in biological processes related to cancer development and maintenance.

Table 1. Genomic CNV landscape comparisons. Subset of 25 significant hits resulting from the
unpaired 2-group Wilcoxon test (p-value < 0.05). The statistical comparison was made in order to
identify those genes able to discriminate between the cancer-prone and -resistant species groups,
relying exclusively on the genomic copy number values. Some of these genes are already known to
be tumor suppressor and/or oncogenes, whereas the others can play pivotal roles in tumorigenesis
events, and, for this reason, can be considered as targets to be further investigated and validated in
the context of cancer development.

Gene p-Value Known_TS Known_OG References

CD52 0.007 NO NO [43]

SAT1 0.007 NO NO [44]

MIR424 0.009 YES NO [45]

MIR372 0.010 NO YES [46,47]

DMD 0.014 YES NO [48]

EIF5 0.017 NO NO [49]

MIR107 0.022 YES YES [50,51]

MIR124-1, MIR124-2, MIR124-3 0.022 YES NO [52]

SUMO2, SUMO3, SUMO4 0.024 NO NO [53,54]

MIR506 0.029 YES YES [55]

MIR509-1 0.029 NO NO [56]

MIR511 0.029 YES NO [57]

MIR514A1, MIR514A3, MIR514B 0.029 NO NO [58]

MIR378A 0.030 YES NO [59]
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Table 1. Cont.

Gene p-Value Known_TS Known_OG References

S100A16 0.030 NO NO [60]

MBD1, MBD2, MBD3 0.031 NO YES (MDB1) [61]

FGFBP1 0.032 NO NO [62]

FOXJ1 0.032 NO NO [63]

MIR1-1, MIR1-2 0.032 YES NO [64]

MIR206 0.032 YES NO [65]

MIR340 0.032 YES NO [66]

MIR542 0.032 NO NO [67]

NUPR1 0.032 YES NO [68]

SELENOW 0.032 NO NO [69,70]

JUND 0.034 NO YES [71]

3.1. Best Candidate Cancer-Related Genes

The distribution of the average number of each gene copies plotted in Figure 1A
highlights a difference between the two species categories, which appears even greater
if we only refer to the microRNAs CNVs landscape (Figure 1B). Among the most signif-
icant genes presenting an altered number of copies, we found CD52 (p-value = 0.007),
SAT1 (p-value = 0.007), DMD (p-value = 0.014), EIF5 (p-value = 0.017), SUMO2, SUMO3,
SUMO4 (p-value = 0.024), S100A16 (p-value = 0.030), MBD1, MBD2, MBD3 (p-value = 0.031),
FGFBP1 (p-value = 0.032), FOXJ1 (p-value = 0.032), NUPR1 (p-value = 0.032), SELENOW
(p-value = 0.032) and JUND (p-value = 0.034). Some of these, such as DMD, MDB1,
NUPR1 and JUND, have been already well described as tumor suppressors or onco-
genes [47,60,67,70], whereas the others do not officially belong to any of these two categories
and they have been proposed as key regulators in biological processes such as cell prolifer-
ation, migration and cancer development and progression [42,43,48,52,53,59,61,62,68,69].
A Principal Component Analysis (PCA) of the CNV values of the nine species reported in
Figure 2A,B showed a clear dichotomy between the cancer-prone and -resistant groups,
supporting the hypothesis that an altered CNV landscape is able to discriminate between
the two categories. To confirm these results, we performed another unsupervised clustering
analysis using Euclidean distance (Figure 2C).

As depicted in the heatmap, each cluster has a distinct set of copy number values, and
the main branches representing cancer-prone and -resistant organisms perfectly distinguish
the two groups. No additional information (other than copy numbers) was given to the
algorithm. In addition, we applied the Euclidean distances, using both the ‘complete’
and ‘ward’ methods (criteria that direct how the subclusters are merged) (Supplementary
Figures S2–S4)). Remarkably, using this method, the Loxodonta africana microRNAs CNV
landscape seems to have a different pattern as compared to the other cancer-resistant
species (Figure 2C), confirming the elephant as an outlier species of the cancer-resistant
group (see Section 4).

3.2. Cancer-Related MicroRNAs Pathways Are among the Most Significantly Enriched
Biological Families

Our analysis shows an enrichment of onco-miRNAs amplifications in the cancer-
prone species group. In particular, miR-424 (p-value = 0.009), miR-372 (p-value = 0.010),
miR-107 (p-value = 0.022), miR-124 (p-value = 0.022), miR-506 (p-value = 0.029), miR-511
(p-value = 0.029), miR-378A (p-value = 0.030), miR-1 (p-value = 0.032), miR-206 (p-value = 0.032)
and miR-340 (p-value = 0.032) are few examples of the most significant microRNA hits,
which possess a suppressor and/or oncogenic role (Figure 1C). Given the high diversity
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among our species, we used the generalized least squares (PGLS) phylogenetic method [34]
in order to assess whether copy number and cancer incidence rates evolved in a dependent
manner along the tree, or if their relationship might be the consequence of common ancestry,
resulting in similar patterns of miRNAs copy number alteration. Indeed, taking into
account the genetic structure of the population, the PGLS comparative method confirmed
the association between these traits independently of the shared evolutionary history of
the species (Figure 1D and Supplementary File S1).
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distance and complete linkage. (D,E) Bar and box plots of the significant microRNAs CNVs in
cancer-prone species, cancer-resistant species and Loxodonta africana. The microRNAs repertoire of
Loxodonta africana seems to reflect the cancer-prone miRNAs copy number alteration landscape, rather
than the one typical of the cancer-resistant organisms. In the box plots, the Y-axis scale was changed
to log one. The boxplots are built considering the average number of copies of each gene in the two
different target groups.
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3.3. ORA Analysis Confirms a Significant Enrichment in the miRNAs Gene Family

We performed an Over-Representation Analysis (ORA) [41] on the complete list of
significant genes, in order to identify enriched functional categories potentially related to
cancer (Table 2 and Supplementary Figure S1). The most enriched pathways outputted
by the ORA analysis were “MicroRNAs in cancer”, “miRNAs involved in DNA damage
response”, “Metastatic brain tumor”, “miRNA targets in ECM and membrane receptors”,
“let-7 inhibition of ES cell reprogramming” and “miRNAs involvement in the immune
response in sepsis” [72,73]. These results indicate that the genes more prone to CNVs
were those encoding miRNAs involved in cancer initiation, chronic inflammation and
immune response. Remarkably, performing the ORA analysis applying the PANTHER
algorithm [74], we also found a significant enrichment in the “Cadherin signaling network”,
which is a well-known molecular pathway described as a key player in cancer [75].

Table 2. Pathway analysis. Gene Over-Representation Analysis (ORA) using KEGG, PANTHER and
Wikipathway. The enrichment test used Benjamini–Hochberg’s FDR correction (FDR < 0.05). CNV data
were previously analyzed by an unpaired 2-group Wilcoxon test (p-value < 0.05). Significant genes
altered in their number of copies within the entire genomic landscape were used to perform the ORA
analysis, which highlighted a significant enrichment in microRNAs and cancer-related pathways.

Description FDR (BH) Genes

KEGG

MicroRNAs in cancer 0

MIR103A1; MIR103A2; MIR107; MIR124-1;
MIR124-2; MIR124-3; MIR1-1; MIR1-2; MIR206;

MIR100; MIR10A; MIR10B; MIR129-1; MIR129-2;
MIR15A; MIR15B; MIR193B; MIR199A1;

MIR199A2; MIR199B; MIR203B; MIR21; MIR223;
MIR31; MIR99A; MIRLET7A1; MIRLET7A3;

MIRLET7F2; MIR29B1; MIR29B2; MIRLET7G;
MIRLET7I; MIR221; MIR222; MIR23A; MIR23B;
MIR27A; MIR27B; MIR30C1; MIR30C2; MIR30A;

MIR30B; MIR30D; MIR30E.

Taste transduction 3.16 × 10−10

TAS2R10; TAS2R13; TAS2R14; TAS2R19;
TAS2R20; TAS2R3; TAS2R30; TAS2R31; TAS2R42;
TAS2R43; TAS2R45; TAS2R46; TAS2R50; TAS2R7;

TAS2R8; TAS2R9

Progesterone-mediated
oocyte maturation 2.43 × 10−4

SPDYE1; SPDYE11; SPDYE16; SPDYE17;
SPDYE2; SPDYE2B; SPDYE3; SPDYE4; SPDYE5;

SPDYE6; INS

Oocyte meiosis 2.73 × 10−4
PPP3R2; SPDYE1; SPDYE11; SPDYE16;

SPDYE17; SPDYE2; SPDYE2B; SPDYE3; SPDYE4;
SPDYE5; SPDYE6; INS

PANTHER Cadherin signaling pathway 4.02 × 10−2
PCDHB14; PCDHB7; PCDHGB1; PCDHB16;

PCDHB6; PCDHGB4; PCDHGA6;
PCDHGB6; PCDHGB7

Wikipathway

miRNAs involved in DNA
damage response 3.76 × 10−9

MIR371A; MIR372; MIR542; MIR100; MIR15B;
MIRLET7A1; MIR374B; MIR221; MIR222;

MIR23A; MIR23B; MIR27A; MIR27B

Alzheimers Disease 5.31 × 10−5

MIR124-1; MIR124-2; MIR124-3; MIR10A;
MIR129-1; MIR129-2; MIR199B; MIR21; MIR433;

MIR671; MIR873; PPP3R2; MIR29B1;
MIR30C2; MIR219A2

Metastatic brain tumor 2.31 × 10−3 MIRLET7A1; MIRLET7A3; MIRLET7F2;
MIR29B1; MIR29B2; MIRLET7G

miRNA targets in ECM and
membrane receptors 2.31 × 10−3 MIR107; MIR15B; MIR30C1; MIR30C2; MIR30B;

MIR30D; MIR30E
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Table 2. Cont.

Description FDR (BH) Genes

MicroRNAs in
cardiomyocyte hypertrophy 2.77 × 10−3

MIR103A1; MIR103A2; MIR140; MIR15B;
MIR185; MIR199A1; MIR199A2; MIR23A;

MIR27B; MIR30E

Cell Differentiation - Index 1.25 × 10−2 MIR1-1; MIR206; MIR199A1; MIR199A2;
MIR221; MIR222

let-7 inhibition of ES
cell reprogramming 1.25 × 10−2 MIRLET7A1; MIRLET7F2;

MIRLET7G; MIRLET7I

miRNAs involvement in the
immune response in sepsis 1.43 × 10−2 MIR187; MIR199A1; MIR199A2; MIR203B;

MIR223; MIR29B1; MIRLET7I

Cell Differentiation-
Index expanded 2.38 × 10−2 MIR1-1; MIR206; MIR199A1; MIR199A2;

MIR221; MIR222

Role of Osx and miRNAs in
tooth development 3.35 × 10−2 MIRLET7A1; MIRLET7F2; MIR29B1;

MIRLET7G; MIRLET7I

4. Discussion

Being theoretically more susceptible to cancer, big and long-living species need addi-
tional cancer defense molecular mechanisms. On the other hand, short-living and small-size
organisms might not need them because of their lower intrinsic predisposition to cancer due
to their short lifespan rate. CNVs can therefore be considered one of the multiple protection
ways against tumor insurgence that can explain Peto’s Paradox. In fact, we hypothesized
that all cancer-resistant organisms implemented a series of molecular mechanisms to coun-
teract their cancer predisposition, which depends on and derives from their own specific
evolutionary history. We believe that CNVs that increase the onco-suppressive capacity of
specific genes can be an excellent defense against tumor diseases in species at risk. Indeed,
some authors have recently suggested that one of the most effective cancer-resistance
strategies is represented by an augmentation in the number of copies of tumor suppressor
genes [76]. In contrast, a reduced cancer-resistance rate could be caused by a selective loss
of the same suppressor genes [77]. For instance, the CD52 gene (higher number of copies
in the cancer prone group), a membrane glycoprotein expressed on the surface of mature
lymphocytes, monocytes and dendritic cells, was one of the most significant hits of our
analysis (p-value = 0.007). Recently, Wang and co-authors [43] identified CD52 as a key
player in tumor immunity, affecting tumor behavior by regulating the associated tumor
microenvironment. With the same significant p-value of 0.007, we also identified the SAT1
gene (higher number of copies in the cancer prone group) as one of the possible targets to
be further investigated in the context of tumor onset. This gene can regulate and drive brain
tumor aggressiveness, promoting molecular pathways that act in response to DNA damage
and regulation of the cell cycle [44]. Another significant gene resulting from our analysis
was represented by the SUMO protein family members (higher number of copies in the
cancer resistant group). During cell cycle progression, many tumor suppressors and onco-
genes are regulated via SUMOylation [78], a biological process that, if deregulated, can lead
to genome instability and altered cell proliferation. In this context, it is evident that some
tumors could be dependent on the functional SUMO pathway, but whether it is required for
tumor growth remains to be established. For this reason, SUMO2, SUMO3 and SUMO4 can
be potentially exploited in further anti-cancer mechanisms investigations (p-value = 0.024
in the present study), in order to shed light on the regulatory mechanisms underlying the
activity of SUMO machinery in an oncogenic framework. Among the most significant hits,
we also retrieved some genes that are already known to be tumor suppressors or oncogenes
(DMD and JUND, respectively). Indeed, mutation or deregulated expression of Duchenne
Muscular Dystrophy gene (DMD) is often linked to the development and progression of
some major cancer types [48], such as sarcomas, carcinomas, melanomas, lymphomas and
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brain tumors [79,80], being a well-known tumor suppressor in different types of human
cancers. On the other hand, JUND, a member of the AP-1 family that is related to MYC
signaling pathway, regulates cell cycle and proliferation and its overexpression is linked to
many types of cancers (PCA i.e.,) [71].

Notably, our results show that miRNAs are the most enriched gene family in dis-
criminating between cancer-prone and cancer-resistant species. The specific role of these
miRNAs is not yet fully understood, but we speculate that some of them might possess
important regulatory functions aimed at defending some species (big size and long lifespan
organisms) from cancer, while, at the same time, they are capable of exposing others to
tumorigenesis (small-size and short-lifespan mammals). MicroRNAs (miRNAs) are small
post-transcriptional molecular regulators that are able to modify gene expression levels,
increasing the amount of mRNA degradation or inhibiting protein translation [81]. Since
each single miRNA can regulate the expression of dozens of genes, many authors were
able to correlate their activity with cell development, homeostasis and disease [82], includ-
ing cancer [83,84]. Indeed, some tumorigenic events are caused by a malfunction in the
heterogeneous regulatory activity of microRNAs inside the eukaryotic cells. Depending on
the specific tissue and on the relationship with the immune system, they can behave both
as tumor suppressors and as oncogenes [85]. Furthermore, epigenetic factors and species
genetic predisposition can drive their double-sided behavior, although some of them are
evolutionarily conserved within vertebrate taxonomic families [86]. Several miRNAs have
already been described in the literature as oncogenes and tumor suppressors. For example,
miR-424 is known to be a human tumor suppressor that can inhibit cell growth enhancing
apoptosis or suppressing cell migration [45]. MiR-372, instead, can participate in WNT
cancer molecular pathway [46], whereas the overexpression of miR-107, mediating p53
regulation of hypoxic signaling, can suppress tumor angiogenesis and growth in mice [50].
MiR-1 is another example of tumor suppressor microRNA that has been previously found
to be significantly down-regulated in squamous carcinoma cells [64]. MiR-30b and miR-30d
are considered suppressors in tumors that do not affect immune cells, whereas they have
been found to be upregulated in melanoma [87]. In a similar way and for the first time,
our analysis revealed several miRNAs candidates that might be involved in a mammalian
species cancer predisposition (Figure 1C).

Interestingly, all the miRNAs that we have found show many more copies in the
cancer-prone group as compared to the cancer-resistant species, and most of them are
well-known oncogenes (miR-221, miR222, and miR-372, etc.). MiR-372, for instance, is not
present in cancer-resistant species, whereas it shows multiple copies in those ones belonging
to the cancer-prone group. This microRNA plays a pivotal role in the initiation of breast
cancer and may activate the WNT and E2F1 pathways during the epithelial–mesenchymal
transition process [46,47]. We also found an amplification of miR-221 and miR-222 in the
cancer-prone category. Previous literature has extensively described these two RNAs as
oncogenes, being deregulated in primary brain tumors and in acute lymphoid leukemia,
among other malignancies [88,89]. According to our results, surprisingly, cancer-prone
species showed the amplification of miR-15 tumor suppressor, which is known to be able to
regulate cancer proliferation initiation by targeting the BCL2 gene [90,91]. Our hypothesis is
that this apparent paradox may underlie a defensive role of this microRNA in those species
that are, a priori, susceptible to tumor insurgence. On one hand, according to the so-called
“gene dosage hypothesis”, gains or losses of specific gene copies can have a dramatic impact
on the fitness of a species, leading to altered phenotypes due to the change in the expression
levels of the affected genes [92]. On the other hand, oncogenes amplification or tumor
suppressors deletions are not always detrimental, but can recapitulate tumorigenic events,
being drivers or modulators of the disease [93]. As mentioned before, in fact, differences in
ecology and evolutionary history are believed to give rise to significant differences between
short- and long-living animals [94], and consequently in cancer-prone and -resistant species.
In 2020, Tollis and co-authors [20] showed that mammalian lifespan can be correlated to
both suppressor gene and oncogene CNVs, a phenomenon that they themselves called
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“paradoxical”. Interestingly, our analysis also leans in the same direction, suggesting
that when high copy numbers of oncogenes shorten a lifespan, they must somehow be
counterbalanced by higher number of copies of tumor-suppressor genes.

In this framework, the elephant’s miRNAs amplification signature resembles that of
the organisms of the cancer-prone group (Figure 2D,E). In fact, it showed an alteration
in the copy numbers of known oncogenes, such as miR-221 and miR-222, together with
miR-30b/d and miR-31. In our opinion, Loxodonta africana should be placed in a new
category of organisms, which share both oncogenic and cancer-resistant characteristics,
being also clustered as an outlier species of the cancer-resistant group (Figure 2B). During
their evolution, elephants may have selected certain molecular mechanisms, such as the
amplification of TP53 and pseudogenes [12,15], with the aim to defend their cells from
the tumorigenic action of a high percentage of onco-miRNAs copy number amplification
and high longevity. Consequently, an additional amplification in the number of tumor
suppressor microRNAs would have not been sustainable/useful in terms of fitness and/or
survival. The hypothesis is that species with bigger sizes and longer lifespans have an
expanded number of tumor-suppressor genes (TSGs), which is even higher than the one of
their oncogenic counterparts. In this way, the direct elimination of oncogenes, which implies
elevated costs in terms of growth and cellular functions maintenance, can be avoided, thus
reducing the cancer incidence risk. In support of this, Vazquez and Lynch (2021) [76]
reported that, within the Afrotheria order, the tumor-suppressor genes found in an altered
number of copies were relatively lower compared to what might be expected. This finding
can mirror the trade-off mechanism that natural selection has developed during evolution
in order to compensate for the multi-copies effect that can lead to an increased risk of
cancer, due to the unbalanced number of copies of the same genes. Indeed, long-living
species might possess mechanisms that are capable of maintaining the equilibrium between
proliferation and tumor control. Their regulatory networks can create positive feedbacks
in which the amplification of tumor suppressor families functions as a buffer against the
oncogene co-expansion, or vice-versa [20]. On the other hand, the cancer-prone organisms
included in our analysis did not develop these gene defenses because they have a lower
lifespan, which does not make them particularly exposed to a severe lack of fitness due to
cancer progression (except in the case of Homo sapiens that has reached a high lifespan only
recently, thanks to the advance of medicine treatments and health care).

5. Limitations and Future Perspectives

Gene duplication is a fundamental process that can lead to the emergence of new
phenotypic traits. Analyzing patterns of gene copy number alterations across the genome of
large and long-living organisms may reveal new insights about the mechanisms underlying
cancer resistance in mammals [12,20,94]. Here, we have developed a simple way to test the
hypothesis that CNVs confer protection or increase vulnerability to cancer among species.
Using the absolute number of copies of each gene by species, we were able to identify,
for the first time, an alteration in miRNA CNVs that are overrepresented and enriched in
molecular pathways related to cancer. Further analyses will help to validate these findings
by better defining the correlation between miRNAs and their targets. Nowadays, the
current challenge is to develop and optimize new experimental design and strategies to
be used in human [95] and veterinary biomedical research. Indeed, whenever a potential
cancer-suppression mechanism is discovered in a species, there is the real possibility of
identifying a new molecular target or therapeutic approach. Therefore, the investigation
of genomic alterations, such as CNVs, can direct clinical research towards the discovery
of new toolkits able to guide scientists towards the exploration of more focused research
topics, such as, for example, specific microRNAs or their targets [96,97].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes13061046/s1. Table S1: Species description. List of the 9 species included in our
analysis; Table S2: Cancer Prone vs. Cancer Resistant: a two-group statistical comparison. List of
the significant hits resulting from the unpaired 2-group Wilcoxon test (p-value < 0.05) applied on
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the genomic CNVs landscape of the selected species; Table S3: Cancer Prone vs Cancer Resistant:
a two-group statistical comparison. List of the significant microRNAs resulting from the unpaired
2-group wilcoxon test (p-value <0.05) applied on the total genomic CNVs landscape of the selected
species; Table S4: Pathway analysis—extended version. Gene Over-Representation Analysis (ORA).
The enrichment test used Benjamini-Hochberg’s FDR correction (FDR < 0.05). CNVs data were
previously analyzed by an unpaired 2-group wilcoxon test (p-value < 0.05); Figure S1: MicroRNAs in
cancer interaction graph. Figure S2: Heatmap of all the significant genes, clustered with Euclidean
distance and ward linkage; Figure S3: Heatmap of all the significant genes, clustered with Euclidean
distance and complete linkage; Figure S4: Heatmap of the significant MicroRNAs, clustered with
Euclidean distance and ward linkage; File S1: PGLS modelling results: Cancer incidence rate ~
significant miRNAs CNVs.
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Abstract: Cervical cancer (CC) is a preventable disease using proven interventions, specifically
prophylactic vaccination, pervasive disease screening, and treatment, but it is still the most frequently
diagnosed cancer in women worldwide. Patients with advanced or metastatic CC have a very dismal
prognosis and current therapeutic options are very limited. Therefore, understanding the mechanism
of metastasis and discovering new therapeutic targets are crucial. New sequencing tools have given a
full visualization of the human transcriptome’s composition. Non-coding RNAs (NcRNAs) perform
various functions in transcriptional, translational, and post-translational processes through their
interactions with proteins, RNA, and even DNA. It has been suggested that ncRNAs act as key
regulators of a variety of biological processes, with their expression being tightly controlled under
physiological settings. In recent years, and notably in the past decade, significant effort has been
made to examine the role of ncRNAs in a variety of human diseases, including cancer. Therefore,
shedding light on the functions of ncRNA will aid in our better understanding of CC. In this
review, we summarize the emerging roles of ncRNAs in progression, metastasis, therapeutics, chemo-
resistance, human papillomavirus (HPV) regulation, metabolic reprogramming, diagnosis, and as a
prognostic biomarker of CC. We also discussed the role of ncRNA in the tumor microenvironment
and tumor immunology, including cancer stem cells (CSCs) in CC. We also address contemporary
technologies such as antisense oligonucleotides, CRISPR–Cas9, and exosomes, as well as their
potential applications in targeting ncRNAs to manage CC.

Keywords: cervical cancer; non-coding RNAs; diagnosis; prognosis; therapeutics; regulation of
gene expression

1. Introduction

Cervical cancer (CC) is the fourth most frequently diagnosed cancer in women with
substantial geographical variation in CC morbidity and mortality [1]. CC was accounted to
cause approximately 604,000 new cases and 342,000 deaths worldwide in the year 2020 [1].
CC develops in the uterine cervix epithelium, notably at the squamo columnar junction,
interface of the ectocervix and endocervix, which is a hotspot for metaplastic activity.
Squamous cell carcinomas (SCC) and adenocarcinomas (ADC) are the most frequently
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diagnosed kinds of CC, accounting for approximately 80–90% and 10–15% of all cervical
malignancies [2]. Adenosquamous carcinoma (ADSC) is a rare type of CC [2].

Human papillomavirus (HPV) infections, the most prevalent sexually transmitted
infection, is responsible for causing cervical carcinogenesis [3,4]. The viral DNA gets
integrated into the host DNA after a long-term high-risk HPV (HR-HPV) infection, and
consequently, cervical epithelial cells become malignant, resulting in CC [5,6]. Moreover,
precancerous mutations in the cervix lead to the establishment of CC. Additionally, the lag
between infection and carcinogenesis is a major factor as to why CC has become a ravaging
disease for women. Fortunately, earlier detection, awareness, and effective treatment of CC
have been shown to considerably reduce both the morbidity and mortality rate in women.
Effective monitoring and vaccination campaigns have resulted in a substantial drop in the
CC fatality rate in developed countries over the last four decades [7]. The Papanicolaou
(PAP) smear test, visual inspection with acetic acid (VIA), liquid- based cytology (LBC),
and HPV testing for HR-HPV strains are some of the current screening approaches utilized
for detecting cancer in the early stages [8]. Furthermore, venereal diseases, long-term oral
contraception, reproductive factors, and behavioral issues such as smoking, drinking, and
obesity have all been identified as CC risk factors [6,9].

Chemotherapy, radiation, and surgery are all available treatments for CC, but none
of these improve patient survival rates and can result in serious negative effects. Despite
all these advances in the detection and prevention of CC, it remains “a worldwide health
crisis”, particularly in undeveloped and emerging countries [10,11]. In spite of recent
breakthroughs, CC has a poor long-term prognosis due to its resilience and relapsing
nature. This necessitates the development of new biomarkers for tracking CC progression,
which also serve as putative targets for diagnostic and curative purposes. Expression
profiling of several ncRNAs has been shown to be correlated with cancer progression, onset,
metastases, and invasion and has emerged as a novel prognostic and diagnostic biomarker
in cervical carcinoma [5]. This article provides a comprehensive overview of the function
and potential application of ncRNAs in CC.

2. Classification and Biogenesis of ncRNAs
2.1. Classification

According to the literature, ncRNAs can be classified according to their structure, func-
tion, biogenesis, localization, and interaction with DNA or protein-coding mRNAs [12,13].
The discovery of the order of activities in the passage of genetic information stored in
DNA to working biological processes via proteins has been dubbed the central dogma of
molecular genetics by Francis Crick in 1958, and it was a watershed moment in molecu-
lar biology [14]. With the emergence of novel technologies and rigorous next-generation
sequencing, large international consortiums such as the Functional Annotation of the Mam-
malian Genome (FANTOM) and the Encyclopedia of DNA Elements (ENCODE) have
explained ubiquitous transcription as ~98% of DNA is transcribed into RNA, and only
~2% of that RNA is translated into protein [15–17]. Therefore, in the world of cellular
communication, RNA is divided into two distinct types: coding RNAs and ncRNAs. The
major chunk of transcribed DNA, i.e., ncRNA, was earlier thought to be evolutionary
garbage since it lacked the ability to code for protein, and protein-coding RNA, which is a
considerably smaller portion of RNA [18,19].

NcRNAs are basically divided into two domains: structural ncRNAs and regulatory
ncRNAs. Structural ncRNAs include transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs).
Regulatory ncRNAs are further classified into small (length < 50 nts), medium (length
50–200 nts), and long non-coding RNAs (lncRNAs) (length > 200 nts), based on transcript
length (Figure 1) [20–22]. Furthermore, microRNAs (miRNAs), small interfering RNAs
(siRNAs), piwi-interacting RNAs (piRNAs), cisRNA, and telomere-specific small RNAs
(tel-sRNAs) belong to the category of short non-coding RNA (sncRNAs), having a transcript
size ranging between 20–50 nucleotides, and similarly, small nucleolar RNA (snoRNA),
prompts, tiRNA, small nuclear RNA (snRNA), and small cytoplasmic RNA (scRNA) can be
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categorized as medium ncRNAs with a transcript length between 50–200 nucleotides [23,24].
LncRNAs regulate transcripts possessing a size greater than >200 nucleotides. Furthermore,
lncRNA could be divided into three main categories. The first category is based on biogen-
esis of lncRNAs such as intronic, intergenic, sense, antisense, bidirectional, and promoter
and enhancer lncRNAs, whereas the second category is based on the mechanism, such as
cis-regulatory RNA (cis-RNA), trans-RNA, and competing endogenous RNAs (ceRNAs),
long intergenic non-coding RNA (lincRNAs), while the third category is based on structure,
such as natural antisense transcripts (NATs), enhancer-derived RNAs (eRNA), and circular
RNA (circRNA) [25–27].

Figure 1. Non-coding RNA (ncRNA) classification. The schematic shows that ncRNAs are divided
in to two major categories, such as structural and regulatory ncRNAs. Regulatory ncRNAs are
further divided into small (<50 nts length), medium (50–200 nts length), and long non-coding
RNAs (>200 nts length), according to their length. LncRNAs are further classified according to their
structure, biogenesis, and mechanism of action. See the text for more details.

2.2. Biogenesis of ncRNAs

The biogenesis of ncRNAs is predicated on their characteristics, which are compa-
rable to those of mRNAs. NcRNA play a crucial function in several prospects of human
development and diseases [28]. Addressing ncRNA biogenesis is important not only for dis-
tinguishing it from the rest of the RNAs but also for assessing its functional relevance [29].
Across the human genome, several genes participate in the generation of various types
of ncRNAs [30]. Transcription, nucleosomal maturation, exportation towards the cyto-
plasm for processing, and production of functional RNA are all quintessential parts of the
biogenesis process. RNA polymerase II/III transcribes polycistrons, producing large pro-
genitors (pri-miRNA: hairpin loop structure; 5′capping; 3′polyadenylation) (Figure 2) [31].
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After that, it passes through two steps of processing: The microprocessor (DGCR8) iden-
tifies and controls the breaking of pri-miRNA via Drosha’s, resulting in the emergence
of pre-miRNA, which is then translocated from the nucleus to the cytoplasmic region via
RAN-GTP and Exportin-5 (XPO5) protein. Furthermore, in the cytoplasm, Dicer acting as
RNase III endonuclease chops the progenitor molecule present more towards the terminal
end, releasing an RNA duplex that interfaces with Argonaute proteins (AGO-2) present in
collaboration with RISC (miRNA-induced silencing complex) [31,32]. However, lncRNA
biogenesis proceeds under the influence of the type of cell and phase-specific stimulation
governs it [33].

Figure 2. Overview biogenesis and function of ncRNAs in CC cells. MicroRNAs (miRNAs), long non-
coding RNAs (lncRNAs), and circular RNAs (circRNAs) are presented along with their fundamental
biogenesis and main functional mechanisms. The details are described in the text.

Multiple DNA components in eukaryotic genomes, including enhancers, promoters,
and intergenic portions, transcribe distinct kinds of lncRNAs [34]. The principle processes
carried out during biogenesis include cleavage by Ribonuclease P (RNase P) to create
mature ends, production of snoRNA and small nucleolar ribonucleoprotein (snoRNP)
complexes, capping at their ends, and the formation of circular structures [35]. During the
synthesis of particular lncRNAs, distinctive sub-nuclear structures known as “paraspeckles”
have recently been discovered [36]. Overall, the processes of biosynthetic pathways and
regulation of unique ncRNAs are not entirely comprehended. However, we will gain a
better understanding of their genesis and applications in the coming years by using a
variety of techniques such as ChiRP-Seq (Chromatin Isolation by RNA Purification), RNA
structure mapping, crosslinking immunoprecipitation (CLIP), targeted genome engineering
with CRISPR–Cas9 and advanced genetic monitoring, ribosome profiling, and phylogenetic
lineage tracing [37].
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3. Functional Roles and Mechanisms of Action of ncRNAs
3.1. Biological Function of ncRNAs

The biological functions of ncRNAs have been progressively explained, including the
regulation of gene expression at the transcriptional and translational levels; instructing
DNA synthesis or gene rearrangement; and guarding the genome from foreign nucleic
acids [38]. Several recent studies have indicated that ncRNAs are crucial in carcinogen-
esis by controlling the expression of cancer-associated genes [31,39–41]. Mechanistically,
lncRNAs govern gene expression primarily by functioning as transcription factors, con-
trolling chromatin remodeling, or actively contributing to posttranscriptional regulation as
ceRNAs [42–44]. MiRNAs, on the other hand, control gene expression at the posttranscrip-
tional level via RNA interference and frequently attach to the 3′-untranslated region (3′UTR)
of protein-coding mRNAs and to the (5′UTR) or coding sequence [45–48]. Furthermore,
through complementary binding with aimed genes, a few tRNA fragments (TRFs) and
tRNA-derived stress-induced RNAs (tiRNAs) may contribute to gene regulation and gene
silencing, following a mechanism identical to that of miRNA [49]. CircRNAs primarily
operate as ceRNAs and control gene expression at three distinct levels, including epigenetic,
transcriptional, and posttranscriptional by sponging several miRNAs (Figure 3) [50].

Figure 3. Different biological function of ncRNAs in CC. NcRNAs play a crucial role in the regulation
of cell proliferation, cell cycle, cell migration and invasion, epithelial–mesenchymal transition (EMT),
and angiogenesis in CC.
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3.2. Mechanisms of Action

LncRNAs and miRNAs are structurally similar, and both play crucial roles in the mod-
ulation of gene expression. By recruiting multi-subunit chromatin modifying complexes
to the DNA molecule (chromatin modulation), some ncRNA regulate multiple biological
phenomena such as transcription, nucleosome orientation, chromatin labelling, or histone
modifications [19]. All of these modulate gene expression of target genes. Certain miRNAs
show interaction with a specific region of the gene promoter. For instance, miR-24-1 acts as
an enhancer trigger to stimulate enhancer RNA (eRNA) expression, alters histone modi-
fication, and increases the enrichment of p300 and RNA Pol II at the enhancer locus [51].
Some ncRNAs act via splicing regulation and influence disease progression and essential
physiological functions by adhering to distinct protein networks that regulate gene ex-
pression. Spliceosomes are generated by snRNA and proteins, and they are responsible
for the splicing mechanism [19]. For example, SHARP, SAF-A, and LBR are key proteins
that are associated with Xist lncRNA for Xist-mediated transcriptional silencing on the
X chromosome [52]. Some act via crosstalk in proteomics. Such a mechanism leads to
the production of ceRNA and governs translation, transcription, epigenetics, pathological,
and physiological processes, exemplified by certain lncRNAs playing a quintessential role
during oncogenesis and tumor suppressor cascade and by miR-124, miR-375, and let-7b,
which inhibit erbB2/erbB3 to cure breast cancer [53]. A few ncRNAs work by interacting
with mRNA (antisense transcription). A mechanism in which the targeted gene is inhibited
by the transcription of lncRNA from the opposite template could be a life-changing event
in the treatment of hereditary disorders such as Angleman syndrome and others. Further-
more, miRNA–mRNA interactions may suppress mRNA expression. For example, the cell
adhesion molecule 1 (CADM1) gene in bone cancer works by sponging miRNA, opening
the way for the development of novel therapeutics [54].

4. Expression and Function of ncRNAs in CC
4.1. Dysregulated miRNAs in CC Onset/Progression

Several researchers have investigated the levels of miRNA expression in cervical car-
cinoma biopsies, exfoliated cervical cells, and cervical mucus, as well as in the serum of
women who have been diagnosed with CC. Lui et al. reported the differential expression
patterns of six miRNAs (miR-143, miR-143, miR-23b, miR-21, let-7b, and let-7c) which are
unique to human CC cell lines [55]. Since then, extensive research has been carried out
to characterize the mechanisms that cause miRNA dysregulation as well as profile the
expression levels of miRNA in CC and normal cervical epithelial tissues. Indeed, gene
knockdown, gene amplifications, or mutations in miRNA loci, coupled with epigenetic
silencing such as DNA methylation or dysregulation of miRNA processors (e.g., Drosha)
and transcription factors, are all attributed to abnormal miRNA expression patterns ob-
served in cancer, including CC [56]. Muralidhar et al. uncovered 16 dysregulated miRNAs
in advanced cervical SCC, including miR-203, miR-31, miR-29a, and miR-21, which have
all been attributed to the overexpression of the miRNA processor (Drosha) transcripts
and the acquisition of chromosome 5p [57]. Gupta et al. revel that miR-34a or miR-16
may regulate senescence, autophagy, apoptosis, and the functional G1/S checkpoint. In-
dividually, miR-449a may influence senescence and apoptosis and coordinate autophagy
in HeLa cells in a synergistic way with miR-16 and/or miR-34a [58]. Multiple studies
have previously been conducted to examine the expression profile of miRNAs to find that
substantial changes occur during the progression from low to high grade cervical malignan-
cies and to invasive cervical carcinoma, concerning the recognition of unique biomarkers
for the determination of cancer stage as well as for resolving diagnosis and prognosis
purposes [59]. Gocze et al. conducted miRNA profiling and consequently identified the up-
regulation of miR-21, miR-34a, miR-196a, miR-27a, and miR-221, which serves as a distinct
hallmark of HPV positivity in cervical malignancy samples, regardless of the clinical tumor
grade [60]. Tian et al. revealed that the use of single miR-424 and/or miR-375 detection,
a miR-424/miR-375/miR-218-based multi-marker panels, is more effective than using
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cytology in cervical exfoliated cells in gynecological clinics for screening HPV-positive
women [61]. MiR-424/miR-375/miR-34a/miR-218 exhibited a statistically significant re-
duction in expression in high-grade cervical intraepithelial neoplasia (CIN) and abnormal
cytology compared to low-grade CIN and normal cytology [61]. Cervical mucus analysis
has also been shown to be an effective technique for detecting cervical neoplastic tumors.
MiRNAs (miR-20b-5p, miR-126-3p, miR-451a, and miR-144-3p) found in cervical mucus
have been shown to be helpful in detecting CC and high-grade intraepithelial lesions [62].
Taken together, the discovery and development of unique tumor biomarkers in cervical
exfoliated cells and biological fluids could help with cancer screening and/or reappearance
monitoring after treatment. However, further research is needed to determine the clinical
implications of miRNA for cancer diagnosis and prognosis.

4.1.1. Oncogenic miRNAs

Evidence from prior studies shows that the overexpression of ncRNAs encourages the
growth and development of cervical carcinoma cells and tissues [63,64]. Various studies
have demonstrated that the dysregulation of miRNAs significantly contributes to the
progression and proliferation of cancerous cells, and they play a crucial role in spreading
cancer via advancing cancer growth, development, progression, invasion, angiogenesis, and
metastases. miR-21 is found to be overexpressed in aggressive CC tissues, and researchers
have shown that miR-21 increases the proliferative index and enhances the migratory and
invasion abilities of cervical cells in HeLa cell lineages by considerably repressing the
expression of the tumor-suppressive Phosphatase and tensin homolog (PTEN) gene [65,66].
Xu et al. identified that oncogenic miR-21 downregulates PTEN gene expression and
increases cell proliferation and migratory and colony forming ability in invasive CC [67].
Overwhelming evidence revealed the involvement of numerous miRNAs in CC progression,
as listed in Table 1.

Table 1. Summary of selected oncogenic miRNAs with their functional effects in CC.

MiRNAs miRNA
Expression Profile

Target
Gene/Pathway Biological Function of Oncogenic miRNAs Ref.

miR-17-5p Upregulated TGFBR2 Promotes CC cell metastasis and proliferation [68]

miR-9-5p Upregulated SOCS5. Promotes angiogenesis, cell proliferation, and invasion [69]

miR-96 Upregulated CAV-1 Promotes cell proliferation, migration, and invasion [70]

miR-21 Upregulated RASA1 Promotes metastasis and enhances the invasiveness of CC cells [71]

miR-221-3p Upregulated TWIST2/THBS2 Promotes metastases of the lymph nodes in CC [72]

miR-199 b-5p Upregulated KLK10 Promotes cell proliferation,
migration, and inhibits apoptosis [73]

miR-106b Upregulated DAB2/TGF-β1 Induces migration of CC cells [74]

miR-519d Upregulated Smad7 Promotes invasiveness and migration abilities of CC cells and
prevent cell autophagy [75]

miR-378 Upregulated ATG12 Promotes metastases and inhibits apoptosis [76]

miR-20a Upregulated TIMP2
and ATG7

Increases histopathological grade, tumor size, and
distant metastases [77]

miR-106a Upregulated TIMP2 Promotes the cell migration and invasion [78]

miR-150 Upregulated PDCD4 Promotes cell invasion and migration [79]

miR-31 Upregulated BAP1 Promotes cell proliferation and modulates the EMT [80]

miR-155 Upregulated LKB1 Promotes CC cell proliferation [81]
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4.1.2. Tumor Suppressor miRNAs

Numerous miRNAs have been identified to be involved in suppressing different
malignancies involving CC, indicating that they play a critical function as tumor suppressor
miRNAs. For example, HPV-associated miR-29 acts as a tumor suppressor in CC [82].
miR-520d-5p is downregulated in CC and target PTK2 and promotes apoptosis and inhibits
CC cell proliferation, migration, and invasion [83]. miR-203 is also downregulated in CC
and targets VEGF, which leads to suppressed CC cell proliferation, tumor development,
and angiogenesis [84].

Moreover, several studies have demonstrated that circRNA also plays a crucial role
in the development and progression of cancer [5,85]. The majority of circRNAs are found
in the cytoplasm and typically function as competitive endogenous RNAs (ceRNAs) by
sponging miRNAs and enhancing downstream gene expression [86,87]. In a recent study,
Ma et al. discovered that circRNA-000284 are upregulated in CC tissues and promotes
cell proliferation and invasion in CC cells. Further, the knockdown of circRNA-000284
suppresses the proliferation and migration of CC cells by sponging miR-506 and down-
regulates the expression of Snail-2 [88]. Circ 0087429, which is controlled by EIF4A3, may
reverse EMT and inhibit CC development through the miR-5003-3p/OGN axis and it is
predicted to become a potential target for CC therapy [89]. Recently, Chen et al. found
that miR-138 inhibits CC tumor growth by specifically targeting EZH2, showing that DNA
methylation at the miR-138 promoter contributes to its downregulation. This study sug-
gests that miR-138 might be used to predict CC metastasis and/or used as a therapeutic
target [90]. CircLMO1 overexpression inhibited the growth and metastasis of CC cells both
in vitro and in vivo whereas its knockdown increased the proliferation and invasion of CC
cells. Mechanistically, CircLMO1 functioned as a competitive endogenous RNA (ceRNA)
by sponging miR-4192 to inhibit target gene ACSL4, suggesting that it might be a promising
biomarker for the clinical management of CC [91]. In depth research suggests that several
miRNAs play a prominent role in CC suppression, many of which are listed in Table 2.

Table 2. Summary of selected tumor suppressor miRNAs with their functional effect in CC.

MiR-RNA Expression Pattern
of miRNAs

Target
Gene/Pathway

/Molecule
Biological Function of Tumor Suppressor miRNAs Ref.

miR-520d-5p Downregulated PTK2 Promotes apoptosis and inhibits CC cell proliferation,
invasion, and migration [83]

miR-125 Downregulated VEGF and
PI3K/AKT Inhibits CC cell growth and tumor progression [92]

miR-23b Downregulated AKT/mTOR Inhibits CC cell multiplication invasion and
migration abilities [93]

miR-29a Downregulated DNMT1-
SOCS1/NF-κB

Inhibits proliferation, migration, and invasion and promotes
CC cell apoptosis [94]

miR-543 Downregulated
P13K/AKT,
p38/MAPK
and TRPM7

Inhibits cell proliferation, migration, and invasion; induces
cell cycle arrest and boost apoptosis [95]

miR-497 Downregulated IGF-1R Inhibits cell proliferation and arrest cells at S phase of
cell cycle [96]

miR-218 Downregulated Survivin (BIRC5) Inhibits clonogenicity, invasion, and migration [97]

miR-200b Downregulated Rho-E Inhibits migration potential of CC cells and therefore their
ability to metastasize [98]

miR-124 Downregulated AmotL1 Inhibits angiogenesis, migration, and invasion [99]

50



Genes 2022, 13, 1254

Table 2. Cont.

MiR-RNA Expression Pattern
of miRNAs

Target
Gene/Pathway

/Molecule
Biological Function of Tumor Suppressor miRNAs Ref.

miR-214 Downregulated EZH2 Inhibits proliferation of CC cells [100]

miR-203 Downregulated VEGFA Inhibits cell proliferation, tumor development,
and angiogenesis [84]

miR-143 Downregulated Bcl-2 Inhibits cell proliferation and promoted apoptosis [101]

miR-101-5p Downregulated CXCL6 Inhibits colony formation, invasion, and migration [102]

miR-132 Downregulated SMAD2 Inhibits lymph node metastasis [103]

miR-129-5p Upregulation ZIC2 Inhibits tumorigenesis and angiogenesis [104]

miR-138-5p Downregulated SIRT1 Inhibits the tumorigenesis and metastasis [105]

miR-142-3p Downregulated CDC25C Inhibits cell proliferation [106]

miR-148b Downregulated CASP3 Inhibits cell proliferation and promoted apoptosis [107]

miR-182 Downregulated DBMT3a Induces apoptosis and inhibits cell proliferation [108]

miR-195 Downregulated Smad3 Inhibits cell proliferation, migration, and invasion [109]

miR-196b Downregulated VEGF Inhibits angiogenesis [110]

4.2. Dysregulated lncRNAs in CC Onset/Progression

LncRNAs possess the potential to bind proteins, mRNAs and miRNAs, and they
are found to be engaged in a wide range of biological events as well as cancer formation.
Numerous lncRNAs such as HOTAIR, MALAT-1, H19, CCAT2, GAS5, SPRY4-IT1 LET,
CCHE1, MEG3, EBIC, and PVT1 are known to perform important roles in cervical tumori-
genesis, growth, development, migration, metastases, dissemination, invasion, as well as
radio-resistance [111]. NORAD, a long non-coding RNA, could be a key regulator in tumor
progression. Huo et al. show that NORAD expression was observed to be significantly
upregulated in CC tissues and cell lineages and promotes the development and dissemina-
tion of CC by sponging miR-590-3p and targeting SIP1. Aberrant expression of NORAD
is attributed to advanced FIGO stage, vascularization lymph node metastases, and poor
overall survivability of CC patients. On the other hand, silencing of its expression lowered
CC cell division, incursions, and EMT processes [112].

Another lncRNA, CCHE1, was also found to be deregulated in CC and its aberrant
expression was linked to a poor prognosis in CC patients, indicating that CCHE1 could be
used as a prognostic biomarker [113]. Similarly, lncRNA CCAT2 prominently contributes
to CC and it was reported that the knocking down of CCAT2 impeded cervical tumor cell
proliferation and caused CC cells to enter the G1 phase of their cycle and stimulated them
to undergo autophagy [114]. Taken together, lncRNAs perform various functions and aid
in the diagnosis, treatment, and prognosis of CC. However, further studies are required to
provide a better understanding.

4.2.1. Oncogenic lncRNAs

Evidence from prior findings reveals that the dysregulation of lncRNA influences the
growth and development of CC cells and tissues. Several lncRNAs have been involved in
the cancer progression such as HOX transcript antisense intergenic RNA (HOTAIR), H19,
and X-inactive specific transcript (XIST), plasmacytoma variant translocation 1 (PVT1),
cervical carcinoma high-expressed 1 (CCHE1), and metastasis-associated lung cancer
adenocarcinoma transcript 1 (MALAT-1) (Table 3). MALAT-1 has been demonstrated to
produce epigenetic modifications and affect gene expression, nuclear organization, and
alternative splicing regulation by functioning as a splicing factor decoy [115]. MALAT-1 is
expressed exclusively in cervical carcinoma cell lineages and tumor tissues contaminated
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with HR-HPV [116]. It functions by sponging numerous miRNAs, such as miR-145, and
thus encourages the development and progression of cervical carcinoma through the
induction of EMT [116].

Table 3. Summary of selected oncogenic LncRNAs with their functional effects in CC.

LncRNA Expression
Pattern lncRNA

Target Gene
/Pathways/Molecules Biological Function of Oncogenic lncRNA Ref.

HOTAIR Upregulated BCL2, miR-143-3p Promotes CC cell growth [117]

LINC01535 Upregulated miR-214/EZH2 feedback loop Promotes progression and metastasis of CC [118]

CDKN2B-AS1 Upregulated miR-181a-5p/TGFβI axis Promotes tumor cell growth and
inhibits apoptosis [119]

CASC11 Upregulated Wnt/β-catenin Promotes cell proliferation [120]

LINC00675 Upregulated Wnt/β-catenin Promotes cancer cell growth, invasiveness,
migration, and repressed cell apoptosis [121]

MALAT-1 Upregulated HPV16 E6/E7 Promotes cell proliferation, migration, and
invasion and modulates EMT expression [122]

ANRIL Upregulated
Cyclin D1, CDK4, CDK6,

E-cadherin, vimentin,
and N-cadherin.

Promotes cell proliferation, migration, and
invasion and inhibits apoptosis [123]

BLACAT1 Upregulated Cyclin B1, and CDC25C,
N-Cadherin, E-Cadherin Enhances CC cell proliferation and invasion [124]

PVT1 Upregulated Smad3, miR-140-5p sponging Promotes cell proliferation and metastasis [125]

HOXD-AS1 Upregulated Ras/ERK, Enhances cell proliferation, migration,
and invasion [126]

DLX6-AS1 Upregulated miR-16-5p/ARPP19 axis Increases cell proliferation and invasion [127]

CRNDE Upregulated PI3K/AKT Promotes cell proliferation and
inhibits apoptosis [128]

CCAT2 Upregulated Cell cycle Promotes cell multiplication and penetration [114]

EBIC Upregulated EZH2, E-cadherin Promotes metastasis and invasion [129]

RSU1P2 Upregulated IGF1R, N-myc, let-7a, EphA4 Promotes tumor development [130]

SPRY4-IT1 Upregulated miR-101-3p, ZEB1 Promotes cell proliferation, migration, and
invasion and modulates EMT expression [131]

NEAT1 Upregulated miR-377/FGFR1 axis Increases CC cell survival and motility and
inhibits apoptosis [132]

FAM83H-AS1 Upregulated E6-p300 pathway Promotes cell proliferation and migration and
inhibits apoptosis [133]

C5orf66-AS1 Upregulated miR-637/RING1 axis Promotes progression and proliferation
of CC cells [134]

4.2.2. Tumor Suppressor lncRNAs

In CC, a few lncRNAs act as tumor suppressors (Table 4). Maternally expressed Gene
3 (MEG3) is a well-recognized suppressive lncRNA that increases apoptosis and suppresses
the multiplication of CC cells through specifically linking with p-STAT3 and consequently
causes its ubiquitination and destruction [135]. In other study, STXBP5-AS1 lncRNA is also
downregulated in CC. STXBP5-AS1 decreases the invasion and migration ability of cervical
cancer cells via miR-641/PTEN axis [136].
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Table 4. Summary of selected tumor suppressor lncRNAs with their functional effects in CC.

LncRNAs Expression Pattern Target Genes
/Pathways/Molecule

Biological Function of Tumor
Suppressor lncRNA Ref.

MEG3 Downregulated p-STAT3 Inhibits cell proliferation and increases
apoptosis [135]

GAS5 Downregulated miR-205, miR-196a Inhibits growth and metastases [137]

GAS5-AS1 Downregulated Increase GAS5 stability by
epigenetic modulation Suppresses growth and metastasis [138]

STXBP5-AS1 Downregulated miR-96-5p/PTEN axis Inhibits cell proliferation and invasiveness of
CC cells [136]

TUSC8 Downregulated miR-641/PTEN axis Inhibits migration and invasion [139]

XLOC_010588 Downregulated c-Myc Inhibits proliferation [140]

LINC00861 Downregulated PTEN/AKT/mTOR
miR-513b-5p Inhibit the progression of CC cells [141]

ZNF667-AS1 Downregulated
Sponge miR-93-3p

and
upregulate PEG3

Inhibits cell proliferation, invasion,
and metastasis [142]

RP11-284F21.9 Downregulated PPWD1, miR-769-3p Inhibits cell proliferation, migration,
and invasion [143]

Lnc-CCDST Downregulated DHX9-MDM2 Inhibits angiogenesis and invasion [144]

DGCR5 Downregulated WNT signaling Suppresses migration and invasion [145]

5. Role of ncRNAs (miRNAs and lncRNAs) in the Tumor Microenvironment (TME) of
CC Onset/Progression

TME is a complex and dynamic network composed of tumor cells and their surround-
ings, which includes tumor-linked immune cells, vascular endothelial cells, fibroblasts,
pericytes, adipocytes, extracellular matrix (ECM), cytokines, and chemokines [146]. The
ECM and various types of stromal cells comprise the TME. Crosstalk between tumor cells
and their TME is a crucial event in tumor progression and metastasis [147]. The emerging
data suggest that ncRNAs (miRNA and lncRNA) play a significant role in modulating
TME as well as tumor progression [148]. However, more research is needed for a better
understanding of the physiological and pathological functioning of ncRNAs in the TME.

Matrix metalloproteinases (MMPs) are extracellular proteinases that have an impact
on primary tumor invasion and metastasis. Clinical studies in CC indicated that miR-183
decreases CC cell proliferation and metastasis by inhibiting MMP-9 [149]. Similarly, activa-
tion of angiogenesis is required for solid tumor development and metastasis in TME [150].
In CC cells, miR-124 has been shown to target the angiomotin-like protein AmotL1 and
subsequently decrease clonogenicity and cellular proliferation [99]. Additionally, cervical
squamous cancer cells release exosomal miR-221-3p, which has been demonstrated to
facilitate angiogenesis via targeting Thrombospondin-2 [151].

Similarly, lncRNAs have been demonstrated to facilitate crosstalk between tumor
cells and stromal cells, and the deregulation of their expression in these cells might result
in carcinogenesis [152]. The lncRNA MALAT-1 (metastasis-associated lung adenocar-
cinoma transcript 1), for example, is substantially expressed in patients suffering from
non-small-cell lung cancer (NSCLC), and that of exosomal MALAT-1 is linked to the tumor,
node, and metastasis (TNM) stage [153]. The lncRNA can also help tumor cells evade
immune recognition by promoting the formation of an immunosuppressive microenvi-
ronment [154]. Collectively, tumor onset, progression, dissemination, metastasis, and
other malignant biological characteristics can all be influenced by information exchange
in the TME [155]. Clinically, ncRNA-mediated modulation of the TME and crosstalk be-
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tween cancer and immune cells has emerged as a promising and appealing diagnostic
and therapeutic.

6. Role of ncRNAs (miRNAs and lncRNAs) in the Tumor Immunology
of Onset/Progression

The immune system is well acknowledged for its participation in cancer onset and
development, and it can have both pro-carcinogenic and anti-carcinogenic effects con-
tingent on the microenvironment [156]. The adaptive immune system provides highly
specialized procedures that eliminate pathogens, while the innate immune system is the
initial line of defense against foreign pathogens [157]. Importantly, the immune system
can kill cancer cells in addition to defending against foreign invaders. In recent decades,
researchers and physicians have focused on effectively activating the immune system to
better combat cancer, and this treatment is referred to as “immunotherapy”. Due to its
exceptional and long-lasting efficacy, immunotherapy has been designated as the fourth
treatment cornerstone of cancer therapy [158]. However, only a small proportion of patients
benefited from immunotherapy. The data suggest that ncRNAs are active participants
in several stages of tumor immunity. NcRNAs, which include miRNAs, lncRNAs, and
circRNAs, influence a wide range of cellular activities in the development and progression
of cancer [159].

A better understanding of the function of ncRNA in the control of cancer immunity
will lead to the development of novel treatment targets. Therefore, extensive research
is needed to understand the function of ncRNAs in cancer immunity and obtain new
insights into cancer diagnostics and immunotherapeutic therapy. Effector cells, such as
macrophages, natural killer (NK) cells, and neutrophils, are crucial components of the
innate immune response [157]. NcRNAs play a crucial role in the regulation of these
effector cells. For example, enforced expression of miR-511-3p, has been shown to suppress
tumor formation by downregulating the protumoral gene profile of mannose receptor-1
(MRC1)+ tumor-associated macrophages (TAMs) [160]. Several research studies have been
undertaken to determine the role of ncRNAs in macrophage polarization since it is a critical
component of many disease states, including cancer [158]. TCONS_00019715, an lncRNAs,
play a key role in driving macrophage polarization to the M1 phenotype, which improves
tumoricidal capabilities [159]. In addition, miRNA-19a-3p, miR-33, and lncRNA-MM2P
impact M2 macrophage polarization [161]. MiR-21 regulates colony-stimulating factor 1
receptor (CSF-1R) for macrophage repolarization [162], whereas a double feedback loop
regulated by miRNA-23a/27a/24-2 effectively regulates macrophage polarization and reg-
ulates cancer progression [163]. Surprisingly, the roles of macrophages in tumors must be
contextualized within the unique microenvironment since macrophages exhibit intensities
of cytokines, hence serving as either anti-carcinogenic or pro-carcinogenic [164]. NK cells
have anti-cancerous properties, and it was shown that ncRNAs play a significant role in NK
cell biology in the domains of growth, inflammation, and tumor monitoring [165]. He et al.
revealed that the presence of various miRNAs in circulation, such as miR-122, miR-21,
miR-15b, and miR-155, can stimulate NK cells via Toll-like receptor signaling and inhibit
tumor formation [166]. Evidence suggests that ncRNAs play a critical role in adaptive
immunity and influence tumor development and dissemination. For example, miRNA
let-7a expression in colorectal cancer tissue may be negatively correlated to T-cell density
and positively associated with colorectal cancer cell death [167]. Hui et al. recently identi-
fied and validated six immune-related lncRNAs (AC006126.4, EGFR-AS1, RP4-647J21.1,
LINC00925, EMX2OS, and BZRAP1-AS1) of CC and revealed an immune-related risk model
for predicting clinical outcomes, indicated the intensity of immune cell infiltration in the
TIME, and predicted potential compounds in the immunotherapy treatment for CC [168].
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7. Role of ncRNAs (miRNAs and lncRNAs) in Cancer Stem Cells (CSCs) of CC

Despite HPV infection being the most common cause of CC, CSCs also play an
important role in the disease’s development, metastasis, recurrence, and prognosis [169].
CSCs play a significant role in the recurrence and metastasis of patients with cervical
carcinoma [170,171]. Several recent studies have reported that the stemness properties are
partly regulated by the interaction of ncRNAs in CC stem cells.

In recent research, Xia et al. found that AFAP1-AS1 suppresses cancer stemness, cell
cycle progression, and EMT in CD44v6 (+) CC cells, and that the miR-27b-3p/VEGF-C axis
is a direct target of AFAP1-AS1, allowing AFAP1-AS1 to modulate stemness characteristics
in CC cells [172].

Another study suggests that urothelial carcinoma-associated 1 (UCA1) is a lncRNA
with aberrant expression in a number of malignant tumors [173]. There has been less
research on the involvement of UCA1 from CC cell-derived exosomes in CC develop-
ment. UCA1 overexpression reduces the cytoplasmic levels of free miR-122-5p, reducing
miR-122-5ps ability to regulate its target mRNAs [174]. Another study also supports that
CaSki- exosomes can influence CC stem cell self-renewal and differentiation, but silenc-
ing UCA1 or increased expression of miR-122-5p inhibits CC stem cell self-renewal and
differentiation [175].

Transcription factor 4 (TCF-4) is a transcription factor that interacts with β-catenin
to activate target gene transcription in response to Wnt activation signaling [176]. The
uncontrolled activation of the smoothened (Smo) signal transducer of the oncogenic Hedge-
hog (Hh) pathway in chronic myeloid leukemia has been linked to the downregulation of
miR-326. Restoring miR-326 expression may also aid in the elimination of CD34 + CML
stem/progenitor cells [177]. In patients receiving CSC-targeted treatment, CD133 might be
used as a specific CC stem cell marker [170]. Zhang et al. reveal that the overexpression of
miR-326 significantly decreased TCF-4 protein expression. Furthermore, miR-326 inhibited
CaSki cell growth and CSC-like properties in vitro by targeting TCF-4 [178].

Human bone marrow mesenchymal stem cell (hBMSCs)-derived extracellular vesicle
(EVs)-loaded miR-144-3p altered the biology of recipient CC cells by curbing cell prolif-
eration, migration, invasion, and clonogenicity while inducing apoptosis, all of which
lead to a decreased propensity in the development and progression of CC [179]. Another
study reported that miR-135a triggered the development of a CD133+ subpopulation in
an HPV-immortalized cervical epithelial cell line. In both in vitro and in vivo studies,
miR-135a induced the formation of a subpopulation of cells with CSC characteristics, and
the Wnt/β-catenin signaling pathway is required to maintain its tumorigenicity [180].
Dong et al. show that miR-146a downregulation promotes tumorigenesis in CC stem cells
via the VEGF/CDC42/PAK1 signaling pathway [181].

CC is often related to HPV infection and the HPV 16 E5 gene has been shown to
promote EGFR expression by blocking the degradation of internalized EGFR [13], and
HPV 16 E6/E7 has also been demonstrated to increase EGFR levels [182]. The study
reports on the link between let-7i-5p, miR-181a-2-3p, and the EGF/PI3K/SOX2 axis, which
is essential for the survival of CSCs in CC, Let-7i-5p, miR-181a-2-3p, or SOX2, could be
possible treatment targets for cervical CSCs, if more research is carried out on CC tissue
samples and in vivo [183].

Several cancers express the homeobox A11 antisense lncRNA (HOXA11-AS), which
is near the HOXA11 gene, supporting the concept that it promotes CC progression [184].
NcRNAs dominate homeobox gene cluster intergenic transcripts, which comprise short
miRNA and lncRNAs that are antisense to their conventional HOX neighbors. HOX tran-
scription factors promote embryonic development in both humans and mice [185]. In vitro,
HOXA11-AS overexpression increased cell proliferation, migration, and tumor invasion,
whereas HOXA11-AS knockdown decreased these biologic aggressive characteristics [186].
HOTAIR functions as an oncogenic lncRNA and plays a critical role in regulating stemness
properties in various cancers, including CC [187,188]. HOTAIR is significantly elevated in
association with the enrichment of CC stem cells, and its knockdown dramatically reduces
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the expression of stemness markers. The level of HOTAIR was found to be linked to the
expression of miR-203, which helps EMT and is controlled by ZEB1 [189].

8. Therapeutic Approaches for Targeting ncRNAs in CC

The use of ncRNAs as a therapeutic target for CC might be very effective. Antisense
oligonucleotides (ASOs), the CRISPR–Cas9 system, exosomes, and other methods are
currently being used to exploit the therapeutic value of lncRNAs.

ASOs are single-stranded antisense oligonucleotides having a central DNA stretch
(>6mers) which can be native or phosphorothioated (chemically modified), and RNA nu-
cleotides at flanking sections of the molecule [190]. Several diseases have been successfully
treated with ASOs, which are often employed to change mRNA expression [191,192]. They
may be used to inhibit cancerous ncRNAs that are overexpressed in cancer cells. A recent
study has shown that LncRNA MALAT-1-specific ASOs suppress cancer cell metastasis
in vitro and in vivo [193]. CC therapy based on ASOs needs further investigation at this
point. As antisense oligonucleotide technology continues to evolve, research into the
clinical use of ASO as a therapy for CC is likely to move quickly.

Therapeutic targeting of coding and non-coding genes is now possible using the
CRISPR–Cas9 system [194,195]. There are many ways to employ this system: genome
editing using active CRISPR–Cas9 or Cas12a (Cpf1), interfering with gene activity or
activation using catalytically dead (d)Cas9 linked to an activating or repressive effector
domain, or RNA editing using the Cas13 variant [196–198]. Ex vivo CRISPR–Cas9 genome
editing clinical studies are now underway. Several lncRNAs have been shown to either
promote (SAF, MALAT-1, HEAL) or inhibit (GAS5, 7 SK, NRON, TAR-gag, lincRNA-p21,
NEAT1). [199]. Viral proteins can also modify the biological activities of lncRNAs through
direct or indirect binding, hence altering their protein and/or nucleic acid interactomes. For
instance, HPV16 E7 has been shown to communicate with HOTAIR, potentially impairing
its ability to suppress polycomb-regulated genes [200]. The lncRNA urothelial carcinoma-
associated 1 (UCA1) was recently shown to be critical in human heme biosynthesis and
erythrocyte development of CD34 + HSCs. In this study, Liu et al. identified that lncRNA
UCA1 serves as a scaffold for recruiting PTBP1 to ALAS2 mRNA and stabilizing it through
PTBP1 [201]. This demonstrates that lncRNAs may increase the number of therapeutic
CRISPR–Cas9 ex vivo editing targets [201]. Delivery concerns, particularly with the big
Cas proteins, must be resolved before the CRISPR–Cas9 system can be used in vivo, and
immunological responses must be carefully examined. In spite of its numerous benefits,
the CRISPR–Cas9 system may have detrimental impacts owing to off-target effects that
cannot be ignored and might have major implications [202]. The CRISPR–Cas9 technology
has several constraints that need to be solved in order to enhance its therapeutic use.

In addition, exosomes are nanovesicles that facilitate communication between cells.
Exosomes are important in the development and progression of cancer [203]. Exosomes
include functional components such as proteins, lipids, mRNA molecules, and ncRNAs
which act as carriers of extracellular information [204]. With the advancement of scientific
technology, we expect that exosomes encapsulating lncRNAs or specialized drugs targeting
lncRNAs will be developed for cancer-targeted treatment.

9. Approaches for Systemic Delivery of Therapeutics ncRNAs in CC

Ensuring ncRNA therapeutics reach their intended target organ and cell type, as well
as cross cell membranes to accomplish their intracellular activities, is one of the major
hurdles in the field. Oligonucleotide delivery is limited by its instability, negative charge,
and hydrophilic nature, which hinders diffusion across cell membranes [205]. Lipid and
polymer-based vectors, as well as ligand–oligonucleotide conjugate delivery systems, are all
being employed as delivery methods. Endosomal escape of the RNA therapy must be made
easier to avoid lysosomal degradation because of the variety of endocytosis mechanisms
used to pick up these delivery systems.
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Lipid nanoparticles (LNPs) are readily manipulated, may be linked to targeting
moieties, and have great biodegradability and biocompatibility with low immunogenic-
ity. The elevated lncRNA ceruloplasmin (NRCP) was suppressed in an ovarian cancer
mouse model utilizing a phosphocholine-derived 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) nanoliposome carrying siRNA. There was a significant decrease in tumor develop-
ment and greater sensitivity to cisplatin [206].

Polymer-based carriers differ from lipid-based ones in that they are more versatile in
terms of size, molecular composition, and structure. Several polymers, including polyethy-
lene imine (PEI), polylactic-co-glycolic acid (PLGA), poly-amidoamine (PAMAM), and
chitosan, have been extensively investigated for the delivery of miRNA mimics or antimiRs,
alone or in combination with chemotherapies for improved therapeutics. Several miRNAs
such as miR-150, miR-221/miR-222, miR-21, miR-34a, miR-145, and miR-33a have all been
delivered systemically or locally through polymers [207–211].

LOcal Drug EluteR (LODERTM) is a new biodegradable polymeric matrix that protects
drugs from enzymatic degradation and releases siRNA against G12D-mutated KRAS
(siG12D), and a phase 1/2a clinical study of siG12D-LODER was recently completed [212].
Combinatorial therapies can potentially benefit from the development of nanoparticles
(NPs) that can deliver multiple therapies at once, and a lot of progress has been made in
this area [213].

The oligonucleotide conjugation of diverse entities is being further investigated for
their delivery. Ligand conjugation is a frequent clinical strategy for RNA therapeu-
tic delivery to cancer, allowing selective administration through a receptor-mediated
mechanism [214]. A recent study showed that the inhibition of the ubiquitin-conjugating en-
zyme E2 N by miRNA-590-3p reduced the cell growth of CC [215]. Furthermore, in an A549
xenograft model, T7-conjugated Co-ASOs-LNPs (Co-ASOs-LNPs) displayed improved
anticancer efficacy, prolonged overall survival time, and tumor targeting activity [216].
Another promising preclinical strategy is conjugation of oligonucleotides to antibod-
ies gates. In this technique, oligonucleotide or drug may be conjugated to antibod-
ies through electrostatic interactions, affinity conjugation using biotin or avidin, direct
conjugation, or double-strand hybridization [217,218]. Several alternative approaches,
such as using an azide-functionalized linker peptide on the antibody and conjugation to
dibenzylcyclooctyne-bearing RNAs or antibodies with a reactive lysine residue paired with
β-lactam linker-functionalized RNAs, have also been investigated [219,220].

Numerous advances have been achieved in this sector, which is especially relevant for
combinatorial therapies, such as the development of NPs.

By optimizing the targeted delivery of medicines specifically to tumor regions cou-
pled with enhanced efficiency, nanomedicine offers the potential to overcome the limits
of traditional therapeutic techniques [221]. The application of NPs as a ncRNA-targeted
treatment coupled with immunotherapy seems feasible. However, only a few studies have
been carried out to evaluate the use of this delivery system and it will take a while to
implement this clinically. Shao et al. successfully developed floral-shaped SiO–PEI NPs
which have maximum loads of pDNA/siRNA. These NPs containing a plasmid-expressing
miR-let-7c-5p were effective in transferring miR-let-7c-5p to human epithelial cancerous
HeLa cells. Furthermore, under relatively low cytotoxic situations, the collaboration of
nanotechnology with gene therapy may prevent the onset and progression of cancer. Find-
ings from this study have provided a new anticancer strategy [222]. Similarly, Wang and
Liang synthesized a conjugate containing CD59, miRNA-1284, and cisplatin (CDDP), which
was subsequently loaded into liposomes (CD/LP-miCDDP). This co-delivery strategy had
greater anticancer effects in CC cells, and the apoptosis rate was significantly increased
compared to miR-1284 or cisplatin or alone [223]. Similarly, in other cancers, nanomedicines
have given good outcomes. For example, to treat lung cancer, Gong et al. efficiently synthe-
sized MALAT-1-targetted ASOs and nucleo-targeted Tat peptide integrated with Au NPs
(i.e., ASO-Au-Tat NPS), which might stabilize friable ASOs, improve nuclear uptake, and
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exhibit excellent biocompatibility. MALAT-1 expression in A549 lung cancerous cells was
dramatically reduced after treatment with ASO-Au-Tat NPs [193].

10. Concluding Remarks

Although CC is a curable disease with proven interventions, it remains the most
frequently occurring cancer in women globally. Individuals with advanced or metastatic
CC have a very poor prognosis and available treatment options are also limited. As a
result, it is critical to gain insight into the mechanisms of metastasis and identify new
therapeutic targets. The incredible and sophisticated underlying molecular mechanisms
that orchestrate life’s fundamental concepts are now known to be controlled by a world of
highly complex non-coding RNA. The effective implementation of RNA-based therapeutics
necessitates a novel multidisciplinary strategy that includes technological advances in
molecular biology, immunology, pharmacology, chemistry, and nanotechnology. Consider-
ing their active participation in various pathways of cervical tumorigenesis, research on
ncRNAs has emerged as a focal point for expanding our knowledge of cancer biology and
offering additional research opportunities. An ideal RNA therapeutic should be rigorously
assessed for immunogenicity, chemically altered to improve pharmacokinetics and pharma-
codynamics, analyzed for biodistribution and potential intracellular escape mechanisms,
target specificity and interactions, and be dosed at optimum concentrations to yield desired
outcomes. Repeated attempts to divulge the functions of all types of ncRNAs in tumor
immunity will lay the foundation for an even better understanding, control, and cancer
therapy, as well as make immunotherapy more coherent with an individual’s biological
properties. Additionally, modifying the tumor microenvironment can provides striking
results in the prevention and pathological management of CC, as evidenced by the current
report of clinical trials in oncology. Successfully prepared nanomedicines bring a massive
shift and ongoing clinical research in oncology demonstrates that nanoscience will shortly
provide unique therapeutic approaches for thousands of CC patients globally.
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Abstract: microRNAs are endogenous non-coding miRNAs, 19–25 nucleotides in length, that can
be detected in the extracellular environment in stable forms, named circulating miRNAs (CIR-
miRNAs). Since the first discovery of CIR-miRNAs, a large number of studies have demonstrated
that the abnormal changes in its expression could be used to significantly distinguish nasopharyngeal
carcinoma (NPC) from healthy cells. We herein reviewed and highlighted recent advances in the
study of CIR-miRNAs in NPC, which pointed out the main components serving as promising and
effective biomarkers for NPC diagnosis and prognosis. Furthermore, brief descriptions of its origin
and unique characteristics are provided.

Keywords: circulating microRNAs; extracellular miRNA; nasopharyngeal carcinoma; miRNA-based
diagnosis

1. Introduction

Nasopharyngeal carcinoma (NPC), a malignant tumor that arises from the nasophar-
ynx epithelium, is a highly curable disease if detected and diagnosed early. The absence of
obvious symptoms in the early stages of NPC has made early diagnosis impossible; there-
fore, many patients are diagnosed at an advanced stage, leading to decreased survival [1,2].
That is why early diagnosis and screening play significant roles in increasing the success
rate of NPC treatment as well as patient survival before it has progressed to an untreatable,
ultimately fatal stage.

Biomarkers (biological markers) have gradually been recognized as measurable in-
dicators in the diagnosis and prognosis of human diseases, including NPC [3]. To date,
the main clinical practice, screening for NPC, is to detect the presence of Epstein–Barr
virus (EBV), one of the etiological factors, via the detection of EBV DNA, EBV-VCA-IgA,
EBNA1-IgA, and Rta-IgG [4–6]. The detection rate of NPC varies from 20–100%, leading to
the varied efficacy of serology marker examination [7]. Oncoproteins, including EBV latent
proteins (LMP-1, LMP-2A, and LMP-2B), and Epstein–Barr virus nuclear antigens (EBNA-1,
-2, -3A, -3B, -3C, and –LP) encoded by EBV are also used to implicate the progression of na-
sopharyngeal tumorigenesis [8–12]. Notably, EBV is widespread in healthy people globally,
infecting more than 90% of people [13,14]. The infection of EBV has also been reported in
many different pathogeneses of human diseases, such as Burkitt’s lymphoma, Hodgkin’s
disease, non-Hodgkin’s lymphoma, breast cancer, gastric cancer, and so on [6,12,15]. This
is due mainly to the unsuitability for early diagnosis and screening of NPC based on EBV
detection. Therefore, it is urgent that we identify novel and potentially reliable biomarkers
that aim towards early clinical diagnosis as well as screening of NPC.

Apart from oncoproteins encoded by EBV, several proteins involved in the regulation
of many tumorigenesis processes, including assisting tumor growth and survival, as well
as tumor cell immigration and invasion, have been proven to be secreted into the tumor
environment [11,16]. Many secreted proteins were reported to be substantially expressed in
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NPC cells compared to healthy ones, including heat shock protein 70 (Hsp70), plasminogen
activator inhibitor 1 (PAI-1), fibronectin, MAC-2-binding protein (MAC-2 BP), and so
on [11,16–20]. Despite the fact that several studies have identified these secreted proteins
as possible biomarkers for NPC diagnosis and prognosis, there are still a number of issues
that need to be addressed before these proteomic biomarkers may be used in clinical
diagnosis and prognosis. Primarily, the concentrations of expressed proteins are dynamic,
fluctuating dramatically at times with regard to stress, illness, and/or treatment. Secondly,
quantitative discoveries of proteins require advanced high-throughput technologies, which,
therefore, lead to many difficulties associated with sample isolation [11,21–23]. Finally,
similar to oncoproteins encoded by EBV, there is a lack of further clinical investigations
and validations.

Many efforts are now being undertaken to determine prospective biomarkers for
the early diagnosis and screening of NPC that are based on the detection of microRNAs
(miRNAs), etiological factors of tumorigenesis [2,24]. It is becoming increasingly evident
that the aberrant expression of miRNAs, which function as oncogenic miRNAs, known
as “oncomirs”, and tumor suppressor miRNAs, resulting in numerous cancer-associated
phenomena, such as anti-apoptosis, proliferation, migration, metastasis, and so on, are
responsible for numerous human pathogeneses, including nasopharyngeal tumorigen-
esis [12,14,24–27]. Thus far, many researchers have studied to identify the signature of
miRNA expression in nasopharyngeal tumorigenesis [27–30]. The study of Zhu et al.,
which pointed out that miR-106a-5p is markedly up-regulated in NPC specimens, using
methods of quantitative real-time PCR, miRNA microarray, and TCGA database analysis
findings, is case in point [28]. In their report, they claimed that overexpression of miR-
106a-5p was linked to advanced stages, recurrence, and poor clinical outcomes in NPC
patients. Furthermore, through its target gene, BTG3 (BTG anti-proliferation factor 3), and
activation of autophagy-regulating MAPK signaling, its overexpression inhibits autophagy
and promotes the malignant phenotype of nasopharyngeal cancer cells [28]. Their ob-
servations may lead to novel insights into the nasopharyngeal carcinoma pathogenesis.
Recently, miRNAs existing in body fluids, such as plasma, serum, saliva, and so on, also
known as circulating miRNA (CIR-miRNAs) or extracellular miRNA (EC-miRNA), have
attracted interest in the investigation of biomarkers for NPC [14,27,31,32]. The discovery of
CIR-miRNAs was unanticipated, thus, understanding their significant characteristics and
clinical usefulness in cancer diagnosis and screening is urgent. In this article, we focus on
summarizing the unique characteristics and usefulness of CIR-miRNAs in NPC diagnosis,
screening, and therapy.

2. Brief Introduction of miRNAs and Their Regulation

Since the first miRNA, namely lin-4, in Caenorhabditis elegans, was discovered by
Victor Ambros and colleagues, the expression patterns of miRNAs have been reported as
having fundamental roles in cancer initiation development and progression [14,24–28,30,33].
miRNAs are a family of small non-coding miRNAs, 19–25 nucleotides in length, which play
multiple significant roles in a variety of biological processes, including cell proliferation,
differentiation, metabolism, stress response, as well as apoptosis, via the regulation of
its target genes [24–27]. The majority of post-transcriptional regulation of miRNA target
genes is accomplished through the binding of miRNAs to their target sequences at the
3′-untranslated region (3′-UTR), eventually resulting in the degradation and/or repression
of mRNA [24–26,34] (Figure 1). Additionally, miRNAs attach with other regions of target
genes, including 5′-UTR, as well as promoter and coding regions [24,35]. According to
Lewis et al. (2005), more than a third of human genes appear to have been selectively
pressured to keep their miRNA seed pairing [36]. The expression of mRNA is down-
regulated as a result of the pairing between miRNA and mRNA. This interaction is formed
by the binding between a “seed” region located at the 5′ UTR of miRNAs and 3′ UTR of
target mRNA conforming to the Watson–Crick rule [24,36]. Four types of sites, including
6 mer-site, 7 mer-A1 site, 7 mer-A8 site, and 8 mer-site, have been identified [24,36,37]. Due
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to its broad range of target genes, current research has provided much evidence proving
that individual miRNA serves as the mediator of biological gene networks related to many
biological functions by acting at the post-transcriptional level. According to the data of
miRbase (https://www.mirbase.org/, accessed on 30 April 2022 there are more than 4.700
known human miRNAs (within the prefix hsa-) that have been identified.
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The cellular biogenesis of miRNAs involves both the canonical pathway and non-
canonical pathway [24,25,38]. Mature miRNA originates from primary miRNA (pri-
miRNA) and precursor miRNA (pre-miRNA). The structure of 5′-7 methyl-guanosine
capped and 3′ polyadenylated pri-miRNA is transcribed from the intragenic region or
intronic region by RNA-polymerase II [24,39,40]. Pri-miRNA is subsequently cleaved
into a ~60–70 nucleotide hair-spin structural pre-miRNA by Drosha and Dicer [41,42].
Pre-miRNA is exported into the cytoplasm for further processing by exportin-5 and Ras-
related nuclear protein guanosine triphosphate (RAN-GTP) [43]. In the cytoplasm, the
stem loop of pre-miRNA is removed by complex of Dicer/transactivation-responsive RNA-
binding protein (TRBP) to form a 20–22 nucleotide-long miRNA duplex, which consists
of a 5′ phosphorylated strand and 3′overhang, named the mature miRNA guide strand
(miRNA) and complementary passenger strand (miRNA*). In the final step, the duplex
of miRNA/miRNA* is loaded into an Argonaute protein (Ago protein) to generate an
RNA-induced silencing complex (RISC), whereas the other strand (passenger strand) is de-
graded [24,25,44]. This mature miRNA cooperates with RISC to regulate the expression of
target genes through the perfect binding or partial binding of the “seed” region of miRNA
to the target mRNA’s 3′UTR according to the principle of Watson–Crick complementary
base pairing, resulting in the degradation of mRNA and inhibition of translation [45].

3. Circulating miRNAs (CIR-miRNAs), Their Origin and Unique Characteristics

Tumor-associated miRNAs primarily detected in cellular environments can help to
more accurately diagnose and monitor human cancer [34,46]. Recently, a handful of CIR-
miRNAs, also known as EC-miRNA, have been detected outside of the cellular environment
(extracellular environment), including in various bodily fluids [34,47,48]. CIR-miRNAs
are not only detected in whole blood and plasma, but also in saliva, tears, urine, breast
milk, follicular fluid, semen, and so on [34,47,48]. Since the discovery of CIR-miRNAs,
these findings represent a novel approach for human cancer diagnosis and screening due
to their being less invasive or non-invasive. For example, Wen et al. identified two miRNA
signatures for the highly accurate diagnosis and differential diagnosis of patients with
NPC, which represented novel serological biomarkers and potential therapeutic targets
for NPC [27]. When studying the expression of serum miRNAs in 74 cases of patients
with nasopharyngeal carcinoma and 57 cases of non-cancerous volunteers, they found that
miR-17, miR-20a, miR-29c, and miR-223 among CIR-miRNAs were exclusively expressed
in the sera of non-cancerous samples compared with that of NPC patients. Additionally,
high sensitivity and specificity were recorded by calculating Ct differences, which have
been shown to distinguish between NPC cases and controls. Based on their results, the
four CIR-miRNAs, miR-17, miR-20a, miR-29c, and miR-223, may provide a novel strategy
for NPC diagnosis and screening [14]. The expression patterns of CIR-miRNAs from
different types of body fluids reflect the NPC status. Therefore, exploring novel strategies
for NPC invasive markers from body fluids is promising, even though challenging, for
early diagnosis and screening of NPC.
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The mechanism by which CIR-miRNAs enters the extracellular environment is not
fully understood. Until now, two major types of CIR-miRNAs, vesicle-associated and
non-vesicle-associated forms, have been identified [49]. The non-vesicle-associated type
includes CIR-miRNAs that are freely circulating, bound to specific proteins, and that are
enclosed in the extracellular environment [50] (Figure 2).
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Pre-miRNAs and mature miRNAs can be incorporated into small vesicles called exo-
somes (50–90 nm), which originate from endosomes and are then released from cells by
fusing with the plasma membrane, or they can be released by microvesicles (~1 µm) that
are released from the cell by blebbing of the plasma membrane [49–51]. Other major studies
confirmed that CIR-miRNAs also exist in the non-vesicle-associated form (microparticle-
free form). These miRNAs can be incorporated into high-density lipoproteins, or bound to
RNA-binding proteins such as Argonaute2 (Ago2), which is the central protein of miRNA-
mediated interference, and, together with GW182, was shown to be in charge of extracel-
lular miRNA protection and transport [49,51,52]. It is unclear how these miRNA–protein
complexes exit the cell. These miRNAs, exhibiting characteristics from tumor cells, can be
produced in two ways: passively, as by-products of dying cells, or actively, in a miRNA-
specific manner, via interactions with certain membrane channels or proteins [49,51].

CIR-miRNAs have several unique characteristics [53]. Unlike cellular miRNAs and
mRNAs, which are degraded in the extracellular environment in a few seconds, CIR-
miRNAs surprisingly persist for lengthy periods of time under adverse environments,
such as extreme pH and RNAse digestion [34,54]. Mitchell et al. (2008) found that human
plasma and serum contain miRNAs, which present in a remarkably stable form and are
resistant to the activities of endogenous RNAse. They also investigated the stability of
miRNAs in plasma by incubating plasma at room temperature for up to 24 h and subjecting
it to up to eight cycles of freeze–thawing [54]. In the study of Turchinovich et al. (2011), the
authors confirmed that circulating mature miRNA is extremely stable in blood plasma and
cell culture media. Additionally, CIR-miRNAs can also be maintained in the extracellular
environment for at least two months following cell lysis. miRNAs are thought to have
originated as by-products of dying cells, and remain stable in the extracellular space for
a long time due to the great stability of the Ago2/miRNA complex [55]. These findings
suggest that these CIR-miRNAs use certain protective mechanisms to avoid being attacked
by RNase in the extracellular environment. These circulating small molecules have unique
properties that make them attractive candidates for use as biomarkers in a variety of liquid
biopsies, such as saliva, cerebrospinal fluid, ascites, urine, breast milk, and sperm, for
cancer diagnosis and prognosis [30,49]. However, mechanisms by which CIR-miRNAs
exhibit exceptional stability in the RNase-rich environment of the blood and other bio-fluids
are not well understood.
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4. CIR-miRNAs as Diagnosis and Prognosis Biomarkers for NPC

Can the expression profile of CIR-miRNAs be identified as an effective biomarker for
NPC diagnosis and prognosis? Recently, independent studies have successfully proven
that CIR-miRNAs, extracted from whole blood and plasma, as well as serum, can be used
as biomarkers for the diagnosis of NPC due to their stability and predictive properties. In
the current revision, we focus on the results of recent studies that revealed the function
of CIR-miRNAs as diagnosis and prognosis biomarkers for NPC. From the expression
of many valuable CIR-miRNAs, including hsa-miR-let-7b-5p, hsa-miR-140-3p, hsa-miR-
144-3p, hsa-miR-17-5p, hsa-miR-20a-5p, hsa-miR-20b-5p, hsa-miR-205-5p, hsa-miR-22,
hsa-miR-miR-572, hsa-miR-638, hsa-miR-1234, and so on, extracted from whole blood,
plasma, and serum, it has been reported that microRNAs possess great diagnostic power in
NPC [14,27,56–58] (Table 1).

Table 1. The abnormal expression of CIR-miRNAs in NPC.

Year CIR-miRNAs candidate Description Source Reference

2020

hsa-miR-let-7b-5p, hsa-miR-140-3p,
hsa-miR-144-3p, hsa-miR-17-5p,

hsa-miR-20a-5p, hsa-miR-20b-5p,
hsa-miR-205-5p

The panel of 7 miRNA, extracted from plasma,
performed better in distinguishing NPC patients

from healthy controls, the sensitivity and specificity
being 0.74 and 0.76, respectively.

Plasma [56]

2019

hsa-miR-188-5p, hsa-miR-1908,
hsa-miR-3196, hsa-miR-3935,

hsa-miR-4284, hsa-miR-4433-5p,
hsa-miR-4665-3p, hsa-miR-513b

Theses 8 miRNA signatures diagnosed NPC with
an accuracy of 97.14%, sensitivity of 96.43%,

specificity of 100%, positive predictive value of
100%, and negative predictive value of 87.5% in a
group of 84 NPC samples and 21 healthy samples.

Whole blood [27]

2019

hsa-miR-937-5p, hsa-miR-650,
hsa-miR-3612, hsa-miR-4478,
hsa-miR-4259, hsa-miR-3714,
hsa-miR-4730, hsa-miR-1203,

hsa-miR-30b-3p, hsa-miR-1321,
hsa-miR-1202, hsa-miR-575

These CIR-miRNAs were significantly
down-regulated in saliva of NPC patients

compared to healthy controls, detected by miRNA
microarray platform with the high accuracy
(sensitivity = 100.00%, specificity = 96.00%).

Salivary [31]

2014 hsa-miR-22, hsa-miR-miR-572,
hsa-miR-638, hsa-miR-1234

Different changes were observed in the serum of
patients with NPC. The value of prognosis of the

TNM staging system was reported.
The patients of with high-risk scores had poorer
overall survival and low metastasis-free survival
than those with the patients with low-risk scores.

Serum [57]

2014 hsa-miR-548q, hsa-miR-483-5p

miR-548q and miR-483-5p highly expressed in NPC
cell lines and 31 plasma samples from NPC

patients, compared with 19 non-cancerous controls.
Combining these 2 CIR-miRNAs resulted in 67.1%

sensitivity and 68.0% specificity.

Plasma [58]

2014 hsa-miR-483-5p, hsa-miR-103,
hsa-miR-29a

Differentially expressed CIR-miRNAs were
identified as being effective biomarkers for

predicting survival in NPC patients.
Plasma [26]

2013 hsa-miR-16, miR-21, hsa-miR-24,
hsa-miR-155, hsa-and miR-378

Sensitivity and specificity reached 87.7% and 82.0%,
respectively, when combining the panel of

CIR-miRNAs, hsa-miR-16, miR-21, hsa-miR-24,
hsa-miR-155, hsa-and miR-378.

Plasma [59]

2012 hsa-miR-17, hsa-miR-20a,
hsa-miR-29c, hsa-miR-223

miRNAs were differentially expressed in the serum
of 20 NPC patients compared with that of

20 non-cancerous controls.
Using these 4 CIR-miRNAs, a diagnostic value

with sensitivity of 97.3% and specificity of
96.5% was established.

Serum [14]
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miRNA profiles extracted from whole blood in NPC patients were investigated by
Wen et al. (2019). In their study, the training group-1, containing 84 NPC samples and
21 healthy samples, and the validation group-1, consisting of 36 NPC samples and 9 healthy
samples, were established and enrolled in an NPC diagnostic model and Lasso regression
to identify miRNA profiles to diagnose NPC. The profile of eight CIR-miRNAs, including
hsa-miR-188-5p, hsa-miR-1908, hsa-miR-3196, hsa-miR-3935, hsa-miR-4284, hsa-miR-4433-
5p, hsa-miR-4665-3p, and hsa-miR-513b, were identified as highly accurate in the diagnosis
of patients with NPC from healthy ones. The same results of accurate diagnosis were
also observed in validation group-1. Additionally, they also reported that high levels of
hsa-miR-4790-3p, hsa-miR-188-5p, hsa-miR-5583-5p, and hsa-miR-3615 were frequently
observed in NPC samples than in healthy samples. In their study, they compiled a panel
of signatures for NPC diagnosis, and their results demonstrated an accuracy of 97.14%,
sensitivity of 96.43%, specificity of 100%, positive predictive value of 100%, and negative
predictive value of 87.5% [27].

Furthermore, tumor cells have been reported to release miRNAs into the circulation,
serum, and plasma; therefore, they have been proposed as potential sources for CIR-
miRNAs isolation [54]. Zhang et al. (2020) designed a study with four-stage validation,
which consisted of the screening, training, testing, and external validation stages, to identify
potential biomarkers for NPC diagnosis by quantitative reverse transcription polymerase
chain reaction [56]. In their study, in the validation stage, seven plasma CIR-miRNAs,
including hsa-let-7b-5p, hsa-miR-140-3p, hsa-miR-144-3p, hsa-miR-17-5p, hsa-miR-20a-5p,
hsa-miR-20b-5p, and hsa-miR-205-5p, were identified to be significantly up-regulated in
NPC patients compared with non-cancerous samples. Additionally, among these seven
CIR-miRNAs, hsa-let-7b-5p was investigated to be significantly higher in the group of
EBV-infected NPC samples, compared with non-EBV-infected NPC samples and healthy
samples [56]. In the study of Liu et al. (2013), the combination of five plasma miRNAs, in-
cluding hsa-miR-16, miR-21, hsa-miR-24, hsa-miR-155, and hsa-miR-378, resulted in values
of sensitivity and specificity reaching 87.7% and 82.0%, respectively, for NPC diagnosis. In
their study, they also reported that the specificity was reduced when removing hsa-miR-16
in their combination [59]. Collectively, combining panels of CIR-miRNAs can increase the
sensitivity and specificity, and thus the accuracy, of CIR-miRNA biomarkers.

miRNA exist not only in blood fluid, such as whole blood, plasma, and serum, but
are also detected in human saliva in a stable extracellular form [60]. Wu et al. (2019)
was the first to investigate salivary miRNAs as potential indicators for nasopharyngeal
cancer. In their study, they highlighted the potential salivary miRNAs as biomarkers for
the detection of NPC based on the evaluation of miRNA expression in 22 saliva samples
from NPC patients, and 25 healthy controls using microarray miRNA expression. They
found that 12 miRNAs were significantly down-regulated in the saliva of NPC patients
compared to healthy controls, with high accuracy. Additionally, the regulatory network for
differentially expressed miRNAs was also successfully predicted. In their prediction, 11
out of 12 CIR-miRNAs, excepted for hsa-miR-4730, were incorporated into enriched GO
pathways. Many target genes, such as platelet-derived growth factor receptor α (PDGFRA),
Ras-related C3 botulinum toxin substrate 1 (RAC1), inhibitor of nuclear factor kappa B
kinase subunit γ (IKBKG), X-linked inhibitor of apoptosis protein (XIAP), and protein phos-
phatase, Mg2+/Mn2+-dependent 1D (PPM1D), and so on, were simultaneously regulated by
hsa-miR-937-5p, hsa-miR-650, hsa-miR-3612, hsa-miR-4478, hsa-miR-4259, hsa-miR-3714,
hsa-miR-1203, hsa-miR-30b-3p, hsa-miR-1321, hsa-miR-1202, and hsa-miR-575 [31]. These
findings suggest that differentially expressed saliva miRNAs may play a key role in NPC
by targeting their target genes, which are linked to several important pathways.

It is emphasized that CIR-miRNAs profiles could help distinguish nasopharyngeal
tumors from other head and neck tumors. In the study of Wen et al. (2019), they success-
fully identified and validated 16 miRNA signatures to differentiate NPC in comparison
with other tumors located in the region of head and neck, and in non-cancerous samples.
Additionally, this diagnostic model has an accuracy rate of 100%, specificity of 100%, and
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sensitivity of 100%. [27]. These results show that the profiles of 16 miRNAs could correctly
distinguish NPC patients from head and neck tumor patients and heathy controls. There-
fore, it is possible to apply CIR-miRNA non-invasive marker profiles to diagnose NPC.

As prognostic indicators, a stable and circulating presence in non-invasive specimens
is also a characteristic aim for prognostic applications. Liu et al. (2014) conducted models
to investigate the prognostic value of serum miRNAs in patients with NPC. They identified
that four CIR-miRNAs, hsa-miR-22, hsa-miR-miR-572, hsa-miR-638, and hsa-miR-1234,
added to the prognostic value to the stage system of TNM. In their results, the analysis
of ROC indicated that the model combining the miRNA signature and TNM stage had
improved the prognostic value for overall survival (area under ROC (AUROC): 0.69 vs. 0.60,
p = 0.001; AUROC: 0.69 vs. 0.63, p = 0.008) and distant metastasis-free survival (AUROC:
0.71 vs. 0.60, p < 0.001; AUROC: 0.71 vs. 0.65, p = 0.005) relative to the TNM stage-alone
model or miRNA signature-alone model in the training set, which may lead to more
personalized therapy [56]. Finding a miRNA profile as an indicator of prognosis, might
help to identify individuals who would benefit from more aggressive therapy and, as a
result, enhance NPC patient survival. Collectively, these findings are encouraging in terms
of using these CIR-miRNAs as a biomarker for the diagnosis and prognosis of NPC.

Referring to miRNA-derived EBV, which is encoded in the host cells, miRNA-derived
EBV are transcribed from two regions of the EBV genome, BamH I fragment H rightward
open reading frame 1(BHRF1)-cluster and BamH I fragment A rightward transcript (BART)-
cluster 1, 2 [61,62]. The first cluster, BHRF1, which produces three miRNA precursors that
subsequently encode four mature miRNAs, was discovered by Pfeffer et al. (2004). The
second cluster, BART, which produces 22 precursors and encodes 40 mature miRNAs, was
also found [60–62]. To date, many studies have revealed that EBV miRNAs play crucial
roles in immune evasion, proliferation, apoptosis, invasion, and metastasis [61,63,64]. It is
noted that EBV miRNAs, especially circulating EBV miRNA, could serve as biomarkers
in NPC [61,62]. Recently, the clinical value of EBV-derived miRNAs for diagnosis and
prognosis of EBV-positive nasopharyngeal tumors has been investigated. It has been
reported that the plasma levels of BART7-3p and miR-BART13-3p are highly reflective of
NPC diagnosis [65]. In their report, quantitative PCR was applied to evaluate the plasma
levels of EBV DNA, miR-BART7-3p, and miR-BART13-3p, in 483 treatment-naïve NPC
patients, compared to 243 controls. miR-BART7-3p and miR-BART13-3p were detected
in 96.1% and 97.7% of NPC cases, whereas only 3.9% and 3.9% were detected in healthy
controls, respectively. miR-BART13-3p values of sensitivity and specificity were 97.9%
and 96.7%, respectively. The corresponding values for miR-BART7-3p were 96.1% and
96.7%. It is noted that the prognostic performance was assessed by comparing levels to
distant metastatic rates during a 55-month follow-up of 245 NPC patients with radiotherapy
treatment. After a four-year follow-up, the value of distant metastasis-free survival rates
were 89.7% and 61.4% in subjects with detectable miR-BART7-3p and miR-BART13-3p,
respectively. Additionally, at diagnosis and following radiation, a combination of plasma
levels of miR-BART7-3p and EBV DNA could assist in stratifying individuals based on
their risk of poor DMFS [65]. Other study, Wardana et al. (2020) found that circulating miR-
BART-7 levels measured in peripheral blood samples can be used as a promising predictor
for the clinical outcome and prognosis in NPC patients [66]. Based on these findings,
circulating EBV miR-BART7 and miR-BART13 will shed light on the potential serological
biomarkers for diagnosis and prognosis of EBV-positive nasopharyngeal malignancies.
From their panel of EBV miRNAs, Gao et al. reported that plasma levels of BART2-3P,
BART2-5P, BART5-3P, BART5-5P, BART6-3P, BART8-3P, BART9-5P, BART17-5P, BART19-3P,
and BART20-3P were significantly increased. Additionally, EBV miRNAs, such as BART8-
3P and BART10-3P, could potentially be employed as complementary serological markers
if EBV DNA is beyond the lower detection limit or undetectable in plasma samples [67].
Most importantly, EBV miRNA research is still in its early stages, with only a few studies
confirming that EBV miRNAs are abundantly expressed in EBV-associated tumors. Better
understanding and evaluating, therefore, of the levels of EBV miRNAs might establish
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novel biomarkers for NPC diagnosis and prognosis. Furthermore, there is a great need for
more research aiming to determine the diagnostic and prognostic value of EBV miRNAs in
follow-up management of nasopharyngeal patients.

5. Challenges of Circulating miRNAs as Indicators for Diagnosis and Prognosis

Though there are many advantages of using CIR-miRNAs, such as their stability,
particular expression profiles in different stages of cancers, and so on, there are still chal-
lenges to overcome before clinical application. First, because of their low concentration
in the extracellular environment, detecting and evaluating CIR-miRNAs is certainly dif-
ficult [49]. Other RNAs in plasma or serum also exist; therefore, from analysis results,
it is difficult to distinguish CIR-miRNAs from other RNAs. Second, many methods of
detecting and measuring levels of CIR-miRNAs, including qRT-PCR, miRNA microarray,
and next-generation sequencing (NGS) have been applied [14,27,31,55–58]. Each method
might produce different findings; thus, unifying methodologies and eliminating variance is
critical. An additional obstacle is that the understanding of CIR-miRNAs functions, as well
as the relationship among CIR-miRNAs and the Epstein–Barr virus (EBV), is still limited. To
date, a standard tool for NPC screening has been based on the detection of IgA antibodies
against EBV capsid antigen (VCA/IgA) and early antigen (EA/IgA) [27,68]. However,
the specificity and sensitivity of combining VCA/IgA and EA/IgA are 50.9% and 95.2%,
respectively. Its low sensitivity reflects that EBV infection is involved in other hematological
and epithelial malignancies, such as Hodgkin’s lymphoma, Burkitt’s lymphoma, and other
tumors that originate from the oral epithelium, oropharynx, larynx, and so on [69,70].
Therefore, differentiating the CIR-miRNAs profiles between NPC and EBV-related human
tumors, including head and neck tumors and esophagus carcinomas, remains a major
challenge. Thus, more multicenter prospective trials to verify these diagnostic markers for
NPC are still required.

6. Conclusions and Perspectives

The existence of CIR-miRNAs, extracted from human bodily fluid, including whole
blood, plasma, serum, salivary, and so on, exhibits the promising and valuable potential
of serving as diagnostic and prognostic biomarkers for human cancer, including NPC.
CIR-miRNAs are proven to persist for a long time under harsh environmental conditions,
meaning they could be effectively applied in clinical environments. However, many
obstacles need to be solved urgently. The development of CIR-miRNAs-based diagnostic
and prognostic tools for NPC is a lengthy process, hence larger studies, which promote
sensitivity and specificity, are necessary.
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Abstract: The Epstein–Barr virus (EBV) is a ubiquitous γ herpesvirus strongly associated with
nasopharyngeal carcinomas, and the viral oncogenicity in part relies on cellular effects of the viral
latent membrane protein 1 (LMP1). It was previously described that EBV strains B95.8 and M81 differ
in cell tropism and the activation of the lytic cycle. Nonetheless, it is unknown whether LMP1 from
these strains have different effects when expressed in nasopharyngeal cells. Thus, herein we evaluated
the effects of EBV LMP1 derived from viral strains B95.8 and M81 and expressed in immortalized
nasopharyngeal cells NP69SV40T in the regulation of 91 selected cellular miRNAs. We found that
cells expressing either LMP1 behave similarly in terms of NF-kB activation and cell migration.
Nonetheless, the miRs 100-5p, 192-5p, and 574-3p were expressed at higher levels in cells expressing
LMP1 B95.8 compared to M81. Additionally, results generated by in silico pathway enrichment
analysis indicated that LMP1 M81 distinctly regulate genes involved in cell cycle (i.e., RB1), mRNA
processing (i.e., NUP50), and mitochondrial biogenesis (i.e., ATF2). In conclusion, LMP1 M81 was
found to distinctively regulate miRs 100-5p, 192-5p, and 574-3p, and the in silico analysis provided
valuable clues to dissect the molecular effects of EBV LMP1 expressed in nasopharyngeal cells.

Keywords: EBV; LMP1; microRNAs; nasopharyngeal cells; expression profiling

1. Introduction

Cancers are an important cause of human mortality and lethality in adults world-
wide, being the second leading cause of global deaths in 2013 [1]. In 2008, 16% of all
cancer cases were related to infection, and over 67% of these were viral agents [2–4].
Epstein–Barr virus (EBV) is a human γ herpesvirus associated with many cancers, notably
Burkitt lymphoma and undifferentiated nasopharyngeal carcinoma (NPC) [2,5,6]. EBV is
ubiquitous and causes lifelong latent infection in over 90% of adults worldwide [2]. The
primary infection is usually asymptomatic but can be associated with clinical signs of
infectious mononucleosis, mostly in cases of late exposure to EBV [7].

NPC is strongly associated with EBV infection, notably the undifferentiated form—in
which EBV is detected within the neoplastic cells in virtually all cases. NPC is an aggressive
epithelial cancer, prone to invade adjacent tissue and lymph nodes [8]. The disease has a
poor prognosis, and it was responsible for over 86,000 new cases and 50,000 deaths world-
wide in 2012, being more prevalent in men [2,9]. The incidence of NPC changes according
to geographic localization, and the disease is endemic in southeast Asia, southwest China,
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and Micronesia. Besides EBV infection, risk factors for NPC include other environmental
exposures (e.g., nitrosamides, tobacco, insufficient ventilation of dwellings) and genetic
factors, such as polymorphisms in genes encoding leukocyte antigen (HLA) class I and class
II molecules, the heat shock 70 kDa protein (HSP 70) or the polymeric immunoglobulin
(Ig) A receptor. Furthermore, the NPC incidence may also be influenced by different EBV
strains [10–12].

The progression of EBV-associated cancers can be affected by the activity of viral gene
products [13,14]. In this regard, the Latent Membrane Protein 1 (LMP1)—one of the major
EBV oncoproteins—induces a variety of changes in cell behavior, including proliferative
and survival capabilities [15], altered cell adhesion, extracellular matrix (ECM) and vascular
remodeling, and an increase in cell motility. Ultimately, these processes may lead to a more
aggressive and metastatic carcinoma [16–18].

Different EBV viral strains can distinctly influence the behavior of infected cells. For
instance, EBV strains GP202 (isolated from gastric cancer), B95-8, and AKATA (both from
lymphomas) were reported to induce cell growth more efficiently than M81 (obtained from
NPC), YCCEL1, or SNU719 (both from gastric cancer) [19]. M81 was also reported to behave
differently from the viral prototype strain B95-8 (isolated from Burkitt lymphoma), SNU719,
GP202, or YCCEL1, showing a higher affinity for epithelial cell infection (consistent with
its epithelial cancer origin) and higher capability of lytic cycle induction [19,20]. Notably,
chromosomal instability can be achieved by a high expression of the lytic gene BZLF1 and
recurring induction of the lytic cycle, leading to increased transformation properties and
higher risk for NPC [19].

LMP1 may affect endogenous microRNA (miRNA) expression in both B cells and
epithelial cells, causing effects relevant to cancer progression [21–24]. Essentially all phe-
nomena related to cancer progression can be regulated by microRNAs [25–29], and different
EBV strains may show unique biological properties. Thus, it is plausible to assume that dis-
tinct EBV strains may regulate a unique set of human miRNAs, with possible consequences
for EBV-induced carcinogenesis. Based on these premises, in this study, we investigated
whether nasopharyngeal cells expressing LMP1 from M81 or B95.8 strains differ in miRNAs
expression and examined the possible consequences regarding cell signaling pathways by
in silico analysis.

2. Materials and Methods
2.1. Cell Culture

The cell lines HEK293 (RRID:CVCL_0045) and NP69SV40T (hereafter referred to as
NP69; RRID:CVCL_F755;) were used in this study. HEK293 is an immortalized human
embryonic kidney cell line harboring DNA fragments from type 5 adenovirus [30]. NP69
cells were generated by immortalizing primary nasopharyngeal epithelial cells with the
SV40 large T antigen, and they retain many characteristics of normal nasopharyngeal cells
(e.g., the profile of keratin expression and responsiveness to TGFβ inhibition). Despite some
genetic alterations also found in nasopharyngeal carcinomas, NP69 is non-tumorigenic and
highly responsive to the EBV LMP1 expression [31]. Based on that, this cell line was used to
assess the expression of human microRNAs and behavioral changes induced by expression
of EBV LMP1 derived from strain B95.8 and M81.

Both cell lines had their genetic identity assured by short tandem repeats (STRs)
profiling using the GenePrint 10 system (Promega, Madison, WI, USA), and they were
verified to be free of mycoplasma contamination by a PCR-based assay. HEK293 cells
were maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with
10% Fetal Bovine Serum (FBS) and 0.4% gentamicin, while NP69 cells were cultivated
with Keratinocyte Serum-Free medium (K-SFM-Life Technologies, Carlsbad, CA, USA)
supplemented with 5% FBS, 25 µg/mL of Bovine Pituitary Extract (BPE), 0.2 ng/mL of
Epidermal Growth Factor (EGF), and 1% Gentamicin. Both were cultivated at 37 ◦C in a
humid atmosphere with 5% CO2.
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2.2. LMP1 Constructs and Cell Transfections

The open reading frames (ORF) for LMP1 derived from EBV strains B95.8 and M81
were retrieved from recombinant virus constructs kindly provided by Prof. Henri-Jacques
Delecluse (German Cancer Research Center, Heidelberg, Germany). Recombinant DNA
plasmids were assembled with the F factor-based prokaryotic replicon, pMBO131, with
flanking regions for homologous recombination of the viral genome [32,33]. The obtained
ORFs were transferred to the pEF1α-IRES-ZsGreen1 backbone vector (Clontech, Mountain
View, CA, USA), allowing the detection of LMP1-expressing cells due to the simultaneous
expression of a green fluorescent protein (GFP) reporter. The EBV LMP1 ORFs were
amplified from the original vectors using primers harboring restriction sites for the enzymes
EcoRI and BamHI, used for unidirectional cloning (see Additional File 1: Table S1).

The new LMP1-encoding constructs (Supplementary Figure S1), dubbed pZsG-LMP1-
B95.8 and pZsG-LMP1-M81, were validated by Sanger DNA sequencing and the sequences
were deposited in GenBank (Accession codes #MN062162 and #MN062163). For transient
cellular transfections, 0.7 × 105 cells were seeded in 24-well plates 24 h prior to the assay,
carried out with the pZsGreen backbone, pZsG-LMP1B95.8 or pZsG-LMP1M81 constructs,
and Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) as the transfec-
tion reagent, following the manufacturer’s recommendations. Subsequent assays were
performed 48 h post-transfection (Supplementary Figure S2).

2.3. Luciferase Assay and Cell Migration In Vitro

Both assays were performed with 0.7 × 105 cells (HEK293 or NP69) seeded into
24-well plates 24 h prior to transfection, and the cells were used for experiments 48 h
post-transfection. The luciferase reporter assay was performed with HEK293 cells (given
its high susceptibility to liposomal transfection) to validate the EBV LMP1 activity using
its effect on NF-κB activation as a proxy. Briefly, HEK293 cells were co-transfected with
the pEF1α-IRES-ZsGreen1 backbone vector or the LMP1 B95.8 and M81 constructs, along
with pcDNA3.1-NF-κBLuc, for the expression of firefly luciferase under the control of
a NF-κB-responsive element) [34], and Promega pGL4.74 (for constitutive expression of
Renilla luciferase, to normalize results for the transfection efficiency levels). Results were
generated in 96-well white plates using the Dual-Luciferase® Reporter Assay System and
the GloMax Explorer device (both manufactured by Promega).

The rates of cell migration in vitro were assessed with the scratch wound healing assay.
Images were taken at the time of the scratch and 24 h later (48 and 72 h post-transfection)
were evaluated using the TScratch software [35] to estimate the percentage of closure of the
wounded area in the cell monolayer.

For all assays, the results were obtained from three independent experiments per-
formed with triplicates. The analysis of data was performed with Student’s t-test, taking a
p-value ≤ 0.05 as statistically significant.

2.4. MicroRNA Expression Analysis

The analysis of miRNA expression was performed with a custom panel of 91 human
miRNAs (see Supplementary Table S2), selected based on literature data showing changes
in expression observed in NPC or other human cancers, associated or not with EBV. These
experiments were performed with NP69 cells transfected with the pEF1α-IRES-ZsGreen1
backbone vector and the constructs pZsG-LMP1-B95.8 and pZsG-LMP1-M81. After trans-
fection, the cells were subjected to FACS (Supplementary Figure S3 and Table S3) to recover
GFP-positive cells, aiming to enrich cells successfully transfected with the vectors for LMP1
expression. Briefly, the transfected cells were cultivated for 48 h post-transfection, then
detached and flowed through a 70 µm filter. GFP-positive cells were sorted using a BD
FACS Aria III (BD Bioscience, San Jose, CA, USA), pelleted by centrifugation, and cryopre-
served in liquid nitrogen. Afterward, the enriched NP69 transfected cells were subjected to
miRNAs-enriched RNA extraction with the miRNeasy® Mini Kit, reverse-transcribed using
miScript II RT Kit, then validated with the miScript® QC PCR Array system (all Qiagen
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products), following the manufacturer’s instructions. Upon successful quality validation of
samples, the qPCR assays were performed using a customized miScript miRNA PCR Array
platform (Qiagen, Valencia, CA, USA) with the threshold and baselines determined by the
manufacturer’s recommendations. Statistics analyses were performed using the online soft-
ware provided by the GeneGlobe Data Analysis Center (Qiagen’s mirScript miRNA PCR
Arrays & Assays), using the recommended parameters and three endogenous controls. The
experiments were performed with biological triplicates (Supplementary Tables S4 and S5).

2.5. MiRNA’s Targets Prediction and Pathway Enrichment Analysis

The miRNAs showing differential expression (p-value ≤ 0.05) with a fold change
of ± 1.2 were selected based on the following comparation sets: (1) EBV LMP1 B95.8 vs.
control (backbone vector); (2) EBV LMP1 M81 vs. control; and (3) EBV LMP1 M81 vs. EBV
LMP1 B95.8. The selection of cut-off points was performed as reported previously [36,37].
The differentially expressed miRNAs from sets 1, 2, and 3 were subjected to target prediction
analysis using the mirDIP online tool [38,39], and the top 1% target genes were subjected to
the pathway-enrichment analysis using the ReactomeFIViz [40] plugin in the Cytoscape
software [41]. Further details are available in the Supplementary Material.

3. Results
3.1. Cells Expressing EBV LMP1 from Viral Strains B95.8 and M81 Behaves Similarly in Terms of
NF-κB Activation and Cell Migration Rates In Vitro

EBV LMP1 is known to activate NF-κB, and this property can be used as a proxy
to validate the functional integrity of LMP1 expressed ectopically. To verify whether the
constructs generated to allow the expression of functional LMP1, the activation of NF-kB
was measured in HEK293 cells using a luciferase reporter assay with luciferase being
expressed in an NF-kB-dependent manner. HEK293 cells expressing EBV LMP1 showed
a ninefold increase in NF-κB activation compared to the cells transfected with the empty,
backbone vector, and a significant difference was observed considering the activation levels
obtained by LMP1 from strains B95.8 and M81 (Figure 1A). Thus, the viral oncoprotein
expressed by both LMP1 constructs is functional, and the LMP1 encoded by either of the
viral strains activates NF-κB at similar levels.

Furthermore, transiently transfected NP69 cells expressing LMP1, as confirmed by
RT-qPCR, showed higher migration rates compared to the control (15% and 26% for M81
or B95.8 variants, respectively, (see Figure 1B)). Additionally, both EBV LMP1-encoding
constructs could induce increased cell migration in vitro, but no significant differences
were found comparing the LMP1 derived from EBV strains M81 and B95.8.

3.2. EBV LMP1 Modulate miRNA Expression in NP69SV40T Cells

Although it is known that the EBV strains B95.8 and M81 have distinct biological
features [20], it remains to be better understood whether their differences also impact the
oncogenic properties of the virus. We aimed to investigate this by interrogating whether
LMP1 from different viral strains has different effects on miRNA expression, which may also
give relevant clues on broad cellular effects of this major EBV oncoprotein. Changes in the
levels of selected miRNAs were evaluated in NP69 cells expressing LMP1 derived from viral
strains B95.8 or M81, enrichment for GFP-positive cells by FACS (Supplementary Figure S3
and Table S3). The customized qPCR array used allowed the evaluation of 91 selected hu-
man miRNAs (Supplementary Table S2), and the raw results were subjected to data normal-
ization prior to the downstream analysis (Supplementary Tables S4 and S5, respectively).
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Figure 1. Effects of expression of EBV LMP1 variants M81 or B95.8 in transfected cells in vitro: 
Luciferase and migration assays with HEK293 (A) and NP69SV40T (B) cells transfected with 
pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors. (A) NF-κB activity assessed via 
Luciferase reporter assay showing a 9-fold increase in LMP1 expressing HEK293 cells. (B) In vitro 
migration assay showing an increase in migration of 26% and 15% of NP69SV40T cells transfected 
with LMP1 B95.8 or M81 respectively. The mean values for standard error obtained from at least 
three independent experiments are shown. p values < 0.05 and < 0.005 are indicated by * and ***, 
respectively. 
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Figure 1. Effects of expression of EBV LMP1 variants M81 or B95.8 in transfected cells in vitro: Lu-
ciferase and migration assays with HEK293 (A) and NP69SV40T (B) cells transfected with pZsGreen
(control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors. (A) NF-κB activity assessed via Luciferase
reporter assay showing a 9-fold increase in LMP1 expressing HEK293 cells. (B) In vitro migration
assay showing an increase in migration of 26% and 15% of NP69SV40T cells transfected with LMP1
B95.8 or M81 respectively. The mean values for standard error obtained from at least three indepen-
dent experiments are shown. p values < 0.05 and < 0.005 are indicated by * and ***, respectively.

Three comparisons were performed: (1) EBV LMP1-B95.8 compared to control (dubbed
B95.8 vs. Ctrl); (2) EBV LMP1-M81 compared to control (M81 vs. Ctrl); and (3) EBV LMP1
M81 compared to EBV LMP1 B95.8 (M81 vs. B95.8). We observed the downregulation of
47 miRNAs in B95.8 vs. Ctrl (fold regulation: −1.7 to −2.9; Figure 2A), 2 miRNAs in M81 vs.
Ctrl (fold regulation: −1.6 to −2.1; Figure 2B), and upregulation of 3 miRNAs comparing
M81 vs. B95.8 (fold regulation varying from 1.7 to 2; Figure 2C). The miR-132-3p was
found downregulated in both B95.8 vs. Ctrl and M81 vs. Ctrl comparisons (fold regulation:
−2.4 and −2.1, respectively). It is worth noting that the miRNA upregulation in M81 vs.
B95.8 indicates that, compared to the control, the EBV LMP1 from B95.8 strain induced a
more robust downregulation of miRNAs compared to LMP1 derived from strain M81.

Next, we sought to perform pathway enrichment analysis in silico to extrapolate
biological significance for the obtained miRNA expression profiles. For each given com-
parison (B95.8 vs. Ctrl, M81 vs. Ctrl, and M81 vs. B95.8), we investigated the number of
predicted target genes of all differentially expressed miRNAs. We observed 11,045, 3136,
and 629 predicted genes for B95.8 vs. Ctrl, M81 vs. Ctrl, and M81 vs. B95.8, respectively.
Moreover, 315 (2.8%) targets were shared between all three comparison sets, whereas
2639 (23.5%) were shared only between B95.8 vs. Ctrl and M81 vs. Ctrl (Figure 3A).

The pathway enrichment analysis was used to obtain insights on the most relevant
cellular pathways disturbed by the regulation of miRNAs by EBV LMP1. We also evaluated
whether a given pathway identified was unique to a given comparison, aiming to identify
processes regulated specifically by LMP1 derived from viral strain B95.8 or M81. In
the B95.8 vs. Ctrl comparison set, we found pathways for genes involved in cell–cell
communication, such as integrins and cadherins (Figures 3B, 4A and 5A), while the M81
vs. Ctrl comparison showed pathways featuring genes involved in the metabolism of
RNA (RNA processing), such as NCBP1, NUP43, NUP58, POM121, and RANBP2 (gene
IDs in Supplementary Table S8) (Figures 3B, 4A and 5A, and Supplementary Table S7).
Furthermore, Death receptors, Integrin and Leptin signaling pathways were found for
comparison M81 vs. Ctrl; those three pathways have the gene SOS1 in common, which
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encodes a protein that promotes the exchange of Ras-bound GDP by GTP, favoring cell
proliferation. Additionally, the M81 vs. B95.8 comparison showed some unique predicted
pathways, including involvement in DNA replication through genes CDC7, ORC4, MCM10,
and MCM9 (Figure 5B).
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Figure 2. Effects of expression of EBV LMP1 derived from viral strains B95.8 and M81 on miRNA
expression in immortalized nasopharyngeal cells NP69SV40T. miRNA RT-qPCR array with 91 selected
miRNAs was performed on cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-
LMP1-M81 vectors. All results were obtained from three independent experiments. (A) A total of
47 miRNAs were downregulated in group LMP1 B95.8 vs. control vector (B95.8 vs. Ctrl), with fold
regulation between −1.7 and −2.9. (B) 2 miRNAs were downregulated in group LMP1 M81 vs.
control (M81 vs. Ctrl) with fold regulation of −1.6 and −2.1. (C) A total of 3 upregulated miRNAs
were seen in group LMP1 M81 vs. LMP1 B95.8 (M81 vs. B95.8) with fold regulation between 1.7 and
2. (D) miRNAs exclusive or commonly altered between groups. MiR-132-3p was found for both
B95.8 vs. Ctr or M81 vs. Ctrl and miR-192-5p was altered in groups B95.8 vs. Ctrl and M81 vs. B95.8.
Selected miRNAs had p-value ≤ 0.05 and fold regulation of ± 1.2.

Both comparison groups involving EBV LMP1 variant M81 (M81 vs. Ctrl/M81 vs.
B95.8) were predicted to be uniquely involved in the cell cycle (via RB1) and organelle
biogenesis and maintenance (via GABPB1 and PRKAA2) (Figures 5A, 5(B5) and Figure S7).
Additionally, the LMP1 from the M81 strain was predicted to be involved in mTOR sig-
naling (Figures 3D and 5(D3)), via genes PRKAA2 and PPM1A, for instance. All three
comparison sets were predicted to regulate the Wnt signaling through different gene sets,
but genes FZD5 and CAV1 appear to be regulated in all settings (Figures 4E and 5(B3)). The
comparisons M81 vs. Ctrl and M81 vs. B95.8 also were predicted to regulate pathways
involved in chromatin organization, extracellular matrix organization, program cell death,
vesicle-mediated transport, metabolism of proteins, gene transcription, immune system
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regulation, and important pathways in cancer, such as MAPK, TGF-β, WNT, VEGF, and
IGF1R (Figures 3D, 4E–G and 5).
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Figure 3. Analysis of target genes from differentially expressed miRNAs in NP69SV40T cells trans-
fected with EBV LMP1 from B95.8 or M81 variants. (A) Number and percentage of unique or
commonly target genes considering three comparison groups: EBV LMP1 B95.8 vs. Ctrl, EBV LMP1
M81 vs. Ctrl, LMP1 M81 vs. viral LMP1 B95.8. (B) Primary categories, (C) Secondary categories of
“Signal Transduction” and (D) Tertiary categories of “Tyrosine kinase receptor signaling” altered by
predicted gene targets of miRNA regulated by LMP1 variants B95.8 (left) or M81 (right). In (B–D) the
light and dark grey indicate, respectively, the absolute number of hits or their percentage considering
the respective higher category.
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Figure 4. Results of in silico pathway enrichment analysis from predicted target genes of deregulated
miRNAs in NP69SV40 cells transfected with LMP1 B95.8, LMP1 M81 or the control vector. (A) Unique
primary categories for EBV LMP1 B95.8 vs. Ctrl (in blue), LMP1 M81 vs. Ctrl (yellow), and shared
categories for by LMPs B95.8 and M81 (overlap). (B) Unique “Tyrosine kinase receptor” categories
from B95.8 vs. Ctrl comparison. (C) Unique “Signal transduction” categories from M81 vs. Ctrl
comparison. (D) Unique “Tyrosine kinase receptor” categories from M81 vs. Ctrl comparison.
(E) “Signal transduction” categories shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons.
(F) “Tyrosine kinase receptor” categories shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons.
(G) Category shared between B95.8 vs. Ctrl and M81 vs. Ctrl comparisons, present in “Signal
transduction” and Unique “Tyrosine kinase receptor” pathways.
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Figure 5. Pathway enrichment analysis of genes targeted by miRNAs deregulated by EBV LMP1
in NP69SV40T cells. Most important primary categories altered by predicted genes comparing
LMP1 M81 vs. B95.8. (B) Unique and commonly deregulated primary categories between the three
comparisons performed. (C) “Signal transduction” secondary categories found for LMP1 M81 vs.
B95.8. (D) Unique and commonly deregulated secondary categories inside “Signal Transduction” for
the three comparisons performed. (E) Subcategories (tertiary) for “Tyrosine Kinases Receptor” altered
by predicted genes comparing LMP1 M81 vs. B95.8. (F) Unique and commonly deregulated tertiary
categories for “Tyrosine Kinases Receptor” considering the three comparisons performed. In (A,C,E),
in light and dark grey indicates, respectively, the absolute number of hits or its percentage considering
the respective higher category (Gene set #2, in the case of primary categories depicted in (A)).

4. Discussion

There is compelling evidence showing that the viral LMP1 oncoprotein contributes to
the progression of EBV-associated cancers [14]. For instance, LMP1 increases migration and
invasion of epithelial cells through different mechanisms, such as changes in cell adhesion
and motility due to regulation of N-cadherin and integrin-α5 expression, culminating in
both individual and collective migration of immortalized nasopharyngeal cells [42]. LMP1
also directly increases the sphingosine kinase 1 (SPHK1) enzyme, which was implicated in
a poor prognosis for NPC [43]. SPHK1 activates sphingosine-1-phosphate (S1P), causing
increased migration of NPC cells associated with AKT activation [44]. Furthermore, LMP1
represses the Tissue Inhibitor of Metalloproteinase-3 (TIMP-3), leading to extracellular
matrix degradation [45], and induces extracellular secretion of HIF1α in exosomes, which
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ultimately causes epithelial-to-mesenchymal transition (EMT), migration and invasion of
EBV-negative nasopharyngeal cells, and NPC [46].

In this study, we found that the expression of LMP1 derived from EBV strains B95.8
and M81 in immortalized nasopharyngeal cells NP69SV40T changes the expression of en-
dogenous miRNAs. Cells expressing LMP1 variant M81 compared to variant B95.8 showed
significant upregulation of the human miRNAs 100-5p, 192-3p, and 574-3p (Figure 2C).
MiR-100-5p was previously described to behave either as a tumor suppressor or oncomir,
in a context-dependent manner. The upregulation of miR-100-5p was implicated on better
prognosis in esophageal cancer [47], a decrease in cisplatin resistance in lung cancer [48],
and inhibition of tumorigenesis, cell migration, and invasion for human mammary ep-
ithelial cells [49]. However, it was also associated with effects expected to favor cancer
development and progression, such as resistance against apoptosis in prostate cancer [50]
and induction of EMT in human mammary cells [49]. MiR-192-5p seems to behave as a
more typical oncomir: its expression stimulates migration, invasion, and proliferation of
hepatocellular carcinoma cells in vitro [51], and it was associated with tamoxifen resis-
tance in mammary carcinoma and even higher cancer recurrence and metastasis in both
hepatocellular and mammary carcinoma [51,52]. Conversely, miR-574-3p was described
with effects mimicking those of tumor suppressor genes. For instance, it was implicated in
inhibition of gastric cancer cell proliferation, migration, and invasion [53]. However, its role
in NPC still needs elucidation since miRNA effects can be tissue- and context-dependent.

The putative cellular effects can be appreciated by the results obtained by miRNA
target prediction and the pathway-enrichment analysis, both performed in silico. The
biological processes involved (Figures 4 and 5) include gene expression (e.g., chromatin
organization, RNA-pol II transcription, and post-translational protein modification), in-
tracellular signaling pathways (e.g., programmed cell death, tyrosine kinase receptors,
MAPK, TGF-β, and Rho GTPases signaling), cellular stress and senescence, modulation
of the immune system, and phenomena associated to cell–cell communication (e.g., ECM
organization and vesicle transport). This is consistent with previously published data about
a range of effects associated with EBV LMP1 expression, including the induction of vascu-
logenic mimicry in vitro via VEGFA; induction of IGF1 expression and cell proliferation
in vitro; MAPK pathway regulation, leading to cell motility and invasion; blocking of TGF1
cell-growth inhibition in vitro; and Wnt pathway regulation, both in mice and in human
tumor samples of EBV-positive NPC [54–59].

Some common features were observed when evaluating the effects of LMP1 expression
on cellular miRNAs, irrespective of the variant considered (B95.8 vs. Ctrl and M81 vs. Ctrl
comparisons). For instance, EBV LMP1 can downregulate miRNAs that are implicated
in epigenetic regulation by targeting DNA methyltransferases (DNMTs) genes. It was
previously found that EBV-infected cells show downregulation of DNMT1 and upregulation
of DNMT3a, admittedly due to LMP1 expression [60,61]. We found that the transcript for
DNMT3a is targeted by 10 miRNAs in B95.8 vs. Ctrl, by miR-203a-3p in M81 vs. Ctrl, and
by miR-192-5p in M81 vs. B95.8 comparison sets. The downregulation of DNMT3a reduces
DNA methylation in specific genomic regions, increasing the expression of FOXA2 and
HNF4A (Gene IDs in Supplementary Table S8) [62]. We found that FOXA2 is targeted by
miR-141-3p, while HNF4A is targeted by miR-135b-5p and miR-34c-5p; these three human
miRNAs were found to be downregulated in cells expressing the EBV LMP1 variant B95.8,
compared to control (B95.8 vs. Ctrl). FOXA2 was previously implicated in cell proliferation,
cancer stem cell maintenance, and an increase in relapse in triple-negative breast cancer [63],
while HNF4A was related to an increase in lymph node and distant metastasis in colon
cancer [64,65]. Since all those miRNAs are downregulated in the presence of LMP1, it is
expected that the above-described effects will increase, suggesting that LMP1 from both
EBV strains B95.8 and M81 regulates the methylation status in cells using a different set
of miRNAs.

Even though this study provides relevant clues on common and unique effects features
of the EBV LMP1 derived from viral strains M81 and B95.8 in nasopharyngeal cells, some
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limitations must be carefully considered. First, the model used in this study was based
on EBV LMP1 expression in NP69SV40T cells under the control of a CMV promoter, which
allows robust ectopic expression of the viral transgene. We initially sought to generate
stably transfected cells expressing EBV LMP1, but only transient expression was possible
because cells constitutively expressing LMP1 show a high level of cell death after a few
weeks. Despite its known antiapoptotic effects, at unconstrained high levels, the EBV
LMP1 may actually cause the cell to die by apoptosis [66–68]. To circumvent this issue
and minimize the detrimental effects of suboptimal transfection efficiencies, we performed
enrichment of LMP1-expressing cells by FACS prior to miRNA expression analysis. Another
limitation is that our results based on in silico analysis were not validated experimentally
in this study, but other ongoing studies in our laboratory aim to address this. Finally, we
observed a much higher number of altered miRNAs when evaluating cells expressing
LMP1 B95.8 compared to cells expressing LMP1 M81. As the miRNA panel in this study
was defined based on previously published results and considering that there are much
more data accumulated for EBV genotype B95.8 compared to M81, we cannot rule out
some bias towards the results for miRNAs regulated by B95.8, which is the most studied
EBV genotype. Nevertheless, we aimed to reduce any possible bias in this matter by also
including in the panel miRNAs reported as altered in cancers in general, not only associated
with EBV, and considering both in vitro and in vivo studies.

Despite these limitations, the results obtained consistently showed different profiles
of miRNA expression induced by LMP1 derived from viral strains B95.8 and M81 in our
model. This allowed us to identify the miRs 100-5p, 192-5p, and 574-3p, as microRNAs
with putative roles in the EBV-induced transformation of nasopharyngeal epithelial cells.
The LMP1 from EBV strains B95.8 and M81 regulate different miRNA sets, and the data
obtained from the in silico analysis suggested putative biological consequences, either
some unique for one of the LMP1 variants, but also commonalities, such as changes in
cellular pathways involving MAPKs and VEGFA, modulation of the immune system, and
apoptosis. Of note, it was previously reported that the EBV strain M81 has a higher capacity
to induce the lytic cycle in infected cells [20]. Accordingly, the target gene prediction and
pathway enrichment analysis performed in silico in this study indicated that, compared
to B95.8, the LMP1 variant M81 had a higher number of genes involved in cell death and
survival regulation, suggesting that, to some extent, the M81 biological behavior may be
related to its EBV LMP1 variant and the effects of this viral oncoprotein on modulation of
cellular miRNAs.

5. Conclusions

This study showed that LMP1 derived from EBV strains B95.8 and M81 can modulate
different sets of miRNAs when expressed in NP69 nasopharyngeal cells. The results
reported here contribute to a better understanding of how LMP1 from different viral strains
may influence the behavior and phenotype of EBV-infected cells, and also indicate novel
putative genes and cellular pathways that may play an important role in the pathogenesis
of cancers associated with EBV. These differentially expressed miRNAs can also have a
role in NPC diagnosis or management since these molecules are known to be found in
plasma samples. However, the LMP1 effects on the regulation of endogenous miRNAs are
still poorly explored; future studies may focus on how specific miRNAs deregulated by
LMP1 affect the cell signaling pathways, which is key to further clarifying the biological
and oncogenic properties of this major EBV oncoprotein.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13020353/s1, Figure S1: Comercial vector pZsGreen after the
LMP1 gene insertion (dark green). The vector was assembled through conventional cloning to
access differences between LMP1 variants from EBV in selected miRNAs expression after transient
transfection in immortalized nasopharyngeal cells (NP69); Figure S2: Analysis of LMP1 expression
and GFP positivity in HEK293 or NP69 cells after 48h of transfection with the assembled constructs
pZsG-LMP1-B95.8 or pZsG-LMP1-M81. PCR amplification of cDNA from (A) HEK293 cells express-

89



Genes 2022, 13, 353

ing LMP1 from the construct pZsG-LMP1-B95.8 and pZsG-LMP1-M81 and (B) transfected NP69 cells,
indicating the 30bp deletion present in LMP1 variant from M81 strain. expressing LMP1 from the
construct pZsG-LMP1-B95.8 and pZsG-LMP1-M81. (C) Example of transfection rates in HEK293
and NP69 cells transfected with pZsGreen vector; Figure S3: FACS of NP69SV40 cells after 48h
of transient transfection with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors;
Figure S4: Schematic drawing of steps followed after transfection of NP69SV40 cells transfected
with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors. and sorted by FACS with
pZsGreen vector as control or containing the coding region from LMP1 protein from EBV variants
B95.8 or M81. First, 48 h after transfection, GFP positive cells were sorted by FACs, followed by
RNA extraction, cDNA production and RT-qPCR array of 91 pre-selected miRNAs. Then, target
prediction analysis of differentially expressed miRNAs and genes with high scores were selected
for Pathway enrichment analysis; Figure S5: Analysis of target genes from differentially expressed
miRNAs in NP69SV40T cells transfected with EBV LMP1 from B95.8 or M81 variants. Example of
primary, secondary and tertiary categories organization. Panels C, D and E show results of in silico
pathway enrichment analysis of predicted target genes from deregulated miRNAs in NP69SV40 cells
transfected with LMP1 B95.8, LMP1 M81 or the control vector; Table S1: Primers sequences, reaction
components and cycling utilized for checking LMP1 presence, sequencing and cloning; Table S2:
MiRNAs related to NPC, LMP1, EBV, or cancer in general, selected from literature separated by its
probable function as tumor suppressor, oncomiR or dual function. Those miRNAs were used in
the qPCR miRNA array to analyze their expression in NP69 cells transfected with LMP1 from two
distinct EBV strains, B95.8A or M81; Table S3: Results (Cell count and percentage) from FACS of
NP69SV40 cells after 48h of transient transfection with pZsGreen (control), pZsG-LMP1-B95.8 or
pZsG-LMP1-M81 vectors; Table S4: Raw data (CT) after qPCR array using cDNA from NP69SV40
cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors and sorted
by FACS; Table S5: Results of RT-qPCR arrays analysis and verification of up or downregulated miR-
NAs of NP69SV40 cells transfected with pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81
vectors and sorted by FACS; Table S6: Analysis of pathway enrichment analysis using predicted genes
from gene set #2 targeted by differentially expressed miRNAs from NP69SV40 cells transfected with
pZsGreen (control), pZsG-LMP1-B95.8 or pZsG-LMP1-M81 vectors and sorted by FACS. Each group
has pathways represented in hits (gene in each pathway) and % hits (percentage of hits compared to
next higher category); Table S7: Descriptive list of predicted genes found by mirDIP encountered in
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Abstract: MicroRNAs miR-29a and miR-192 are involved in inflammatory and fibrotic processes
of chronic liver disease, and circulating miR-29a is suggested to diagnose fibrosis progression due
to hepatitis C virus (HCV) infection. This study aimed to evaluate the expression profile of circu-
lating miR-192 and 29a in a patient cohort with a high frequency of HCV genotype-3. A total of
222 HCV blood samples were collected and serum were separated. Patients were classified into
mild, moderate, and severe liver injury based on their Child–Turcotte–Pugh CTP score. RNA was
isolated from the serum and used for quantitative real-time PCR. The HCV genotype-3 (62%) was
the predominant HCV genotype. In HCV patients, the serum miR-192 and miR-29a levels were
significantly upregulated in comparison to healthy controls (p = 0.0017 and p = 0.0001, respectively).
The progression rate of miR-192 and 29a in the patient group with mild was highly upregulated
compared to patients with moderate and severe hepatitis infection. The ROC curve of miR-192 and
miR-29a of moderate liver disease had a significant diagnostic performance compared to the other
HCV-infected groups. The increase in miR-29a and miR-192 serum levels was even slightly higher in
patients with HCV genotype-3 than in non-genotype-3 patients. In conclusion, serum miR-192 and
miR-29a levels significantly increased during the progression of chronic HCV infection. The marked
upregulation in patients with HCV genotype-3 suggests them as potential biomarkers for hepatic
disease, independently of the HCV genotype.

Keywords: hepatitis C virus; liver injury; microRNA-192; microRNA-29a; HCV genotype-3

1. Introduction

Worldwide, the hepatitis C virus (HCV) is a principal causative agent of human liver
infection. It is estimated that 180 million people are infected with HCV globally each year.
Chronic HCV infection causes liver failure and hepatocellular carcinoma (HCC), and in
North America, it is the primary indication for liver transplantation at present [1]. HCV
consists of 9600 nucleotides, with a single-stranded RNA genome containing a single large
open reading frame (ORF) [2,3]. Genetic variations are classified into six main genotypes,
which include several subtypes. Genotypes 1, 2, and 3 are the most common genotypes,
accounting for more than 80% of HCV infections worldwide. In the case of North America
and Europe, genotype-1 is predominant, and in Southeast Asia, genotype-3 is the most
prevalent, including subtypes 3a, 3b, 3c, 3d, 3e, and 3f [4,5]. HCV infections result in chronic
liver inflammatory changes, including liver fibrosis and cirrhosis [3]. Metabolic changes
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often accompany liver fibrosis, and 70% of HCV infections lead to steatosis. Interestingly,
hepatic fat accumulation occurs more frequently and is much more pronounced in patients
infected with genotype-3 [6,7].

Most screening studies for the non-invasive marker, indicating the progression of
hepatitis-C-caused chronic inflammation, were performed on cohorts with a prevalence
of genotype-1, and differences depending on the genotypes are not known. Circulating
microRNAs (miRNAs) released from the injured liver are regarded as suggestive indicators
of inflammation-mediated disease severity and fibrosis [8,9].

MicroRNAs are small, non-coding moieties of approximately 19–22 nucleotide-long
RNA molecules. They are involved in gene expression, targeting mRNA and attenuat-
ing translation. MicroRNAs are found in organisms ranging from unicellular to high-
multicellular organisms, including mammals and plants. In the case of mammals, miRNAs
regulate 60% of the protein-coding genes [10–12]. During maturation, mature miRNAs
are generated by successive cleavages of Pol-II-transcribed primary RNA precursors by
Drosha and Dicer [10–12]. The RNA-induced silencing complex (RISC) enables microRNAs
to modulate gene expression via translational repression and mRNA degradation, with
the latter mechanism mediating target inhibition more effectively [2]. Due to their ability
to target most mRNAs in the human genome, microRNAs play crucial roles in biological
processes, including development, immunity, cancer, and pathogen infections. In addition,
miRNA expression is highly tissue-specific, and various human diseases have been linked
to altered miRNA expression patterns [13].

Their dysregulation is linked with human pathologies, including cardiovascular dis-
eases, neurological disorders, and chronic liver disease and development of hepatocellular
carcinoma (HCC) [8,9,14].

Importantly miRNAs are released from cells by active secretion or passive release
uponcell damage [15]. The potential application of extracellular miRNAs released into
the bloodstream as non-invasive biomarkers is intensively studied. Various studies have
examined the efficacy of microRNAs in diagnosing HCC. The miR-155 and miR-146a
have been identified as dysregulated in patients with HCV-associated hepatocellular carci-
noma [16–19]. Additionally, a combination of four miRNAs (miR-21, miR-122, miR-192,
and miR-223) was highly accurate in diagnosing chronic hepatitis [19,20]. MicroRNAs have
also been investigated as a potential diagnostic tool for HCV infection, despite the limita-
tions of current diagnostic methods, which include a high rate of false negatives during
the early stages of infection [21]. Thus, some studies have demonstrated that patterns of
microRNA expression can distinguish between individuals with chronic HCV infection and
healthy controls, as well as between patients with varying stages of liver disease. MiR-122,
a liver-specific miRNA, regulates HCV replication, and its downregulation increases viral
load and disease progression [19]. MiR-205, downregulated in most liver diseases, could be
a diagnostic and treatment molecule. MiR-29a, miR-146a, and miR-155 also modulate HCV
replication and host immune response [22]. The microRNA-29a (miR-29a) is a member
of miR-29 family, whose serum levels are increased upon HCV mediated liver injury [23].
Importantly, miR-29 targets transcripts encoding ECM proteins, such as fibrillins, β1 inte-
grin, laminins, collagens, and elastin [24–26]. Studies on western patient cohorts with a
high prevalence of HCV genotype-1 infections also showed a change in circulating miR-29a
serum levels, whereas hepatic tissue levels were reduced [23,26].

Another interesting fact is the close link between miR-192 expression and TGF-β1
signaling during renal fibrosis [27]. Furthermore, miR-192 is a hepatic-enriched miRNA
recognized to be upregulated in the serum of HCV patients. Thus, miR-192 is suggested to
be involved in processes mediating HCV-infection-associated liver disease and to serve as a
potential target against viral pathogenesis [28]. Interestingly, miR-192, in combination with
other miRNAs, is used as a novel biomarker for steatosis associated liver injury [28,29].

MicroRNA-192 and miR-29a have been proposed as biomarkers of liver injury in
patients with chronic HCV infection. As previous reports have included patients infected
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with HCV genotype 3 to a limited extent, we focused our study on the circulating profiles of
miR-192 and miR-29a in HCV patients with a high prevalence of HCV genotype 3 infection.

2. Materials and Methods
2.1. Sample Collection

The patient’s samples and data, containing demographic, clinical characteristics and
estimated infection time, were collected by Hayatabad Medical Complex (HMC) and
Khyber Teaching Hospital (KTH) Peshawar, Pakistan. The demographic characteristics are
shown in Supplementary Table S1A–C.

The HCV genotyping was performed as previously designated by Ullah et al. [2]. The
Ethical Committee approved the study, Center of Biotechnology & Microbiology (COBAM),
University of Peshawar, Pakistan, and written informed consent was obtained from all
the recruited patients. That the experimental samples, including the collection samples
material, were confirmed to comply with relevant institutional, national, and international
guidelines and legislation with appropriate permissions from authorities of the Department
of Health and Biological Sciences, Abasyn University, Peshawar, Pakistan and Center
of Biotechnology and Microbiology, University of Peshawar, Peshawar, Pakistan for the
collection of sample specimens.

We included patients who showed PCR positivity for the 5′ untranslated region (UTR)
of the HCV RNA genome. Patients who were co-infected with other virus types such as
HAV or HBV or HDV were excluded. Furthermore, patients were excluded when their
viral load was below a titre 500 IU/mL and if the RNA quality in serum was shown to
be insufficient.

2.2. RNA Isolation

HCV patients’ blood samples were centrifuged, and the serum was taken. RNA was
extracted from 200 µL serum using the Qiagen Kit (Qiagen, Hilden, Germany. Cat No./ID:
217204) according to the manufacturer’s protocol and as described earlier. Before the RNA
extraction, SV40-miRNA (5-UGAGGGCUGAA AUGAGCCUU-3) (Qiagen, Hilden, Ger-
many, Cat No./ID: 331535) was spiked in (2 fmol/200 µL serum) for the later normalization
of the miRNA-192 and miR-29a levels [19,30,31].

2.3. Synthesis of cDNA and RT-PCR

The complementary DNA (cDNA)was prepared using the miScript-Reverse Tran-
scription Kit (Qiagen kit. Cat No./ID: 218160) as described earlier For real-time PCR, the
miRNA-SYBR Green PCR Kit and SV-40 primers, miRNA-192, and miR-29a from Qiagen
(Hilden, Germany) were used. Thermo-cycling conditions of the RT-PCR were as follows:
initial denaturation 95 ◦C/3 min, following cycles of PCR template denaturation 94 ◦C/30 s,
annealing 55 ◦C/45 s and extension 70 ◦C/45 s. All the steps were performed in triplicate
and in agreement with the supplier’s guidelines. A dilution series was generated, and
miRNA levels were quantified using the standard curves. Spike-in SV40-miRNA quantifi-
cation was used to normalize miR-29a and miR-192 extracellular miRNAs levels [19,31,32].

2.4. Data Analysis

The data analysis was conducted using GraphPad Prism 5 and IBM SPSS software 25.0.
One-way ANOVA test and t-test were used for the statistical significance, indicated as
p-value. The non-parametric counterpart of the ANOVA, which was obtained using
Kruskall–Wallis test, was also employed in cases of deviation from the normality as-
sumption. Bartlett’s test was used for equal variance and a strong significant correlation
between variables. ROC and AUC analyses were conducted to determine diagnostic per-
formance and the significance of microRNA expression. The best cut-offs were selected
by maximizing the Youden index; that is, the sum of specificity and maximized sensitivity.
Pearson’s correlation was performed between the two variables. Values of less than 0.05
were considered statistically significant (p).
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3. Results
3.1. Characteristics of the Patient Cohort

The HCV patients (n = 222) were grouped into mild, moderate, and severe based on
the Child–Turcotte–Pugh (CTP) score. Liver disease progression was classified into mild,
moderate, and severe, and the score system was as follows: 5–6 was referred to as Child
Class A (mild), 7–9 as Child Class B (moderate) and 10–15 as Child Class C (severe) [9]. The
patients were admitted to Peshawar’s tertiary hospitals from April 2016 to October 2018.
The patients’ medical data and demographic summary are presented in Supplementary
Table S1A,B. The mean age of the patients was 49.03 ± 12.65 years. Importantly, there
were significant differences (p < 0.0001) in the alanine transaminase enzyme (ALT) and
α-fetoprotein (AFP) levels of patients with progressive chronic HCV liver disease. The
controls (n = 52) were healthy blood donors, and they are described in Supplementary
Table S1C. Notably, in our study, HCV genotype-3 occurred at a very high frequency (61.7%)
compared to the other genotypes.

3.2. Serum miR-192 and miR-29a Profile

In this study, the expression profiles of the circulating microRNAs miR-192 and miR-
29a were quantified by quantitative PCR. The levels of patients with mild, moderate,
and severe HCV hepatitis were compared to those in the control group of healthy blood
donors. The parametric and non-parametric analyses of serum miR-192 and 29a levels
both revealed that miRNAs were significantly increased compared to the controls, as
shown in Figure 1. Importantly, the serum miR-29a and miR-192 levels of each patient
group developing mild and moderate stages of liver injury were significantly elevated
(Supplementary Figures S1 and S2).
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Figure 1. Serum expression profiles of microRNA-192 and 29a in HCV patients. Serum miRNA-192
and miR-29a in patients with mild, moderate or severe liver injury. The Whisker box plots show
a significant difference between the levels of miR-192 and miR-29a in the groups of patients with
different grades of liver damage.

The receiver-operating characteristic (ROC) curve under the area of (AUC) curve
analysis was performed to measure the potential of individual microRNA to discriminate
the HCV group with progressive liver injury. The AUC values of miR-192 and 29a showed
a significant difference between the HCV-infected cohorts with moderate, mild, and severe
liver injury versus the control group (Supplementary Figures S3 and S4, and Supplementary
Tables S2 and S3). Figure 2 shows the ROC curve of the HCV-infected cohorts compared
to the control, demonstrating that miR-192 and 29a have great potential to estimate the
progression of HCV-mediated hepatic disease. The miR-192 ROC curve demonstrated that
the miR-192 levels are a more sensitive indicator for mild liver injury than for moderate
and severe liver damage. Similarly, the miR-29a ROC curve of the moderate group showed
a particularly high sensitivity in HCV patients with mild liver injury. Overall, the analysis
revealed that microRNA-29a has a more significant accuracy in diagnosis as compared to
microRNA-192 in HCV patients. Therefore, the sensitivity rate of the ROC under the AUC
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analysis of miR-192 and 29a was considered to be significant, and their diagnostic and
precision strength was substantial in HCV patients (Figure 2). According to the Youden
index for microRNA 192 HCV patients, the optimal cut-off value was 1.730, the correspond-
ing specificity of 0.65 and sensitivity of 0.8393 were reported in mild HCV patients. For
moderate patients, the optimal cutoff value was 1.110, corresponding specificity 0.51 and
sensitivity was 0.7778. The optimal cutoff value was 1.395, and the corresponding specificity
of 0.67 and sensitivity of 0.7321 were reported in severe liver patients. Similarly, in the
microRNA-29a HCV patients, the Youden index of the optimal cutoff value was 0.6250, and
the corresponding specificity (0.67) and sensitivity (1.00) were noted in mild patients. For
the moderate HCV group, the optimal cutoff value was 1.660, the corresponding specificity
was 0.8372 and the sensitivity was 0.7907. The optimal cutoff value was 0.2400, with the
corresponding specificity of 0.58 and sensitivity of 1.00, in severe HCV patients.
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3.3. Correlation of miR-192 and 29a with ALT

Next, we compared the miR-29a and the miR-192 levels with the ALT values of patients
in the moderate, mild and severe groups. The Pearson and Spearman correlation were
both not significant between the miR-29a or miR-192 levels in the control or HCV-infected
groups or with ALT values.

3.4. Expression of miR-192 and miR-29a in HCV Genotypes 3 and Non-Genotypes 3

Since, in the studied cohort, we observed a high frequency of patients with genotype-3,
we next investigated if there was a difference between miR-29a and miR-192 levels in
patients with HCV genotype-3 infections versus patients with non-genotype-3 infections.
Micro-RNA-29a levels in mild, moderate and severe patients were compared with the con-
trol cohort using Student’s t-test. Compared to the control group, the miR-29a levels were
significantly elevated in both patient groups with genotype-3 and non-genotype-3 HCV
infections (Figure 3). The Bartlett’s test in the one-way ANOVA confirmed the genotype-
independent increase in miR-29a, showing an equal variance and a strong correlation
between miR-29a levels in patients infected with HCV genotype-3 and non-genotype-3
(Figure 3).

Moreover, miR-192 was also significantly increased in patients with genotype-3 and
non-genotype-3 versus healthy controls. In Figure 3, Bartlett’s test showed that miR-192
was significantly upregulated (p = 0.0173) in comparison to healthy controls.
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Figure 3. MicroRNA-29a and miR-192 profiles in the HCV genotype 3 and non-genotype 3. The
Student test, comparing miR-29 levels of patients with mild, moderate and severe disease, either
HCV genotype-3- or non-genotype—-infected, with the control group, showed a highly significant
increase (p > 0.001). The significant increase in the miR-192 levels was 0.0173, and in the patient
groups with mild, moderate and severe infection, we observed p values of 0.004, 0.015, 0.0002 and
0.013, respectively, by Student t-test.

3.5. ROC Analysis in miR-192 and miR-29a in the HCV Genotypes 3 and Non-Genotypes 3

The ROC analysis showed no significant difference between the comparisons of miR-
29a levels in the mild genotype-3 and mild non-genotype-3 groups compared with the
control group. However, in comparison to the control group, the ROC curves showed
a significant difference between the HCV genotype-3 and non-genotype-3 groups with
moderate fibrosis (p = 0.0018 and p < 0.0001, respectively). ROC curves for the miR-29a levels
of patients with genotype-3 or non-genotype-3 in comparison to healthy controls showed
significance (p = 0.030 or p = 0.0007, respectively) (Figure 4 and Table 1). No significant
difference was observed in the miR-29a ROC curves for genotype-3 and non-genotype-3.
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In agreement with the data of miR-29a expression in HCV patients with genotype-3
versus non-genotype-3 infections, ROC analysis indicated that miR-29a might serve as
an indicator for the HCV-associated progression of fibrosis independently of the HCV
genotypes (Figure 4 and Table 1).
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Table 1. MicroRNA-29a performance in HCV patients.

S. No. Area under
the ROC Curve

95% Confidence
Interval Std. Error p Value

Control–Mild genotype 3 0.6549 0.4763 to 0.8335 0.09108 0.2564

Control–Mild non-genotype 3 0.6356 0.3783 to 0.8929 0.1312 0.2806

Control–Moderate genotype 3 0.7276 0.5866 to 0.8686 0.07193 <0.001829

Control–Moderate non-genotype 3 0.8687 0.7674 to 0.9700 0.05168 <0.0001

Control–Severe genotype 3 0.5176 0.3789 to 0.6562 0.07073 0.8071

Control–Severe non-genotype 3 0.5438 0.3880 to 0.6996 0.07949 0.6083

Control vs. Genotype 3 0.6237 0.5152 to 0.7321 0.05532 <0.03055

Control vs. Non-genotype 3 0.7079 0.5987 to 0.8171 0.05569 <0.0007660

Genotype 3 vs. Non-genotype 3 0.5816 0.4625 to 0.7007 0.06076 0.1845

The ROC analysis under the AUC demonstrates that miR-192 is significant in genotype-3
(p = 0.0001) and non-genotype-3 (p = 0.0003) in the control group. No significant expression
was observed in the miR-192 and miR-29a ROC curve between HCV genotype-3 and
non-genotype-3, as shown in Figure 5 and Table 2. Similarly, no significant difference was
observed in the miR-192 ROC curve of moderate non-genotype-3 with the control group.
Still, the other groups of miR-192 disclosed significant upregulation with healthy controls
(Figure 6 and Supplementary Table S2). Interestingly, the ROC data showed no difference in
the potential of miR-192 to indicate infections with HCV genotype-3 versus non-genotype-3
(Figure 5 and Table 2).
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Table 2. MicroRNA-192 performance in HCV patients.

S. No. Area under
the ROC Curve

95% Confidence
Interval Std. Error p Value

Control–Mild genotype 3 0.7200 0.4736 to 0.9663 0.1256 <0.04667

Control–Mild non-genotype 3 0.7981 0.6735 to 0.9227 0.06357 <0.002033

Control–Moderate genotype 3 0.7800 0.6703 to 0.8898 0.05596 <0.0001

Control–Moderate non-genotype 3 0.5971 0.4759 to 0.7184 0.06186 0.1142

Control–Severe genotype 3 0.7618 0.6461 to 0.8776 0.05905 <0.0001772

Control–Severe non-genotype 3 0.6945 0.5969 to 0.7920 0.04976 0.0002866

Control vs. Genotype 3 0.7636 0.6728 to 0.8544 0.04631 <0.0001

Control vs. Non-genotype 3 0.6718 0.5852 to 0.7583 0.04416 0.0003750

Genotype 3 vs. Non-genotype 3 0.6102 0.5206 to 0.6997 0.04568 0.01785
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Control–Severe non-genotype 3 0.6945 0.5969 to 0.7920 0.04976 0.0002866 

Control vs. Genotype 3 0.7636 0.6728 to 0.8544 0.04631 <0.0001 
Control vs. Non-genotype 3 0.6718 0.5852 to 0.7583 0.04416 0.0003750 

Genotype 3 vs. Non-genotype 3 0.6102 0.5206 to 0.6997 0.04568 0.01785 

 
Figure 6. The ROC curve analysis of miR-192 with different genotypes of HCV patients. 
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4. Discussion

The present study focused on circulating miR-192 and 29a profiles in patients with hep-
atitis C disease and the comparative analysis at different stages of liver progression/injury.
Various studies revealed that miR-192-5p and the miR-29 family are involved in human
diseases, such as cancers, liver, kidney, nervous, heart and breast. Significantly, miR-192 and
29a levels are abundant in the urine and serum, and the exosomal stages in the circulation
can help to diagnose and predict different diseases, such as hepatic disease, mostly those
involving hepatitis infections [23,32]. MicroRNA-29a is known to act as antifibrotic miRNA,
and its hepatic loss and secretion during liver disease are shown to be associated with
liver fibrosis [23,24,26]. Extracellular miR-192 is induced after metabolic liver disease and
HCV-mediated hepatitis and participates in inflammatory processes [32]. Many causative
agents damage the liver, but microRNA-192-5p plays a role as a biomarker for diagnosis
during hepatic injury. Thus, Roy et al. studied miR-192-5p in the serum of mice and human
liver injury. The authors conclude that this miRNA was significantly upregulated in hepatic
disease, but, in contrast, downregulated in the liver tissue [33].

In our study, samples of 222 patients with chronic hepatitis C infection were used to
compare miR-192 and miR-29a serum levels with those of healthy controls. Both miRNAs,
mir-29a and miR-192, were elevated during the liver disease progression of HCV patients.
This was in agreement with other reports by Ezaz et al. [29] and Liu et al. [28], which
have shown that miR-192-5p and the family 29a are significantly decreased in liver tissue
but elevated in serum samples of patients with liver fibrosis [28,29]. The ROC analysis
and area under the curve (AUC) were used to assess the diagnostic performance and
accuracy of the miR-192 and 29a. Here, we noted that these microRNAs show a significant
ROC performance and AUC curve in HCV patients. In the comparative analysis, the mild
and moderate groups significantly outperformed the miR-192 and miR-29a, respectively.
Overall, comparing these microRNAs showed a significant sensitivity rate in diagnosing
hepatic disease. The ROC and AUC revealed that these microRNAs might be used as a
biomarker to indicate the prognosis and severity of the liver injury. Similarly, the study of
Motawi [34] analyzing the ROC and AUC in chronic HCV patients was closely related to
our results. Several approaches and techniques have been used to identify and quantify
microRNAs, resulting in discrepancies between reported results. One study found that
miR-192 was elevated in HCV-infected patients with cirrhosis relative to those without
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cirrhosis and that it may boost HCV replication by targeting host genes involved in lipid
metabolism. Another study demonstrated that miR-29a was downregulated in HCV-
infected cirrhotic individuals and could impede HCV replication by targeting the 3′ UTR
of the viral genome. A different study demonstrated that miR-29a could promote HCV
replication by targeting host genes involved in lipid metabolism [35,36]. In light of these
contradictory findings, the role of miRNA 192 and miRNA 29a in HCV replication remains
unknown, and further research is required to identify their diagnostic value as biomarkers
for HCV infection.

Most investigations indicate that miR-29a may function as an antiviral host factor
by inhibiting HCV replication, and may have therapeutic promise for treating HCV in-
fection. In addition, the overexpression of miR-192 and miR-29a in HCV patients may
be attributable to their role in regulating fibrosis and inflammation, which are prominent
characteristics of chronic liver disease [35,36]. MiR-192 and miR-29a may be possible non-
invasive biomarkers for diagnosing fibrosis progression after chronic liver disease caused
by HCV infection, as our investigation supports [36,37]. The causes of the variations in
miR-192 and miR-29a levels between liver tissue and serum samples are unknown. It has
been argued that sample preparation and analysis procedure variations may contribute
to these disparities. Consequently, more studies are needed to establish the causes of
these inconsistencies and to develop standardized methodologies for assessing miRNA
concentrations in various sample types.

Regardless of the HCV genotype, our study provides more data supporting the poten-
tial of miR-192 and miR-29a as biomarkers for hepatic disease. These biomarkers may be
useful for identifying the advancement of fibrosis in patients with chronic liver disease due
to HCV infection [37,38]. Further research is necessary to assess the therapeutic efficacy
of these biomarkers and to develop standardized methods for detecting miRNA levels
in diverse sample types. Recent research has studied the diagnostic potential of miR-192
and miR-29a as biomarkers for HCV patients, although the findings are limited. One such
limitation is the pilot study’s relatively small sample size, which necessitates higher sample
sizes to confirm the diagnostic usefulness of these miRNAs.

Various challenges must be overcome to fully comprehend the diagnostic biomarker
potential of microRNAs [8,9]. The lack of standardization in miRNA isolation and quantifi-
cation, inconsistencies in sample preparation, the presence of contaminants and inhibitors, a
limited understanding of miRNA biology, and the absence of large-scale validation studies
to determine the reliability and robustness of miRNA-based diagnostic tests are among
these impediments.

Future studies could emphasize the diagnostic and prognostic capabilities of miR-192
and miR-29a in expanded and more diverse patient populations. Investigating miRNA
expression in various HCV genotypes and disease phases could also shed light on the
potential use of miRNAs as biomarkers for hepatic disease. In addition, understanding the
mechanisms underlying the overexpression of miR-192 and miR-29a throughout chronic
HCV infection could reveal prospective therapeutic targets for treating HCV-related liver dis-
orders. By conquering these challenges and pursuing future research routes, we can improve
the translation of miRNA research into clinical practice, resulting in patient outcomes.

Overall, our study demonstrates that themiR-29a and miR-192 s are significantly
upregulated in patients with HCV genotype-3 and non-genotypes-3 in a similar pattern.
Thus, both miRNAs could be an indicator of hepatic disease progression independently of
the HCV genotype.

5. Conclusions

The presented study reveals that serum microRNA-192 and miR-29a are significantly
increased in patients with chronic hepatic disease infected by HCV genotype 3 and non-
genotype 3. Notably, these miRNAs appear to be a sensitive predictor of liver disease and
may be better-suited than other regular biochemical assays to monitoring HCV-related
liver injury.
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Abstract: MicroRNAs (miRNAs) are short non-coding RNA molecules acting as important posttran-
scriptional gene and protein expression regulators in cancer. The study goal was to examine VEGFA
(vascular endothelial growth factor A) expression in hepatocellular carcinoma (HCC) cell lines upon
transfection miR-612, miR-637, or miR-874. Methods: MiR-612 mimics, miR-637 mimics, or miR-874
inhibitors were transfected using Lipofectamine RNAiMax in both HCC cell lines, HepG2 and HuH-7.
Real-time PCR, Western blotting, and ELISA methods were used to evaluate VEGFA regulation
by the miRNAs. Results: Gene and protein expression levels of VEGFA were down-expressed in
both cell lines, HepG2 and HuH-7, transfected with miR-612 or miR-637. Transfection with miR-874
inhibitor showed an increase in VEGFA gene expression in HepG2 and HuH-7 cell lines; however, no
regulation was observed on VEGFA protein expression by miR-874 inhibition. Correlation analysis
between miRNAs and VEGFA protein expression showed that miR-637 and miR-874 expression
present inversely correlated to VEGFA protein expression. Conclusions: VEGFA was down-regulated
in response to hsa-miR-612 or hsa-miR-637 overexpression; however, the modulation of VEGFA by
miR-874 was observed only at the gene expression and thus, needs further investigation.

Keywords: microRNAs; gene expression; liver neoplasms; angiogenesis; cancer biomarkers; transfection

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and is
a leading cause of cancer-related deaths worldwide [1]. The main risk factors include
chronic infection with the hepatitis B or hepatitis C virus, consumption of aflatoxin-
contaminated foods, heavy alcohol intake, obesity, smoking, and diabetes [2]. HCC is
more prevalent in males than in females (ratio 1:2.4), with high occurrence rates in east-
ern and southern Asia. As estimated in 2012 by GLOBOCAN, the ratio of incidence and
mortality of HCC is 0.95, indicating a poor prognosis [3].

MicroRNAs (miRNAs) are short non-coding RNA molecules acting as important
posttranscriptional gene and protein expression regulators [4–7]. Some miRNAs can
regulate the vascular endothelial growth factor A (VEGFA) gene, which acts in blood
vessel growth in some cancer types, including hepatocellular carcinoma [8–12]. Studies in
cancer, including HCC, have shown that miRNAs have an essential role in angiogenesis,
tumorigenesis, and metastasis [13–15]. A review highlighted that miRNAs are meaningful
for regulating particular endothelial processes downstream of VEGF, thus representing
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therapeutic targets involved in the VEGF ligand-receptor interaction or VEGFR kinase
activity [9].

VEGF is a growth factor that activates receptor tyrosine kinases, initiating the RAS-
RAF-MEK (Map kinase)-ERK (extracellular signals regulated kinase) MAPK (Mitogen-
activated protein kinase) signaling cascade. This cascade induces key transcription factors
as well as the epithelial-mesenchymal transition that results in cell motility and inva-
sion [16]. VEGFA products in cancer have been studied with their interaction in different
signaling pathways, such as STAT3 (activator of transcription 3), KRAS (Kirsten rat sarcoma
virus), and MAPK, mediated by protein kinase B (PI3K) and regulated by ERK, among
other factors. These interactions were observed in different types of cancer, such as liver
and lung. In some cases, the activation of these pathways is related to tumor aggressive-
ness and, therefore, regulation through miRNAs [16,17]. Evidence has suggested that the
regulation of miRNAs in cancer can identify biomarkers for the diagnosis and treatment of
cancer [7,12]. Because the inhibition of VEGFA signaling interferes in the angiogenesis pro-
cess, and miRNAs may provide a potential anti-angiogenesis therapy for cancer treatment,
we evaluated the expression of VEGFA in HCC cell lines upon treatment with miR-612 and
miR-637 mimics and miR-874 inhibitors.

2. Materials and Methods
2.1. Cell Lines

Hepatoma cell line HepG2, derived from a liver HCC of a 15-year-old Caucasian
male [18], and HuH-7 cell line from HCC taken from a liver tumor of a 57-year-old Japanese
male [19] were used in the study. Both cell lines were cultured in DMEM (Dulbecco’s
modified Eagle’s medium) (Cultilab, Campinas, São Paulo, BR) supplemented with 10%
fetal bovine serum (Cultilab, Campinas, São Paulo, BR), 100 U/mL sodium penicillin,
100 mg/mL streptomycin (Cultilab, Campinas, São Paulo, BR), and 1% L-glutamine (Culti-
lab, Campinas, São Paulo, BR) at 37 ◦C in a 5% CO2 atmosphere.

2.2. MiRNA Prediction

Seventeen miRNAs predicted by the miRNAs databases, miRBASE (http://www.
mirbase.org/ (accessed on 20 March 2017)), TargetScan (http://www.targetscan.org/vert_
71 (accessed on 20 March 2017)), and DIANA-TarBase v7.0 databases (http://diana.imis.
athena-innovation.gr/DianaTools (accessed on 16 July 2017)) in our previous study were
selected [20]. A previous study analyzing relative miRNA expression in 40 samples (HCC
and non-tumor tissue) showed that 9 out of 17 predicted miRNAs were differentially
expressed in tumor tissues compared to the control. The relative VEGFA gene expression
showed a relationship to the miRNA expression [20]. In the present study, we used the
mimics of low expressed miR-612, miR-637, and an inhibitor of highly expressed miR-874
to study the regulation of the VEGFA target gene.

2.3. Transfection of miRNAs in HepG2 and HuH-7 Cell Lines

Transfection assays of the mirVana™ inhibitor for hsa-miR-874 (MH12355, Thermo Sci-
entific, Waltham, Massachusetts, EUA), mirVana™ hsa-miR-612 mimics (MC11461, Thermo
Scientific, Waltham, Massachusetts, EUA), and mirVana™ hsa-miR-637 mimics (MC11545,
Thermo Scientific, Waltham, Massachusetts, EUA) were conducted using Lipofectamine
RNAiMax (Invitrogen, Waltham, Massachusetts, EUA), following the manufacturer’s in-
structions. To determine the best concentration values of the mirVana™ inhibitor, mirVana™
mimics and Lipofectamine RNAiMax were performed concentration tests. Subsequently,
the cells were cultured for 48 h in 100 µL of Opti-MEM serum-free medium (Invitrogen,
Waltham, Massachusetts, EUA), 1 µL of Lipofectamine RNAiMax (Invitrogen, Waltham,
Massachusetts, EUA), and 10 mM of miR-874 inhibitor, miR-612, or miR-637 mimics. Three
independent experiments were performed. After this, the RNA was extracted to verify
the efficiency of transfection using the respective positive and negative control genes and
miRNAs by qPCR (Quantitative real-time PCR). The positive controls for inhibitor assay
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were the HMGA2 gene and let-7c miRNA. Similarly, the TWF1 gene and miR-1 were
positive controls for mimic assays.

2.4. RNA and miRNA Extraction

After transfection, RNA and miRNA were extracted from HepG2 and HuH-7 cell
lines using Trizol reagent (Invitrogen, Waltham, Massachusetts, EUA). Complementary
DNA (cDNA) was synthesized using the High Capacity cDNA reverse transcription Kit
(Thermo Fisher Scientific, Waltham, Massachusetts, EUA). The cDNAs of miRNAs were
synthesized using Taqman MicroRNA Reverse Transcription Kit (Applied Biosystems,
Waltham, Massachusetts, EUA).

2.5. Quantitative Real-Time PCR for Expression of VEGFA Gene and miRNAs

Expression analysis of the VEGFA (Hs00900055_m1) gene and miR-612 (001579),
miR-637 (003307), and miR-874 (00268) was performed by qPCR using specific TaqMan
probes (Thermo Fisher Scientific, Waltham, Massachusetts, EUA) on the CFX 96 Real-Time
System (Bio-Rad, Hercules, California, EUA). All reactions were performed in duplicate
and included a contamination control. The genes GAPDH (Hs03929097_g1) and RPLPO
(4333761F) were used as reference genes for the normalization of VEGFA expression data.
The genes U6 (001973) and RNU48 (001006) were used for normalization of miR-612, miR-
637, and miR-874 expression data (Thermo Fisher Scientific, Waltham, Massachusetts, EUA).
Relative quantification (RQ) of genes and miRNA expression levels in HCC lineages were
calculated using the 2-∆∆Ct method concerning the negative control [21].

2.6. Extraction and Quantification of Protein

The proteins were extracted using the RIPA Buffer (Sigma-Aldrich, San Luis, Missouri,
EUA), and quantified using the Pierce TM BCA Protein Assay kit (Thermo Fisher Scien-
tific, Waltham, Massachusetts, EUA). Quantification of VEGFA protein in the transfection
assays with miR-612, miR-637, miR-874, and negative control was performed using the
VEGFA Duo Set ELISA Kit (R&D Systems, Minneapolis, Minnesota, EUA) and Western
blotting (WB) method utilizing Anti-VEGFA antibody (ab1316, Abcam, Cambridge, United
Kingdom), following the manufacturer’s instruction.

2.7. Statistical Analysis

The statistical analysis was performed using GraphPad Prism software version 6.
Continuous data distribution was evaluated using D’Agostino and Pearson’s normality test.
Student’s t test, Wilcoxon Signed rank test, and Mann–Whitney test were used to evaluate
the VEGFA gene and protein expression data. The correlation between the expression
of miRNAs and VEGFA proteins was analyzed by Spearman’s correlation or Pearson’s
correlation. Values of p < 0.05 were considered significant.

3. Results
3.1. Bioinformatics-TCGA Analysis

The analysis of The Cancer Genome Atlas Program (TCGA) database through the
UALCAN [22] website showed that there is a positive correlation between KRAS (Figure 1a),
AKT1 (Figure 1b), and STAT3 (Figure 1c) genes in Liver Hepatocellular carcinoma (LIHC)
and VEGFA expression.
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Figure 1. Pearson positive correlation of VEGFA expression with (a) KRAS (R = 0.36),
(b) AKT1 (R = 0.45), and (c) STAT3 (R = 0.4) in TCGA analysis in LIHC [22].

In addition, miR-612 (Figure 2a) and miR-874-3p (Figure 2b) expression analyzes were
performed in Hepatocellular carcinoma (HCC), comparing normal tissues with primary
tumors, allowing visualization of the expression profile in primary tumor tissue samples.

Figure 2. TCGA expression data of (a) hsa-miR-612 (p = 0.52) and (b) miR-874-3p (p = 0.20) in LIHC,
comparing normal tissue and primary tumor [22].

Regarding miR-637, it was not possible to obtain this information as there are no data
in the TCGA for this microRNA in HCC.

3.2. Transfection Efficiency Test

The transfection efficiency was calculated by the relative expression levels of TWF1 in
cells treated with mirVana ™ miRNA Mimic miR-1 positive control (Applied Biosystems,
Waltham, Massachusetts, EUA) in comparison to the negative control, to be approximately
75% in the HuH-7 cell line and 65% in the HepG2 cell line. Transfection efficiency test for
the inhibition assay using positive controls, mirVana™ miRNA Inhibitor let-7c (Applied
Biosystems, Waltham, Massachusetts, EUA) for HMGA2 gene expression showed a 31%
decrease in HepG2 cells and a 57% increase in HuH-7 cells. This divergence between the
cell lines may be related to differences in the gene regulation by miRNA and warrants
further evaluation.

3.3. MiR-874, miR-612, and miR-637 Expression in Transfected HCC Cells

The expression levels of all three miRNAs were found to be up-regulated as com-
pared to the negative controls in both HCC cell lines. Following are the statistical val-
ues obtained for each miRNA in three independent experiments: miR-874 (HuH-7: p = 0.1250;
median = 10.52; HepG2: p = 0.1250; median = 5663), miR-612 (HuH-7: p = 0.0313; median = 2.053;
HepG2: p = 0.0313; median = 14.03), and miR-637 (HuH-7: p = 0.313; median = 6.115; HepG2:
p = 0.313; mean = 12.34).
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3.4. VEGFA Expression in Transfected HCC Cell Lines

We performed an assay to evaluate the influence of miR-612 and miR-637 on VEGFA
gene expression and observed significant difference in the expression of this gene upon
transfection with miR-612 and miR-637 mimics. Expression of VEGFA was lower in miR-
637-transfected cells than in miR-612-transfected cells. In the HepG2 cell line, the VEGFA
gene expression showed a 51% reduction upon transfection with miR-612 (RQ mean = 0.49,
p < 0.0001), and a 48% reduction upon transfection with miR-637 (RQ mean = 0.52,
p = 0.0004). In the HuH-7 cell line, the expression of VEGFA decreased by 4% in cells
treated with miR-612 (p < 0.0001), and by 73% with miR-637 (p < 0.0001). All values were
obtained by comparing them with the negative control.

Cells transfected with miR-874 inhibitor showed a 93% increase in VEGFA expression
(RQ = 1.93, p = 0.0005) in the HepG2 cell line compared to the negative control, and equal or
low expression in the HuH-7 cell line when compared to the control (RQ = 1.00, p < 0.0001)
(Figure 3).

Figure 3. Relative quantification of VEGFA gene, transfected to miR-612, miR-637, and miR-874 on
HepG2 and HuH-7 concerning the respective negative control (RQ = 1.00). a—Corresponding to
significant p values.

3.5. Protein Expression of VEGFA in Transfected HCC Cell Lines

VEGFA protein quantification was performed by ELISA (Figure 4) and WB (Figure 5).
WB results showed a reduced expression in miR-612 (HuH-7 cell line) and miR-637 (HuH-7
and HepG2 cell line). However, it was not possible to evaluate the transfection using
miR-874-3p. ELISA methods showed the quantification after transfection with the miR-612
(HuH-7: p = 0.0106, mean= 26.90; HepG2: p > 0.9999, mean = 16.81) and miR-637 (HuH-7:
p = 0.0168, mean = 31.54; HepG2: p = 0.0051, median = 23.30) mimics, and the miR-874
inhibitor (HuH-7: p = 0.6367, mean = 39.66; HepG2: p = 0.6222, median = 15.30). The protein
expression was analyzed by comparing to the same target protein evaluated in transfection
performed in the mimic negative controls (HuH-7: mean = 45.24; HepG2: median = 20.68)
and inhibitor negative controls (HuH-7: mean = 43.04; HepG2: median = 17.73) (Figure 4).
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Figure 4. VEGFA protein expression compared to the respective negative control, transfected
to miR-612, miR-637 (A), and miR-874 (B) on HepG2 and HuH-7 cell lines (ELISA method). a—
Corresponding to significant p values.

Figure 5. Western blotting analysis of VEGFA treated with the mimics negative control (MNC),
hsa-miR-612, hsa-miR-637, inhibitor negative control (INC), and hsa-miR-874-3p, in the HuH-7 and
HepG2 cell lines.

The correlation between the gene and protein expression was not significant. However,
the miRNA and protein expression correlation analysis showed that expression levels of
miR-637 (R = -0.883 p = 0.0110) and miR-874 (R = -0.084 p = 0.0010) have an inverse
correlation with VEGFA protein expression.

4. Discussion

In the present study, we utilized mimics for under-expressed miRNAs and inhibitors
for overexpressed miRNA. In our preliminary study in HCC and non-tumor tissue samples
(n = 40), we observed higher expression of VEGFA in tumor tissues than in non-tumor
samples. Additionally, nine miRNA targets of VEGFA with relative differential expression
were identified [20].

Our functional analysis showed that the VEGFA gene was down-regulated by hsa-
miR-612 and hsa-miR-637; however, such effect was not observed upon inhibition of
hsa-miR-874. VEGF is responsible for new blood vessel growth, and miRNA-mediated
decreased expression of VEGF can contribute to angiogenesis inhibition [9].

VEGF is a growth factor that activates receptor tyrosine kinases, initiating the RAS-
RAF-MEK (Map kinase)–ERK MAPK signaling cascade. This cascade induces key tran-
scription factors as well as the epithelial-mesenchymal transition that results in cell motility
and invasion [16]. The activated RAS-RAF-MEK pathway may be associated with metasta-
sis and aggressive tumors in HCC. Interestingly, miR-612 levels are inversely correlated
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with HCC tumor size and stage, microvascular invasion, and intrahepatic metastasis, as
well as the protein levels of AKT2 (AKT Serine/Threonine Kinase 2) and EMT biomark-
ers [23]. Tao et al. (2013) [23] showed that transfection of miR-612 in HCC cell lines resulted
in increased E-cadherin, decreased vimentin, and EMT suppression, supporting the in-
volvement of this miRNA in EMT through different regulators. Additionally, the authors
suggested that reduced expression levels of miR-612 may promote EMT and metastasis in
HCC [23].

In the present study, the VEGFA gene was shown to be down-regulated in both cell
lines after transfection by miR-637. Zhang et al. (2011) [24] found that miR-637 might be
a useful tool for therapy against HCC as it inhibits the activation of signal transducers,
such as STAT3 [25]. Under hypoxic conditions, STAT3 is activated and promotes VEGF
expression and angiogenesis [25], contributing to cell proliferation and tumorigenesis [26].
Thus, miRNA-mediated regulation of factors involved in hypoxia may contribute to the
reduction of tumor progression [25].

MiR-874 Inhibition did not affect on the Huh-7 cell line in our study, once the expres-
sion gene in cell lines transfected was equal to the negative control. Probably, the concen-
trations of inhibitor used for transfection were not sufficient to observe the effect on VEGF
gene regulation in this cell line. On the other hand, VEGF gene expression increased sig-
nificantly in response to miR-874 inhibition in the HepG2 cell line. Zhang et al. (2015) [27]
showed a negative correlation between miR-874 and the STAT3 gene in the gastric tumor,
suggesting that the down-regulation of miR-874 can contribute to tumor angiogenesis
through the STAT3/VEGFA pathway. The analysis of TCGA [22] data showed the VEGFA
interaction positive correlation to KRAS, AKT1, and STAT3 genes (Figure 1). Furthermore,
it was possible to observe the miR-612 and miR-874 down-expression in tumor samples
compared to normal tissue [22], justifying that treatments with mimetic miRNAs would
help to reduce the expression of genes involved in tumor development (Figure 2). No data
on miR-637 expression in HCC tumor samples were observed, which is new data for the
cancer database.

However, our protein expression data showed a reduction in VEGFA levels in both
cell lines and a significant negative correlation between miR-874 and VEGFA protein in the
HuH-7 cell line. This result may be attributed to the overexpression of miR-874, even after
its inhibition. This possibly represents the characteristic of miRNAs posttranscriptional
processing, where the transcribed gene is degraded by miR-874 overexpression before its
translation [28]. Moreover, other factors may influence the VEGFA protein expression [29].

Because overexpression of miR-612 and miR-637 resulted in down-regulation of the
VEGFA gene and protein in HepG2 and HuH-7 cell lines, we can conclude that these
miRNAs can regulate VEGFA, while further studies are needed to better understand the
miR-874 involvement in HCC. The present study provides information regarding miRNA-
mediated regulation of VEGFA and suggests possible molecular mechanisms of liver
carcinogenesis.

5. Conclusions

In conclusion, VEGFA is down-regulated in response to hsa-miR-612 and hsa-miR-637
overexpression; however, the modulation of VEGFA by miR-874 observed only at the gene
expression level requires further investigation. The new regulatory data with miR-637 in
liver cancer have an importance for characterization in the databases, being a potential
biomarker for VEGFA.
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Abstract: The aetiology of leiomyoma is debated; however, dysregulated progenitor cells or miRNAs
appear to be involved. Previous profiling analysis of miRNA in healthy myometrium- (M-MSCs) and
leiomyoma- (L-MSCs) derived mesenchymal stem cells (MSCs) identified 15 miRNAs differentially
expressed between M-MSCs and L-MSCs. Here, we try to elucidate whether these differentially
regulated 15 miRNAs arise as a conversion of M-MSCs along the differentiation process or whether
they may originate from divergent cell commitment. To trace the origin of the dysregulation, a
comparison was made of the expression of miRNAs previously identified as differentially regulated
in M-MSCs and L-MSCs with that detected in MSCs from amniotic fluid (considered as a substitute
for embryonic cells). The results do not allow for a foregone conclusion: the miRNAs converging
to the adherens junction pathway showed a gradual change along the differentiation process, and
the miRNAs which coincided with the other three pathways (ECM-receptor interaction, TGFβ and
cell cycle) showed a complex, not linear, regulation and, therefore, a trend along the hypothetical
differentiation process was not deduced. However, the role of miRNAs appears to be predominant in
the onset of leiomyoma and may follow two different mechanisms (early commitment; exacerbation);
furthermore, miRNAs can support the observed (epigenetic) predisposition.

Keywords: miRNAs; progenitor cells; amniotic fluid; leiomyoma; myometrium; divergent cell
commitment; linear dysregulation

1. Introduction

Uterine fibroids, also called leiomyomas, are the most common benign gynecologic
tumors affecting women during their reproductive age, with an incidence directly related to
age [1]. Epigenetic mechanisms, gene mutations, chronic inflammation, disrupted controls
in progenitor cells, and dysregulation of miRNAs have been all evaluated as potential
causes; however, their aetiology has not been fully clarified, [2,3].

Previously [4,5], we demonstrated that mesenchymal stem cells (MSCs) isolated from
leiomyomas (L-MSCs) and normal myometrium (M-MSCs) can diversely sustain acute and
chronic inflammation promoting a microenvironment suitable for leiomyoma onset; addi-
tionally, out of 2646 miRNAs, only 15 miRNAs displayed significantly altered expression
between leiomyoma and normal myometrium, supporting the hypothesis that leiomyoma
derives from the disruption of specific cellular mechanisms in progenitor cells.
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A population of MSCs occurs in almost all human tissues [6]. According to the criteria
outlined by Dominici [7], MSCs must be plastic adherent, positive for CD73, CD90, and
CD105 and negative for HLA-DR, CD14, CD19, CD34, and CD45 and be able to differentiate
towards oste-, chondro- and adipogenic lineages. By fulfilling these criteria, mesenchymal
cells derived from adult tissues exhibit tissue-specific features that become even more
characteristic during differentiation [8]. Among mesenchymal stem cells, amniotic fluid
MSCs (AF-MSCs) are of particular interest, as they express both adult and embryonic cell
markers and are therefore considered an intermediate stage between embryonic and adult
cells [9]. In a theoretical line of increasing differentiation, the first should be the embryonic
cells, followed by AF-MSCs and, finally, by MSCs derived from adult tissues, such as M-
and L-MSCs.

miRNAs are switchers able to modulate cell fate by turning on/off specific gene targets,
and their aberrant expression can proportionally influence these critical processes leading
to various pathological outcomes [10,11]. We recently demonstrated that 15 miRNAs
are differentially expressed between MSCs from leiomyoma and healthy myometrium,
but we do not know the mechanisms underlying these differences nor their origin. In
particular, when do these alterations occur? Do they arise directly from embryonic cells,
i.e., differential miRNA expression leads early to different MSCs in normal myometrium
and fibroids (as in hypothesis A, Figure 1A)? Alternatively, do they arise later during the
last steps of the differentiation process, i.e., embryonic cells produce normal M-MSCs and
these, under the control of dysregulated miRNAs, acquire pathological features which give
rise to L-MSC (as in hypothesis B, Figure 1B)? Since the use of embryonic cells to answer
these research questions is forbidden, AF-MSCs were alternatively used in this study as a
substitute for embryonic cells, as it maintains a lower degree of differentiation than MSCs
derived from adult tissues and therefore can be used to follow the onset of these alterations
during the differentiation process. AF-MSCs are considered as the starting point in the
differentiation process and the expression of the 15 dysregulated miRNAs will be compared
to those observed in M- and L-MSCs.

Figure 1. Two different hypotheses for the origin of miRNAs differentially regulated between M-
MSCs and L-MSCs. (A) M-MSCs and L-MSCs are the results of divergent differentiation from
embryonic stem cells; (B) embryonic stem cells physiologically differentiate in M-MSCs, and further
pathological differentiation produces L-MSCs. The red areas indicate the spectrum of the disease.
The red arrows show the pathological differentiation.
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2. Materials and Methods
2.1. Tissue Collection

Amniotic fluid (AF) samples (n = 9), 3 mL, were obtained by amniocentesis after the
16th week of pregnancy for routine prenatal diagnosis. Gestational age (GA) was deter-
mined by ultrasonic measurements of the biparietal diameter and length of the fetus’s femur.
AF was collected by ultrasound-guided transabdominal puncture. The indications were
advanced maternal age (34–36) and the cytogenetic analyses revealed normal karyotypes.

Healthy and fibrotic myometrium samples (n = 12), 3 mm2 in size, were obtained from
women of childbearing age (range, 30–35 years) undergoing myomectomy for
symptomatic leiomyomas.

All patients provided their written informed consent to participate in the study, which
was approved by the institutional ethics committees (2016-0360OR) and conducted in
accordance with the Declaration of Helsinki.

Cells were isolated, cultured, and characterized as previously described [4,5,12,13].
Briefly, the solid samples were first mechanically minced into small pieces whereas

AF samples were directly centrifuged. The pellets were resuspended and transferred into
6-well plates with MSC growth medium (MSCGM; Lonza-Bioscence, Basel, Switzerland)
suitable for the growth of undifferentiated stem cells. The samples were incubated at 37 ◦C
and 5% carbon dioxide. Morphology was assessed by phase-contrast microscopy (Leica
DM IL; Leica Microsystems GmbH, Wetzlar, Germany). Vitality and proliferation rate
were examined using an automated cell counter (Countess; Invitrogen, Milan, Italy). After
sample collection, the cells were characterized by testing the minimal criteria identified by
Dominici [7] for mesenchymal definition as previously described [14–16].

For immunophenotyping, 2.5 × 105 cells at the 3rd passage were stained for 45 min
with fluorescein isothiocyanate (FITC)-conjugated antibodies (Becton-Dickinson, NJ, USA)
against HLA-DR, CD14, CD19, CD34, CD45, CD73, CD90, and CD105. Furthermore, CD9
expression was evaluated in MSCs and fibroblasts (FBs) obtained from the same tissues
since it is considered a distinctive marker between MSCs and FBs [17]. Differentiation into
osteocytes, chondrocytes and adipocytes was assessed using STEMPRO® Osteogenesis,
Chondrogenesis, and Adipogenesis Kits (GIBCO, Invitrogen), respectively. Cells cultured
in DMEM/F-12 with 10%FBS were used as negative controls.

Osteogenic differentiation was assessed by Alizarin Red and Alkaline phosphatase
(ALP) stainings; adipogenic differentiation was tested by Oil Red staining. For chondro-
genesis, cells were grown in a pellet culture system, and the sections were exposed to a
Safranin-O solution. Fibroblasts obtained from the same tissues were used to compare the
differentiation efficiency.

2.2. miRNA Profiling

Total RNA was extracted in triplicate using Norgen Total RNA Kit (Norgen, Biotek
Corporation, Thorold, ON, Canada) from a pool of mixed cells obtained from the twelve
cultures of M-MSCs or of L-MSCs and from the nine cultures of AF-MSCs in triplicate. RNA
purity and amounts were measured using a NanoDrop Spectrophotometer (NanoDrop Tech-
nologies, INK, Wilmington, DE, USA), whereas RNA integrity (RINA ≥ 8.0) was assessed
using an RNA 6000 Nano Kit (Agilent Technologies, CA, USA). miRNA-sequencing li-
braries were generated with the QiAseq miRNA kit (QIAGEN, Hilden, Germania), assessed
by capillary electrophoretic analysis with the Agilent 4200 Tape station and sequenced
using 1 × 75 bp-reads on an Illumina NextSeq500 generating about 8 million fragments
per sample.

2.3. Bioinformatics Analysis

Starting from raw FASTQ files, the quality of reads obtained from each sample was
assessed using FastQC software (v.0.10.1) [18] , adapters were trimmed and reads with
length < 18 bp or >27 bp were filtered out with cutadapt (1.16). Filtered reads were
aligned to human hairpin microRNAs available in the miRBase [19] using SHRiMP2
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(v2.2.3. http://compbio.cs.toronto.edu/shrimp/, accessed on 27 April 2020) with the
“mirna” mode activated. The number of Unique Molecular Identifiers (UMI) mapped
reads were counted for each mature miRNA. Differential miRNA expression analysis
between L-MSCs, M-MSCs, and AF-MSCs was performed with DESeq2 (v 1.16.1, https:
//support.bioconductor.org/, accessed on 27 April 2020). The expression of microRNAs
was normalized as CPM (counts per million reads mapped) and subsequently the 15
miRNAs previously identified as differentially expressed between M-MSCs and L-MSCs
were clustered by an unsupervised hierarchical clustering using Spearman rank correlation
and the average linkage method.

2.4. miRNAs Targets Analysis

To identify molecular pathways potentially altered by the expression of single or
multiple miRNA, Diana mir-PathSoftware was used [20]. This web-based application
performs enrichment analysis of numerous miRNA target genes comparing each set of
miRNA targets to all known KEGG (Kyoto Encyclopedia of Genes and Genomes, Kyoto,
Japan) pathways.

The input dataset enrichment in each KEGG pathway is represented by the negative
natural logarithm of the P value (−lnP).

In addition, to partially compensate for the lack of functional analysis, the mirTar-
Base [21] software was used to find validated targets of selected miRNAs and the STRING
(Search Tool for the Retrieval of Interacting Genes/Proteins) database [22] to construct a
protein−protein interaction network; proteins have been included in the analysis only if
directly targeted by at least one miRNA in each KEGG pathways.

3. Results

M-MSCs, L-MSCs, and AF-MSCs, respectively isolated from healthy myometrial,
fibroid tissue, and amniotic fluids, met the three criteria established by the International
Society for Cellular Therapy (ISCT) for the identification of human mesenchymal stem
cells [7]. Cells were adherent to plastic under standard culture conditions, strongly positive
for CD105, CD73, and CD90 and negative for CD45, CD34, CD14, CD19, and HLA-DR
and were able to differentiate towards mesenchymal lineages in vitro (Figure 2A–D). FBs
isolated from the same tissues were induced to differentiate but their ability, as shown
in the inserts, was notably inferior to MSCs. Finally, CD9 expression was evaluated by
flow cytometry and the percentage of positive cells was 14% and 36% for MSCs and FBs,
respectively, confirming the undifferentiated nature of isolated cells (Figure 2E).

RNA obtained from the three cellular pools was used for miRNA profiling by RNA-
sequencing [5]. Principal Component Analysis shown in Figure 3 is based on more than
2600 miRNAs expressed in samples and reveals that M-MSCs and L-MSCs exhibit a more
similar miRNA expression profile than AF-MSCs, highlighting that MSCs from amniotic
fluid are more distant, and so are dissimilar to those of adult tissues.

Subsequently, we recovered the expression of the 15 miRNAs previously found dys-
regulated in M-MSCs with respect to L-MSCs [5], hsa-miR-10a-3p; hsa-miR-10a-5p; hsa-
miR-122-5p; hsa-miR-135b-5p; hsa-miR-146a-5p; hsa-miR-146b-5p; hsa-miR-200a-3p; hsa-
miR-335-3p; hsa-miR-335-5p; hsa-miR-576-3p; hsa-miR-595; hsa-miR-658; hsa-miR-924;
hsa-miR-1973; and hsa-miR-4284. Clustering analysis sub-grouped the 15 miRNAs into
four main clusters based on their level of expression in the cell type analyzed (Figure 4A).

The clustered miRNAs were analyzed by Diana mir- Path Software to identify the
related KEGG pathways.

All miRNAs belonging to the first cluster converged to the adherens junction pathway
(4 converging miRNAs, hsa-miR-10a-5p, hsa-miR-10a-3p, hsa-miR-135b-5p, and hsa-miR-
200a-3p, for a total of 27 target genes); all three miRNAs of the second cluster focused to
ECM-receptor interaction pathway (3 converging miRNAs, hsa-miR-146b-5p, hsa-miR-335-
3p, and hsa-miR-335-5p, for a total of 32 target genes); for the third cluster, the analysis
identified the TGFβ signaling pathway (3 converging miRNAs, hsa-miR-122-5p, hsa-miR-
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576-3p, and hsa-miR-595, for a total of 21 target genes) with the exclusion of hsa-miR-1973,
for which no correlated pathways have been found; finally, three of the four miRNAs
grouped in the last cluster merged into the cell cycle pathway (3 converging miRNAs,
hsa-miR-924, hsa-miR-146a-5p, and hsa-miR-658, for a total of 13 target genes).

Figure 2. Multilineage differentiation of MSCs from myometrium (M-MSCs) and leiomyoma
(L-MSCs) and relative fibroblasts (in the inserts). Representative images of osteogenic differen-
tiation assessment by ALP reaction (A) and Alizarin red staining (B); chondrogenic differentiation by
Safranin-O staining (C); adipocyte differentiation by Oil red staining (D). Percentage of CD9 positive
cells after flow cytometric analysis (E). Data are presented as mean ±SD of the 12 samples of L- and
M-MSCs and related FBs.

121



Genes 2022, 13, 1106

The miRNAs converging to the four pathways (hsa-miR-1973 and hsa-miR-4284 were
excluded from the analysis as they did not converge in the pathways identified for their
cluster) were differentially expressed in M-MSCs and L-MSCs compared to AF-MSCs and
8/13 of them (hsa-miR-10a-5p; hsa-miR-10a-3p; hsa-miR-135b-5p; hsa-miR-200a-3p; hsa-
miR-146b-5p; hsa-miR-335-5p; hsa-miR-122-5p; and hsa-miR-146a-5p) showed a significant
difference in both cell types compared to amniotic progenitors (Figure 4B, miRNAs marked
with ***). In detail, the four miRNAs (hsa-miR-10a-3p; hsa-miR-10a-5p; hsa-miR-135b-
5p; and hsa-miR-200a-3p) that converge at the KEGG pathway “adherens junction” were
significantly downregulated in M-MSCs and mainly in L-MSCs compared to AF-MSCs; the
three miRNAs (hsa-miR-146b-5p; hsa-miR-335-3p; and hsa-miR-335-5p) targeting genes
related to ECM-receptor interaction pathway showed a significant increase in M-MSCs
compared to AF-MSCs, whereas their expression was variable in L-MSCs versus AF-
MSCs. The expression of the three miRNAs (hsa-miR-122-5p; hsa-miR-576-3p; hsa-miR-595)
involved in the TGFβ signaling pathway was significantly higher in L-MSCs than in AF-
MSCs, whereas it did not change in 2 of 3 miRNAs (hsa-miR-595; hsa-miR-576-3p) in
M-MSCs compared to AF-MSCs; finally, all three miRNAs (hsa-miR-924; hsa-miR-146a-5p;
hsa-miR-658) related to cell cycle were significantly downregulated in M-MSCs and only
one (hsa-miR-146a-5p) in L-MSCs compared to AF-MSCs.

In the absence of direct functional analysis and in the attempt to strengthen the putative
link between differentially expressed miRNAs and altered KEGG pathways, identification
of validated protein targets and the evaluation of the protein–protein interaction (PPI)
networks were performed using mirTarBase and STRING, respectively.

The validated protein targets are listed in Table 1. All proteins are effectively related to
the classified KEGG pathways; the PPI networks clearly show the close connection among
the proteins enforcing that, even if mostly putative, these targets are specific and highly
interconnected (Figure 5).

Figure 3. Principal Component Analysis (PCA) shows the variance of samples analysed in the study,
based on the full miRNA profile (2646 expressed miRNAs). The analysis was conducted using the
DESeq2 package and the values on each axis represent the percentages of variation explained by the
principal components. PC1, principal component 1; PC2, principal component 2.
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Figure 4. Heat map and expression fold change of 15 miRNAs previously identified as differentially
expressed between M-MSCs and L-MSCs based on next generation sequencing analysis. (A) Each
row represents a different miRNA, and each column represents one sample from the AF-MSCs (n = 9),
M-MSCs (n = 12) or the L-MSCs (n = 12) RNA pools. The clusters were obtained by unsupervised
hierarchical clustering using Spearman rank correlation and the average linkage method. The key
colour illustrates the normalized expression levels (z-scores of normalized counts-cpm) of miRNAs in
all samples. The yellow to blue gradient indicates a higher to lower expression. In the right column,
the KEGG pathways identified by DIANA-miRPath software as targets of the analysed miRNAs. In
brackets, the number of targeted genes per pathways. Underlined miRNAs are not convergent in the
indicated KEGG pathway. (B) Expression fold changes (log2-transformed) of the 13 selected miRNAs
in M-MSCs and L-MSCs as compared to AF-MSCs. Adjusted p value < 0.05: *** both comparisons,
** only L-MSCs, * only MSCs.
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Table 1. Identification of protein targets by mirTarBase software.

KEGG Pathway miRNA TARGET

Validation Methods

Strong Evidence Less Strong Evidence

Reporter
Assay

Western
Blot qPCR Microarray NGS

Adherens junction

hsa-miR-10a-5p

ACTG1 • • •
YES1 •

CTNND1 •
MAP3K7 • • • •

hsa-miR-200a-3p CTNNB1 • • •
TCF7L1 •

ECM- receptor
interaction

hsa-miR-335-3p COL4A1 •

hsa-miR-335-5p

CD36 •
COL6A1 •
COL6A5 •
COL6A6 •

GP9 •
HSPG2 •
ITGA1 •

ITGA10 •
ITGA2 •
ITGB4 •
ITGB5 •
ITGB6 •
ITGB8 •

LAMA5 •
LAMB1 •

TNC • • •
VTN •

THBS3 •
SPP1 •

TGF-β hsa-miR-122-5p

NODAL •
RBL1 •

RPS6KB1 •
SMURF2 •

Cell cycle hsa-miR-146a-5p CDKN1A •
SMAD4 • • • •

Dots (•) indicate the methods used for the validation of each target.
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Figure 5. Protein−protein interaction (PPI) network. PPI network has been generated by STRING
(Search Tool for the Retrieval of Interacting Genes/Proteins) based on the targeted proteins involved
in (A) the adherens junction; (B) the ECM-receptor interaction pathway; (C) the TGFβ; and (D) the
cell cycle pathway. Nodes are proteins. The thickness of the line is proportional to the strength of the
interaction between 2 proteins.

4. Discussion

The expression of 15 miRNAs previously identified as differentially regulated between
M-MSCs and L-MSCs [5] was compared with that observed in AF-MSCs in the attempt to
elucidate whether dysregulation of the 15 miRNAs occurs: (i) as a result of an early com-
mitment of undifferentiated cells (Figure 1A) or (ii) as an exacerbation of the physiological
process of differentiation from M-MSCs to L-MSCs (Figure 1B). AF-MSCs, as a result of
their intermediate status between embryonic and adult MSCs, have been considered in this
study as a substitute for embryonic cells. However, the regulation of the expression level of
the miRNAs across the cell types analysed did not provide conclusive evidence.

The cells isolated from healthy and fibrotic uterine tissues as well as from amniotic
fluids were firstly characterized according to the minimal criteria established by the Inter-
national Society for Cellular Therapy (ISCT) for the identification of human mesenchymal
stem cells. In each case, the criteria was met.
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After characterization, the choice of AF-MSCs as the most undifferentiated cells, which
were used in this study as a substitute for embryonic ones, was validated [9]. Consistent
with our hypothesis, AF-MSCs grouped separately from M-MSCs and L-MSCs, whereas
the M-MSCs and L-MSCs grouped closer to each other. The expression of the 15 miRNAs
in AF-MSCs represents the starting point and will be compared with that detected in M-
and L-MSCs.

The heat map and the histogram showed that the expression of the majority of the
15 miRNAs was notably different between AF-MSCs and L-MSCs/M-MSCs (mean of
absolute FC 2.6 ± 2.8). The clustering analysis followed by DIANA mir-Path investigation
allowed for the identification of four KEGG pathways related to miRNA-clusters defined
based on expression: adherens junction, ECM-receptor interaction, TGFβ signaling, and
cell cycle. Although the miRNAs targets were not functionally validated, their role was
confirmed by mirTarBase and STRING. mirTarBase reported previously validated targets
of the selected miRNAs which belong to the identified KEGG pathways. At the same time,
STRING showed strong connections among identified putative proteins.

The trend of expression across the cell types of each identified pathway was evaluated
in order to determine which hypothesis was more consistent (A, early commitment or
B, exacerbation). All four miRNAs (hsa-miR-10a-3p; hsa-miR-10a-5p; hsa-miR-135b-5p;
and hsa-miR-200a-3p) converging to the adherens junction pathway showed a stepwise
manner along the differentiation process. Within the other three pathways (ECM-receptor
interaction, TGFβ, and cell cycle), the miRNAs showed different trends and, therefore, a
progressive increase or decrease in expression from AF-MSCs to L-MSCs, i.e., along the
hypothetical differentiation process, could not be deduced.

Further, L-MSCs expressed the lowest miRNAs values related to the adherens junction
pathway and, most likely as a consequence, the highest level of targeted proteins. As
expected, the expression of adhesion molecules is higher in cells residing in connective
tissues (where fibroblasts/myofibroblasts develop strong bonds to ECM) than in AF-
MSCs [23]. Although the increased expression of proteins related to adherens junction
from AF-MSCs to M-MSCs must be considered physiological, its additional shift towards
L-MSCs may be connected to the onset of leiomyoma [24,25].

Regarding the ECM-receptor interaction pathway, miRNAs (hsa-miR-146b-5p; hsa-
miR-335-3p; and hsa-miR-335-5p) were less expressed in L-MSCs than in M-MSCs. As
previously discussed [5], this observation is in line with other studies [23] as well as with
the hypothesis that leiomyoma cells, characterized by an aberrant production of ECM,
display a strong interaction with the ECM itself. The expression of miRNAs related to the
ECM pathway has been previously analyzed in tissues, fibroblasts, and smooth muscle cells
derived from myometrium and leiomyoma [26–28], and the results have always highlighted
their dysregulation in uterine fibroids. Some previous studies have focused on different
miRNAs, such as members of the miR-29 family; however, differentiated cells, instead of
mesenchymal cells, were used.

AF-MSCs expressed a discrete number of proteins related to the ECM-receptor inter-
action; among them, integrins are well known to control many cellular functions through
cells/ECM crosstalk, including embryonic development, survival, differentiation, and
proliferation [29].

While the expression of the three miRNAs converging in the TGFβ signalling pathway
(hsa-miR-122-5p; hsa-miR-576-3p; hsa-miR-595) was weakly altered in M-MSCs compared
to AF-MSCs, they were strongly upregulated in L-MSCs.

It has been reported that AF-MSCs express SMAD2/4 (both targeted by hsa-miR-122-
5p and hsa-miR-595), as well as NODAL (a target of miRNA hsa-miR-122-5p) and may
therefore play a role in regulating self-renewal, similarly as in human embryonic stem
cells [30].

The TGFβ pathway is greatly altered in leiomyoma [31–33]; even though it is generally
described as upregulated in leiomyoma compared to healthy myometrium (and in this
line miRNAs converging to this pathway were expected to be downregulated), the TFGβ
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pathway consists of many different proteins that act with distinct, and sometimes even
opposite, effects. Furthermore, upregulated miRNAs in leiomyoma do not target TGFβIII,
which is considered one of the main inducers of aberrant ECM production and the reduced
level of ECM degradation in uterine fibroids [32]. Indeed, TGFβIII elevated serum level is
among the risk factors for the onset of leiomyoma [34]. Previous studies have reported that
TGFβIII is one of the very few growth factors detectable at higher concentrations in uterine
fibroids [35]. SMAD7 is one of the target proteins of hsa-miR-595 that, by the interaction
with TGF-β/activin type I receptors (targeted by hsa-miR-122-5p), can inhibit TGFβ/activin
signaling [36]. Taken together, the lack of TGFβIII and the presence of SMAD7 negatively
affected by the high expression of hsa-miR-595, may explain the apparent contradiction
between the level of expression of the miRNAs and the upregulation of TGFβ signaling
observed in leiomyoma.

The cell cycle pathway is strictly related to TGFβ, which acts as a regulator of cell
growth. It inhibits the growth of most cell types while stimulating the growth of fibrob-
lasts [37]. The growth-inhibitory response may be a result of the TGFβRI/TGFβRII/SMAD2/
3/4 signaling cascade. SMAD2/3/4 complexes (SMAD 4 is targeted by hsa-miR-146a-5p)
activate the transcription of CDK inhibitors (such as CDKN1A targeted by hsa-miR-146a-5p,
along with other cell division cycle (CDC) proteins, such as CDC23, CDC25A, and CDC25B
targeted by hsa-miR-146a-5p), p15, and p21 [38] causing cell cycle arrest [39]. In AF-MSCs,
the high expression of these miRNAs and the consequently weak expression of the target
proteins correlate with the maintained strong ability to proliferate and to self-renew; the
great variability observed in M-MSCs and L-MSCs samples in the expression of miRNAs
belonging to cell cycle pathway reflects the highly heterogeneous proliferative capacity
reported by Busnelli [40].

Previous studies on the expression profile of miRNA in fibroid and myometrium
tissues have identified a list of involved pathways that encompasses the four considered in
this study [41].

Interestingly, even though the four pathways are enclosed in the aforementioned
list, the converging miRNAs are different. This contradiction may be explained by the
well-established fact that multiple miRNAs target the same genes. However, the finding
that the same pathways have been found differentially regulated in progenitor as well as in
differentiated cells or tissues confirms their involvement in the onset and development of
leiomyoma. This hypothesis is also strengthened by the evidence that the selected miRNAs
target more proteins belonging to the same pathways and these proteins show a strong
interaction network highlighting the fact that miRNAs act with a convergent and synergistic
effects. In this complex scenario, our work is not significant as a further confirmation of the
involvement of these pathways but rather because it, for the first time, focuses on progenitor
cells that, like the differentiated ones, are subjected to a fine regulation through miRNAs
expression. It also opens to the evidence that miRNAs act as triggers for the activation
of various pathways during differentiation. The role of miRNAs is also evidently linked
to the genetic abnormalities, which, together with hormonal and environmental factors,
seem to favor the onset of leiomyoma [42]. About 40% of leiomyomas has non-random and
tumor-specific chromosomal abnormalities and, consequently, much attention has been
paid to the study of genes located in chromosomal regions affected by recurrent changes,
such as the subunit 12 of the mediator complex (MED12), high mobility group AT-Hook 2
(HMGA2), and type I procollagen cooh-terminal proteinase enhancer (PCOLCE).

MED12, implicated as an oncogene in about 70% of uterine leiomyoma [43,44], is
a target of hsa-miR-10a-5p, whose expression is gradually reduced from AF-MSCS to L-
MSCs, possibly explaining the upregulation of MED12 in leiomyoma. HMGA2 plays a
key role in the onset of uterine fibroids and resides in the chromosomal rearrangements
affecting the 12q14-15 region that targets the HMGA2 gene. It is usually overexpressed in
leiomyoma [45] and this is consistent with the lower expression of the relative hsa-miR-10a-
3p found in L-MSCs.
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PCOLCE maps to the critical interval on chromosome 7, q22band, and a 60% decrease
of its expression was found in fibroid tissues compared to myometrial levels in the same
patient [46]. PCOLCE is a target of hsa-miR-122-5p whose expression gradually increases
from AF-MSCS up to L-MSCs.

5. Conclusions

In conclusion, the adherent junction, ECM-receptor interaction, TGFβ, and cell cycle
pathways drive the onset and the development of leiomyoma, not only in differentiated
cells and tissues as previously reported, but also at the mesenchymal level where their
alterations are already detectable.

MiRNAs, acting as switches during the differentiation process, can turn these path-
ways on or off. However, our results do not trace a precise mechanism underlying the
involvement of miRNAs and their mode of action (whether alterations in miRNAs and
target pathways occur gradually during the differentiation process or result from divergent
cellular engagement).

Further functional analyses are needed to better explain the role played of miRNAs
during the differentiation of progenitor cells; once again, miRNAs target the major genes
linked to the genetic predisposition to leiomyoma. Despite this growing evidence on the
involvement of miRNAs, it is not yet possible to establish their role or whether they act as
a causal or consequential effect of a phenomenon.
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Jakiel, G. Role of Transforming Growth Factor β in Uterine Fibroid Biology. Int. J. Mol. Sci. 2017, 18, 2435. [CrossRef]
33. Lee, B.S.; Nowak, R.A. Human leiomyoma smooth muscle cells show increased expression of transforming growth factor-β3

(TGF-β3) and altered responses to the antiproliferative effects of TGF-β. J. Clin. Endocrinol. Metab. 2001, 86, 913–920.
34. Ciebiera, M.; Wlodarczyk, M.; Slabuszewska-Jozwiak, A.; Nowicka, G.; Jakiel, G. Influence of vitamin D and transforming growth

factor β3 serum concentrations, obesity, and family history on the risk for uterine fibroids. Fertil. Steril. 2016, 106, 1787–1792.
[CrossRef]

35. Joseph, D.S.; Malik, M.; Nurudeen, S.; Catherino, W.H. Myometrial cells undergo fibrotic transformation under the influence of
transforming growth factor β-3. Fertil. Steril. 2010, 93, 1500–1508. [CrossRef]

36. Nakao, A.; Afrakhte, M.; Moren, A.; Nakayama, T.; Christian, J.L.; Heuchel, R.; Kawabata, M.; Heldin, N.E.; Heldin, C.H.; Dijke, P.
Identification of SMAD7, a TGFβ-inducible antagonist of TGF-β signalling. Nature 1997, 389, 631–635. [CrossRef] [PubMed]

37. Roberts, A.B.; Sporn, M.B. Physiological actions and clinical applications of transforming growth factor-β (TGF-β). Growth Factors
1993, 8, 1–9. [CrossRef] [PubMed]

38. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-β family signalling. Nature 2003, 425, 577–584.
[CrossRef]

39. Huang, S.S.; Huang, J.S. TGF-b Control of Cell Proliferation. J. Cell Biochem. 2005, 96, 447–462. [CrossRef]

129



Genes 2022, 13, 1106

40. Busnelli, M.; Rimoldi, V.; Viganò, P.; Persani, L.; Di Blasio, A.M.; Chini, B. Oxytocin-induced cell growth proliferation in human
myometrial cells and leiomyomas. Fertil. Steril. 2010, 94, 1869–1874. [CrossRef]

41. Zavadil, J.; Ye, H.; Liu, Z.; Wu, J.; Lee, P.; Hernando, E.; Soteropoulos, P.; Toruner, G.A.; Wei, J.J. Profiling and functional analyses
of microRNAs and their target gene products in human uterine leiomyomas. PLoS ONE 2010, 5, e12362. [CrossRef]

42. Medikare, V.; Kandukuri, L.R.; Ananthapur, V.; Deenadayal, M.; Nallari, P. The genetic bases of uterine fibroids; a review. J. Reprod.
Infertil. 2011, 12, 181–191.

43. Mäkinen, N.; Mehine, M.; Tolvanen, J.; Kaasinen, E.; Li, Y.; Lehtonen, H.J.; Gentile, M.; Yan, J.; Enge, M.; Taipale, M.; et al. MED12,
the mediator complex subunit 12 gene, is mutated at high frequency in uterine leiomyomas. Science 2011, 334, 252–255. [CrossRef]

44. Ravegnini, G.; Mariño-Enriquez, A.; Slater, J.; Eilers, G.; Wang, Y.; Zhu, M.; Nucci, M.R.; George, S.; Angelini, S.; Raut, C.P.; et al.
MED12 mutations in leiomyosarcoma and extrauterine leiomyoma. Mod. Pathol. 2013, 26, 743–749. [CrossRef]

45. Klemke, M.; Meyer, A.; Nezhad, M.H.; Bartnitzke, S.; Drieschner, N.; Frantzen, C.; Schmidt, E.H.; Belge, G.; Bullerdiek, J.
Overexpression of HMGA2 in uterine leiomyomas points to its general role for the pathogenesis of the disease. Genes Chromosomes
Cancer 2009, 48, 171–178. [CrossRef]

46. Ligon, A.L.; Scott, J.A.; Takahara, K.; Greenspan, D.S.; Morton, C.C. PCOLCE deletion and expression analyses in uterine
leiomyomata. Cancer Genet. Cytogenet. 2002, 137, 133–137. [CrossRef]

130



Citation: Minemura, C.; Asai, S.;

Koma, A.; Kikkawa, N.; Kato, M.;

Kasamatsu, A.; Uzawa, K.;

Hanazawa, T.; Seki, N. Identification

of Antitumor miR-30e-5p Controlled

Genes; Diagnostic and Prognostic

Biomarkers for Head and Neck

Squamous Cell Carcinoma. Genes

2022, 13, 1225. https://doi.org/

10.3390/genes13071225

Academic Editors: Giuseppe

Iacomino and Fabio Lauria

Received: 12 June 2022

Accepted: 7 July 2022

Published: 9 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

genes
G C A T

T A C G

G C A T

Article

Identification of Antitumor miR-30e-5p Controlled Genes;
Diagnostic and Prognostic Biomarkers for Head and Neck
Squamous Cell Carcinoma
Chikashi Minemura 1,† , Shunichi Asai 2,3,†, Ayaka Koma 1, Naoko Kikkawa 2,3, Mayuko Kato 2,
Atsushi Kasamatsu 1 , Katsuhiro Uzawa 1 , Toyoyuki Hanazawa 3 and Naohiko Seki 2,*

1 Department of Oral Science, Graduate School of Medicine, Chiba University, Chiba 260-8670, Japan;
minemura@chiba-u.jp (C.M.); axna4812@chiba-u.jp (A.K.); kasamatsua@faculty.chiba-u.jp (A.K.);
uzawak@faculty.chiba-u.jp (K.U.)

2 Department of Functional Genomics, Chiba University Graduate School of Medicine, Chiba 260-8670, Japan;
cada5015@chiba-u.jp (S.A.); naoko-k@hospital.chiba-u.jp (N.K.); mayukokato@chiba-u.jp (M.K.)

3 Department of Otorhinolaryngology/Head and Neck Surgery, Chiba University Graduate School of Medicine,
Chiba 260-8670, Japan; thanazawa@faculty.chiba-u.jp

* Correspondence: naoseki@faculty.chiba-u.jp; Tel.: +81-43-226-2971; Fax: +81-43-227-3442
† These authors contributed equally to this work.

Abstract: Analysis of microRNA (miRNA) expression signatures in head and neck squamous cell
carcinoma (HNSCC) has revealed that the miR-30 family is frequently downregulated in cancer
tissues. The Cancer Genome Atlas (TCGA) database confirms that all members of the miR-30 family
(except miR-30c-5p) are downregulated in HNSCC tissues. Moreover, low expression of miR-30e-5p
and miR-30c-1-3p significantly predicts shorter survival of HNSCC patients (p = 0.0081 and p = 0.0224,
respectively). In this study, we focused on miR-30e-5p to investigate its tumor-suppressive roles
and its control of oncogenic genes in HNSCC cells. Transient expression of miR-30e-5p significantly
attenuated cancer cell migration and invasive abilities in HNSCC cells. Nine genes (DDIT4, FOXD1,
FXR1, FZD2, HMGB3, MINPP1, PAWR, PFN2, and RTN4R) were identified as putative targets of
miR-30e-5p control. Their expression levels significantly predicted shorter survival of HNSCC patients
(p < 0.05). Among those targets, FOXD1 expression appeared to be an independent factor predicting
patient survival according to multivariate Cox regression analysis (p = 0.049). Knockdown assays
using siRNAs corresponding to FOXD1 showed that malignant phenotypes (e.g., cell proliferation,
migration, and invasive abilities) of HNSCC cells were significantly suppressed. Overexpression
of FOXD1 was confirmed by immunostaining of HNSCC clinical specimens. Our miRNA-based
approach is an effective strategy for the identification of prognostic markers and therapeutic target
molecules in HNSCC. Moreover, these findings led to insights into the molecular pathogenesis
of HNSCC.

Keywords: microRNA; HNSCC; tumor-suppressor; miR-30e-5p; FOXD1; TCGA

1. Introduction

A head and neck squamous cell carcinoma (HNSCC) may arise in the oral cavity,
hypopharynx, nasopharynx, and larynx. Based on Global Cancer Statistics 2018, HNSCC
is the eighth most common cancer in the world [1]. Approximately 890,000 people are
diagnosed with HNSCC annually, and 450,000 die from the disease [2]. A notable char-
acteristic of HNSCC is that many patients are already in the advanced stage of disease at
the time of diagnosis. Treatment strategies are limited for patients at such an advanced
stage [3]. Cisplatin-based treatment is selected for patients for whom surgery is not indi-
cated. However, cancer cells develop drug-resistance in the course of treatment [4]. No
effective treatments have been reported for patients with HNSCC who have acquired drug
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resistance [5]. Thus, there is a pressing need for improved understanding of the molecular
pathogenesis of HNSCC using the latest genomic science.

The human genome project showed that a vast number of non-coding RNA molecules
(ncRNAs) are transcribed and function in normal and diseased cells [6,7]. MicroRNAs (miR-
NAs), which constitute a class of ncRNA, are single strands of RNA, 19 to 23 bases in length.
The unique nature of miRNA is that a single miRNA negatively controls a large number
of RNA transcripts (both protein coding RNAs and ncRNAs) in a sequence-dependent
manner [8,9]. Therefore, dysregulated miRNA expression can disrupt tightly controlled
RNA networks in normal cells. The involvement of aberrantly expressed miRNAs has been
reported in a variety of human diseases, including cancer [10].

Over the past decade, a large number of studies have shown that aberrantly expressed
miRNAs are closely connected to human oncogenesis [11]. Identifying miRNAs with
altered expression in cancer cells is a first step in the characterization of their role. The latest
RNA-sequence technology is accelerating the creation of miRNA expression signatures in a
variety of cancer types [12]. We have established miRNA expression signatures in several
types of cancers, including HNSCC [13,14].

The analysis of miRNA signatures has revealed that members of the miR-30 family
are frequently downregulated in several types of cancers, including HNSCC [15,16]. In
the human genome, the miR-30 family is composed of five species, i.e., miR-30a to miR-30e.
miR-30c is further subdivided into miR-30c-1 and miR-30c-2. The miR-30 family is encoded
by six genes located on human chromosomes 1, 6, and 8 [17]. The guide strands of the
miR-30 family share the same seed sequence (GUAAACA). The passenger strands of the
miR-30 family are divided into two groups according to their seed sequences. The first
group (UUUCAGU) includes miR-30a-3p, miR-30d-3p, and miR-30e-3p. The second group
(UGGGAG) encompasses miR-30b-3p, miR-30c-1-3p, and miR-30c-2-3p. We theorized that
clarifying the targets/pathways controlled by miRNAs for each cancer type could greatly
enhance our understanding of the molecular pathogenesis of cancer cells.

The Cancer Genome Atlas (TCGA, https://www.cancer.gov/tcga), a landmark cancer
genomics program, molecularly characterizes over 20,000 primary cancers (and matched
normal samples) spanning 33 cancer types. Based on a TCGA analysis, all members of the
miR-30 family (except miR-30c-5p) are downregulated in HNSCC tissues. Moreover, the
low expression of two miRNAs, miR-30e-5p and miR-30c-1-3p, significantly predicts shorter
survival of patients with HNSCC (p = 0.0081 and p = 0.0224, respectively).

In this study, we focused on miR-30e-5p and investigated its control of genes involved
in the molecular pathogenesis of HNSCC. A total of nine genes (DDIT4, FOXD1, FXR1,
FZD2, HMGB3, MINPP1, PAWR, PFN2, and RTN4R) were identified as putative targets of
miR-30e-5p. Their expression level predicted shorter survival of the patients (p < 0.05).

Among these genes, we focused on FOXD1 (Forkhead Box D1), which belongs to the
forkhead family of transcription factors. Here, we investigated its functional significance in
HNSCC cells.

RNA immunoprecipitation (RIP) assays revealed that FOXD1 mRNA was incorporated
into the RNA-induced silencing complex (RISC). Additionally, dual luciferase reporter
assays showed that miR-30e-5p was directly bound to the 3′-UTR of FOXD1. Functional
assays using siRNAs targeting FOXD1 showed that the knockdown of FOXD1 expression
attenuated HNSCC cell malignant behaviors (migration and invasion). Our approach will
reveal the new insights into the involvement of miRNA and the molecular pathogenesis
of HNSCC.

2. Materials and Methods
2.1. Analysis of miRNAs and miRNA Target Genes in HNSCC Patients

The sequences of the miR-30 family were confirmed using miRbase ver. 22.1 (https:
//www.mirbase.org, accessed on 10 July 2020) [18]. TCGA-HNSC (TCGA, Firehose
Legacy) was used to investigate the clinical significance of miRNAs and their target
genes. Clinical parameters and gene expression data were obtained from cBioPortal

132



Genes 2022, 13, 1225

(http://www.cbioportal.org/, data downloaded on 20 August 2020) and OncoLnc (http:
//www.oncolnc.org/, data downloaded on 20 August 2020) [19–21].

The putative target genes with the miR-30-5p binding sites were selected by using Tar-
getScanHuman ver. 7.2 (http://www.targetscan.org/vert_72/, accessed on 22 November
2020) [22].

To identify differentially expressed genes in HNSCC tissues, a newly created microar-
ray data (accession number: GSE180077) was used in this study. Three hypopharyngeal
squamous cell carcinoma (HSCC) tissues, three normal hypopharyngeal tissues, and two
cervical lymph nodes harvested from one HSCC patient who underwent surgical resection
at Chiba University Hospital were subjected to Agilent whole genome microarrays. In this
study, we compared gene expressions in cancer tissues with those in normal tissues. The
clinical information of this patient was summarized in Table S1.

2.2. HNSCC Cell Lines

Two human HNSCC cell lines were obtained from the RIKEN BioResource Center
(Tsukuba, Ibaraki, Japan). Sa3 was harvested from upper gingiva cancer of 63y male. SAS
was harvested from oral tongue cancer of 69y female.

2.3. RNA Extraction and Quantitative Real-Time Reverse-Transcription PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, Waltham, MA, USA) ac-
cording to the manufacturer’s protocol. qRT-PCR was performed using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) and the
StepOnePlus™ Real-Time PCR System (Applied Biosystems). Gene expressions were
quantified relatively by the delta-delta Ct method (used GAPDH as internal control). Taq-
man assays used in this study are summarized in Table S2.

2.4. Transfection of miRNAs and siRNAs into HNSCC Cells

The protocols used for transient transfection of miRNAs and siRNAs were described
in our previous studies [23–26]. The miRNA precursors and siRNAs used in this report
were detailed in Table S2. The miRNAs and siRNAs were transfected into HNSCC cell lines
using Opti-MEM (Gibco, Carlsbad, CA, USA) and LipofectamineTM RNAiMax Transfection
Reagent (Invitrogen, Waltham, MA, USA). All miRNA precursors were transfected into
HNSCC cell lines at 10 nM, and siRNAs were transfected at 5 nM. Mock transfection
consisted of cells without precursors or siRNAs. Control groups were transfected with the
negative control precursor.

2.5. RIP Assay

The procedures for the RIP assay have been described previously [23]. Briefly, SAS
cells were cultured in 10-cm plates at 80% confluency. Negative control miRNA precursors
and miR-30e-5p precursors were transfected. After 6 h, immunoprecipitation was performed
using the MagCaptureTM microRNA Isolation Kit, Human Ago2, obtained from FUJIFILM
Wako Pure Chemical Corporation (Wako, Osaka, Japan) according to the manufacturer’s
protocol. Expression levels of FOXD1 bound to Ago2 were measured by qRT-PCR. Taqman
primers used in the assay are summarized in Table S2.

2.6. Functional Assays of HNSCC Cells (Cell Proliferation, Migration, and Invasion Assays)

The procedures for conducting functional assays (cell proliferation, migration, and
invasion assays) with HNSCC cells were described in earlier publications [23–26]. In brief,
for proliferation assays, Sa3 or SAS cells were transferred to 96-well plates at 3.0 × 103 cells
per well. Cell proliferation was evaluated using the XTT assay kit II (Sigma–Aldrich,
St. Louis, MO, USA) 72 h after the transfection procedure. For migration and invasion
assays, Sa3 and SAS cells were transfected in 6-well plates at 2.0 × 105 cells per well. After
48 h, transfected Sa3 and SAS cells were added into each chamber at 1.0 × 105 per well.
Corning BioCoatTM cell culture chambers (Corning, Corning, NY, USA) were used for
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migration assays whereas Corning BioCoat Matrigel Invasion Chambers were used for
invasion assays. After 48 h, the cells on the lower surface of chamber membranes were
stained and counted for analysis. All experiments were performed in triplicate.

2.7. Plasmid Construction and Dual-Luciferase Reporter Assays

The procedures for plasmid construction and the dual-luciferase reporter assays were
outlined previously [23–26]. Briefly, a partial wild-type sequence, including the seed
sequence of FOXD1 within the 3′-untranslated region (3′-UTR), was inserted into the
psiCHECK-2 vector (C8021; Promega, Madison, WI, USA). Alternatively, a deletion type
that was missing the miR-30e-5p target site was synthesized. These synthesized vectors
(50 ng) were transfected into 1.0 × 105 cells in each well using Lipofectamine 2000 (In-
vitrogen, Waltham, MA, USA) and Opti-MEM. After 48 h of transfection, dual luciferase
reporter assays using the Dual Luciferase Reporter Assay System (Promega, Madison, WI,
USA) were conducted. Luminescence data were presented as the Renilla/Firefly luciferase
activity ratio.

2.8. Immunohistochemistry

The procedures for immunohistochemistry were described in our previous stud-
ies [23–26]. The clinical samples were obtained from HNSCC cases who received surgical
treatment at Chiba University Hospital. The slides were incubated with primary antibody
FOXD1 (1: 50, PA5-27142, Thermo Fisher Scientific, Waltham, MA, USA). The clinical
features are shown in Table S3. The reagents used in the analysis are listed in Table S2.

2.9. Gene Set Enrichment Analysis (GSEA)

To analyze the molecular pathways related to FOXD1 (regulated by miR-30e-5p), GSEA
was performed. Using TCGA-HNSC data, HNSCC patients were divided into high and
low expression groups according to the Z-score of the FOXD1 expression level. A ranked
list of genes was generated by the log2 ratio comparing the expression levels of each gene
between the two groups. The ranked gene list was uploaded into GSEA software [27,28]
and we applied the Hallmark gene set in The Molecular Signatures Database [27,29].

2.10. Statistical Analysis

Statistical analyses were determined using JMP Pro 15 (SAS Institute Inc., Cary, NC,
USA). Welch’s t-tests were performed to determine the significance of differences between
two groups. Dunnett’s tests were applied for comparisons among multiple groups. For
correlation analyses, Spearman’s test was applied. Survival analyses were analyzed by
log-rank test. Each expression levels of target genes, age, disease stage, and pathological
grade in TCGA-HNSC were used as variables for Cox’s proportional hazards model. A
p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Expression Levels and the Clinical Significance of the miR-30 Family in HNSCC Clinical
Specimens Assessed by TCGA Analysis

The human miR-30 family consists of 12 members. They include miR-30a-5p, miR-
30a-3p, miR-30b-5p, miR-30b-3p, miR-30c-1-5p, miR-30c-1-3p, miR-30c-2-5p, miR-30c-2-3p,
miR-30d-5p, miR-30d-3p, miR-30e-5p, and miR-30e-3p. Seed sequences of miR-30-5p are
identical. In contrast, two types of seed sequences are present in miR-30-3p (Figure 1A).
Human miR-30e and miR-30c-1 are located on chromosome 1p34.2, whereas miR-30c-2 and
miR-30a are on chromosome 6q13, and miR-30b and miR-30d are found on chromosome
8q24.22 (Figure 1B).
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Expression levels of all members of the miR-30 family were validated by TCGA
database analyses. All members of the miR-30 family (except for miR-30c-5p) were signif-
icantly downregulated in HNSCC tissues (n = 484) compared to normal tissues (n = 44)
(Figure 2).
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Moreover, low expression of miR-30e-5p and miR-30c-1-3p significantly predicted poor
prognosis of patients with HNSCC (Figure 3). Expression levels of other members of the
miR-30 family were not related to patient prognosis (Figure 3).
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Figure 3. Kaplan–Meier survival analyses of HNSCC patients using data from TCGA-HNSC. Patients
were divided into two groups according to the median miRNA expression level: high and low
expression groups. The red and blue lines represent the high and low expression groups, respectively.

3.2. Effect of Transient Transfection of miR-30e-5p on HNSCC Cell Proliferation, Migration
and Invasion

In this study, we focused on miR-30e-5p because its expression was significantly
downregulated in HNSCC tissues, and it was closely associated with poor prognosis of the
patients, suggesting that miR-30e-5p acts as a tumor-suppressive miRNA in HNSCC cells.

The tumor-suppressive roles of miR-30e-5p were assessed by transient transfection of
miR-30e-5p in two cell lines, Sa3 and SAS. Transient transfection of miR-30e-5p inhibited
HNSCC cell proliferation (Figure 4A). Cancer cell migration and invasive abilities were
markedly blocked by miR-30e-5p expression in Sa3 and SAS cells (Figure 4B,C). Photographs
of typical results from the migration and invasion assays are shown in Figure S1.
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Table S1. Expression data were deposited in the GEO database (accession number: 
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Figure 4. Functional assays of miR-30e-5p in HNSCC cell lines (Sa3 and SAS). (A) Cell proliferation
was assessed using XTT assays 72 h after miRNA transfection. (B) Cell migration was assessed using
a membrane culture system 48 h after seeding miRNA-transfected cells into the chambers. (C) Cell
invasion was determined using Matrigel invasion assays 48 h after seeding miRNA-transfected cells
into the chambers.

3.3. Screening for Oncogenic Targets of miR-30e-5p in HNSCC

To identify genes modulated by miR-30e-5p that were closely involved in HNSCC
molecular pathogenesis, we performed in silico database analyses combined with our
gene expression data. We created new gene expression data using clinical specimens of
hypopharyngeal squamous cell carcinoma (HSCC). Three HSCC tissues, three normal
hypopharyngeal tissues, and two cervical lymph nodes harvested from one HSCC patient
who underwent surgical resection at Chiba University Hospital were subjected to Agilent
whole genome microarrays. In this study, we compared gene expressions in cancer tissues
with those in normal tissues. The clinical information of this patient was summarized
in Table S1. Expression data were deposited in the GEO database (accession number:
GSE180077). Our selection strategy is shown in Figure 5.
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Binding 
Sites 

GEO 1  
p Value 

GEO 
log2(FC 2)  

5y OS 3 
p Value 

8087 FXR1 Fragile X mental retardation, autosomal homolog 1 1 0.014  3.06  < 0.001 
5217 PFN2 Profilin 2 1 0.004  2.67  < 0.001 

54541 DDIT4 DNA-damage-inducible transcript 4 1 0.017  2.70  0.004  
2297 FOXD1 Forkhead box D1 1 0.008  3.79  0.008  
9562 MINPP1 Multiple inositol-polyphosphate phosphatase 1 1 0.013  2.02  0.019  
5074 PAWR PRKC, apoptosis, WT1, regulator 2 0.003  2.04  0.025  
3149 HMGB3 High mobility group box 3 1 0.004  2.17  0.028  
2535 FZD2 Frizzled class receptor 2 1 0.006  2.36  0.032  

65078 RTN4R Reticulon 4 receptor 1 0.008  2.20  0.044  
115908 CTHRC1 Collagen triple helix repeat containing 1 1 0.010  2.96  0.059  
3218 HOXB8 Homeobox B8 1 0.046  3.29  0.077  
9143 SYNGR3 Synaptogyrin 3 1 0.042  2.12  0.077  
1012 CDH13 Cadherin 13 1 0.013  2.13  0.091  
6683 SPAST Spastin 2 0.012  2.10  0.092  

79718 TBL1XR1 Transducin (β)-like 1 X-linked receptor 1 2 0.002  2.63  0.104  
114088 TRIM9 Tripartite motif containing 9 1 0.005  4.27  0.113  
84733 CBX2 Chromobox homolog 2 1 0.005  3.00  0.133  

27 ABL2 ABL proto-oncogene 2, non-receptor tyrosine kinase 1 0.008  2.19  0.155  

Figure 5. Flow chart of the strategy used to identify putative tumor suppressor genes regulated by
miR-30e-5p.

TargetScan Human database (release 7.2) provides data on the putative targets of miR-
30e-5p. A total of 1576 genes are listed. Among these targets, 97 genes were upregulated in
HSCC patients. Furthermore, the increased expression of 54 genes was confirmed in TCGA
database analyses (Table 1).

Table 1. Candidate target genes regulated by miR-30-5p.

Entrez
Gene ID

Gene
Symbol Gene Name

Total
Binding

Sites

GEO 1

p Value
GEO

log2(FC 2)
5y OS 3

p Value

8087 FXR1 Fragile X mental retardation, autosomal homolog 1 1 0.014 3.06 <0.001
5217 PFN2 Profilin 2 1 0.004 2.67 <0.001

54541 DDIT4 DNA-damage-inducible transcript 4 1 0.017 2.70 0.004
2297 FOXD1 Forkhead box D1 1 0.008 3.79 0.008
9562 MINPP1 Multiple inositol-polyphosphate phosphatase 1 1 0.013 2.02 0.019
5074 PAWR PRKC, apoptosis, WT1, regulator 2 0.003 2.04 0.025
3149 HMGB3 High mobility group box 3 1 0.004 2.17 0.028
2535 FZD2 Frizzled class receptor 2 1 0.006 2.36 0.032

65078 RTN4R Reticulon 4 receptor 1 0.008 2.20 0.044
115908 CTHRC1 Collagen triple helix repeat containing 1 1 0.010 2.96 0.059

3218 HOXB8 Homeobox B8 1 0.046 3.29 0.077
9143 SYNGR3 Synaptogyrin 3 1 0.042 2.12 0.077
1012 CDH13 Cadherin 13 1 0.013 2.13 0.091
6683 SPAST Spastin 2 0.012 2.10 0.092

79718 TBL1XR1 Transducin (β)-like 1 X-linked receptor 1 2 0.002 2.63 0.104
114088 TRIM9 Tripartite motif containing 9 1 0.005 4.27 0.113
84733 CBX2 Chromobox homolog 2 1 0.005 3.00 0.133

27 ABL2 ABL proto-oncogene 2, non-receptor tyrosine kinase 1 0.008 2.19 0.155

23657 SLC7A11
solute carrier family 7

(Anionic amino acid transporter light chain, xc-
system), member 11

1 0.007 4.00 0.160

154214 RNF217 Ring finger protein 217 1 0.016 2.36 0.186
79712 GTDC1 Glycosyltransferase-like domain containing 1 1 0.004 4.31 0.193
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Table 1. Cont.

Entrez
Gene ID

Gene
Symbol Gene Name

Total
Binding

Sites

GEO 1

p Value
GEO

log2(FC 2)
5y OS 3

p Value

26059 ERC2 ELKS/RAB6-interacting/CAST family member 2 1 0.027 3.54 0.210
3237 HOXD11 Homeobox D11 1 0.033 4.24 0.214

89796 NAV1 Neuron navigator 1 1 0.007 2.88 0.234
6659 SOX4 SRY (sex determining region Y)-box 4 1 0.005 2.30 0.258

54434 SSH1 Slingshot protein phosphatase 1 1 0.016 2.05 0.280
2048 EPHB2 EPH receptor B2 1 0.013 2.53 0.303
9258 MFHAS1 Malignant fibrous histiocytoma amplified sequence 1 1 0.005 2.27 0.311

54566 EPB41L4B Erythrocyte membrane protein band 4.1 like 4B 1 0.004 3.06 0.413
8448 DOC2A Double C2-like domains, α 2 0.021 3.00 0.485

28982 FLVCR1 Feline leukemia virus subgroup C cellular receptor 1 1 0.005 2.43 0.492
55785 FGD6 FYVE, RhoGEF and PH domain containing 6 1 0.014 2.21 0.530

490 ATP2B1 ATPase, Ca++ transporting, plasma membrane 1 1 0.007 2.93 0.556
4644 MYO5A Myosin VA (heavy chain 12, myoxin) 1 0.003 2.06 0.605
4015 LOX Lysyl oxidase 1 0.006 4.46 0.613

50805 IRX4 Iroquois homeobox 4 1 0.039 2.67 0.652
23432 GPR161 G protein-coupled receptor 161 1 0.008 2.50 0.662
2729 GCLC Glutamate-cysteine ligase, catalytic subunit 1 0.004 3.14 0.710
8038 ADAM12 ADAM metallopeptidase domain 12 2 0.003 4.29 0.721
3631 INPP4A Inositol polyphosphate-4-phosphatase, type I, 107kDa 1 0.003 2.12 0.747
9832 JAKMIP2 Janus kinase and microtubule interacting protein 2 1 0.010 4.19 0.769

121268 RHEBL1 Ras homolog enriched in brain like 1 1 0.004 2.92 0.775
144455 E2F7 E2F transcription factor 7 3 0.021 2.47 0.786

94032 CAMK2N2 Calcium/calmodulin-dependent protein kinase II
inhibitor 2 1 0.003 2.95 0.823

84206 MEX3B Mex-3 RNA binding family member B 2 0.016 2.75 0.880
2887 GRB10 Growth factor receptor-bound protein 10 1 0.008 2.07 0.890

23333 DPY19L1 Dpy-19-like 1 (C. elegans) 1 0.013 3.07 0.893

9435 CHST2 Carbohydrate (N-acetylglucosamine-6-O)
sulfotransferase 2 1 0.006 3.30 0.917

54165 DCUN1D1 DCN1, defective in cullin neddylation 1, domain
containing 1 2 0.009 2.50 0.938

54714 CNGB3 Cyclic nucleotide gated channel β 3 1 0.008 2.98 0.968
221002 RASGEF1A RasGEF domain family, member 1A 1 0.005 2.81 0.968
55144 LRRC8D Leucine rich repeat containing 8 family, member D 1 0.002 2.60 0.978
8534 CHST1 Carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 1 0.005 4.41 0.980
8632 DNAH17 Dynein, axonemal, heavy chain 17 1 0.006 5.26 0.999

1 Gene Expression Omnibus, 2 Fold Change, 3 5-year Overall Survival.

3.4. Clinical Significance of miR-30e-5p Targets in Patients with HNSCC Determined by
TCGA Analysis

Among the 54 putative target genes, high expression of nine genes (DDIT4, FOXD1,
FXR1, FZD2, HMGB3, MINPP1, PAWR, PFN2, and RTN4R) showed statistically significant
correlations with the 5-year overall survival frequencies of patients with HNSCC (p < 0.05;
Figures 6 and 7).

Therefore, univariate analysis for 5-year overall survival was conducted first, and
then multivariate analysis was performed for the statistically significant variables (p < 0.05).
Each expression levels of target genes, age, disease stage, and pathological grade in TCGA-
HNSC were used as variables for Cox’s proportional hazards model. As a result, the high
expression level of FOXD1 (HR: 1.374, 95% CI: 1.002–1.890, p = 0.049), age (≥70) (HR: 1.922,
95% CI: 1.369–2.698, p < 0.001) and disease stage (III and IV) (HR: 1.774, 95% CI: 1.159–2.716,
p = 0.008) were independent prognostic factors (Table 2).

The correlations of the expression levels between these nine genes and miR-30e-5p were
evaluated by TCGA-HNSC. A Spearman’s rank test confirmed weak negative correlations
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in seven genes (DDIT4, FOXD1, FZD2, MINPP1, PAWR, PFN2, and RTN4R) (p < 0.001,
r < −0.2, Figure 8), whereas the correlations were not confirmed in FXR1 and HMGB3.
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Figure 6. Expression levels of nine target genes (DDIT4, FOXD1, FXR1, FZD2, HMGB3, MINPP1, 
PAWR, PFN2, and RTN4R) in HNSCC clinical specimens from TCGA-HNSC. All genes were found 
to be upregulated in HNSCC tissues (n = 518) compared with normal tissues (n = 44). 

Figure 6. Expression levels of nine target genes (DDIT4, FOXD1, FXR1, FZD2, HMGB3, MINPP1,
PAWR, PFN2, and RTN4R) in HNSCC clinical specimens from TCGA-HNSC. All genes were found to
be upregulated in HNSCC tissues (n = 518) compared with normal tissues (n = 44).
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Figure 7. Clinical significance of nine target genes (DDIT4, FOXD1, FXR1, FZD2, HMGB3, MINPP1, 
PAWR, PFN2, and RTN4R) according to TCGA-HNSC data analysis. Kaplan–Meier curves of the 5-
year overall survival rates according to the expression of each gene are presented. High expression 
levels of all nine genes were significantly predictive of a poorer prognosis in patients with HNSCC. 
Patients were divided into two groups according to the median gene expression level: high and low 
expression groups. The red and blue lines represent the high and low expression groups, 
respectively. 

Therefore, univariate analysis for 5-year overall survival was conducted first, and 
then multivariate analysis was performed for the statistically significant variables (p < 
0.05). Each expression levels of target genes, age, disease stage, and pathological grade in 
TCGA-HNSC were used as variables for Cox’s proportional hazards model. As a result, 
the high expression level of FOXD1 (HR: 1.374, 95% CI: 1.002–1.890, p = 0.049), age (≥70) 
(HR: 1.922, 95% CI: 1.369–2.698, p < 0.001) and disease stage (III and IV) (HR: 1.774, 95% 
CI: 1.159–2.716, p = 0.008) were independent prognostic factors (Table 2). 

Table 2. Results of Cox regression analysis of overall survivals in five years in TCGA-HNSC. 

 Monovariate Multivariate 
Variables HR 95% CI p-Value HR 95% CI p-Value 

DDIT4 (High vs. Low expression) 1.506 1.138–1.994 0.004 1.292 0.939–1.776 0.115 
FOXD1 (High vs. Low expression) 1.526 1.153–2.019 0.003 1.374 1.002–1.890 0.049 
FXR1 (High vs. Low expression) 1.651 1.242–2.193 0.001 1.303 0.930–1.825 0.124 
FZD2 (High vs. Low expression) 1.337 1.011–1.768 0.042 1.069 0.776–1.473 0.684 

HMGB3 (High vs. Low expression) 1.413 1.069–1.867 0.015 1.186 0.861–1.633 0.297 
MINPP1 (High vs. Low expression) 1.451 1.096–1.921 0.009 1.308 0.940–1.818 0.111 

Figure 7. Clinical significance of nine target genes (DDIT4, FOXD1, FXR1, FZD2, HMGB3, MINPP1,
PAWR, PFN2, and RTN4R) according to TCGA-HNSC data analysis. Kaplan–Meier curves of the
5-year overall survival rates according to the expression of each gene are presented. High expression
levels of all nine genes were significantly predictive of a poorer prognosis in patients with HNSCC.
Patients were divided into two groups according to the median gene expression level: high and low
expression groups. The red and blue lines represent the high and low expression groups, respectively.

Table 2. Results of Cox regression analysis of overall survivals in five years in TCGA-HNSC.

Monovariate Multivariate
Variables HR 95% CI p-Value HR 95% CI p-Value

DDIT4 (High vs. Low expression) 1.506 1.138–1.994 0.004 1.292 0.939–1.776 0.115
FOXD1 (High vs. Low expression) 1.526 1.153–2.019 0.003 1.374 1.002–1.890 0.049
FXR1 (High vs. Low expression) 1.651 1.242–2.193 0.001 1.303 0.930–1.825 0.124
FZD2 (High vs. Low expression) 1.337 1.011–1.768 0.042 1.069 0.776–1.473 0.684

HMGB3 (High vs. Low expression) 1.413 1.069–1.867 0.015 1.186 0.861–1.633 0.297
MINPP1 (High vs. Low expression) 1.451 1.096–1.921 0.009 1.308 0.940–1.818 0.111

PAWR (High vs. Low expression) 1.438 1.084–1.908 0.012 1.255 0.913–1.727 0.162
PFN2 (High vs. Low expression) 1.642 1.238–2.178 0.001 1.238 0.885–1.731 0.213

RTN4R (High vs. Low expression) 1.326 1.003–1.752 0.048 0.962 0.699–1.323 0.810
Age (≥70 vs. <70) 1.628 1.197–2.213 0.002 1.922 1.369–2.698 <0.001

Disease Stage (III, IV vs. I, II) 1.746 1.158–2.633 0.008 1.774 1.159–2.716 0.008
Pathological Grade (3, 4 vs. 1, 2) 0.901 0.653–1.245 0.529 - - -

HR: hazard ratio, CI: confidence interval.
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Figure 8. Correlation analysis by TCGA-HNSC for nine genes. Negative correlation of expression 
levels between miR-30e-5p and nine genes in HNSCC clinical specimens. 
Figure 8. Correlation analysis by TCGA-HNSC for nine genes. Negative correlation of expression
levels between miR-30e-5p and nine genes in HNSCC clinical specimens.

3.5. Regulated Expression of the Nine Identified Genes by miR-30e-5p in HNSCC Cells

qRT-PCR revealed that the mRNA expression levels of DDIT4, FOXD1, MINPP1,
PAWR, and PFN2 were significantly suppressed in miR-30e-5p-transfected HNSCC cells.
The other genes were not significantly suppressed by miR-30e-5p (Figure 9).

Considering the multivariate analysis, the correlation analysis, and the results of
qRT-PCR, FOXD1 was of the greatest interest among the nine targets. Thus, we focused on
FOXD1 as the target gene of miR-30e-5p in this study.
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Figure 9. Regulation of the expression of nine genes by miR-30e-5p in HNSCC cells. qRT-PCR 
showing significantly reduced expression of FOXD1 mRNA (top, middle) 72 h after miR-30e-5p 
transfection in Sa3 and SAS cells (N.S.: not significant compared to control group). 

Considering the multivariate analysis, the correlation analysis, and the results of 
qRT-PCR, FOXD1 was of the greatest interest among the nine targets. Thus, we focused 
on FOXD1 as the target gene of miR-30e-5p in this study. 

3.6. Incorporation of FOXD1 mRNA into the RNA-Induced Silencing Complex (RISC) and 
Direct Control of FOXD1 Expression by miR-30e-5p in HNSCC Cells 

To confirm incorporation of FOXD1 mRNA into RISC, RIP assays were performed 
(Figure 10A,B). The schematic illustration displays the concept of RIP assays. Ago2-bound 
miRNA and mRNA were isolated by the immunoprecipitation of Ago2, the protein that 
plays a central role in RISC (Figure 10A). Using samples isolated by immunoprecipitation, 
qRT-PCR showed that the FOXD1 mRNA level was significantly higher than those of 
mock or miR control transfected cells (p < 0.01; Figure 10B), suggesting a significant 
incorporation into RISC. 

To confirm that miR-30e-5p bound directly to the 3′-UTR of FOXD1, a dual-luciferase 
reporter assay was performed. Luciferase activity was significantly reduced following co-
transfection with miR-30e-5p and a vector containing the miR-30e-5p-binding site in the 3′-
UTR of FOXD1 (Figure 10C). In contrast, co-transfection with a vector containing the 

Figure 9. Regulation of the expression of nine genes by miR-30e-5p in HNSCC cells. qRT-PCR showing
significantly reduced expression of FOXD1 mRNA (top, middle) 72 h after miR-30e-5p transfection in
Sa3 and SAS cells (N.S.: not significant compared to control group).

3.6. Incorporation of FOXD1 mRNA into the RNA-Induced Silencing Complex (RISC) and Direct
Control of FOXD1 Expression by miR-30e-5p in HNSCC Cells

To confirm incorporation of FOXD1 mRNA into RISC, RIP assays were performed
(Figure 10A,B). The schematic illustration displays the concept of RIP assays. Ago2-bound
miRNA and mRNA were isolated by the immunoprecipitation of Ago2, the protein that
plays a central role in RISC (Figure 10A). Using samples isolated by immunoprecipitation,
qRT-PCR showed that the FOXD1 mRNA level was significantly higher than those of mock
or miR control transfected cells (p < 0.01; Figure 10B), suggesting a significant incorporation
into RISC.

To confirm that miR-30e-5p bound directly to the 3′-UTR of FOXD1, a dual-luciferase
reporter assay was performed. Luciferase activity was significantly reduced following
co-transfection with miR-30e-5p and a vector containing the miR-30e-5p-binding site in the
3′-UTR of FOXD1 (Figure 10C). In contrast, co-transfection with a vector containing the
FOXD1 3′-UTR, in which the miR-30e-5p-binding site was deleted, resulted in no change in
luciferase activity (Figure 10C).
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Figure 10. Isolation of RISC-incorporated FOXD1 mRNA by Ago2 immunoprecipitation. Direct 
regulation of FOXD1 expression by miR-30e-5p in HNSCC cells. (A) Schematic illustration of RIP 
assay. (B) qRT-PCR suggested FOXD1 mRNA was significantly incorporated into RISC. (C) 
TargetScan database analysis predicting putative miR-30e-5p-binding sites in the 3′-UTR of FOXD1 
(upper panel). Dual-luciferase reporter assays showed reduced luminescence activity after co-
transfection of the wild-type vector and miR-30e-5p in Sa3 cells (lower panel). Normalized data were 
calculated as the Renilla/Firefly luciferase activity ratio (N.S.: not significant compared to control 
group). 

3.7. Expression of FOXD1 in HNSCC Clinical Specimens 
HNSCC clinical specimens displayed moderate immunoreactivity in the cytoplasm 

(Figure 11B,D), whereas normal epithelium showed no expression of FOXD1 (Figure 
11A,C). The clinical features of HNSCC specimens are summarized in Table S3. 

Figure 10. Isolation of RISC-incorporated FOXD1 mRNA by Ago2 immunoprecipitation. Direct
regulation of FOXD1 expression by miR-30e-5p in HNSCC cells. (A) Schematic illustration of RIP assay.
(B) qRT-PCR suggested FOXD1 mRNA was significantly incorporated into RISC. (C) TargetScan
database analysis predicting putative miR-30e-5p-binding sites in the 3′-UTR of FOXD1 (upper panel).
Dual-luciferase reporter assays showed reduced luminescence activity after co-transfection of the
wild-type vector and miR-30e-5p in Sa3 cells (lower panel). Normalized data were calculated as the
Renilla/Firefly luciferase activity ratio (N.S.: not significant compared to control group).

3.7. Expression of FOXD1 in HNSCC Clinical Specimens

HNSCC clinical specimens displayed moderate immunoreactivity in the cytoplasm
(Figure 11B,D), whereas normal epithelium showed no expression of FOXD1 (Figure 11A,C).
The clinical features of HNSCC specimens are summarized in Table S3.

3.8. Effects of FOXD1 Knockdown on the Proliferation, Migration, and Invasion of HNSCC Cells

To assess the tumor-promoting effect of FOXD1 in HNSCC cells, we performed knock-
down assays using siRNAs.

First, the inhibitory effects of two different siRNAs targeting FOXD1 (siFOXD1-1
and siFOXD1-2) expression were examined. The FOXD1 mRNA levels were effectively
inhibited by each siRNA (Figure S2).

The knockdown of FOXD1 slightly inhibited Sa3 and SAS cell proliferation (Figure 12A).
In contrast, cell migration and invasion were significantly inhibited after siFOXD1-1 and
siFOXD1-2 transfection into Sa3 and SAS cells (Figure 12B,C). Photographs of typical results
from the migration and invasion assays are shown in Figure S3.
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Figure 11. Immunohistochemical staining of FOXD1 in HNSCC clinical specimens. Weak to 
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immunoreactivity was shown in normal mucosa (A,C). 
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Figure 11. Immunohistochemical staining of FOXD1 in HNSCC clinical specimens. Weak to moderate
immunoreactivity of FOXD1 was observed in the cancer lesions (B,D) whereas negative immunoreac-
tivity was shown in normal mucosa (A,C).
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a membrane culture system 48 h after seeding miRNA-transfected cells into the chambers. (C) Cell 
invasion assessed by Matrigel invasion assays 48 h after seeding miRNA-transfected cells into 
chambers. 

3.9. FOXD1-Mediated Molecular Pathways in HNSCC Cells 
We performed gene set enrichment analysis (GSEA) to identify genes that were 

differentially expressed in the high and low expression groups using TCGA-HNSCC data. 
A GSEA analysis of FOXD1 showed that the most enriched molecular pathway in the high 
expression groups of FOXD1 was “epithelial-mesenchymal transition” (Table 3, Figure 
13). Additional pathways (MYC targets, TNFα signaling, Hypoxia, E2F targets, 
Glycolysis, and DNA repair) were also associated with groups expressing high levels of 
FOXD1 (Table 3). The aberrant expression and activation of these pathways were closely 
associated with the downregulation of miR-30e-5p in HNSCC cells and contributed to 
HNSCC oncogenesis. 

Table 3. Results of gene set enrichment analysis. 

Enriched Gene Sets in High FOXD1 Expression Group  
Name Normalized Enrichment Score FDR q-Value 
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assessed by XTT assay 72 h after siRNA transfection. (B) Cell migration assessed using a membrane
culture system 48 h after seeding miRNA-transfected cells into the chambers. (C) Cell invasion
assessed by Matrigel invasion assays 48 h after seeding miRNA-transfected cells into chambers.

3.9. FOXD1-Mediated Molecular Pathways in HNSCC Cells

We performed gene set enrichment analysis (GSEA) to identify genes that were differ-
entially expressed in the high and low expression groups using TCGA-HNSCC data. A
GSEA analysis of FOXD1 showed that the most enriched molecular pathway in the high
expression groups of FOXD1 was “epithelial-mesenchymal transition” (Table 3, Figure 13).
Additional pathways (MYC targets, TNFα signaling, Hypoxia, E2F targets, Glycolysis, and
DNA repair) were also associated with groups expressing high levels of FOXD1 (Table 3).
The aberrant expression and activation of these pathways were closely associated with the
downregulation of miR-30e-5p in HNSCC cells and contributed to HNSCC oncogenesis.

Table 3. Results of gene set enrichment analysis.

Enriched Gene Sets in High FOXD1 Expression Group

Name Normalized Enrichment Score FDR q-Value

Epithelial mesenchymal transition 3.674 q < 0.001
MYC targets V1 3.412 q < 0.001

TNFα signaling via NFκB 3.262 q < 0.001
Hypoxia 3.044 q < 0.001

E2F targets 2.988 q < 0.001
Glycolysis 2.797 q < 0.001

DNA repair 2.602 q < 0.001
Unfolded protein response 2.275 0.001

G2M checkpoint 2.248 0.001
TGFβ signaling 2.025 0.001

KRAS signaling up 1.946 0.005
Coagulation 1.848 0.010

Inflammatory response 1.753 0.014
Apical junction 1.739 0.015

Oxidative phosphorylation 1.713 0.015
P53 pathway 1.702 0.016

IL6/JAK/STAT3 signaling 1.617 0.027
Apoptosis 1.601 0.029
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4. Discussion

In the human genome, numerous miRNAs have very similar sequences and therefore
constitute a “family”. Because the seed sequences of the miRNA family are the same, each
miRNA family controls the expression of the same set of genes. Therefore, aberrant expres-
sion of the miRNA family members will cause the disruption of intracellular molecular
networks, and these events can initiate the transformation of normal cells to cancer cells.
Based on our miRNA signatures, we previously focused on several miRNA families and
identified the molecular pathways that were controlled by the miR-29 family, the miR-199
family and the miR-216 family [14,23,30].

Our RNA sequence-based miRNA signatures, including those in HNSCC, showed
that some miR-30 family members were frequently downregulated in cancer tissues. Those
observations suggest that these miRNAs control targets with pivotal roles in cancer pro-
gression, metastasis, and drug-resistance [31]. Here, we first investigated the expression
levels and clinical significance of all members of the miR-30 family using TCGA database.
The family consists of 12 miRNAs: guide and passenger strands of miR-30a, miR-30b, miR-
30c-1, miR-30c-2, miR-30d, and miR-30e). Among them, the expression levels of miR-30e-5p
and miR-30c-1-3p were closely associated with HNSCC molecular pathogenesis. Identi-
fying molecular networks controlled by these miRNAs is important for understanding
HNSCC oncogenesis.

In this study, we focused on miR-30e-5p to investigate the targets that it controls in
HNSCC. The seed sequences of the guide strands of the miR-30a family are identical,
suggesting that these miRNAs may control common targets in a sequence-dependent
manner. Previous studies reported that miR-30e-5p had tumor-suppressive functions in
several types of cancers [32–34]. A previous study showed that miR-30e-5p suppressed
astrocyte elevated gene-1 (AEG-1), an oncogene that contributes to angiogenesis, metastasis,
and EMT processes [35]. Another study showed that miR-30e-5p was a direct transcriptional
target of P53 in colorectal cancer. Expression of miR-30e-5p blocked tumor cell migration,
invasion, and in vivo metastasis by directly controlling integrin molecules [36].

A single miRNA controls a large number of genes, and targeted genes can differ
depending on the type of cancer. Defining miRNA-targeted genes is an important focus
in miRNA research. Our target identification strategy successfully identified nine genes
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that significantly predicted 5-year survival frequencies of HNSCC patients. Unfortunately,
none of those genes were independent prognostic factors contributing to 5-year overall
survival rates. According to multivariate analysis, a high expression level of FOXD1 was an
independent prognostic factor (HR: 1.374, 95% CI: 1.002–1.890, p = 0.049). Furthermore, the
negative correlation between the expression of FOXD1 and miR-30e-5p was confirmed. For
those reasons, we focused on FOXD1 as the target gene in this study. Future studies may
examine the other genes in the belief that resultant data will improve our understandings
of the molecular pathogenesis of HNSCC.

For example, FXR1 is an RNA-binding protein that regulates co-transcriptional and
post-transcriptional gene expression. It is a member of the Fragile X-mental retardation
(FXR) family of proteins, which includes FMR1 and FXR2 [37]. Recent studies showed that
the overexpression of FRX1 was observed in several types of cancers, including HNSCC,
and its expression correlates with poor prognosis of the patients [38]. In oral cancer cells,
FXR1 stabilized miR-301a-3p and miR-301a-3p, both of which target p21 [39]. Another
study showed that the overexpression of FXR1 facilitates the bypass of senescence and
tumor progression [40]. Aberrant expression of FXR1-enhanced HNSCC progression and
its expression is closely associated with the molecular pathogenesis of HNSCC.

PFN2 was identified as a miR-30e-5p target in this study. PFN2 is a member of the
profilin family, namely, profilin 1, 2, 3, and 4 [41]. Profilins are actin-binding proteins
involved in the regulation of cytoskeletal dynamics. Overexpression of PFN2 was reported
in several types of cancers, including HNSCC [42]. Recently, we revealed that PFN2 was
directly regulated by tumor-suppressive miR-1/miR-133 clustered miRNAs in HNSCC
cells, and its overexpression promoted cancer cell malignant transformation [25]. Another
study showed that overexpression of PFN2 enhanced the aggressiveness of small cell lung
cancer (SCLC), including cell proliferation, migration, and invasion. Knockdown of PFN2
decreased the cells’ aggressive nature. Moreover, a mouse xenograft model demonstrated
that the overexpression of PFN2 dramatically elevated SCLC growth and vasculature
formation as well as lung metastasis [43]. Notably, a previous study showed that miR-30a-
5p suppressed the expression of PFN2 in lung cancer cell lines [44].

In this study, we confirmed that the overexpression of FOXD1 facilitated cancer cell
malignant transformation, e.g., enhanced migratory and invasive abilities in HNSCC cells.
FOXD1 is a member of the forkhead family of transcription factors [45]. FOXD1 expression
is upregulated in several types of cancers [46]. Moreover, the knockdown of FOXD1 impairs
the colony-forming abilities of oral cancer cells after radiation treatment [47]. Another study
showed that upregulated FOXD1 contributed to melanoma cells’ resistance to vemurafenib
via the recruited expression of connective tissue growth factor [48]. In gastric cancer (GC)
cells, FOXD1-AS1 expression induced FOXD1 translation, and these events enhanced GC
cell progression and cisplatin resistance [49]. Importantly, miR-30a-5p directly binds to the
3′-UTR of FOXD1 and suppresses its expression in several types of cancer cells, e.g., lung
squamous cell carcinoma, pancreatic ductal adenocarcinoma, osteosarcoma, and ovarian
cancer [50–53]. Our present data and previous studies indicate that the overexpression
of FOXD1 is closely involved in aggressive cancer cell transformation in a wide range of
cancers, including HNSCC.

These studies show that searching for target genes of tumor-suppressive miRNAs is
an attractive strategy for exploring the molecular mechanisms of HNSCC.

5. Conclusions

We showed that the FOXD1 gene is directly controlled by tumor-suppressive miR-30e-
5p in HNSCC cells. The aberrant expression of FOXD1 facilitated cancer cell migration
and invasion, and its expression was closely associated with the prognosis of HNSCC
patients. Our strategy (analysis of tumor-suppressive miRNAs and their controlled genes)
can identify genes that are deeply involved in the molecular pathogenesis of HNSCC.
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Abstract: One of the most innovative medical trends is personalized therapy, based on simple and
reproducible methods that detect unique features of cancer cells. One of the good prognostic and
diagnostic markers may be the miRNA family. Our work aimed to evaluate changes in selected
miRNA levels in various breast cancer cell lines (MCF7, MDA-MB-231, SK-BR-3) treated with
doxorubicin or cisplatin. The selection was based on literature data regarding the most commonly
altered miRNAs in breast cancer (21-3p, 21-5p, 106a-5p, 126-3p, 126-5p, 155-3p, 155-5p, 199b-3p,
199b-5p, 335-3p, 335-5p). qPCR assessment revealed significant differences in the basal levels of
some miRNAs in respective cell lines, with the most striking difference in miR-106a-5p, miR-335-5p
and miR-335-3p—all of them were lowest in MCF7, while miR-153p was not detected in SK-BR-
3. Additionally, different alterations of selected miRNAs were observed depending on the cell
line and the drug. However, regardless of these variables, 21-3p/-5p, 106a, 126-3p, 155-3p and
199b-3p miRNAs were shown to respond either to doxorubicin or to cisplatin treatment. These
miRNAs seem to be good candidates for markers of breast cancer cell response to doxorubicin
or cisplatin. Especially since some earlier reports suggested their role in affecting pathways and
expression of genes associated with the DNA-damage response. However, it must be emphasized
that the preliminary study shows effects that may be highly related to the applied drug itself and its
concentration. Thus, further examination, including human samples, is required.

Keywords: miRNA; breast cancer; diagnostics; therapy response

1. Introduction

Breast cancer is still among women’s most common leading causes of death world-
wide [1]. The main challenge is an early diagnosis as well as personalized therapy ad-
justment. They both require the identification of specific qualitative and quantitative
assessments of reliable parameters that could be used as markers and therapy targets,
respectively. The main obstacle to therapy efficacy is the resistance of cancer cells to
drugs. This is driven by different pathways, including individual genetic characteris-
tics and multi-drug resistance, cell death inhibition (apoptosis suppression), altered drug
metabolism, epigenetics, enhanced DNA repair and gene amplification [2]. As reported
below (Table 1), all these processes can be controlled by the specific miRNA-controlled
expression of certain genes. Another critical characteristic of breast cancer cells (apart from
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immortality) is the ability to metastasize associated with altered adhesion, migration and
invasion. It is mainly related to signaling pathways controlled by different genes or their
phosphorylated/dephosphorylated expression products.

Moreover, miRNAs can control genes that regulate adhesion molecules and cell–cell
interactions (Table 1). Consequently, it is difficult to identify a specific signature of cancer
cells with so many variables. Nevertheless, epigenetic factors can significantly modulate
these processes, and microRNA profiling seems to be a promising strategy in diagnostics
and therapy response monitoring. Among numerous studies performed so far, some
particular miRNAs can be perceived as suitable candidates, especially since most of them
are commonly associated with different cancer types, including breast cancer. The idea of
miRNA functioning as early biomarkers for the evaluation of drug efficacy and drug safety
was proposed not only in cancer but also in other diseases, including multiple sclerosis [3],
bipolar disorder [4], diabetes [5] and others [6]. Thus miRNA profiling, supported by
bioinformatic analysis, is perceived as a specific and sensitive biomarker for evaluating
drug efficacy/resistance and drug safety in patients [7]. Specifically, it was shown that
blood-borne miRNA profiles monitored over time have the potential to predict complete
pathological responses in breast cancer [8]. Altogether, miRNA assessment shows some
potential as a marker in pharmacogenomics (as modulators of pharmacology-related genes).
It can be evaluated using low-invasive methods providing high specificity and sensitivity.
However, since one miRNA can target different mRNA, a comprehensive profiling study
must be performed to obtain an informative and valuable pattern.

Table 1. Contribution of selected miRNAs to breast cancer metabolism.

miRNA Effect and Pathways Mediated in Breast Cancer Ref.

miRNA-21
(-3p and -5p)

tumor growth, cancer cells proliferation, metastasis,
invasion, sensitivity to chemotherapy, modulation of

cancer-related gene expression
[9,10]

miRNA-106a-5p

cancer cell proliferation, colony-forming capacity,
migration, invasion, breast cancer cell apoptosis and

sensitivity to cisplatin, DNA damage response,
suppression of the ATM-associated pathway

[11,12]

miRNA-126
(-3p and -5p)

cancer cell migration, tumor growth, proliferation,
invasion and angiogenesis of triple-negative breast

cancer cells
[13–15]

miRNA-155
(-3p and -5p) inflammation, apoptosis, adhesion [1,16,17]

miRNA-199b
(-3p and -5p) cancer aggressiveness, tumor growth, angiogenesis [18–20]

miRNA-335
(-3p and -5p)

sensitivity of triple-negative breast cancer cells to
paclitaxel, cisplatin and doxorubicin [21]

2. Materials and Methods
2.1. Cell Culture

Three cell lines representing different molecular subtypes of breast cancer were en-
rolled in the study, i.e., (i) MCF7 (ER/PR+, HER2low, TP53WT), (ii) MDA MB-231—basal-
like subtype, also called triple-negative breast cancer (TNBC; ER/PR-, HER2-, TP53mut),
and (iii) SK-BR-3 (ER/PR-, HER2+, TP53mut). MCF7 cell line, in comparison to the MDA-
MB-231 cell line, is a poorly aggressive and non-invasive cell line. Overall, it is being
considered to have low metastatic potential. SK-BR-3 cells are the least invasive cells out
of the three studied, according to previous findings [22]. The MCF7 (HTB-22) and MDA-
MB-231 (HTB-26) cells were maintained in RPMI-1640 (Biowest, Nuaillé, France), while
SK-BR-3 (HTB-30) cells were cultured in McCoy’s 5A (Biowest, Nuaillé, France) media
supplemented with 10% fetal bovine serum (FBS) (Biowest, Nuaillé, France) at 37 ◦C in
an atmosphere of 5% CO2 and saturated humidity. All cell lines were obtained from the
American Type Culture Collection (ATCC).
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2.2. Studied Drugs

Both studied drugs belong to the DNA-damaging and proapoptotic agents, and
both are ABC family substrates (ABCB1 and ABCC3, respectively) [23]. Doxorubicin is
commonly used in breast cancer treatment disruption of topoisomerase-II-mediated DNA
repair and generation of free radicals and their damage to cellular membranes, DNA and
proteins [24]. The mechanism of resistance to doxorubicin results from a reduction in the
ability of the drug to accumulate in the nucleus, decreased DNA damage and suppression
of the downstream events that transduce the DNA damage signal to apoptosis [25].

In turn, cisplatin effectively blocks breast cancer metastasis and inhibits cancer growth
together with paclitaxel in neoadjuvant chemotherapy [26]. Resistance of cancer cells to
this drug is associated with decreased drug import, increased drug export, increased drug
inactivation by detoxification enzymes, increased DNA damage repair and inactivated cell
death signaling [27].

2.3. MTT Cell Survival Assay

Cell survival was determined using MTT assay by assessing the sensitivity of cells
subjected to drugs, i.e., doxorubicin or cisplatin, as previously described [28]. Drugs selection
was based on common use in breast cancer [29]. Briefly, the cells were seeded at a density of
5 × 103 cells per well in 96-well culture plates, incubated overnight to allow for cell attachment,
and the next day either DOX was added at a concentration range of 0, 0.05, 0.1, 0.5, 1, 2 or
5 µM or cis-Pt was administered at a concentration range of 0, 1, 2, 5, 10, 20 or 50 µM (DOX
was dissolved in water, and cis-Pt in saline). Cells were treated for 24 h and incubated with
10 µL of MTT reagent (5 mg/mL) (Sigma-Aldrich, St. Louis, MO, USA). The cells were
incubated at 37 ◦C for 4 h, followed by the addition of 100 µL of solubilization buffer (10%
SDS in 0.01 M HCl). The absorbance was measured in each well with the Microplate Reader
Multiskan FC (Thermo Scientific, Waltham, MA, USA) at two wavelengths of 570 and 690 nm.
Each experimental point was determined in biological triplicate (each in 6 technical repeats).
IC50 (half-maximal (50%) inhibitory concentration) values were calculated using CompuSyn
(ComboSyn, Inc., Paramus, NJ, USA) (Table 2), and the standard deviation was calculated
using Excel software (Microsoft, Syracuse, NY, USA).

Table 2. IC50 values determination for doxorubicin or cisplatin after MCF7, MDA-MB-231 or Sk-BR3
cells treatment for 24 h. IC50 values were calculated using CompuSyn program (three biological
repeats, six technical repeats each, were performed).

Cell Line

Drug IC50 [µM]

DOX Cis-Pt

MCF7 27.4 ± 0.9 >50

MDA-MB-231 12.9 ± 1.8 >50

SK-BR-3 5.8 ± 0.7 44.3 ± 2.6

2.4. miRNA Isolation

Cells were subjected to treatment with DOX (0.1 µM) or cis-Pt (10 µM) for 24 h. Concen-
tration selection resulted from the survival curve obtained in MTT assay and these specific
concentrations were chosen as subcytotoxic but known from previous experiments to provoke
apoptosis in a longer incubation time (verified by clonogenic assay, data not shown).

miRNAs were isolated using a miRNA Isolation Kit Cell (BioVendor, Czech Rep.)
based on optimized silica membrane column according to manufacturers’ instructions.
Briefly, dedicated cell lysis buffer (250 µL per sample; 1% β-mercaptoethanol freshly added)
was added to cell pellets (1 × 106 cells) followed by vortexing, a brief spin and incubation
at 25 ◦C (room temperature) for 3 min. Next, RCL1 and RCL2 buffers were sequentially
added that was accompanied by brief vortexing, spinning and short incubation at 25 ◦C
(room temperature). After centrifugation at 11,000× g for 3 min, the clear supernatant was
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transferred to a new 1.5 mL micro-centrifuge tube, 330 µL of isopropanol was added and
after short pulse-vortexing for 10 s, all content was transferred to the MR13 Column, fol-
lowed by incubation at 25 ◦C for 2 min. After another centrifugation at 11,000× g for 1 min,
500 µL of buffer CRW1 was added to wash the column, followed by another centrifugation
at 11,000× g for 1 min. After washing the column with 500 µL of Buffer CRW2, the miR-
NAs were eluted with 30 µL of RNase-Free water (centrifugation at 11,000× g for 1 min),
assessed using spectrophotometer (Eppendorf Biophotometer Plus Spectrophotometer,
Hamburg, Germany) and stored at −80 ◦C for further study.

2.5. qPCR Assessment of miRNAs

Two-Tailed qPCR (BioVendor, Brno, Czech Republic) was performed to assess indi-
vidual miRNAs according to manufacturers’ instructions. The test is based on primers
which consist of two hemiprobes, connected by a folded tether. Complementarity of
two hemiprobes provides specific binding and specific cDNA synthesis. The cDNA was
obtained using the miR-TT-PRI kit containing set of miRNA-specific primers and the
Two-Tailed cDNA Synthesis System using a thermocycler (Eppendorf EP Gradient S Ther-
mocycler, Hamburg, Germany) according to the following protocol: 25 ◦C for 5 min, 50 ◦C
for 15 min, 85 ◦C for 5 min followed by cooling at 4 ◦C. For each sample, 600 ng of total
RNA was taken for reverse transcription—altogether, it was a combination of three bio-
logical repeats (200 ng of each) in one sample. Next, specific PCR primers (PCR Primer
F and PCR Primer R) from the miR-TT-PRI kit were added. The qPCR was performed as
follows: 95 ◦C for 30 s, 95 ◦C for 5 s, 60 ◦C for 15 s, 72 ◦C for 10 s and signal detection.
After 40 cycles, melting curve analysis was performed and final, relative expression was
evaluated based on Cq (quantification cycle) and thermocycler software (Roche LightCycler
480-II PCR, Basel, Switzerland) as previously described [30]. Quantitative qPCR was done
with individual reactions for each miRNA target. Validation was performed against U6
(RNU6-1) expression as previously described [31]. Melting temperature analysis was used
(SYBRGreen-based) for verification of specific products detection.

2.6. Statistical Analysis

Results were expressed as mean ± SD. All statistical analyses were carried out using
GraphPad Prism 5 (GraphPad Software, Sandiego, CA, USA). Differences were assessed
for statistical significance using repeated-measures ANOVA, followed by the post-hoc
Dunnett’s test method. All experiments were performed in triplicates unless specified
otherwise. The threshold for significance was defined as p < 0.05 and are indicated by the
(*, #, •) symbol for p < 0.05. qPCR was performed with pooled samples, as commonly
acknowledged [32], giving mean target miRNAs levels.

3. Results
3.1. Doxorubicin and Cisplatin Cytotoxicity Evaluation

All three cell lines were subjected to different concentrations of studied drugs to find
the range of low toxicity concentrations that could be applied to cells during the evaluation
of the association between drug treatment and cell response measured by alterations in
selected miRNAs levels. The 24 h time interval selection was based on our previous
experience and numerous cytotoxicity assays, as well as more mechanistic assessment of
apoptotic pathways, induced by the studied drugs. We observed that longer incubation
time (48 and 72 h MTT test were performed, showing more than 40% viability decrease in
all three cell lines at the lowest concentrations of both studied drugs; data not included)
would provoke cytotoxic effect that might not reflect mechanistic aspect of the specificity of
the cancer cells response to the treatment. Additionally, according to our previous studies,
many genes are regulated within 24 h after DOX or cis-Pt treatment. Similarly, numerous
reports indicate 24 h time interval as a sufficient and optimal time to observe significant
alterations in miRNA levels after cancer cells treatment (e.g., [33–36]). For this reason, we
were interested in a rapid response that was supposed to be specific. Thus, we decided to
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verify our hypothesis concerning monitory potential of miRNAs in breast cancer cells in a
24 h time interval that was supposed to provide an early response analysis.

An MTT survival test was involved for DOX (Figure 1A) and cisplatin (Figure 1B)
cytotoxicity assessment. Cell treatment was 24 h and, as demonstrated, cytotoxicity effects
were concentration dependent. MCF7 and MDA-MB-231 showed a similar survival rate
when treated with DOX at 0.05, 0.1, 0.5 or 1 µM (up to ca 20% decrease in survival, relative
to control, untreated cells). Simultaneously, treatment of SK-BR-3 cells with the same
concentrations of DOX showed significant decrease in survival only at the concentration
of 0.5 and 1 µM (up to 20% decrease in survival, relative to control cells). In turn, higher
concentration (2 µM) revealed higher resistance of MDA-MB-231 than two other cell lines
(survival at 80 vs. 65% in MCF7 and 60% in SK-BR-3), while incubation with 5 µM DOX
led to similar survival rate in all three cell lines i.e., 60% (Figure 1A).
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posed to be evaluated [37]. However, as it gave us enormous, not entirely coherent data, 
and bearing in mind that miRNAs do not have to be fully complementary to interact with 
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Figure 1. Cytotoxicity assessment and determination of the optimal range of drugs concentration
i.e., doxorubicin (A) and cisplatin (B). MTT assay was performed to find optimal concentrations of
doxorubicin and cisplatin for evaluation of miRNAs alterations as a response. Cells were treated for
24 h, followed by colorimetric assessment. All experiments were performed in triplicates (each with
six technical repeats). Alterations in survival are relative to control, untreated cells. *, •, # p < 0.05.

The same cell lines were treated with cisplatin at the range of concentrations 1, 2, 5, 10,
20 or 50 µM. When cells were subjected to 1, 2, 5 or 10 µM cisplatin, the survival rate of
MCF7 and MDA-MB-231 was reduced by circa 10%. At the same time viability of SK-BR-3
was unchanged. Increasing the concentration of cis-Pt (20 or 50 µM) provoked decrease of
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all three breast cancer cell lines survival, with a more dominant effect observed in SK-BR-3
(50 vs. 20% decrease at 50 µM) (Figure 1B).

Based on the assessment of toxicity of the drugs, IC50 values were calculated (Table 1).
Primarily, time-course experiments were performed, but since after longer time intervals
(48 or 72 h; data not shown), the compounds appeared highly toxic, we decided to subject
cells to 24 h treatment only. Low-cytotoxicity concentrations were selected based on the
survival curves (these concentrations, however, are known from previous experiments and
literature data to induce apoptosis).

3.2. Target miRNAs Selection

First, we used the targetscan algorithm for selection of target miRNAs that were
supposed to be evaluated [37]. However, as it gave us enormous, not entirely coherent data,
and bearing in mind that miRNAs do not have to be fully complementary to interact with
target mRNAs, we performed a selection based on literature data. Additionally, TCGA anal-
ysis (GEPIA2 [38], Xena Browser [39] and oncolnc.org (access date: 27 February 2023) [40])
was also performed and discussed below.

Consequently, eleven most commonly breast cancer-associated miRNAs were subjected
to identification after doxorubicin (DOX) or cisplatin (cis-Pt) treatment of breast cancer cell
lines. Additionally, assessment of a synthetic nonmammalian miR-54-3p was performed as a
negative control. The target miRNAs (with short justification) were as follows:

miRNA-21 (-3p and -5p). miR-21-5p was identified as a typical onco-miRNA. When
upregulated, it could promote tumor growth, metastasis and invasion and reduce sensitivity
to chemotherapy. It modulates the expression of multiple cancer-related target genes and is
dysregulated in various tumors [9]. Decreased expression of miR-21 is known to suppress
the invasion and proliferation of MCF7 cells [10].

miRNA-106a-5p. In human breast cancer, miR-106a expression was found to be signifi-
cantly upregulated. It enhanced breast cancer cell proliferation, colony-forming capacity,
migration and invasion. Additionally, miR-106a overexpression significantly decreased
breast cancer cell apoptosis and sensitivity to cisplatin [11]. Upregulation of miRNA-106a
modified DNA damage response and led to the suppression of the ATM gene and formation
of its protein product at nuclear foci [12].

miRNA-126 (-3p and -5p). Studies suggest that miR-126-3p acts as either a tumor sup-
pressor or an oncogene in different types of cancer. Upregulation of miR-126-5p can inhibit
the migration of the MCF7 breast cancer cell line [13]. Furthermore, overexpression of
miR-126-3p significantly reduced tumor size [14]. miRNA-126-3p overexpression inhibited
the proliferation, migration, invasion and angiogenesis of triple-negative breast cancer cells
(MDA-MB-231 and HCC1937) [15].

miRNA-155 (-3p and -5p). miR-155 was shown to play a crucial role in various phys-
iological and pathological processes, including inflammation and cancer. It was found
overexpressed in several solid tumors, including breast, colon, cervical and lung cancers [1]
and it is supposed to mediate the pathway controlled by caspase-3 [16]. The mechanism of
action of this miRNA is based on downregulation of the cell adhesion molecule 1 (CADM1)
that functions as a tumor suppressor [17].

miRNA-199b (-3p and -5p). miR-199b-5p was reported to play a critical role in various
types of malignancy. There are studies suggesting that miR-199b-5p downregulation is
correlated with aggressive clinical characteristics of breast cancer [18,19]. Overexpression
of miR-199b-5p inhibited the formation of capillary-like tubular structures and reduced
breast tumor growth and angiogenesis in vivo [20]. Downregulation of miR-199b-5p is
correlated with poor prognosis for breast cancer patients.

miRNA-335 (-3p and -5p). The expression of miR-335 depends on the type of cancer. It
is downregulated in breast cancers and upregulated in gallbladder carcinoma, endometrial
and gastric cancers. Overexpression of miR-335 increases the sensitivity of triple-negative
breast cancer cells to paclitaxel, cisplatin and doxorubicin, and improves the effectiveness
of chemotherapy. It is also associated with cisplatin sensitivity in ovarian cancer [21].
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To summarize the contribution of selected miRNAs to breast cancer metabolism, the
justification was collected in Table 2.

3.3. Quantitative Assessment of the Basal Levels of Selected miRNAs

All three cell lines were subjected to quantitative assessment of the basal levels of selected
miRNAs using qPCR and relative quantification. All biological experiments were performed
in triplicates followed by RT-PCR and qPCR assessment. Consequently, all target miRNAs
levels were shown as relative to respective targets in MCF7 cells, used as a calibrator (value “1”
assigned to basal level of each miRNA in MCF7). Additionally, the data were divided into three
groups i.e., relatively high miRNA levels, low levels and other, relative to results observed in
MCF7 cells (selected as reference cell line; Figure 2A,B and Figure 3C, respectively).
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Figure 2. Quantitative assessment of the basal levels of selected miRNAs using qPCR in studied cell
lines. miRNAs expression levels were grouped according to their pattern of expression for better
representation. The data for all three cell lines (i.e., (A), MCF7; (B), MDA-MB-231; (C), SK-Br-3) were
divided into three categories i.e., low, high and others, relative to MCF7 cells, selected as the reference
cell line (value “1”).

As demonstrated, average basal levels of individual miRNAs were different in different
cell lines with no specific pattern. All the studied miRNAs (21-3p, 21-5p, 106a-5p, 126-3p, 126-
5p, 155-3p, 155-5p, 199b-3p, 199b-5p, 335-3p, 335-5p) were detected in MCF7 and MDA-MB-231,
while SK-BR-3 did not show expression of the miR-155-3p (Figure 2A). Reaction designed for
detection of a synthetic nonmammalian cel-miR-54-3p was used as a negative control.
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Figure 3. Evaluation of cancer cells response to doxorubicin or cisplatin measured by miRNA levels
alterations. All three cell lines ((A), MCF7; (B), MDA−MB−231; (C), SK−BR−3) were subjected
to selected miRNAs assessment after treatment with DOX (0.1 µM) or cis-Pt (10 µM) for 24 h.
Experiments were performed in triplicates using RT-qPCR assessment. The values represent fold
changes, relative to MCF7 cells (used as reference). Values higher than “1” mean induction, while
values lower than “1” mean reduction of selected miRNAs levels.

3.4. Cancer Cells Response to Drugs—Evaluation of the Potential Association between Drug
Treatment and miRNA Levels

All three cell lines were subjected to selected miRNAs assessment after DOX (0.1 µM)
or cis-Pt (10 µM) 24 h treatment. Some alterations of studied miRNAs were observed with
no significant pattern but with some consistency between the two applied DNA-damaging
drugs within particular cell lines. We decided to focus on the miRNAs that showed at least
a 40% change relative to control samples.

3.4.1. miRNA Alterations in MCF7 Cells

The qPCR showed that DOX treatment of MCF7 cells provoked downregulation of
126-3p, 155-3p, 199b-3p and 335-5p miRNAs (Figure 3). The same cells treated with cisplatin
(10 µM) revealed induction of miRNAs 155-3p and 335-5p. At the same time, 126-3p and
199b-3p miRNAs were downregulated by cis-Pt (Figure 3A).
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3.4.2. miRNA Alterations in MDA-MB-231 Cells

When MDA-MB-231 cells were treated with DOX, an induction of 21-3p, 155-3p and
199b-5p was observed. At the same time, treatment of these cells with DOX provoked
downregulation of 126-3p and 199b-3p (Figure 3B). Incubation of MDA-MB-231 cells with
cisplatin caused increased accumulation of 106a-5p and 155-3p miRNAs, while 21-5p,
126-3p, 126-5p and 199-3p were downregulated (Figure 3B).

3.4.3. miRNA Alterations in SK-BR-3

Evaluation of miRNAs alterations in SK-BR-3 cells subjected to DOX treatment showed
that cells treated with the drug triggered accumulation of 106a-5p, 155-5p and 199b-3p. At
the same time 21-3p, 21-5p, 155-3p, 335-3p and 335-5p were downregulated (Figure 3C).
When cells were incubated with cisplatin, upregulation of 106a-5p was observed, while
21-3p, 21-5p, 155-3p, 199-5p, 335-3p and 335-5p were downregulated (Figure 3C).

4. Discussion

Epigenetics seems to play a pivotal role in the metabolism of all human cells, including
cancer cells. One of the mechanisms involved in regulation of gene expression without
changing its sequence is provided by miRNA. Although the whole family of miRNAs can
show tissue- and time-specific patterns, we believe that we can not only detect but also
modulate these small polymers. First, we need to identify the miRNAs that represent a
certain metabolic status, e.g., cancer. Such research has been already conducted, but de-
pending on different study groups (different cancer stage or grade) and different methods
involved (ELISA, qPCR, detection in serum, exosomes or cancer cells), it may give varying
results. Some studies show alterations in seven miRNAs (miR-10b, miR-21, miR-125b,
miR-145, miR-155 miR-191 and miR-382) in serum of breast cancer patients compared to
healthy controls [41], while other studies reveal more than 50 different miRNAs altered in
breast cancer patients [42]. Gene expression control may become a way for cancer cells to
overcome therapeutic strategies, as well as an efficient way to eliminate cancer cells or make
them more sensitive to therapeutic agents [43]. Thus, we performed a study that aimed to
evaluate the alterations in breast cancer cell lines exposed to anticancer drugs i.e., doxoru-
bicin or platin. First, we performed the assessment of basal levels of eleven miRNAs that
are most commonly evoked when breast cancer is studied [1,2,9–12,14,16,18,19,21,44–57].
The data were demonstrated as relative miRNA levels compared to MCF7 cells, indicated
as a reference cell line. Since the basal levels were extremely different (data range from 0.1
to 23 arbitrary units) and putting all the data on one graph might be misleading, we divided
the results into three groups presented in three independent graphs i.e., relative miRNA
levels high, low and other, relative to results observed in MCF7 cells (selected as reference
cell line; Figure 2A, 2B and 2C, respectively). Noteworthy, the molecular characteristics of
the three studied cell lines significantly differ, which may justify the different basal levels
of the assessed miRNAs. However, it is truly difficult to tell if miRNA levels are affected
by (or affect) respective features of selected cell lines. Additionally, we should not forget
that all three cell lines are derived from three different people and, as commonly known,
represent not only different genotypes but also heterogeneous population of cancer cells.
However, one of the critical differences between studies cells is the ER/PR/HER2 recep-
tors status. Importantly, these receptors mediate cell proliferation, growth, metabolism
and other signaling pathways that, since they are related to the mechanisms affected by
the studied miRNAs (Table 2), seem to justify alterations in their basal levels. Similarly,
studied cells are characterized by different p53 statuses (i.e., MCF7/wt, MDA-MB-231 and
SK-BR-3/mut), which is one of the key players not only in cell proliferation control and
apoptosis but also in response to exposition to DNA-damaging compounds. Even with
that knowledge, it is difficult to find a pattern regarding basal levels of selected miRNAs in
studied cell lines.

After evaluation of the cytotoxic activity of doxorubicin and cisplatin, we performed
an analysis of the alterations of target miRNAs in cells subjected to selected low-cytotoxicity
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concentrations of studied chemotherapeutics in MCF7, MDA-MB-231 and SK-BR-3. Al-
though relative changes were observed in the accumulation of most of the analyzed miR-
NAs after drug administration, we focused on the changes that showed at least 40% change
relative to control samples. Thus, essential alterations were observed in a couple of miRNAs
that showed a trend in all cell lines subjected to two DNA-damaging agents.

The miRNA that was considerably altered in two of the three cell lines (MDA-MB-231
and SK-BR-3) was miR-21. It was already suggested that identification of this miRNA in
serum of breast cancer patients can be used for breast cancer diagnosis at an early stage of
the disease. Although it was not associated with the status of ER, PR and clinical stages [58],
it was reported that miR-21 could be related to the development of Multi Drug Resistance
(MDR) in breast cancer [59]. Specifically, miR-21 was shown to contribute to breast cancer
proliferation and metastasis by targeting LZTFL1 [60]. As reported in colorectal cancer,
an increase in miR-21 expression correlated with resistance to fluorouracil therapy due to
lowered expression of the repair protein MSH2 [61]. Thus, it is possible that treatment of
cells with ABC substrates may provoke alterations in one of the MDR drivers, i.e., miR-21.

It is known that miR-106 is significantly upregulated in human breast cancer, as it can
enhance cell proliferation, colony-forming capacity, migration and invasion. Additionally,
miR-106a overexpression significantly decreased BC cell apoptosis and sensitivity to cis-
platin [62]. It was also shown that upregulation of miRNA-106a modified DNA damage
response and led to the suppression of the ATM gene and formation of its protein product
at nuclear foci [63]. Thus, it may be concluded that induction of this miRNA in cells treated
with DOX or cis-Pt could indicate a response of the cancer cells to the DNA-damaging agent.
Consequently, it might enhance the resistance of breast cancer cells to cis-Pt; although we
do not know the exact mechanism, we might try to target this miRNA to attenuate the
resistance effect. Importantly, mir-106a is known to be involved in DNA damage repair
systems and cause sensitization of cancer cells to irradiation by targeting the 3′-UTR of
ATM kinase. It was found upregulated in breast cancer cells subjected to DNA damage
induction [64]. Importantly, this pathway is associated with checkpoint protein 2 (Chk2),
mediating the effects of ATM on DNA damage repair mechanisms and other cellular re-
sponses that consequently halt the cell cycle (phosphorylates p53) [12]. We also showed
that this miRNA was upregulated in MDA-MB-231 and SK-BR-3 cells as well as in all
cell lines after cis-Pt. Lack of significant alteration of miR-106a in MCF7 cells after DOX
treatment might be associated with the wild type of p53 in those cells, which has a much
shorter half-life than the mutated form [65]. However, such correlation verification would
require a certain signaling feedback assessment.

Another altered miRNA was miRNA-155. It was not expressed in SK-BR-3 cells, while
it was significantly reduced in MCF7 and induced in MDA-MB-231 after DOX treatment,
while induction was observed in both cell lines after cis-Pt treatment. In turn, the mir155-5p
was downregulated in MCF7 cells after either DOX or cis-Pt treatment. Administration of
DOX provoked induction of this miRNA in the other two cell lines, while cis-Pt treatment
showed similar effect in MDA-MB-231 and SK-BR-3 cells. Specifically, miR-155 was found
to be overexpressed in breast cancers [66]. It is also known to suppress apoptosis in MDA-
MB-453 breast cancer cells by blocking caspase-3 activity [67]. It can also promote loss of
genomic integrity in cancer cells by targeting genes involved in microsatellite instability
and DNA repair, which strengthens the oncogenic features of this miRNA. It was also
shown to decrease chemosensitivity to cisplatin in colon cancer cells and caspase-3 activity
induced by cisplatin [45]. Additionally, it was found to be upregulated in the doxorubicin-
resistant human lung cancer A549/DOX cell line [46]. As demonstrated previously, miR-
155-5p accelerated DNA damage repair, which led to resistance to radiation of esophageal
carcinoma cells [68]. However, a contrary observation was made in breast cancer, in which
it was revealed that miR-155-5p decreased the efficiency of homologous recombination
repair and enhanced sensitivity to radiation by targeting RAD51 directly [69]. This may be
due to the different interactions of miRNA-mRNAs in different types of cancer that is also
a known fact [70]. Thus, it seems that downregulation of this miRNA, which accompanied

162



Genes 2023, 14, 702

drug treatment, might be a good prognostic factor that could show high efficacy for the
therapy in breast cancer. miR-155 is one of just a few miRNAs studied in the context of
response to DNA-damaging drugs in breast cancer [71].

Another miRNA that was significantly altered in all three cell lines was miR-199.
Specifically, miR-199b-5p was downregulated in DOX- as well as cis-Pt-treated MCF7 cells.
It was upregulated in DOX-treated MDA-MB-231 cells and cis-Pt-treated SK-BR-3 cells.
In turn, 199b-3p was downregulated after cis-Pt treatment in MCF7 and MDA-MB-231
cells, while in SK-BR-3, it was upregulated after DOX treatment. This particular miRNA
was shown modulated in ovarian and prostate cancers, osteosarcoma and hepatocellular
carcinoma but also in breast cancer. There are studies suggesting that miR-199b-5p is
involved in the Notch signaling pathway in osteosarcoma and its downregulation is cor-
related with aggressive clinical characteristics of breast cancer [18,19]. In fact, the relative
level of this miRNA was lower in the most invasive cell line studied in our work, i.e., MDA-
MB-231 cells. According to the literature, downregulation of miR-199b-5p is correlated
with poor prognosis for breast cancer patients [72]. Thus, modification of this miRNA may
show some prognostic value in the context of breast cancer therapy monitoring. However,
even if it seems to be a very sensitive marker, it may also be a very unstable marker that
requires further profiling in a dynamic environment of cancer cells subjected to drugs.
In previous reports, miR-199a-3pwas shown to be induced in response to DNA damage
mediated by homologous repair system that suggests involvement of mTOR and c-Met [73].
Similarly, miR-199-5p/3p was shown to target DNA-damage inducible 1 homolog 2, which
also implies involvement of this miRNA in response to DNA-damaging agents [74]. This
miRNA is known to significantly diminish aggressive progression, including cell oxygen
consumption, colony formation and mobility of breast cancer cells [21]. Variable changes of
this polymer after DOX or cis-Pt treatment suggest important role of this miRNA in the
response of breast cancer cells to therapy.

Another miRNA modulated after DOX or cis-Pt treatment was miR-335-3p (in SK-
BR-3 cells). It is known to be associated with p53 in a positive feedback loop to drive cell
cycle arrest indicating its important role in proliferation control of cancer cells [75]. The
expression level of miR-335 in tissues and cells varies with cancer types, and miR-335 has
been proposed as a potential biomarker for the prognosis of cancer. Besides, miR-335 may
serve as an oncogene or tumor suppressor via regulating different targets or pathways
in tumor initiation, development and metastasis. Furthermore, miR-335 also influences
tumor microenvironment and drug sensitivity [21]. Importantly, overexpression of miR-335
was shown to increase the sensitivity of triple-negative breast cancer cells to paclitaxel,
cisplatin and doxorubicin, and improve the effect of chemotherapy, as demonstrated in
breast cancer patients [76]. We could not see any significant alteration in the expression of
either miR-335-3p or miR-335-5p in MDA-MB-231 (triple negative) or MCF7 cells. However,
it is difficult to state if alteration in the level of this miRNA after cancer cell exposure to
a drug (with a decrease most noticeable in SK-BR-3 cells) contributes to the protection
or toxicity mechanism. However, it was suggested that this miRNA could be a tumor
suppressor and could serve as a potential therapeutic target for breast cancer treatment [77].
However, again, further studies on the mechanism involved in different cancer types and
metabolic conditions or therapy regimen must be evaluated.

4.1. Clinical Relevance

The ultimate goal for scientific studies is providing tools for controlling biological
processes to achieve the most wanted outcomes that are length and/or quality of life. This
approach requires analysis of the data that may significantly contribute to the metabolism
of cell and all human body. These data include genetic code as well as gene expression pro-
filing that is covered by The Cancer Genome Atlas (TCGA) [78]. We wanted to evaluate the
clinical relevance of the studied miRNAs in breast cancer data panel. Such assessment was
performed using the algorithm available at oncolnc.org [40]. Although numerous studies
show potential effect of target miRNAs modulation on cell survival or resistance, a general
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assessment of the survival relative to low or high selected miRNAs levels did not show
any significant contribution of studied miRNAs expression to this parameter (Figure 4).
Nine out of eleven of all studied miRNAs were found in the base but, surprisingly, no
significant association of any of the miRNAs and patients’ survival was found. It may
result from still low data numbers in TCGA (high and low—296 cases each group) that
may not be sufficient when facing breast cancer, which is a very heterogeneous disease.
Especially since, as previously reported, different roles of selected miRNAs in different
breast cancer types (ER/PR/HER2 positive vs. negative) were reported [76], presented
in Table 2. Although there is no significant difference in the survival time relative to the
studied miRNAs’ expression, some apparent trends can be recognized, but it may require
larger group studies and evaluation of other parameters, such as cancer stage or grade, p53
variant, etc., to obtain conclusive results.
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4.2. Study Limitations

There are many studies focused on the assessment of the role of miRNA in cancer
development and diagnostics. The potential of miRNA to monitor cancer response to
therapy is also raised. However, serious challenges must be faced before more unequivocal
conclusions are delivered. First, it must be taken into account that breast cancer (as many
other cancer types) reveals high heterogeneity that is driven by many factors, including
ethnically diverse backgrounds, age at diagnosis, stage at diagnosis and genetic and non-
genetic alterations (including genomic, transcriptomic, proteomic and epigenetic). This
diversity of tumor cells’ profiles led to distinguishing different classification levels, i.e.,
based on histology and expression profiles of the molecular markers; estrogen receptor
(ER), progesterone receptor (PR) and the overexpression or gene amplification of human
epidermal growth factor receptor 2 (HER2). According to the presence or absence of
these critical receptors, specific molecular subtypes were selected: Luminal A (ER and
PR-positive, HER2-negative, low Ki67), Luminal B (ER and/or PR positive, HER2-positive
or high Ki67), HER2-enriched (ER and PR-negative, HER2-positive) and triple-negative
(TNBC) (ER, PR, HER2-negative). They all exhibit distinct clinical outcomes and require
different treatment strategies [79]. The seminal studies using gene expression profiling have
further subdivided breast cancers into molecular and transcriptomic subtypes of prognostic
and predictive importance. Thus, we see some limitations of our work that refers to three
cell lines only that did not provide representative or coherent data.

Additionally, referring to the subject of the study, i.e., miRNA, we are aware that
it is commonly known for its non-specific action and broad target profile. This, in turn,
requires more advanced studies involving specific miRNA downregulation or induction
to observe their specific role in affecting specific molecular pathways that control selected
functional mechanisms in cancer cells. We also encountered some technical issues. As
commonly acknowledged, there is no perfect reference gene for miRNA evaluation. Even
the U6 reference gene is sometimes questioned as not stable enough. Another issue is
drug selection and its concentration and treatment time during the study. All these factors
may significantly affect the cancer cell response that is followed by the different responses
of cells and, consequently, different alterations in cell metabolism and gene expression.
Lastly, some experiments enable observation of early response, while others provide
information regarding the prolonged effect. Altogether, it seems that the evaluation of
the role of miRNAs in cancer response to therapy is based on the assessment of a very
subtle and sensitive to changes parameter. Thus, it may be difficult to obtain conclusive
results before reaching a broader context and evaluating samples derived from patients
with different cancer types and characteristics. Without a doubt, miRNA downregulation,
mRNA and protein profiling and functional studies are required that will show how all
these modulations affect cancer cell metabolism and, eventually, the patient’s outcomes.

4.3. Potential Mechanism

Evaluation of the biological potential of selected miRNAs in breast cancer patients was
performed using targetscan.org (access date: 27 February 2023) [37] and literature data (as
shown in Table 2). Based on these analyses, all selected miRNAs could trigger significant
effect on the expression of genes contributing to the most critical features of cancer cells
i.e., proliferation, adhesion, DNA damage/repair pathways, apoptosis, autophagy, etc.
(see Table 2). Identification of potential targets for selected miRNAs showed that miR-21-
3p could affect numerous genes but some of them were predominantly associated with
cancer homeostasis, such as DNA damage-regulated autophagy modulator 1 (DRAM1),
DNA damage-inducible transcript 4-like (DDIT4L) and p53 and DNA damage-regulated 1
(PDRG1). A similar analysis also showed that miR-126-5p is associated with DDIT4L and
PDRG1, but also with growth arrest and DNA damage-inducible, gamma (GADD45G). In
turn, miR-335-3p levels corresponded with the expression of GADD45A and mediator of
DNA-damage checkpoint 1 (MDC1). Literature data were even more abundant but mostly
referred to in vitro conditions. Although the role of selected miRNAs in tumor development
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and response to therapy is well documented, it is still difficult to state if the observed
associations are the cause or the result of alterations observed during carcinogenesis or
therapeutic agent treatment. For many years, it was thought that the expression of miRNA
in cancer cells was primarily reduced. Only a comparison of the miRNA profile of normal
and cancer tissues showed significant overexpression of some miRNAs [80]. Depending on
the function of miRNAs in the development of tumors, they are classified as suppressor
miRNAs (inhibiting the expression of oncogenes or genes that induce apoptosis) and
oncogenic miRNAs (activating oncogenesis or inhibiting the expression of suppressor
genes) [81]. It should be emphasized that this classification is a significant simplification,
because in the case of many miRNAs (e.g., miR-155), the effect of their activity depends on
the total activity of regulated genes and tissue type [81]. Although miRNA levels seem very
variable, we are still convinced that they can be used as a diagnostic marker and a potential
target in modern anticancer therapies. However, due to the enormous number of this short
polymers and no need for full complementarity to act, it may be difficult to find conclusive
remarks. It seems that different conditions, including time and concentration or a type of
therapeutic strategy, significantly affect the observed alteration. Nevertheless, they still
seem to be a promising target that reflects not only a disease-associated modulation of
the metabolism, but could also reflect the response of cancer cells to therapy that can be
monitored. Consequently, targeting specific miRNAs could also be an important element
of an efficient therapeutic approach. We suggest that the alterations due to drugs treatment
of certain miRNA fractions depend on the breast cancer cell line characteristics. However,
these preliminary results require further detailed studies in vitro and in vivo to verify their
clinical potential in monitoring and therapy based on miRNAs profiling and targeting.
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Abstract: Alveolar type II (ATII) cells are essential for the maintenance of the alveolar homeostasis.
However, knowledge of the expression of the miRNAs and miRNA-regulated networks which
control homeostasis and coordinate diverse functions of murine ATII cells is limited. Therefore,
we asked how miRNAs expressed in ATII cells might contribute to the regulation of signaling
pathways. We purified “untouched by antibodies” ATII cells using a flow cytometric sorting method
with a highly autofluorescent population of lung cells. TaqMan® miRNA low-density arrays were
performed on sorted cells and intersected with miRNA profiles of ATII cells isolated according to a
previously published protocol. Of 293 miRNAs expressed in both ATII preparations, 111 showed
equal abundances. The target mRNAs of bona fide ATII miRNAs were used for pathway enrichment
analysis. This analysis identified nine signaling pathways with known functions in fibrosis and/or
epithelial-to-mesenchymal transition (EMT). In particular, a subset of 19 miRNAs was found to target
21 components of the TGF-β signaling pathway. Three of these miRNAs (miR-16-5p, -17-5p and
-30c-5p) were down-modulated by TGF-β1 stimulation in human A549 cells, and concomitant up-
regulation of associated mRNA targets (BMPR2, JUN, RUNX2) was observed. These results suggest
an important role for miRNAs in maintaining the homeostasis of the TGF-β signaling pathway in
ATII cells under physiological conditions.

Keywords: alveolar epithelial type II cells; type II pneumocytes; ATII; AECII; flow cytometry;
autofluorescence; miRNAs; pathway analysis; TGF-beta; homeostasis; EMT

1. Introduction

MicroRNAs (miRNAs) are small, endogenous non-coding RNA molecules that regu-
late the expression of ~60% of the human genome by post-transcriptional inhibition of target
mRNAs [1–3]. Since their discovery in 1993, interest in miRNAs has increased, uncovering
their importance in physiological processes, such as metabolism, growth, cell signaling,
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inflammation and cell differentiation, as well as their implication in the pathogenesis of
several diseases [4–7].

It has been shown that miRNAs play an important role in lung development and in
the maintenance of pulmonary homeostasis, which is vital for the preservation of normal
lung function and health [8,9]. Moreover, miRNAs could regulate the interplay of epithelial
cells with other cell types through targeting of multiple pulmonary pathways [10–14].
Taking into consideration that miRNAs affect the expression of a large part of the genome,
the detrimental dysregulation of miRNAs disrupts lung homeostasis and initiates disease
pathogenesis. Indeed, there is emerging evidence that altered miRNA expression in res-
piratory diseases modulates disease phenotypes and ultimately disease progression. For
example, members of the miR-200 and miR-29 families are down-regulated in models of
idiopathic pulmonary fibrosis (IPF) [15,16], and miR-154 has been suggested to promote
fibrosis in interstitial lung disease [17]. Furthermore, the dysregulation of miRNAs was
associated with an increased asthma exacerbation risk [18], as well as with the pathogenesis
of COPD [19,20]. Therefore, expression of miRNAs maintains tissue homeostasis, whereas
when miRNA expression is dysregulated, pathological changes occur. It has been suggested
that some alveolar epithelial type II (ATII) cell-derived miRNAs could play a role in the
maintenance of alveolar homeostasis in response to injury [21].

Two types of epithelial cells—alveolar epithelial type I (ATI) and type II (ATII) cells—
form the alveolus. ATI cells cover ~95% of the alveolar surface to mediate gas exchange
and maintain barrier integrity [22,23]. In lung injury, dying ATI cells slough off, lead-
ing to increased permeability [23–25]. ATII cells, in turn, orchestrate re-epithelialization
and function as progenitors for dead ATI cells, thus restoring barrier function and gas
exchange [26–31]. In mature lungs, proliferation and turnover of cells is relatively low, with
an estimate of 28–35 days for ATII cells. However, this kinetics is enhanced in response
to lung injury [32–34]. On the other hand, failure to repair injured alveolar epithelium is
associated with progression and initiation of many pulmonary diseases [35,36]. Studies
reported that epithelial destruction and ATII cell apoptosis are critical hallmarks in many
pulmonary diseases [37–40]. ATII cells, which cover only ~5% of the alveolar surface [41],
maintain the homeostasis of the alveolus [42–45]. This later role is carried out by surfactant
proteins SP-A, SP-B, SP-C, and SP-D, which are secreted by lamellar bodies within ATII cells,
the only lung epithelial cells which produce and secrete all four surfactant proteins [46,47].
Moreover, surfactant proteins A and D play an additional role in host defense and regula-
tion of immune responses [48–50]. Therefore, any deficiencies or mutations in surfactant
protein synthesis result in the disruption of lung homeostasis [51–56]. Taken together, it
is clear that ATII cells exert several important biological functions and thus are critical
for the maintenance of alveolar homeostasis and promoting pulmonary health [32,57,58].
However, this contrasts with the limited knowledge of the expression of the miRNAs and
miRNA-regulated networks which control homeostasis and coordinate diverse functions
of murine ATII cells.

The goal of this study was, therefore, to identify a set of miRNAs that are critical for
maintenance of ATII cell homeostasis. These miRNAs could be further used to design
miRNA-based therapeutics that target their function. The goal of this study was to identify
miRNAs expressed by murine ATII cells under normal, non-pathologic conditions and to
elucidate potential miRNA-controlled pathways of ATII cell homeostasis. We assumed that
every method for isolating ATII cells will bias at least some microRNAs to some extent. To
circumvent this problem, we decided to use ATII cells obtained by two different isolation
procedures (panning and sorting) and to use the cut set of expressed microRNAs expressed
by both sATII and pATII. We aimed to identify miRNAs that are expressed in all kinds of
putative ATII cell subsets and not in a subset that might be enriched by a single method.
To this end, we used two different methods (panning and sorting) for the purification of
ATII cells to avoid bias in the miRNA composition introduced by a single method. For this
purpose, a three-step approach was followed: first, a protocol for the isolation of highly
pure murine ATII cells was developed using fluorescence-activated cell sorting (FACS) for
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further miRNA profiling. Second, we intersected miRNA profiles from our FACS-based
procedure with those obtained by a previously published protocol relying on negative
selection of ATII cells in antibody-coated plastic dishes [57]. Third, we used this dataset for
in silico pathway enrichment analysis of ATII miRNA targets. In silico target prediction
tools for miRNAs are highly prone to false-positive results. We therefore restricted the
pathway analyses to miRNA–target pairs that have been confirmed previously and are
available through the Ingenuity® software. Finally, we corroborated our findings in human
epithelial alveolar cell line A549. The study limitations include the fact that impurities in
the panned cell fraction were mostly due to contamination with CD31- and CD45-postive
cells, while the sorted cells had a very low number of contaminating cells of unknown
composition, which might have been due to ATII progenitor cells.

2. Materials and Methods
2.1. Animals

Female C57BL/6NCrl wild type 6–12-week-old mice (5 mice per group) were main-
tained under specific pathogen-free conditions in individually ventilated cages. Mice were
fed fortified rodent chow and water ad libitum. All animal experiments were approved by
the Animal Ethics Committee of the government of Upper Bavaria, and all animal studies
were conducted in compliance with the guidelines of the Institutional Animal Care and
Use Committee of the Helmholtz Center Munich, Bavaria, Germany.

2.2. Preparation of Single-Cell Suspensions and Cell Sorting

Single-cell suspensions were prepared as described previously [58] from the whole
lungs of female C57BL/6 mice (6–12 w). The mice were anesthetized by intraperitoneal
injection of MMF (Medetomidine 0.5 µg/g, Midazolam 5.0 µg/g, Fentanyl 0.05 µg/g) and
60 µL of heparin (for blood coagulation inhibition (5 IU/µL, Ratiopharm, Ulm, Germany)).
Lungs were perfused via the right ventricle with 10 mL PBS and 1.5 mL Dispase (BD, CA)
instilled over a tracheal catheter. This was followed by a 0.3 mL instillation of pre-warmed
to 42 ◦C low-melt agarose (1%) (Invitrogen, Darmstadt, Germany). Lungs were removed
and incubated for 45 min in 2.5 mL Dispase at room temperature. Then, lungs were trans-
ferred to a culture dish containing 5 mL medium (DMEM/F12 (1:1) (Gibco, Darmstadt,
Germany) supplemented with 0.04 mg/mL DNase I (AppliChem, Darmstadt, Germany),
3.6 mg/mL D-(+)-Glucose (AppliChem, Germany) and 1% Penicillin/Streptomycin (PAA,
Cölbe, Austria)), and divided into separate lobes. The lobes were then sequentially trans-
ferred into a new culture dish containing 8 ml of medium, where the tissue was gently
teased apart with forceps. The resulting cell suspension was homogenized and transferred
into a 50 mL conical tube. The cell suspension was serially filtered through 100, 20 and
10 µm nylon meshes and then centrifuged at 200× g for 10 min at 15 ◦C. The supernatant
was discarded, and the cell pellet was resuspended in medium (DMEM/F12 (1:1), (Gibco)
containing 3.6 mg/mL D-(+)-Glucose (AppliChem), 1% Penicillin/Streptomycin (PAA) and
2% FBS Gold (PAA)).

Thereafter, single-cell lung suspensions from 3–4 mice were incubated on ice with rat
anti-mouse CD45-APC (IgG2b, κ; BD Pharmingen) and rat anti-mouse CD31-APC (IgG2a,
κ; BD Pharmingen). The antibodies are listed in Table 1. Cells were then washed and
resuspended to a final concentration of 10 × 106/mL in DMEM/F12 (1:1) (Gibco, Germany)
containing 2% FBS Gold (PAA, Cölbe, Austria). After serial filtration through 100, 40 and
35 µm cell strainers (BD Biosciences, Heidelberg, Germany), cells were sorted on a FACS
Aria II (BD Biosciences). Cell doublets were excluded according to FSC-H to FSC-A and
FSC-W to FSC-A characteristics. ATII cells were identified as the CD45/CD31-negative
and autofluorescence (FITC channel)-high population. Cells were sorted using an 85 µm
nozzle tip at 45 psi sheath fluid pressure. Cells isolated by this procedure were designated
as sATII. For RNA isolation, sorted cells were immediately pelleted and stored at −80 ◦C.
Cell sorting was performed immediately after cell extraction.

173



Genes 2022, 13, 1420

Table 1. Antibodies used in this study.

Antibodies for Flow Cytometry and Cell Sorting (ITC: Isotype Control):
Antigen Host Isotype Fluorochrome Clone Company

CD31 Rat IgG2a, k APC MEC 13.3 BD Pharmingen
ITC for CD31 Rat IgG2a, k APC R35-95 BD Pharmingen

CD31 Rat IgG2a, k PE 390 BioLegend
ITC for CD31 Rat IgG2a, k PE RTK2758 BioLegend

CD45 Rat IgG2b, k APC 30-F11 BD Pharmingen
ITC for CD45 Rat IgG2b, k APC A95-1 BD Pharmingen

CD74 Rat IgG2b, k FITC In-1 BD Pharmingen
ITC for CD74 Rat IgG2b, k FITC A95-1 BD Pharmingen

Primary Antibodies for Immunofluorescence Staining:
Antigen Host Isotype Clone Company

Pan-cytokeratin Goat IgG1 C-11 Abcam
E-Cadherin Mouse IgG2a, k 36/E-Cadherin BD Pharmingen
Alpha-SMA Mouse IgG2a 1A4 Sigma

CD31 Rabbit IgG Polyclonal Abcam
Pro-SPC Rabbit IgG Polyclonal Chemicon/Millipore

CCSP Rabbit IgG Polyclonal Upstate/Millipore
CD45 Rat IgG2b, k 30-F11 BD Pharmingen

Secondary Antibodies for Immunofluorescence Staining:
Antigen Host Isotype Fluorochrome Company

Rabbit-IgG (H+L) Goat IgG Alexa Fluor 555 Invitrogen
Mouse-IgG (H+L) Goat IgG Alexa Fluor 555 Inivtrogen

Rat-IgG (H+L) Goat IgG Alexa Fluor 555 Inivtrogen
Goat-IgG (H+L) Donkey IgG Alexa Fluor Inivtrogen

* The CD31-PE antibody used recognizes a different epitope of CD31 than the CD31-APC antibody used
for sorting.

2.3. Flow Cytometry and Immunofluorescence Staining for Purity Assessment

Cells were stained with antibodies for 20 minutes on ice and expression markers were
analyzed with a BD LSR II flow cytometer (BD Biosciences). For immunofluorescence
staining, 1 × 105 cells in 200 µL/chamber were used, and for flow cytometry, 1 × 105 in
50 µL antibody were used. For intracellular staining, cells were fixed and permeabilized
with IntraPrep (Beckman Coulter, Krefeld, Germany) according to the manufacturer’s
protocol. For immunofluorescence staining, cells were centrifuged for 5 min at 200× g
(4 ◦C) on culture slides using a Rotina 420R centrifuge (Hettich, Tuttlingen, Germany) and
dried overnight. Cytospins were fixed with acetone:methanol (1:1) (AppliChem), blocked
with 5% BSA (Sigma-Aldrich, Schnelldorf, Germany) in PBS and stained with primary and
secondary antibodies (Table 1) diluted in 0.1% BSA in PBS. Cells were then fixed with 4%
PFA (Microcos, Germany) and mounted with ProLong® Gold antifade reagent with DAPI
(Invitrogen). The antibodies used in this study are listed in Table 1. For analysis of dead
cells, Propidium iodide (Sigma-Aldrich) was added for 10 min at 4 ◦C prior to the analysis
by flow cytometry.

2.4. Isolation of ATII Cells (Panning)

Lung single-cell suspensions were prepared and primary ATII cell isolation by panning
(designated pATII) was performed as described by Königshoff et al. [57]. Briefly, culture
dishes coated with CD45 and CD16/32 antibodies (Table 1) (15 µL of each antibody/10 mL
DMEM per culture dish) were incubated overnight at 4 ◦C and thereafter washed with
5 mL DMEM twice. Then, 5 mL of single-cell suspension was added to the coated dishes
and incubated for 35 min at 37 ◦C in order to remove lymphocytes and macrophages. To
allow the adherence of fibroblasts, the unattached cells were collected, transferred to new
uncoated dishes and incubated for 35 min at 37 ◦C. The supernatant was then pooled and
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centrifuged at 15 ◦C for 10 min at 200 g. The pellet was stored at −80 ◦C for further RNA
isolation and primary ATII cells were resuspended and processed for flow cytometry.

2.5. Papanicolaou Staining

PAP staining was performed as described by Dobbs LG [59]. In brief, cells were
centrifuged on coverslips and dried overnight. The following day, cells were stained
with hematoxylin and thereafter dipped in lithium carbonate solution. After incubation
with increasing concentrations of ethanol, cells were immersed in xylene:ethanol 1:1 and
thereafter rinsed with xylene. Afterwards, cells were embedded in Entellan.

2.6. TGF-β1 Stimulation of A549 Cells

Human alveolar epithelial A549 cells (ATCC, CCL-185™) were cultured in DMEM/F12
(Gibco) medium supplemented with 10% FBS Gold (PAA). The cells were seeded into 6-well
plates at a density of 2 × 105 cells/well and incubated overnight at 37 ◦C in a humidified
atmosphere at 5% CO2. Prior to the treatment, the cells were starved for 24 h in DMEM/F12
media containing 0.1% FBS and then treated for 72 h with either vehicle control (0.1% BSA
in 4 mM HCl) or recombinant human TGF-β1 (2 ng/mL) (R&D Systems, USA). Thereafter,
cells were lysed with Qiazol (Qiagen, Hilden, Germany) and the lysates were stored at
−20 ◦C until RNA isolation. All stimulations were carried out in triplicate and repeated
independently three times.

2.7. RNA Isolation

Total RNA, including miRNAs, was isolated from primary ATII and A549 cells using
an miRNeasy miRNA purification kit (Qiagen) according to the manufacturer’s instruc-
tions. Total RNA concentration was quantified by absorbance at 26 0nm with a NanoDrop
1000 spectrophotometer (Thermo Scientific), and RNA integrity was assessed by agarose
gel electrophoresis.

2.8. Reverse Transcription and Quantitative PCR of mRNAs

Reverse transcription was performed using random hexamers and MuLV reverse
transcriptase according to the manufacturer’s instructions (Life Technologies, Darmstadt,
Germany), with 350ng total RNA as input. Relative quantification of mRNA expression was
performed using LightCycler® 480 SYBR Green I Master Mix (Roche, Mannheim, Germany)
with the LightCycler® 480 II system (Roche). All primers had an amplification efficiency of
≥92.5% and Cq values were corrected for inter-run variations. The primer sequences are
listed in Table 2. Cq values above 35 were regarded as not expressed. Transcript abundance
was calculated using the ∆∆Cq method [60]. For sATII cells, Hprt was used as a reference
gene and Sftpc mRNA expression served as a calibrator. For A549 cells, the arithmetic mean
of the Cq values for HPRT1 and RNA18S5 served as a normalizer. Outliers were excluded
using a modified Z-score [61]. T-bars, representing the range of expression levels due to
sample variation, were calculated as 2ˆ−(∆∆Cq ± S). S (standard deviation of the ∆Cq
value) was calculated by the formula S = (s1ˆ2 + s2ˆ2)ˆ1/2, where s1 and s2 are the SEMs
of the Cq(target) and Cq(reference) values from four (sATII) or three (A549) independent
experiments, with three technical replicates for each. Statistical significance was calculated
using ∆Cq values and unpaired t-tests (GraphPad Prism).
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Table 2. Primers used for RT-qPCR.

Gene Symbol Species NCBI GenBank Accession Primers (5′->3′) Product Size (bp)

Acta2 Mmu NM_007392 Fwd: GCTGGTGATGATGCTCCCA
Rev: GCCCATTCCAACCATTACTCC 81

Aqp5 Mmu NM_009701 Fwd: CCTTATCCATTGGCTTGTCG
Rev: CTGAACCGATTCATGACCAC 115

Cd74 Mmu NM_001042605 Fwd: GATGGCTACTCCCTTGCTGA
Rev: TGGGTCATGTTGCCGTACT 93

Cdh1 Mmu NM_009864 Fwd: CCATCCTCGGAATCCTTGG
Rev: TTTGACCACCGTTCTCCTCC 89

Hprt Mmu NM_013556 Fwd: CCTAAGATGAGCGCAAGTTGAA
Rev: CCACAGGACTAGAACACCTGCTAA 86

Pecam1 Mmu NM_008816 Fwd: ATCGGCAAAGTGGTCAAGAG
Rev: GGCATGTCCTTTTATGATCTCAG 111

Ptprc Mmu NM_001111316 Fwd: GTCCCTACTTGCCTATGTCAATG
Rev: CCGGGAGGTTTTCATTCC 115

Sftpa1 Mmu NM_023134 Fwd: GGAGAGCCTGGAGAAAGGGGGC
Rev: ATCCTTGCAAGCTGAGGACTCCC 124

Sftpc Mmu NM_011359 Fwd: AGCAAAGAGGTCCTGATGGA
Rev: GAGCAGAGCCCCTACAATCA 153

Tjp1 Mmu NM_009386 Fwd: ACGAGATGCTGGGACTGACC
Rev: AACCGCATTTGGCGTTACAT 112

ACTA2 HSA NM_001141945 Fwd: GGCTCTGGGCTCTGTAAGG
Rev: TTTGCTCTGTGCTTCGTCAC 147

BCL2 HSA NM_000633 Fwd: CTGAGTACCTGAACCGGCA
Rev: GAGAAATCAAACAGAGGCCG 106

BMPR2 HSA NM_001204 Fwd: TGCCCTCCTGATTCTTGG
Rev: CATAGCCGTTCTTGATTCTGC 130

CDH1 HSA NM_004360 Fwd: ATACACTCTCTTCTCTCACGCTGTGT
Rev: CATTCTGATCGGTTACCGTGATC 89

FN1 HSA NM_212482 Fwd: CCGACCAGAAGTTTGGGTTCT
Rev: CAATGCGGTACATGACCCCT 81

HPRT1 HSA NM_000194 Fwd: TTGTTGTAGGATATGCCCTTGAC
Rev: TCTCATCTTAGGCTTTGTATTTTGC 105

JUN HSA NM_002228 Fwd: CAGAGAGACAGACTTGAGAACTTGAC
Rev: GACGCAACCCAGTCCAAC 100

MAP2K4 HSA NM_003010 Fwd: GGCCAAAGTATAAAGAGCTTCTGA
Rev: CAGCGATATCAATCGACATACAT 145

RNA18S5 HSA NR_003286 Fwd: GCAATTATTCCCCATGAACG
Rev: AGGGCCTCACTAAACCATCC 125

RUNX2 HSA NM_001024630 Fwd: TAGATGGACCTCGGGAACC
Rev: GAGGCGGTCAGAGAACAAAC 77

SMAD3 HSA NM_005902 Fwd: GTCAAGAGCCTGGTCAAGAAAC
Rev: GATGGGACACCTGCAACC 136

SNAI1 HSA NM_005985 Fwd: CTTCTCTAGGCCCTGGCTG
Rev: AGGTTGGAGCGGTCAGC 105

TGFBR2 HSA NM_001024847 Fwd: TCTGTGGATGACCTGGCTAAC
Rev: TCATTTCCCAGAGCACCAG 148

TJP1 HSA NM_003257 Fwd: GAGGAAACAGCTATATGGGAACAAC
Rev: TGACGTTTCCCCACTCTGAAA 120

VIM HSA NM_003380 Fwd: AGATGGCCCTTGACATTGAG
Rev: TGAGTGGGTATCAACCAGAGG 146

2.9. Reverse Transcription and Quantitative PCR of miRNAs

Quantification of miRNAs was performed using TaqMan® miRNA assays (Life Tech-
nologies) and the TaqMan® miRNA reverse transcription kit (Life Technologies), according
to manufacturer’s instructions. MiR quantitation was performed on a LightCycler® 480 II
(Roche) instrument using TaqMan® Universal Master Mix II, no UNG (Life Technologies).
TaqMan® miRNA assays used were: hsa-miR-16-5p (Assay ID 000391), hsa-miR-17-5p (As-
say ID 002308), hsa-miR-24-3p (Assay ID 000402), hsa-miR-30c-5p, (Assay ID 000419) and
RNU6B (Assay ID 001093). Relative transcript abundance levels and statistical significance
were calculated as described for mRNAs, with the difference that RNU6B served as a refer-
ence gene and ∆Cq values of vehicle control-treated A549 cells were used as a calibrator.
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2.10. Analysis of TaqMan® Real-Time PCR miRNA Array Data

Total RNA concentration was quantified using a NanoDrop 1000 instrument (Thermo
Scientific), and RNA integrity was assessed with a Bioanalyzer 2100 instrument (Agilent,
Stuttgart, Germany). Samples with OD260/280 ratio of ≥1.85 and with an RNA integrity
number (RIN) of ≥6.5 were used for miR array studies. For miR cDNA synthesis, 135 ng
total RNA was reverse transcribed using stem-loop MegaPlex RT primers (rodent pool sets
A+B v3.0) and an miRNA reverse transcription kit on a PeqStar 96 thermal cycler (Peqlab,
Erlangen, Germany). Pre-amplification of the RT product was performed using TaqMan®

PreAmp Master Mix and PreAmp Primer Mix (rodent pool sets A + B v3.0) on the 7900HT
Fast RT-qPCR system. For miR expression profiling, TaqMan® Array Rodent MiRNA A+B
Card Sets v3.0 containing 641 TaqMan® assays detecting mature murine miRNAs present in
miRBase v15 were used65. Quantitative real-time PCR was performed on a 7900HT Fast RT-
qPCR system using TaqMan® Universal PCR Master Mix. Raw cycle threshold (Cq) values
were determined using Sequence Detection Software (SDS) v2.4 and SDS RQ Manager
1.2.1 (Life Technologies, Germany) with automatic settings for baseline and threshold.
MiRNA assays with replicate differences larger than one Cq were filtered out and miRNAs
with Cq > 32 were regarded as not detectable and excluded from the analysis. Global
mean normalization was used to determine normalized relative quantities (NRQs) 66.
MiRNAs with |NRQ fold differences| of≤1.5 (sorted vs. panned ATII cells) were regarded
as similarly expressed in both cell preparations. Pathway enrichment analysis of ATII
miR targets was carried out using the Ingenuity® software. Target mRNAs were filtered
using the Ingenuity® miRNA target filter to contain only those mRNAs with previously
confirmed miR seed–target interactions. The identified target mRNAs were then associated
with the canonical pathway library contained in the Ingenuity® Knowledge Base. The
significance of the association between the dataset and a given canonical pathway was
measured in two ways: (1) as a ratio of the number of molecules from the dataset that
map to the pathway divided by the total number of molecules that map to the canonical
pathway; and (2) Fisher’s exact test, with Benjamini–Hochberg (BH) correction for multiple
testing, was used to calculate the p-value determining the probability that the association
between the genes in the dataset could be explained by chance alone.

3. Results
3.1. Isolation by Sorting and Assessment of Purity of Primary Murine ATII Cells

We developed a method for the isolation of highly purified “untouched by antibodies”
primary ATII cells from murine lungs based on their autofluorescence [62,63] (Figure 1A).
Critical steps included cell sorting of the ATII cell population based on its autofluorescence
parameters measured in the FITC channel. ATII cells were isolated as negative for lineage
markers of hematopoietic (CD45) and endothelial (CD31) cells (Figure 1A, left panels)
defined as CD45/CD31-APCnegative and autofluorescence-FITChigh. FSC served to remove
doublet cells, while the APC channel was used as a dump channel for CD31positive endothe-
lial cells and CD45positive leukocytes (mainly alveolar macrophages) using APC-conjugated
antibodies for both of these antigens. Flow cytometric re-analysis showed that sorted
cells remained highly autofluorescent (Figure 1A, right panels). Since ATII cells express
MHC class II antigens and the associated invariant chain polypeptide CD74 [63–65], we
investigated CD74 expression of the sorted cells as an indicator of ATII cell purity after the
removal of CD45positive cells, which are also known to express CD74 in the murine lung
(Figure 1B).
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CD45 and CD31 expression levels were measured in the same channel (APC) and the gate used for 
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egy (right panels). Removal of doublets based on FSC characteristics not shown. Dot plots are rep-
resentative of four independent experiments. (B) Representative dot plots of cells stained for CD45, 
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3.2. Confirmation of Epithelial and ATII Identity of the Sorted Cell Population 
To further corroborate the identity of sorted ATII cells, cytocentrifuge preparations 
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Figure 1. FACS strategy and purity of sorted ATII cells. (A) ATII cells were sorted based on high
autofluorescence (FITC-channel) and absence of CD45 and CD31 surface expression (left panels).
CD45 and CD31 expression levels were measured in the same channel (APC) and the gate used
for sorting is highlighted as a thick rectangle. Sorted cells were re-analysed using the same gating
strategy (right panels). Removal of doublets based on FSC characteristics not shown. Dot plots
are representative of four independent experiments. (B) Representative dot plots of cells stained
for CD45, CD31 and intracellular CD74 before and after sorting (ITC: isotype control). (C) Light
microscopic images of Papanicolaou-stained cytospin preparations of cells before and after sorting
(×400). ATII cells show characteristic dark blue inclusions in the cytoplasm (n = 4, mean ± SEM).

Papanicolaou staining (Figure 1C) showed that nearly all of the sorted cells have dark
blue inclusions in the cytoplasm (lamellar bodies)—a characteristic feature of ATII cells [59].

3.2. Confirmation of Epithelial and ATII Identity of the Sorted Cell Population

To further corroborate the identity of sorted ATII cells, cytocentrifuge preparations
were stained with characteristic ATII and non-ATII phenotypic markers. Sorted cells were
highly positive for pro-surfactant protein C (proSP-C) and epithelial cell marker proteins
E-cadherin and cytokeratin (Figure 2). On the other hand, the expression of leukocyte
marker CD45, endothelial marker CD31 and smooth muscle cell marker α-SMA was not
detected in sorted cells. Some very few cells were found to express the Club cell secretory
protein (CCSP) after sorting.
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Figure 2. Immunofluorescence for phenotypic markers on cytocentrifuge preparations of lung
cell suspensions (before sorting) and sorted cells. Cytocentrifuge preparations of whole lung cell
suspensions and sorted cells were stained for phenotypic markers associated with ATII cells (proSP-C,
E-cadherin, cytokeratin), leukocytes (CD45), endothelial cells (CD31), smooth muscle cells (α-SMA)
and Club cells (CCSP). Scale bars represent 10 µm.

3.3. Viability, Purity and Phenotypes of ATII Cells Isolated by Sorting and Panning

Sorting and panning methods were compared based on cell viability (PI exclusion
using flow cytometry) and purity (expression of phenotypic markers using flow cytometry
and qRT-PCRs).

Viable cells were analyzed by flow cytometry as PI-negative. Propidium iodide (PI)
exclusion (Figure 3A,B) confirmed the high viability of cell populations before isolation (PI:
above 98%) and after isolation (PI: above 96%) for sATII and pATII, with a slightly higher
viability (96.7%) for pATII.
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(left panels). Viable cells were identified for sATII (upper row) and pATII (lower row) in the whole
lung suspension (before isolation) and isolated cells were identified by PI exclusion (middle and
right panels). (B) Flow cytometric analysis of the viability of sATII and pATII cell populations before
and after isolation as determined by propidium iodide (PI) negativity. (C) Purity of sATII and pATII
cell preparation before and after isolation. ATII cells were defined as CD45/31neg CD74pos cells,
leukocytes as CD45/31-APCpos cells without CD31-PEpos cells and endothelial cells as CD31-PEpos.

cells. Note that the CD31-PE antibody used recognizes a different epitope of CD31 than the CD31-
APC antibody used for sorting. Each value is the mean of four independent experiments for sATII
and two independent experiments for pATII. T-bars show the standard errors of the means (SEMs).

To assess the purity (phenotypic markers) and to determine the fractions of non ATII
cells, such as endothelial cells and leukocytes, sATII and pATII isolated cells were stained
with a PE-conjugated antibody recognizing a different CD31 epitope [66] to the CD31-APC
antibody used for sorting (Figure 3C). ATII cells were defined as CD45neg/CD31neg/CD74pos

cells, and their phenotype was confirmed by qRT-PCR (Sftpc). We observed that the percent-
age of ATII cells in sATII and pATII cell populations increased from 21.0% and 24.0% before
the isolation to 98.4% and 72.6% in the isolated cells, respectively. However, the percentage
of leukocytes (defined as CD45pos. (APC) minus CD31pos. (PE) cells) and endothelial cells
(CD31pos. (PE) cells) in the sATII population decreased from 71.3% and 6.53% before sorting
to 0.38% and 0.09% after the cell sorting, respectively. By comparison, the percentage of
leukocytes in the pATII cells decreased from 68.1% before isolation to 12.0% after isolation,
while endothelial cells in pATII showed a relative increase from 6.69% before sorting to
12.3% in sorted cells (Figure 3B) in four independent experiments. Cells not expressing
CD45, CD31 or CD74 were labeled as other.

3.4. MiRNA Expression Profiling of ATII Cells and Pathway Enrichment Analysis of Downstream
mRNA Targets

ATII cells obtained by sorting (sATII, n = 2 biological replicates) and panning (pATII,
n = 2) were used for miRNA profiling, which showed an expression of 293 miRNAs at
detectable levels. Of these, 111 miRNAs were expressed at similar levels (|FC| ≤ 1.5x) in
both sATII and pATII preparations, and hence were termed ATII miRNAs (Figure 4) and
further used for pathway enrichment analysis. To identify target mRNAs from these
111 miRNAs, we used Ingenuity®’s [67] miR–target filter restricted to experimentally
observed miR–target interactions. By this means, we identified 40 ATII miRNAs with
662 previously validated mRNA interactions in the cut set of 111 ATII miRNAs. Of note,
38 of these miRNAs were associated with 343 mRNAs present in the canonical pathway
library of Ingenuity® (see Figure 4 for an overview of the workflow).

Significant enrichment (adj. p-value < 0.001) of 343 target mRNAs was observed in
143 signaling pathways and 2 metabolic pathways (nicotinate and nicotinamide metabolism,
inositol phosphate metabolism). These pathways were assigned to 20 categories (Table 3).
From the top 20 significant signaling pathways, 9 (marked with an asterisk*) have already
been associated with fibrosis and/or EMT (e.g., PI3K/Akt, PTEN, IGF-1 and TGF-β) [68–75]
(Figure 5). Another 9 of the top 20 pathways have been associated with cancer. Taken
together, these results suggest an important role for ATII miRNAs in controlling cellular
growth, proliferation and development.
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Figure 4. Workflow and miRNA expression profile of ATII cells. Lung single-cell suspensions were generated from unchallenged female C57BL/6NCrl mice. ATII 
cells were isolated either by negative selection (panning, pATII, n = 2) or by cell sorting (sATII, n = 2). Both cell preparations were subjected to miRNA profiling 
using TaqMan® array microfluidic cards (Life Technologies). In pATII and sATII, respectively, 61 and 121 miRNAs had fold differences larger than 1.5 (FC > 1.5). 
A cut set of 111 miRNAs with similar expression levels (|fold difference| ≤1.5) in pATII and sATII was identified and is represented as a bar diagram. For 40 of 
these bona fide ATII miRNAs, experimentally observed interactions with 662 mRNA targets were available in the Ingenuity® database and this information was 
used for pathway enrichment analysis, resulting in 38 miRNAs targeting 343 mRNAs in 145 pathways. Black bars indicate 19 miRNA targeting components of the 
TGF-β signaling pathway. The majority (16 out of 19) of these miRNAs were expressed above median level. A complete list of the miRNAs expressed in ATII cells 
is available as a spreadsheet file (see Table S2 supplementary material). n = 2 represents a biological replicate.

Figure 4. Workflow and miRNA expression profile of ATII cells. Lung single-cell suspensions
were generated from unchallenged female C57BL/6NCrl mice. ATII cells were isolated either by
negative selection (panning, pATII, n = 2) or by cell sorting (sATII, n = 2). Both cell preparations were
subjected to miRNA profiling using TaqMan® array microfluidic cards (Life Technologies). In pATII
and sATII, respectively, 61 and 121 miRNAs had fold differences larger than 1.5 (FC > 1.5). A cut
set of 111 miRNAs with similar expression levels (|fold difference| ≤1.5) in pATII and sATII was
identified and is represented as a bar diagram. For 40 of these bona fide ATII miRNAs, experimentally
observed interactions with 662 mRNA targets were available in the Ingenuity® database and this
information was used for pathway enrichment analysis, resulting in 38 miRNAs targeting 343 mRNAs
in 145 pathways. Black bars indicate 19 miRNA targeting components of the TGF-β signaling
pathway. The majority (16 out of 19) of these miRNAs were expressed above median level. A
complete list of the miRNAs expressed in ATII cells is available as a spreadsheet file (see Table S2
supplementary material). n = 2 represents a biological replicate.

Table 3. Categories of pathways with significant ATII miR–target enrichment.

Pathway Category Pathways per Category Examples of Pathways within Category

Cancer 30 Small and non-small cell lung cancer, p53
Cellular growth, proliferation and development 28 PI3K/Akt, ILK, TGF-β, Integrin, FAK, mTOR

Cytokine signaling 27 Chemokine, IL-6, IL-8, IL-9, IL-10, IL-15, IL-17, IL-22, TNFR1
Cellular immune response 22 CXCR4, HMGB1, NF-κB, dendritic cell maturation

Growth factor signaling 21 IGF-1, EGF, GM-CSF, VEGF, FGF, PDGF
Apoptosis signaling 16 PTEN, death receptor, 14-3-3, JAK/Stat, tight junction signaling
Cell cycle regulation 13 G1/S checkpoint regulation, G2/M DNA damage checkpoint regulation

Intracellular and second messenger 13 Glucocorticoid receptor, ERK/MAPK, Rac, Rho, Gα12/13, PAK
Neurotransmitters and other nervous system signaling 13 Neuregulin, ErbB, Ephrin receptor, axonal guidance

Organismal growth and development 13 Stem cell pluripotency, HGF, BMP, Wnt/β-catenin
Disease-specific pathways 9 Hepatic fibrosis, rheumatoid arthritis, Huntington’s disease
Cardiovascular signaling 7 Cardiac hypertrophy, atherosclerosis, thrombin signaling
Cellular stress and injury 6 HMGB1, HIF1α, p70S6K

Humoral immune response 5 CD40, IL-4, B cell receptor signaling
Nuclear receptor signaling 5 PPARα/RXRα activation, PPAR, RAR activation, VDR/RXR activation

Pathogen-influenced 3 LPS-stimulated MAPK signaling
Transcriptional regulation 2 Role of NANOG and Oct4 in mammalian embryonic stem cell pluripotency

Xenobiotic metabolism 1 Aryl hydrocarbon receptor signaling
Metabolism of cofactors and vitamins 1 Nicotinate and nicotinamide metabolism

Metabolism of complex lipids 1 Inositol phosphate metabolism
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Figure 5. Top 20 enriched signaling pathways targeted by miRNAs expressed in ATII cells. The
111 miRNAs expressed at similar levels in pATII and sATII were used as inputs for the miRNA target
filter module in Ingenuity®. The top 20 signaling pathways associated with the dataset are shown.
The significance of this association is expressed by the probability (grey bars) that the association
between the targets and the pathway is not due to chance (BH-adjusted p-value, Fisher’s exact test).
The degree of miRNA interaction within a certain pathway was calculated as the ratio of the number
of targets that map to a given pathway to the total number of molecules within the pathway (black
line). The dashed line indicates the significance threshold at p = 0.001. An asterisk highlights signaling
pathways that have been associated previously with fibrosis and/or EMT.

3.5. Key Upstream Regulators of Target mRNAs

In the next step, we looked in silico for potential upstream regulators of all
662 target mRNAs, thereby identifying three miRNAs (16-5p, 30c-5p and 302d-3p) and two
growth factors (TGFβ1 and EGF) as the top upstream regulators of our target mRNAs (see
Table S1). Intriguingly, miR-16-5p and miR-30c-5p showed, also, very high expression lev-
els (above 20×median) in the ATII expression profile (Figure 4, Table S2—Supplementary
Material). TGF-β as well as EGF signaling pathways showed significant enrichment of ATII
miRNA targets. Since deregulation of TGF-β signaling plays a crucial role in chronic lung
diseases [76–78], we further focused on the investigation of ATII miRNAs in the TGF-β
signaling pathway.

The canonical TGF-β signaling pathway of the Ingenuity® pathway library consists of
89 molecules. Nineteen ATII miRNAs (16 of which were expressed above median level; see
Figure 4 and Table S2—Supplementary Material) were found to target 21 TGF-β signaling
components located at several levels in the pathway, from ligands to transcription factors
and target genes (Figure 6 and Table 4). Eleven molecules within the TGF-β pathway were
targeted by up to four miRNAs, and ten miRNAs targeted more than one TGF-β signaling
molecule (Table 4). Overall, these findings indicate a tight regulation of this pathway in
ATII cells by miRNAs and the fact that they are expressed under physiological conditions
indicates a role for these miRNAs in the homeostasis of the TGF-β pathway.
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Figure 6. Mapping of ATII miRNAs to TGF-β signaling pathway components. This figure represents
the canonical TGF-β signaling pathway from the Ingenuity® pathway library. Orange arrows and
outlines indicate ATII miRNA targeted members within molecule families (dark grey icons). Red
arrowheads symbolize ATII miRNAs. For example, TGFBR2 is a member of the type II TGF-β
receptors, and its mRNA is targeted by miR-17-5p. Compare Table 4 for an overview of interactions.

Table 4. Mapping of ATII-expressed miRNAs to TGF-β pathway signaling components.

miRNA miRBase MIMAT ID Number of Targets Pubmed ID for Exp.
Obs. Interaction mRNA Target Transduction Level,

Molecular Type

Mmu-miR-22-3p 0000531 1 19011694 Bmp7 Extracellular ligand,
growth factorMmu-miR-29a-3p 0000535 2 19342382 Tgfb3

Mmu-miR-30c-5p 0000514 3 18258830 Acvr1

Plasma membrane
receptor, kinase

Mmu-miR-24-3p 0000219 6 17906079 Acvr1b
Mmu-miR-210-3p 0000658 1 19520079 Acvr1b
Mmu-miR-29a-3p 0000535 2 19342382 Acvr2a

Mmu-miR-125a-5p 0000135 1 19738052 Bmpr1b
Mmu-miR-19a-3p 0000651 1 19390056 Bmpr2
Mmu-miR-25-3p 0000652 2 19390056 Bmpr2
Mmu-miR-17-5p 0000649 3 19390056 Bmpr2
Mmu-miR-17-5p 0000649 3 20709030 Tgfbr2
Mmu-miR-18a-3p 0004626 1 19372139 Kras Cytoplasmatic

signaling,
enzyme

Mmu-miR-181a-5p 0000210 2 20080834 Kras
Mmu-miR-16-5p 0000527 4 20065103 Map2k1

Cytoplasmatic
signaling,

kinase

Mmu-miR-16-5p 0000527 4 19861690 Map2k4
Mmu-miR-24-3p 0000219 6 19861690 Map2k4
Mmu-miR-25-3p 0000652 2 19861690 Map2k4
Mmu-miR-24-3p 0000219 6 19502786 Mapk14
Mmu-miR-7a-5p 0000677 2 19072608 Raf1

Mmu-miR-199a-3p 0000230 1 19251704 Smad1

Transcription factor

Mmu-miR-23b-3p 0000125 3 19582816 Smad3
Mmu-miR-24-3p 0000219 6 19582816 Smad3

Mmu-miR-27a-3p 0000537 3 19582816 Smad3
Mmu-miR-140-5p 0000151 1 20071455 Smad3
Mmu-miR-23b-3p 0000125 3 19582816 Smad4
Mmu-miR-24-3p 0000219 6 19582816 Smad4

Mmu-miR-27a-3p 0000537 3 19582816 Smad4
Mmu-miR-23b-3p 0000125 3 19582816 Smad5
Mmu-miR-24-3p 0000219 6 19582816 Smad5

Mmu-miR-27a-3p 0000537 3 19582816 Smad5
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Table 4. Cont.

miRNA miRBase MIMAT ID Number of Targets Pubmed ID for Exp.
Obs. Interaction mRNA Target Transduction Level,

Molecular Type

Mmu-miR-7a-5p 0000677 2 17028171 Fos
Mmu-miR-222-3p 0000670 1 20299489 Fos
Mmu-miR-16-5p 0000527 4 18362358 Jun
Mmu-miR-30c-5p 0000514 3 18668040 Jun
Mmu-miR-30c-5p 0000514 3 21628588 Runx2
Mmu-miR-218-5p 0000663 1 21628588 Runx2
Mmu-miR-16-5p 0000527 4 18449891 Bcl2 Transcription factor

target,
transporter

Mmu-miR-17-5p 0000649 3 19666108 Bcl2
Mmu-miR-181a-5p 0000210 2 20204284 Bcl2

3.6. mRNA Targets Located within the TGF-β Signaling Pathway
3.6.1. Effect of TGF-β1 Treatment on miRNA Expression in A549 Cells

Our in silico analyses indicated that highly expressed ATII miRNAs inhibit TGF-β
signaling. Hence, we hypothesized that TGF-β stimulation might induce a down-regulation
of these inhibitory miRNAs and lead to de-repression of this pathway. Since primary ATII
cells gradually lose their phenotypes in in vitro culture, we studied the effects of TGF-β
stimulation on these inhibitory miRNAs in a human alveolar epithelial A549 cell line.

Initially, we confirmed TGF-β pathway activation by showing down-regulation of
E-Cadherin (CDH1) mRNA and up-regulation of the EMT markers vimentin (VIM), fi-
bronectin (FN1) and snail family zinc finger 1 (SNAI1) in A549 cells upon TGF- β1 stimula-
tion (Figure 7A).
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Figure 7. Effect of TGF-β1 treatment on the expression of EMT markers (A), miRNAs (B) and TGF-β
pathway miRNA targets (C) in A549 cells. Shown are the mean fold changes (TGF-β1 vs. vehicle
control) at 6, 24 and 72 h after stimulation with human recombinant TGF-β1. The arithmetic mean of
RNA18S5 and HPRT1 mRNA expression served as a normalizer for mRNA quantitation. The small
nuclear RNA RNU6B served as a reference gene for miRNA quantitation. The results were derived
from three independent experiments, with each time point measured in triplicate. T-bars indicate
maximum fold changes based on SEMs for target and reference gene expression. Unpaired t-test, vs.
control treatment: *: p < 0.05, **: p < 0.01, ***: p < 0.001.

To focus on miRNAs with the highest potential relevance for TGF-β regulation, we
selected miRNAs with high expression levels (above 20-fold of the median of all expressed
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miRNAs) (Figure 4) and with ≥3 targets in the TGF-β pathway (Figure 6, Table 4). This
resulted in a selection of four miRNAs: miR-16-5p, -17-5p, -24-3p and -30c-5p.

MiRs 17-5p and 30c-5p showed a significant reduction at 72 h (~1.8-fold) after TGF-β1
stimulation compared to the vehicle control, while miR-16-5p and miR-24-3p remained
unchanged (Figure 7B).

3.6.2. Effect of TGF-β1 Treatment on Target mRNA Expression in A549 Cells

Due to these results, we speculated that the putative miRNA-based repression of
the TGF-β pathway under healthy conditions is released upon stimulation with TGF-β.
Moreover, this mechanism, which sustains the homeostasis of TGF-β signaling, might be
conserved in humans. Therefore, we also investigated the expression patterns of ATII
miRNA targets within the canonical TGF-β pathway upon stimulation with TGF-β1 in
A549 cells. While the expression of BCL2, MAP2K4, TGFBR2 (data not shown) and SMAD3
mRNAs was not, or was only mildly, affected by TGF-β1 stimulation. The expression of
BMPR2 (~5.5-fold, ~5-fold and ~2.5-fold for 6 h, 24 h and 72 h treatment, respectively), JUN
(~15-fold 6 h and 24 h treatment) and RUNX2 (~12-fold and ~22-fold for 24 h and 72 h
treatment, respectively) mRNAs increased drastically within the investigated time frame
(Figure 7C). This could indicate that de-repression by down-modulation of miRNAs might,
at least in part, play a role in the activation of the TGF-β signaling pathway.

4. Discussion

Aberrant miRNA expression has been implicated in the pathogenesis of various ATII-
associated diseases [15–18]. Nonetheless, until now, miRNA expression in healthy controls
and respiratory diseases has been mainly studied in cell lines and whole lung samples. Few
studies have analysed the expression of various miRNAs in primary ATII cells [19,79–81];
however, a complete miRNA expression profile of primary ATII cells has gone unaccounted
for. We therefore aimed to provide intact ATII cells for miRNA profiling and to analyse
the expression of miRNAs in primary “untouched by antibodies” ATII cells from healthy
C57BL/6 mice (commonly used as a model animal for ATII-relevant diseases). We termed
the cells “intact ATII cells” because these cells are “untouched by antibodies”; they were
isolated by taking advantage of the autofluorescence of this cell type and by staining
of the surface markers CD45 of leukocytes and CD31 of endothelial cells. The aim was
to establish a preparation method that will provide intact cells for prospective miRNA
profiling. Therefore, the isolated cells had to have three main properties: (1) “untouched
by antibodies”, (2) high viability and (3) high purity. Thereafter, we aimed to study the
regulated pathways of the target mRNAs which could provide an insight into the role of
miRNAs in healthy ATII cells.

Studies utilising freshly isolated primary ATII cells are necessary to understand molec-
ular pathways regulating diverse functions of this cell type. However, this research remains
highly elusive since the isolation of highly pure, viable and proliferative ATII cells for func-
tional studies is fraught with challenges [82–85]. First, ATII cells in vitro undergo pheno-
typic change to resemble ATI cells [61,86,87]. Second, no cell line exists to complement these
studies and represent the broad extent of known ATII properties. Therefore, an efficient
method for ATII cell isolation is required. Many different isolation methods for ATII cells
from mice have been described, including magnetic bead separation [58,88], panning [57,82]
and cell-sorting [67,89,90]. However, it is always challenging to isolate highly pure ATII
cells. First, extracellular ATII-specific markers for mice are rare and, second, positive
selection of ATII cells using ATII-specific markers (CD74 and EpCAMhigh/T1αneg) [64,91]
could affect certain cellular pathways and therefore change the activation status of purified
cells [86,87,92]. It is assumed that EpCAM is involved in diverse intracellular processes,
such as cell signaling, migration, differentiation and proliferation [92]. Monoclonal anti-
bodies to EpCAM were described to induce antibody-dependent cellular cytotoxicity in
colorectal cancer therapy [86]. The antibody to CD74, which was recently documented
as an ATII-specific marker [64], stimulated the cleavage of the CD74 cystolic fragment,
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B activation [87]. Therefore, a positive selection of ATII cells carries the risk
of activating cellular pathways.

We therefore developed a new method for the isolation of ATII cells based on the
autofluorescence characteristics of cell populations, thus allowing the isolation of “un-
touched by antibodies” ATII cells with high viability and purity. It was reported that
ATII cells characterized as CD45neg/CD31neg/Sca-1neg/CCSPneg showed high autofluo-
rescence [62]. The presence of a CD45pos. population in our preparations with a slightly
higher autofluorescence than that of ATII cells might have indicated macrophages [63].
Autofluorescence arises from endogenous fluorophores which are present in cells and
extracellular matrix [89,90]. However, it is not very clear which endogenous fluorophore
causes ATII cell autofluorescence. High metabolic activity due to surfactant production
and consequently the presence of large amount of metabolic enzymes, such as NAD(P)H
and flavins, might contribute to ATII cell autofluorescence [93]. Moreover, porphyrins,
present in hemoglobin that has been found in primary ATII cells, exhibit natural autoflu-
orescence [94,95]. However, no study to date has used autofluorescence for the isolation
of ATII cells. We used autofluorescence and staining of surface markers of the other cell
types to isolate “untouched by antibodies” highly pure sATII cells by FACS. The pop-
ulation of isolated and FACS-sorted ATII cells showed high purity in terms of CD45-
and CD31-negativity and CD74-positivity. The few contaminating cells were within the
CD45/CD31neg CD74neg. populations. The absence of CD31- and CD45-expressing cells
and the expression of epithelial marker proteins (i.e., cytokeratin and E-cadherin) on nearly
all sorted cells, as demonstrated by immunofluorescence, confirmed the ATII phenotype
of the sorted cells. Expression of CCSP in a few sorted cells might have been due to the
presence of Club cells, which have high autofluorescence and co-express proSP-C and
CCSP after enzymatic dissociation and sorting [58,96]. Moreover, bronchioalveolar stem
cells (BASCs), which develop into bronchiolar and alveolar epithelial cells, also co-express
CCSP and proSP-C [19,96]. Nonetheless, they are unlikely to have contaminated the sorted
population, as they exhibit low autofluorescence [96]. Another possibility is the presence
of ATII progenitor cells that express CCSP and are highly autofluorescent due to their
high metabolic activity [97,98]. The existence of endothelial cells post-pATII cell isolation
protocol was most likely due to the fact that the “panning” protocol does not use antibodies
to deplete endothelial cells.

The purity of the isolated sATII and pATII cells was also confirmed by the high
expression and abundance of ATII epithelial and phenotypic markers. Isolated sATII and
pATII cells expressed moderate levels of Aqp5, which was in accordance with other studies,
showing that murine ATII cells express AQP5, unlike human and rat lung cells, where
AQP5 is exclusively ATI-specific [99–103].

In order to dissect the functional role of miRNAs in ATII cells under normal, physiolog-
ical conditions, miRNA profiling was performed. We used a cut set of miRNAs expressed
at similar levels in ATII cells isolated by two different methods. This approach was used
in order to identify miRNAs that are common to all ATII cells and not only restricted to
distinct ATII cell subsets that are enriched by one of the isolation methods. Furthermore,
this method reduces the activation of pathways which could be triggered during the isola-
tion process and thus minimizes the changes in miRNA expression. Enrichment of target
mRNAs with binding sites for cut set of ATII miRNAs in distinct pathways argues for
biological relevance of a given pathway in these cells. This way, miRNAs can serve as
a tool to detect or prioritize important pathways that might be overlooked in primarily
mRNA-based identification strategies.

A cut set of 111 ATII miRNAs was used for pathway enrichment analysis in order
to identify miRNA-regulated pathways involved in ATII cell homeostasis. Of 145 classi-
fied pathways with statistically significant target enrichment, only two pathways regulate
metabolic processes. This could indicate that under normal physiological conditions,
miRNAs in ATII cells may not play an important role in metabolic pathway regulation.
However, since our approach was limited to miRNA–target interactions that were experi-
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mentally observed to date, it is possible that more miRNA targets and relevant pathways
may be identified in ATII cells in the future.

The role of miRNAs was further confirmed by pathway analysis, which revealed that
top network functions of the ATII miRNA target gene set were associated with pathways
related to “cancer” and to “fibrosis and/or EMT”. These findings are in agreement with
those of a study by Fujino and colleagues, who showed that ATII cells isolated from human
biopsy samples expressed genes enriched for positive regulation of cell differentiation
and lung development [91]. Further, these results are in accordance with a recent study
by Zacharias and colleagues [104]. Specific molecular pathways that have been already
associated with these functions in ATII cells include TGF-β, Wnt/β-Catenin and growth
factor signaling (e.g., EGF, HGF, KGF) [59,93,105,106]. In line with these studies, we have
found that TGF-β and EGF are among the top five upstream regulators. Among miRNAs
expressed above the median level, 16 miRNAs have their targets in the canonical TGF-β
pathway, such that two of these miRNAs are within the top five upstream regulators. In
this context, TGF-β is a potent EMT inducer that functions in cellular proliferation and
differentiation, as well as in apoptosis, and therefore plays a crucial role in the regulation
of epithelial homeostasis [107–109]. Similarly, the EGF protein family promotes EMT by
stimulation of alveolar epithelial cell proliferation and migration [107,110]. Therefore, it
has been suggested that there is cross-talk between these growth factors within the TGF-β
pathway; however, the exact mechanism is unknown [105,106,111,112].

Several reports have shown that miRNAs are able to regulate these pathways. We
found that miR-30a-3p/5p, miR-30c-5p and miR-30e-3p/5p were amongst those with the
highest expression in ATII cells. Along this line, miR-30c-5p was among the top upstream
regulators with three targets within the TGF-β pathway, while miRs 30a/e-3p were the
most abundant. Down-regulation of miR-30 was observed in lung samples from IPF and
NSCLC patients [13,79]. Transfection of hepatocyte cell line AML12 with these miRNAs
resulted in decreased TGF-β1-induced EMT, while TGF-β1 treatment resulted in down-
regulation of these miRNAs [113]. Moreover, Zhou and colleagues further showed that
miR-30a down-regulates TGF-β1-induced EMT and peritoneal dialysis-related peritoneal
fibrosis through down-regulation of snai1 [114]. Therefore, the high expression of three
miR-30 family members in the present study could suggest that this family plays a cru-
cial role in suppressing EMT in ATII cells under normal physiological conditions. Four
members of the miR17~92 cluster (miR-19a, -17, -20a and 18a) revealed high to moder-
ate expression in ATII cells in our study, with miR-17-5p having three targets within the
canonical TGF-beta signaling pathway. The activation of this cluster in neuroblastoma cells
was reported to regulate TGF-β signaling components [115]. In addition, it was reported
that this cluster regulates cell proliferation and collagen synthesis by targeting the TGF-β
pathway [116]. Further, the current study shows that the expression of miR-16-5p is among
the top upstream regulators, with four targets within the TGF-β pathway, thus suggesting
a crucial role for this miRNA in ATII homeostasis. It was shown that overexpression of
miR-16 inhibited EMT-mediated factors Snail and Twist in vitro in a prostate cancer cell
line [117]. It was reported that p53, a tumor suppressor, induces miR-16, whereas the
down-regulation of p53 leads to EMT-related stem cell phenotypes [118,119], suggesting
that miRNAs are regulators of the p53-controlled epithelial phenotype in ATII cells under
normal physiological conditions. Hence, miRNAs are important in protection from fibrosis
and cancer progression and in the maintenance of the ATII cell phenotype.

The miR-200 family member, miR-429, was also strongly expressed in our ATII cell
preparation. ATII cells play an important role in the pathogenesis of IPF due to loss
of their regenerative capacity [120,121]. Moreover, ATII cells isolated from IPF patients
demonstrate impairment in their transdifferentiation into ATI cells [122], which triggers
dysfunction in epithelial–mesenchymal transition (EMT) in the alveolar epithelium and
leads to fibrosis [83,123]. miR-200 family members were reported to control these pathways,
such that they were shown to be down-regulated in the lungs of IPF patients as well
as in mice with experimental pulmonary fibrosis [15]. Interestingly, it was described
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that miR-200 family can restore normal regenerative function in exhausted senescent
IPF pneumocytes by induction of transdifferentiation of primary human IPF ATII cells
into ATI cells [81]. Moimas et al. [81] have demonstrated that upon transfection of IPF
ATII cells with synthetic mimics of the entire miR-200 family, i.e., with miR-200b-3p and
miR-200c-3p, they were able to restore the capability of exhausted senescent IPF ATII
cells to transdifferentiate into ATI cells. It was shown that miR-429 reversed EMT in
metastatic ovarian cancer cells [113] and was down-regulated in TGF-β1 treated MDCK
cells [124]. The miR-200 family is a well-known inhibitor of TGF-β-induced EMT, and
it is highly expressed in almost all epithelial cell types, except cells of mesenchymal
origin [125–127]. Studies have shown that low expression of miR-200 family members is
associated with poor prognosis in cancers, such as ovarian, gastric and thyroid cancers
and many more [128–131]. Moreover, Tellez and colleagues further reported that miR-200
family members were repressed in immortalized human bronchial epithelial cells during
EMT induced by tobacco carcinogens [132]. However, the overexpression of miR-200 family
members in a lung adenocarcinoma mouse model restricted the cancer cells to an epithelial
phenotype and stopped metastases [133]. In line with this, various functional studies
showed that the down-regulation of miR-200 induced EMT, whereas its overexpression
provoked mesenchymal-to-epithelial transition (MET) and inhibited cancer cell motility
by repression of ZEB1 and ZEB2 [127,134–136]. Thus, both transcriptional factors could
be involved in the TGF-β- pathway via a negative loop with miR-200. Therefore, the
expression of miR-30- and miR-200 family members shows that ATII miRNAs play an
important role in maintaining epithelial homeostasis. The finding that miRNAs targeting
TGF-β signaling components are down-regulated by TGF-β is in accordance with our
findings for down-modulation of miR-17-5p and -30c-5p in TGF-β1-treated A549 cells and
supports the idea that under physiological conditions this pathway is at least partially
controlled by miRNAs.

Recent studies have indicated that downstream molecules of the TGF-β signaling
pathway interfere with miRNA expression either by regulating their transcriptional or
post-transcriptional processing via interaction with components of the miRNA biogenesis
machinery or by modulating epigenetic marks on miRNA promoters [137,138]. Addition-
ally, miRNAs target components of the TGF-β signaling pathway, resulting in a complex
network of signaling loops that contribute to the modulation of this pathway (reviewed
in [139,140]). Since primary ATII cells gradually lose their phenotypes during in vitro cul-
ture, we decided to study the effects of TGF-β stimulation in the human alveolar epithelial
cell line A549 that features hallmark characteristics of ATII cells [141].

MiR-16-5p and miR-30c-5p are top upstream regulators of the investigated set of target
genes and have four (MAP2K1, MAP2K4, JUN and BCL2) and three (ACVR1, JUN and
RUNX2) experimentally observed targets in the TGF-β signaling pathway, respectively.
MiR-17-5p has three experimentally observed targets in the TGF-β signaling pathway
(TGFBR2, BMPR2 and BCL2) and is a member of the miR-17~92 cluster, which has been
associated with inhibition of TGF-β signaling. Most importantly, all of these ATII miRNAs
have been associated with inhibition of TGF-β signaling [113,115,142–145]. Additionally,
Corcoran et al. [146] reported that a set of miRNAs expressed in ATII cells is down-regulated
in A549 cells upon TGF-β stimulation. These findings are in agreement with our findings
regarding the down-regulation of miR-30c and miR-17-5p in A549 cells. Furthermore, it
was shown that TGF-β-induced target gene expression is tightly controlled through down-
regulation of miRNAs via TGFβ-induced transcription factors, such as AP-1, SMAD3/4
and NF-κB [146]. Of note, we found that TGF-β1 is a predicted upstream regulator for the
set of validated mRNA targets interacting with the ATII-expressed miRNAs, of which 19
had experimentally observed targets in the canonical TGF-β pathway of the Ingenuity®

database. This finding supports the idea of a complex interaction between TGF-β signaling
and miR regulation in ATII cells already under normal conditions, hence underlining the
importance of miRNAs for sustaining TGF-β pathway homeostasis. Additionally, Pandit
et al. showed the down-regulation of 18 miRNAs—7 of which were also expressed in
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our ATII cells—in lung tissues of patients with idiopathic pulmonary fibrosis, indicating
that disturbance of this mechanism might contribute to disease progression [79]. Finally,
homeostatic down-modulation of TGF-β signaling by miRNAs expressed under normal
conditions might contribute to the inhibition of ATII to ATI trans-differentiation [147].

In summary, these findings suggest that autofluorescence characteristics of murine
lung cells can be exploited to isolate highly pure, untouched ATII cells and that miRNAs
expressed in ATII cells contribute to cellular homeostasis by the modulation of proliferation
and cell-activation pathways. Based on our data for miRNA expression in ATII cells, under
normal conditions, and enrichment of miRNA targets in the TGF-β pathway, we hypoth-
esize that miRNAs might represent valuable tools for the early detection of pathological
conditions, such as fibrotic lung diseases and lung cancer.
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Abstract: Physical exercise has been associated with the modulation of micro RNAs (miRNAs),
actively released in body fluids and recognized as accurate biomarkers. The aim of this study was to
measure serum miRNA profiles in 18 horses taking part in endurance competitions, which represents
a good model to test metabolic responses to moderate intensity prolonged efforts. Serum levels
of miRNAs of eight horses that were eliminated due to metabolic unbalance (Non Performer-NP)
were compared to those of 10 horses that finished an endurance competition in excellent metabolic
condition (Performer-P). Circulating miRNA (ci-miRNA) profiles in serum were analyzed through
sequencing, and differential gene expression analysis was assessed comparing NP versus P groups.
Target and pathway analysis revealed the up regulation of a set of miRNAs (of mir-211 mir-451,
mir-106b, mir-15b, mir-101-1, mir-18a, mir-20a) involved in the modulation of myogenesis, cardiac
and skeletal muscle remodeling, angiogenesis, ventricular contractility, and in the regulation of
gene expression. Our preliminary data open new scenarios in the definition of metabolic adapta-
tions to the establishment of efficient training programs and the validation of athletes’ elimination
from competitions.

Keywords: mi-RNA; physical exercise; gene expression; stress

1. Introduction

While regular physical activity is known to be beneficial for health, prolonged or
high-intensity exercise can cause stress due to duration and inability of humans and horses
to adapt physiologically to these conditions [1–5].

Competitive sports are known to be demanding and stressful for both human and
animal athletes. In particular, endurance is one of the most challenging among equestrian
disciplines; endurance horses are susceptible to metabolic imbalance due to dehydration,
acid balance and electrolyte abnormalities, substrate depletion and heat accumulation,
which can result in life-threatening conditions [6]. Indeed, equine endurance competitions,
which have recently gained popularity worldwide, are governed by the rules established by
National and International Equestrian Federations (FEI), which implement strict regulations
to safeguard and ensure the welfare of animals [7].

Endurance horses are subjected to specific training that induces the physiological
adaptations required for carrying out prolonged moderate intensity exercise on different
types of ground surfaces and under different weather conditions, by modulating their
energy metabolism towards aerobic conditions [8]. However, when horses are poorly
trained, or high speeds are required, anaerobic pathways may be recruited. Endurance
athletes also develop hypervolemia, which, when coupled with splanchnic vasoconstriction
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physiologically triggered by stress hormones, enables maintaining of good central blood
pressure and satisfactory perfusion of the main organs. Prolonged physical exercise can
also induce changes in coagulation systems, immune modulation, and vascular integrity,
and is known to have negative effects on health and welfare [9]. Indeed, the homeostatic
disruptions that occur during long competitions have been suggested as the main causes of
certain pathological conditions such as myopathies, colic, laminitis, diaphragmatic flutter,
cardiac arrhythmias and massive rhabdomyolysis [7]. Therefore, it is essential to find early
biomarkers that can promptly identify subjects at risk and prevent dysmetabolism.

Evidence has been found that alterations in circulating miRNA (ci-miRNA) expression
are induced by physical exercise and endurance [10–12].

Among the RNAs, micro-RNAs (miRNAs) are highly conserved regulatory molecules
that play active roles in cell differentiation, proliferation and metabolism. MiRNAs drive
post-transcriptional down-regulation and bind to mRNAs, with a one-to-many (and vice
versa) relationship with their targets, in that a gene can be regulated by different miRNAs,
and the same miRNA can regulate different genes [13].

MiRNAs can be released into the bloodstream within apoptotic bodies, extracellular
vesicles (i.e., exosomes), high/low-density lipoproteins (HDL and LDL) or as active protein
complexes (RNA-binding proteins) [14,15]. Stable ci-miRNAs can be found in plasma
and/or in serum, many of which are tissue-specific and signatures of certain physiological
and/or pathological conditions [12]. Physical exercise has recently been associated with the
modulation of small noncoding RNAs in the bloodstream depending on type and duration
of the physical activity [16]. Therefore, ci-miRNAs have been proposed as biomarkers for
evaluating human athletic performance and were recently used in our previous study on
endurance riding [17].

The aim of this research is to acquire a deeper molecular knowledge of responses to
prolonged moderate-intensity exercise in endurance horses and to identify ci-miRNAs
related to nonphysiological responses. To this aim, the ci-miRNA transcriptional profiles of
horses that successfully finished an endurance race were compared using high-throughput
sequencing and those with severe metabolic disorders after a competition were elimi-
nated. Our hypothesis is that differentially modulated ci-miRNA in horses after a race
elimination could provide clues to a reduced adaptation to exercise stress leading to low
performance syndromes and diseases. We therefore tried to obtain a transcriptional picture
of the multiorgan response and gain a better understanding of the molecular basis of
this phenomenon.

2. Materials and Methods
2.1. Ethics Statement

The study protocol was reviewed and approved by institutional Ethics Committee of
University of Perugia (license No. 2019-32). All procedures were performed in accordance
with the approved guidelines. Owner informed consent and the approval of the Ground
Jury President and the Veterinary Commission President of the event were obtained before
initiation of study procedures with the animals.

In order to correctly report research on live animals, the manuscript was prepared follow-
ing the ARRIVE guidelines (https://arriveguidelines.org/, accessed on 8 December 2021).

2.2. Sample Collection

For this study, eighteen Arabian horses, thirteen females, four geldings and one
male, aged from 6 to 13 years old (median 9 years old) engaged in 80–160 km national
and international competitions held in the same season of 2018 in Italy were recruited.
During competition at least every 40 km there is a compulsory veterinary inspection (vet
gate) to determine if the horse is fit to continue as indicated by FEI Endurance Rules
(available at: https://inside.fei.org/fei/disc/endurance/rules, accessed on 8 December
2021) including irregular gait (i.e., lameness) or metabolic reasons, such as failure to
recovery maximum heart rate (i.e., 64 beats per minutes) cardiac arrhythmia, clinical signs
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of metabolic instability, excessive fatigue, heat stroke, colic, myopathy, severe dehydration
or excessively high temperature by evaluation of heart, gut sound, mucous membrane
colour, capillary refill time and muscle tone.

The horses enrolled were divided into two groups based on veterinary gates inspec-
tion results: Performer (P) was composed of 10 subjects that successfully completed the
competition at free speed and Non Performer (NP) constituted the remaining eight subjects
that were eliminated at different stages of the competition (Table S1).

Peripheral blood was collected from the jugular vein using a vacutainer with and
without anticoagulant at the end of race or at the intermediate veterinary examination that
resulted in elimination of the horse from the competition within 30′. The serum samples
were obtained by centrifugation at 400× g in a bench-top centrifuge for 15 min, immediately
after collection and then stored at −80 ◦C until biochemical tests and miRNA isolation.

2.3. Blood Count and Biochemical Analysis

A complete blood count with leukocyte differential assessment was performed using
a laser haematology analyser (Sysmex XT-2000iV; Sysmex, Kobe, Japan). The analysis
included white blood cells (WBCs), red blood cells (RBCs), mean corpuscular volume
(MCV), haemoglobin (Hb), platelets (PLTs) and mean platelet volume (MPV), haema-
tocrit (HCT), mean corpuscular haemoglobin (MCH), mean corpuscular haemoglobin
concentration (MCHC) and red blood cell distribution width (RDW). Selected biochemical
parameters were also analyzed with an Hitachi 904 automated biochemistry analyzer
(Boehringer Mannheim, Baden-Wurttemberg, Germany) including urea, creatinine, total
bilirubin (Tbil), aspartate aminotransferase (AST), γ-glutamyltransferase (GGT), creatine
kinase (CK), lactate dehydrogenase (LDH), total proteins (TPs) and albumin (Alb). For
blood count and biochemical analysis, Student’s t-test was applied to identify differences
between continuous data between group NP and group P.

2.4. RNA Extraction and Library Preparation

Total RNA extraction was carried out using the commercial miRNeasy Serum/Plasma
Advanced kit (Qiagen, Venlo, The Netherlands) following manufacturer’s instructions.
For better evaluation, the miRNA differences between the two groups, spike-in sequences
were added to the lysis buffer at the beginning of the RNA extraction procedure (2.5 µL
of Spike-in solution per 600 µL of serum for each subject) using the QIAseq miRNA
Library QC Spike-in kit (Qiagen, Venlo, The Netherlands), which provides 52 spike-in
phosphorylated at 5′, an essential feature for the library preparation [18]. Adding these
plant origin sequences allowed us to obtain quality control for the sequencing process
and to normalize the results in terms of the number of sequenced fragments for each
miRNA. The RNA quantity and quality was evaluated with NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA) spectrophotometer and microfluidic electrophoresis
respectively (Bioanalyzer 2100 Agilent Technologies, Santa Clara, CA, USA). The TruSeq
Small RNA Library Illumina (Illumina Inc., 5200 Illumina Way, San Diego, CA, USA) kit
was used for library construction following the manufacturer’s instructions, and fragments
were sequenced on a NextSeq500 Illumina (Illumina Inc., 5200 Illumina Way, San Diego,
CA, USA) instrument with 75bp single-end chemistry.

2.5. Bioinformatic Analysis

Raw reads in fastq format were quality checked with FastQC (https://www.bioinf
ormatics.babraham.ac.uk/projects/fastqc/, accessed on 8 December 2021) and trimmed
with Trim Galore 0.5.0 software for the removal of low-quality sequences and adapters
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed on 8 De-
cember 2021). The Bowtie2 [19] aligner of the Tuxedo suite was used to align cleaned reads
adopting a three-step alignment strategy: (i) on the spike-in set used in the experiment;
(ii) on the mirbase 22 hairpin database (Release 22.1) (http://www.mirbase.org, accessed
on 8 December 2021) for the unmapped reads on spike-in and (iii) on the horse reference
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genome (equcab3) [20], for the unmapped on miRNA database (Figure 1). After the align-
ment procedure, the dataset was normalized for spike-ins data through the RUVSeq [21]
R package. Briefly, RUVSeq uses spike-in reads to extrapolate correction coefficients for the
samples that are integrated, among other confounding effects (i.e., sex), into the differential
gene expression (DGE) evaluation analysis model implemented in edgeR [22]. A PCA plot
from expression data is available in Figure S1. Expression levels were measured as count
per million (CPM) and parameters set for DGE comparing the NP to the P group with
an absolute log2-fold change (logFC) > 1.5 and an adjusted p-value for multiple testing
correction applying the Benjamini-Hochberg method (FDR) < 0.05.

Figure 1. Experimental design (cream background) and bioinformatic pipeline (cadet blue background).

Target Genes and Enrichment Analysis

Human or murine orthologue of all the differentially expressed miRNAs, according to
the DGE analysis from edgeR, were retrieved using miRbase (http://www.mirbase.org,
accessed on 8 December 2021) software and used to identify putative genes (predicted
and/or validated) targeted by these miRNAs. The most frequently sequenced human or
murine miRNA form IDs (3p or 5p) were selected as input in the miRWalk 3.0 webtool
(http://mirwalk.umm.uni-heidelberg.de, accessed on 8 December 2021). A unique list
of predicted and validated targets was identified for each miRNA, specifying also the
miRNA site of action with respect to the targeted mRNA: 3′UTR, 5′UTR or CDS (cod-
ing region). Only the genes targeted by five or more miRNAs were selected for the
downstream analyses.

The Cytoscape 3.7.1 suite [23] was used to build a Protein-Protein Interaction Network
(PPI) using the IMEx database, which contains nonredundant information derived from
the major public protein databases. The clusterMaker 2.0 a Cytoscape application [24]
with the “gLay” option was used to highlight different clusters within the network based
on the number and type of connections between the nodes. Clusters with a number of
interactions greater than 30 were inspected for Gene Ontology (GO) enrichment analysis
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carried out for the related biological process through the BiNGO application [25]. Results
were filtered with a corrected FDR < 0.05 (Benjamini Hockberg correction). A summary of
the experimental design and the bioinformatic pipeline is depicted in Figure 1.

3. Results
3.1. Hematology and Clinical Chemistry Analyses

The hematology and clinical chemistry assays evidenced values of hematocrit (p < 0.01),
hemoglobin (p < 0.01), total protein, albumin (p < 0.01), urea (p < 0.05) and creatinine
(p < 0.01) significantly higher in the Non Performer (NP) group compared to that of Per-
former (P) group whereas classical exercise biochemical markers such as creatine phos-
phokinase (CPK), aspartate-transaminase (AST) and lactic-dehydrogenase (LDH) values
were not significantly different between the two groups, even after normalizing for the
kilometers runs (Table S2).

3.2. Sequencing Statistics

The sequencing depth average was ~18,380,000 reads; of these, the 77.72% passed the
trimming step. Two samples (P2 and P3) showed an unusually higher percentage (81% and
61% respectively) of discarded reads due to poor quality and/or length. Only the reads
mapped exactly one time on miRBase 22 or EquCab3 annotated as sequences referable to
miRNA were used for downstream analyses. Sequencing results and alignment rates are
summarized in (Table S3).

3.3. Differential Expression Analysis of miRNA

After the statistical analysis with edgeR, starting from a cleaned dataset of 288 miRNAs,
a total of seven differentially expressed (FDR < 0.05) were found. All of these were up-
regulated (logFC ≥ +1.5) in the NP group compared to P group (Table 1).

Table 1. Differentially expressed miRNAs (NP vs. P).

miRNA logFC logCPM FDR

eca-mir-211 4.9223101 0.1280119 0.0015486

eca-mir-15b 4.6239495 3.7887133 0.0027720

eca-mir-451 2.1155572 9.8706133 0.0092029

eca-mir-18a 5.4076681 1.2325327 0.0092029

eca-mir-20a 3.2246991 2.7407456 0.0175767

eca-mir-106b 2.4277831 4.8328315 0.0213777

eca-mir-101-1 2.0112158 7.7859690 0.0213777

3.4. miRNA-Target Evaluation and Pathway Analysis

Targets of each miRNA, for all the binding sites (3′-UTR, 5′-UTR and CDS of the target)
were individualised from mirWalk analysis (Table 2). All the target lists were merged in
order to produce a unique series of 16 genes that were selected according to the number of
miRNAs they targeted, setting the threshold of at least five (Table 3).

These genes were used to create a PPI network to identify clusters of proteins retrieved
from the IMEx database. The total network contained 481 nodes and 657 edges; the
major protein clusters, i.e., those with more than 30 interactions, are reported in Figure 2,
where proteins are indicated of central nodes that correspond to target genes which have
the highest number of interactions with other proteins correlated to similar biological
functions. Gene Ontology (GO) enrichment analysis with BiNGO was performed on
these major clusters (Table S4). The most enriched GO terms for the TTN cluster related
to cardiac function and the apoptotic process such as “muscle structure development”,
“muscle organ development”, “cytoskeleton organization”, “muscle contraction”, “cardiac
myofibril assembly”, “regulation of apoptotic process” and “regulation of programmed
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cell death”. Regarding AGK cluster central node “mitochondrial transport”, “lactate
biosynthetic process” and “negative regulation of glucocorticoid secretion” were among
the main enriched terms. “Response to stimulus”, “response to stress”, “regulation of
immune system process” together with “cell cycle”, “cell migration” and “cytoskeleton
organization” were the main enriched GO terms for the cluster with MACF1 central node,
while USP49 seemed to be related to protein folding. Terms related to translation regulation,
such as “miRNA mediated inhibition of translation”, “regulation of translation, ncRNA-
mediated” and “negative regulation of translation, ncRNA-mediated”, were among the
main enriched biological processes found for the SYNE1 central nodes cluster. Complete
data from GO analysis for all the PPI clusters are reported in Table S4.

Table 2. Target gene consistencies of each miRNA detailed with respect to the binding site.

miRNA ID Target 3′-UTR Target 5′-UTR Target CDS Total Target

mir-101-3p 315 43 322 680

mir-106b-5p 1442 263 1435 3140

mir-15b-5p 1102 285 1623 3010

mir-18a-5p 1550 356 2242 4148

mir-20a-5p 1167 183 1038 2388

mir-211-5p 2161 844 2626 5631

mir-451-5p 171 44 409 624

Table 3. Target genes selected on the miRNA consensus analysis (recognized by at least five differen-
tially expressed miRNAs).

Target Genes miRNAs # of miRNA

TTN mir-101; mir-106b; mir-15b; mir-18a; mir-20a; mir-211 6

MACF1 mir-101; mir-106b; mir-15b; mir-18a; mir-20a 5

SYNE1 mir-101; mir-15b; mir-18a; mir-20a; mir-211 5

TDRD12 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

USP49 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

ACTR8 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

AGK mir-101; mir-106b; mir-15b; mir-20a; mir-211 5

CACNA1B mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

COL6A5 mir-101; mir-106b; mir-15b; mir-18a; mir-211 5

FAM227A mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

HECW2 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

PGM2L1 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

PKD1L2 mir-101; mir-106b; mir-18a; mir-20a; mir-211 5

RIMBP2 mir-106b; mir-15b; mir-18a; mir-20a; mir-211 5

VPS13A mir-101; mir-15b; mir-18a; mir-20a; mir-211 5

ZBTB37 mir-101; mir-106b; mir-18a; mir-20a; mir-211 5
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Figure 2. Cluster of proteins derived from clusterMaker 2.0 cytoscape application. Central nodes (red) indicate most
relevant proteins. Clusters in boxes refer to networks between mouse proteins.

4. Discussion

The molecular mechanisms underlying successful adaptation to stress associated
with prolonged or high-intensity exercise remain poorly understood. In this study, the
miRNA expression profiles of equine athletes competing in national and international
endurance races were analysed. The differences observed in the number of circulating
miRNAs between the nonperforming (NP group, eliminated by the competition) and
performing equine athletes (P group, those who successfully finished the competition)
were investigated.

Comparing the hematological and biochemical profiles of the two experimental groups,
NP horses showed signs of severe dehydration, as they had higher values of hematocrit,
hemoglobin, creatinine, total plasma proteins, albumins, and increased protein catabolism
indicated by higher serum urea concentration. High levels of muscle enzyme markers
(including for example creatine phosphokinase (CPK), aspartate-transaminase (AST) and
lactic-dehydrogenase (LDH)) were found, as expected, in both groups’ serum (Table S2).
However, no significant differences were observed among P and NP horses in enzymes.
This confirmed the low correlation between these serum enzymes levels and the poor
performance of equine athletes as suggested by other authors [26]. This evidence indicates
that deeper knowledge is needed about molecular events modulating the response to
physical stress that can also lead to metabolic alterations and low performance. miRNAs
are ideal molecules for this purpose due to their properties and their fast response to
physiological stress [12,16]. The results show that besides skeletal muscle tissues (SMTs),
other tissues may be involved in an equine athlete’s adaptation to exercise-induced stress,
since physiological stress induced by exercise triggers multiorgan responses in skeletal
muscle, vasculature, heart and lung [27]. Garciarena et al. suggested that endurance train-
ing can improve cardiac function by “transforming” pathological cardiac hypertrophy into
a physiological state [28] during which miRNAs have been described as key players [29].
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However, it is important to note that NP horses were eliminated from the competition due
to metabolic disorders including long recovery times.

As a whole, the results seem to indicate that the NP horses failed to adapt to exercise-
induced stress. We observed, indeed, an increase in mir-101 plasma levels in these horses,
which is in contrast to what was observed in trained horses [30]. Mirna-101 plays an
important role in cardiac hypertrophy [31], and can be decreased by endurance training [32].

Interestingly, our results also showed high levels of some mir-17-92 cluster mem-
bers, namely mir-18a, mir-20a and mir-106, which have been linked to myocardial is-
chemia/reperfusion injuries [31].

Increases in mir-20 and mir-106 levels have been also related to stress [33]. They are
both involved in glucose metabolism regulation, while mir-106 has been linked to oxidative
stress [33]. This has been proposed as a potential biomarker for recovery after exercise, as
it was down-regulated following exhaustive endurance exercise and restored to normal
levels within 2 h after the competition [34,35]. Moreover, over-expressed mir-106b has been
associated with skeletal muscle mitochondrial dysfunction and insulin resistance, which
are affected by exercise [34]. The high levels of mir-106b and mir-20a in our NP athletes also
suggests endothelial function modulation failure [36] and the promotion of angiogenesis,
that usually occurs during endurance training. Indeed, mir-106 exhibits anti-angiogenic
properties, whereas mir-20a, also involved in angiogenesis, was found to quantitatively
correlate with peak exercise capacity, cardiorespiratory fitness [37] and endothelial repair
capacity [38]. However, increased expression of miR-20a was only observed at rest after
sustained training and in response to hypertension-induced heart failure [39].

Mir-15b which was found to be increased in NP horses, is known to be an anti-
angiogenic miRNA [40,41]. These miRNAs suppress vascular endothelial growth factor
(VEGF) [40,41], basic fibroblast growth factor (bFGF) VEGF receptor 2 and FGF receptor
1 expression) [42]. The mir-15 family modulates cardiac hypertrophy, and its members
are up-regulated during myocardial disorders [43]. Mir-451 is one of the most abundant
miRNAs found in red blood cells [44,45] and was increased in NP horses. It was found to
be increased in low responders to resistance exercise training [46] and has been correlated
with coronary artery disease [47] in the occurrence of ischemic stroke.

Most of the modulated miRNAs in NP horses identified protein-coding genes as the
targets involved in cardiac and skeletal muscle cytoskeleton, which is the main coordinator
of muscle contraction [48]. More specifically, some proteins such as TTN (titin), SYNE1
(nesprin), and MACF1 (Microtubule Actin Cross-linking Factor 1), which are involved
in nuclear and cytosolic cytoskeleton organization, were highlighted as being crucial
cluster nodes by the PPI network analysis (Figure 2). Titin is involved in cardiac and
skeletal muscle remodeling and modulates the elastic properties of the sarcomere as well as
contractile muscle properties [49]. Furthermore, titin regulates myocardial passive stiffness
and myocardial and ventricular function, mediates nuclear signaling and modulates muscle
response to mechanical stress [50]. Moreover, the expression of various titin isoforms has
been associated with sarcomere length, which correlates with muscle fascicle length and
may enhance running performance.

Other cytoskeleton alterations are suggested by MACF, which is known to be a stress-
induced regulator of cardiomyocyte microtubule distribution [48] essential for ventricular
adaptation to hemodynamic overload [51], and to cardiac response to exercise. Mus-
cle contraction could also be affected by changes in Ca2+ influx in our NP horses since
CACNA1B (Voltage-dependent N-type calcium channel subunit alpha-1B), the gene target
of some modulated miRNAs, was repressed and previous studies reported that many
of the genes encoding ion channels are differentially methylated in horses and humans
following exercise [52]. Moreover AGK (acylglycerol kinase) protein, a central cluster
node evidenced by the PPI network analysis (Figure 2), is involved in the metabolism of
mitochondrial phospholipids and in the stability of SLC25A4 (ADP/ATP translocase 1).
Interesting, SLC25A4 knockout mice exhibit phenotypes of hypertrophic cardiomyopathy,
exercise intolerance, and lacticacidemia [53].
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USP49, another PPI network central node, is involved in splicing alterations as it is
essential for the cotranscriptional splicing [54]. Moreover, one of the target genes, TDRD12,
is a gene expression enhancer via the production of secondary piRNAs. Since these small
RNAs are key molecules in the transposable elements activation/expression [55], it is
intriguing to think that one of the possible outcomes of this down regulation could be a
genome plasticity response induced by exercise [3,56].

Overall, analysis of differentially expressed miRNAs and their target genes in NP
horses identified genes were associated with the modulation of the various steps of gene
expression essential for adaptation processes, namely “response to stimulus”, “regulation
of translation”, “regulation of apoptotic process” and “muscle structure development”,
underlying cardiac and skeletal muscle plasticity that occurs during prolonged physical
activity and training [57].

5. Conclusions

For the NP horses, the results suggest a specific ci-miRNA profile pointing towards
molecular mechanisms and metabolic pathways underlying the inability of tissues/organs
to adapt to stress induced by prolonged physical exercise and training. Modulation of
myogenesis, cardiac and skeletal muscle remodeling, angiogenesis, ventricular contractility
and the regulation of gene expression appear to be the most involved processes.

It has to be said, though, that intrinsic limitations such as sample size and hetero-
geneity of recruited subjects due to the unpredictability of on-field collection, make this
study a preliminary investigation. Validation with alternative techniques and a larger
cohort of subjects, and possibly time course sampling, will be valuable in this intriguing
research field.
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Abstract: MicroRNAs (miRNAs) are promising molecules that can regulate gene expression, and their
expression level and type have been associated with early diagnosis, targeted therapy, and prognosis of
various diseases. Therefore, analysis of miRNA in the plasma or serum is useful for the discovery of
biomarkers and the diagnosis of implicated diseases to achieve potentially unprecedented progress in
early treatment. Numerous methods to improve sensitivity have recently been proposed and confirmed
to be valuable in miRNA detection. Specifically, quantitative reverse-transcription polymerase chain
reaction (qRT-PCR) is an effective and common method for sensitive and specific analysis of miRNA
from biological fluids, such as plasma or serum. Despite this, the application of qRT-PCR is limited,
as it can be affected by various contaminants. Therefore, extraction studies have been frequently
conducted to maximize the extracted miRNA amount while simultaneously minimizing contaminants.
Moreover, studies have evaluated extraction efficiency and normalization of the extracted sample.
However, variability in results among laboratories still exists. In this review, we aimed to summarize
the factors influencing the qualification and quantification of miRNAs in the plasma using qRT-PCR.
Factors influencing reliable analysis of miRNA using qRT-PCR are described in detail. Additionally,
we aimed to describe the importance of evaluating extraction and normalization for reliable miRNA
analysis and to explore how miRNA detection accuracy, especially from plasma, can be improved.

Keywords: qRT-PCR; plasma; miRNA; amplification efficiency

1. Introduction

Circulating microRNAs (miRNAs) are highly stable extracellular molecules that circu-
late in the bloodstream [1,2]. These circulating miRNAs are approximately 22 nucleotides
in length and play an important role in gene regulation by binding to and repressing the
activity of specific target messenger RNAs (mRNAs). Profiles of miRNAs in plasma and
serum have been found to be altered in cancer and other disease states [3,4]. Numerous
studies have reported that specific miRNA expression profiles are associated with patholog-
ical conditions such as cardiovascular disease [5], cancer [6] and other diseases [7], which
may provide diagnostic and therapeutic value as biomarkers. In previous studies, elevated
plasma expression levels of miRNA-499 [8], miRNA-122 [9] and miRNA-155 [10] are known
to be associated with AMI, liver injury, and inflammation, respectively. Meanwhile, the
plasma expression levels of miRNA-34 [11] and miRNA-23a [12] are known to decrease in
solid tumors and lung cancer, respectively.

Therefore, analyses of circulating miRNAs are important for the discovery and study
of disease biomarkers that may aid in disease risk assessment, diagnosis, prognosis, and
monitoring of treatment responses (Figure 1).

Currently, miRNA levels in biological fluids, tissues, and cells are measured after
extraction by commercial RNA extraction kits, such as chloroform–phenol-based extrac-
tion [13,14], magnetic bead extraction [15], and column-based extraction [16], followed
by microarray [17,18], Northern blotting [19,20], and quantitative reverse-transcription
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polymerase chain reaction (qRT-PCR) analysis [21,22]. Among these methods, qRT-PCR is
widely preferred over other detection methods because of its high sensitivity and specificity
for detecting low levels of circulating miRNAs in plasma and serum (Figure 2).

Figure 1. The number of PubMed search results regarding articles reporting on analyses of circulating
miRNAs.

Figure 2. Methods for endogenous miRNA analysis in plasma or serum compared in terms of the
proportions of articles reporting their use among PubMed search results from the past 10 years.

However, in previous studies, plasma miRNA levels have varied according to the
laboratories performing the measurements [23,24]. This can mainly be due to differences in
sample processing, measurements and data analysis [25–28]. In general, accurate miRNA
measurement using qRT-PCR requires a high-quality sample, especially because of the low
concentration of miRNA in plasma. Therefore, to increase the extraction efficiency and
consistency of miRNAs analysis obtained from plasma and serum, numerous efforts over
several years have focused on various highly sensitive and specific methods of miRNA
extraction from plasma [29–31]. Additionally, similar efforts targeting data normaliza-
tion [32,33] and the optimization and assessment of PCR conditions have been pursued to
improve the accuracy of PCR measurements [34,35]. However, few reviews have focused
on the importance and necessity of evaluating PCR conditions for optimizing extraction
conditions.

In this review, which focuses on quantity and quality, we describe factors influencing
miRNA measurement in plasma and serum using qRT-PCR. Additionally, we review the
advantages of assessing PCR efficiency and normalization to obtain reliable and accurate
PCR-based results of miRNA analysis in plasma. This evaluation calls attention to the
importance of the assessment of PCR efficiency for optimizing PCR and miRNA extraction
conditions.
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2. Inconsistent Measurement of miRNA Extracted in Plasma Using qRT-PCR

Since miRNA analysis using qRT-PCR greatly depends on the quality of the miRNA
extract, the results of miRNA analysis are different depending on the sampling procedure
applied to the same sample. Many researchers have reported this inconsistency in miRNA
analysis results, and various efforts are being made to analyze the factors that cause analysis
inconsistency during the sample extraction step [31,36–38]. Brunet-Vega et al. compared
the Cq levels of miRNAs extracted from the same plasma samples using five commercially
available miRNA extraction kits [37]. They reported that the levels of the tested miRNAs
were similar, but the levels of the spiked-in exogenous miRNAs were different. For this
reason, the analyzed endogenous miRNAs were measured differently from the spike-in
exogenous miRNAs. Another research group presented differences in the recovery and
levels of miRNAs tested using two different miRNA extraction processes [31]. They also
showed that the levels of tested miRNAs were affected by various sample treatments
during the sample extraction process. Poel et al. also presented the effect of different
carriers and pretreatment times on miRNA extraction recovery and showed inconsistent
results between studies [38]. These studies recommended the need for standardization of
protocols, including sample handling and extraction processes, to reduce the mismatch
results of miRNAs in plasma between laboratories and between assays to perform reliable
biomarker screening and discovery of miRNAs in plasma samples.

3. Factors Inhibiting Accurate miRNA Measurement in Plasma Using qRT-PCR

miRNA levels in plasma are low—10- and 100-times less than the concentrations
in cells and tissues, respectively [39]. Therefore, the reliable and accurate analysis of
miRNAs in plasma is a major issue, despite significant developments in the field. Among
various analytical methods, qRT-PCR is usually used to analyze circulating miRNA levels
in biological fluids, including plasma and serum, owing to its high specificity. However,
qRT-PCR analysis can be compromised by various materials, such as matrix and extraction
residual reagents in samples, and consequently, miRNA analysis results can vary depending
on the purity of the extracted sample. Specifically, the effect of the interference on miRNA
analysis in plasma is larger in cells and tissues because of the low abundance of miRNAs in
plasma. Therefore, many studies have investigated the interference of miRNA analysis in
plasma using qRT-PCR, which is primarily caused by sample components and the residual
reagents extracted [36,40].

3.1. Sample Matrix

It is established that interference of qRT-PCR analysis is caused by various components
present within the sample matrix. Therefore, for reliable qRT-PCR analysis, a high-purity
sample from which components, such as proteins, lipids, and carbohydrates have been
removed, must be prepared. The abundance of these confounding components varies
significantly according to dietary status, anticoagulant type, as well as sampling and
storage conditions [41,42]. Besides matrix components, hemolysis can be a major cause of
variation in miRNA levels. Several miRNAs are found in large amounts in red blood cells
(RBCs), and they are released from RBCs as a result of hemolysis, thereby increasing the
level of certain miRNAs in the blood. However, hemolysis is more difficult to control than
other conditions because it occurs frequently during blood sampling. Many authors have
reported that miRNA qRT-PCR analysis results differ according to the degree of hemolysis
of the sample. Myklebust et al. showed that qRT-PCR miRNA measurement is influenced by
hemolysis [43]; in their study, the plasma miRNA concentration increased as the hemolyzed
proportion of the sample increased, but the degree of increase depended on the miRNA
type. Specifically, miR-16 is one of the most abundant miRNAs in RBCs [44], and many
studies have shown that hemolysis may increase miR-16 levels in plasma. This is especially
important because, due to its high abundance relative to other miRNAs, miRNA-16 is
used as an endogenous reference gene to normalize the data after qRT-PCR analysis. Thus,
hemolysis must be taken into consideration for accurate screening of blood miRNA levels.
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Feng et al. also demonstrated the effect of the sample matrix on miRNA analysis using
qRT-PCR [36]. They showed variability in miRNA levels among matrices with varying
compositions, including in terms of types or levels of anticoagulant molecules, plasma
protein, and lipids, and hemolysis was analyzed using qRT-PCR. The authors showed
that the factors influencing the sample matrix (leading to variability in miRNA analysis in
plasma using qRT-PCR) are primarily associated with dietary status, anticoagulant selection,
and plasma sample storage conditions. Mompeón et al. also demonstrated the effect of
hemolysis on miRNA analysis using qRT-PCR, observing that miRNA levels differed
between serum and plasma [45]. In addition to differences in sample components and
conditions, there may be differences in the degree of interference with qRT-PCR analysis
due to extraction efficiency. Variations in analysis results may also be associated with the
purity of the prepared sample, which depends on the sample extraction method. For this
reason, various sample extraction kits and methods have been developed, and some of
these have been reported to reduce intralaboratory and interlaboratory variability. Several
research groups have presented and compared commercial RNA extraction kits, and studies
related to the standardization of miRNA extraction methods from biological fluids have
been conducted [46–48]. Column-based extraction kits often obtain high-quality miRNA
extracts, and they are associated with lower extraction variation chloroform–phenol-based
kits. However, chloroform–phenol-based kits, such as Trizol, are also known for favorable
extraction recovery and costs.

3.2. Residual Reagents

For reliable qRT-PCR analysis, it is necessary to minimize any interfering factors using
an extraction approach. For this reason, different extraction methods have been developed
and applied to measure miRNA in cells, plasma, serum, and tissues. Currently, commercial
miRNA extraction kits are largely divided into chloroform–phenol-based reagent kits
and column-based extraction kits. Both methods include phenol extraction, which is a
long-established approach to extracting nucleotides from biological samples. However,
with phenol extraction, residual solvents, including phenol, remain in the final purified
RNA sample after extraction and interfere with qRT-PCR-based miRNA analysis as a
contaminant [49]. Among this interference caused by extraction reagents, residual phenol
not only interferes with PCR analysis, but it can also cause errors in the quantification of
RNA extracted from plasma. Specifically, the interference by residual phenol on miRNA
analysis in plasma or serum is severe (relative to interference in cells and tissues) because of
the low abundance of miRNAs in plasma and serum. For this reason, many researchers have
investigated the issue of residual phenol. Spectrometric overestimations caused by residual
phenol from extracted RNA yields have frequently led to inaccurate and variable plasma
miRNA measurements. This problem is exacerbated by the fact that the wavelengths
of RNA and phenol are similar, and the level of RNA in plasma is low compared with
residual phenol. Several companies have, therefore, developed nanodrop systems to
measure residual phenol concentrations in extracted samples to prevent mismeasurement
of the amount or concentration of extracted RNAs by spectrometry [50,51]. Additionally,
researchers have developed new systems that are not based on absorbance but that use
specific fluorescent dyes for small RNAs to reliably measure extracted miRNAs [52,53]. For
circulating biomarker detection analysis, accuracy could be optimized via the use of equal
volume inputs rather than the same amount of RNA [54]. In plasma miRNA analysis by
qRT-PCR, instead of direct RNA measurements, extraction recovery and analyzed samples
are evaluated and normalized using spiked exogenous miRNA.

4. Important Considerations for Reliable miRNA Analysis Using qRT-PCR

Plasma miRNA analysis is an important area of biological and clinical research that is
gaining increasing recognition. However, low plasma miRNA levels are associated with
miRNA measurement errors and consequent inaccurate analyses [32]. These errors are
mainly caused by interference in the sample matrix. Therefore, researchers have attempted
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to evaluate interference and develop normalization methods to minimize errors caused by
such interference.

4.1. Amount of miRNA

Given that highly purified samples are needed for successful qRT-PCR analysis, many
researchers have concentrated on developing methods that emphasize extracting high-
quality RNA rather than high yields. Column-based extraction kits are often used for RNA
extraction from various sample types. However, high quantities of RNA are also needed
for reliable miRNA analysis, but it is challenging to efficiently extract RNAs from serum
and plasma [55]. For this reason, chloroform–phenol-based extraction is still used to extract
miRNAs from plasma, although several researchers have discussed the problems associated
with chloroform–phenol-based extraction methods in PCR analysis. Various extraction kits
have been compared and investigated [53]. In addition to extraction kits, various trials
have been conducted, including comparisons between different modifications of extraction
processes (such as the addition of carriers to trigger precipitation or the modification of
incubation conditions) to increase extraction recovery without loss of quality. Some research
teams have optimized carrier types, concentrations, and incubation conditions to maximize
plasma miRNA extraction [56,57].

4.2. Normalization

Similar to other analytical methods, qRT-PCR analysis is subject to variations or errors,
including in association with elements such as sample handling and volume measurements.
Specifically, qRT-PCR plasma miRNA analysis can be greatly influenced by nutritional
status, anticoagulant type, and plasma storage conditions. Therefore, normalization is
important to mitigate variations in qRT-PCR analysis. One of methods for normalization
of miRNA analysis by qRT-PCR is global normalization, which uses the calculated mean
of all miRNAs in a given sample as the normalizer. This method is highly recommended
when dealing with large scale miRNA expression profiling studies where several hun-
dreds of miRNAs are analyzed [58]. However, global normalization cannot be applied for
small-scale studies. Another popular method is normalization through reference genes. U6
is a small nuclear RNA commonly used as an endogenous internal control to normalize
miRNA expression levels in different biological samples, including plasma. However, there
is evidence that U6 plasma levels vary under certain conditions [59]. Therefore, various
studies have been conducted to identify more reliable reference genes for normalizing
endogenous plasma miRNA levels [60,61]. However, evaluations of different reported ref-
erence genes have yielded inconsistent findings [33,62–64]. Consequently, efforts have led
to the identification of an appropriate endogenous miRNA for normalization, accounting
for differences in plasma according to various factors, including disease status, sex, and
age. External references, such as cel-miR-39-1 for normalization, are also frequently used
to correct for extraction recovery and measurement. Zhang et al. showed the accuracy of
normalization by reference gene candidates using exogenous miRNA (spiked-in cel-miR-39)
as a target (Figure 3).
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Figure 3. Effects of normalization by different reference gene methods on the expression levels of
miRNAs from plasma samples of stable coronary artery disease patients and healthy controls (n = 5
in each group). For each group, 2 µL of exogenous cel-miR-39 was spiked into 300 µL plasma. The
levels of cel-miR-39 were assessed by qRT-PCR and were normalized to miR-16, miR-6090, miR-4516,
miR-484, and RNU6 [62].

Such an approach can eliminate multiple deviations of the experimental process, yield-
ing more robust results. However, the approach also makes the experimental procedure
cumbersome, and clinical applications more inconvenient. For example, cel-miR-39 was
spiked into serum immediately before RNA extraction, allowing for the control of technical
variation. However, the cel-miR-39 recovery was variable, ranging from 1% to 56%, thereby
demonstrating the inherent need to take technical variability into account when performing
absolute quantification [65]. Additionally, extraction kit-dependent differences in isolation
yields across exogenous cel-miRs were reported. Nevertheless, the use of an exogenous
cel-miR for normalization and correction presents less variability than strategies based on
the concentration of endogenous components, such as the frequently used miR-16-5p [66].
Therefore, the normalization or correction strategy and, to a lesser extent, postanalytical
concerns strongly limit the clinical implementation of miRNAs. To date, researchers are yet
to establish a robust method of miRNA quantification for qRT-PCR that is clinically easy to
implement and universally accepted.

4.3. Amplification Efficiency

In each cycle, qRT-PCR automatically detects the PCR amplification of a specific gene
target. In PCR analysis, the number of target sequence molecules should double during
each replication cycle, corresponding to 100% amplification efficiency. However, in prac-
tice, inappropriate reaction conditions and polymerase inhibition affect primer template
annealing, resulting in decreased amplification efficiency and potentially leading to inac-
curate conclusions. The assessment of factors affecting amplification efficiency provides
information regarding inappropriate or suboptimal reaction conditions, as well as the
presence of contaminants interfering with accurate qRT-PCR analysis. Therefore, qRT-PCR
assays result in significant uncertainty due to variations in amplification and extraction effi-
ciency [67,68]. For these reasons, several studies have investigated amplification efficiency
to improve the accuracy and reliability of qRT-PCR analysis [23,37,69–71]. Brunet-Vega
et al. demonstrated the necessity of exogenous genes through circulating miRNA profil-
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ing analysis using a commercial RNA extraction kit and exogenous genes to control for
technical factors affecting final miRNA levels. Additionally, the observation that PCR
efficiency reduces the variability of miRNAs circulating between samples should be vali-
dated because miRNA analysis in plasma using PCR can be affected by samples and PCR
components [37]. Lebuhn et al. also demonstrated interlaboratory variation in qRT-PCR
miRNA analysis in terms of amplification efficiency according to qRT-PCR-related factors,
including interlaboratory differences in extraction steps [23]. Zununi Vahed and our team
have successfully optimized extraction conditions through evaluations of amplification
efficiency for reliable endogenous miRNA analysis using qRT-PCR [69,70]. Table 1 shows
extraction method-dependent differences in amplification efficiency and quantification
cycle (Ct) values of extracted miRNA.

Table 1. Mean quantification cycle (Ct), PCR efficiency, and correlation–coefficient (R2) values of
miR-21 isolation from cell lines, urine, and plasma by different methods.

Method
Body Fluids Cell Lines Urine Sediments

Ct E (%) R2 Slope Ct E (%) R2 Slope Ct E (%) R2 Slope

KCH3COOH 31.1 ± 0.4 103.54 0.995 −3.24 17.5 ± 0.07 99.5 0.992 −3.33 23.0 ± 0.3 100 0.998 −3.32
PEG4000 33.2 ± 1.0 111.5 0.993 −3.074 20.0 ± 0.13 95.49 0.996 −3.44 25.7 ± 0.45 98 1 −3.37
PEG6000 36.8 ± 0.2 91.99 0.977 −3.53 18.3 ± 0.32 116 0.983 −2.99 28.1 ± 0.74 86 0.976 −3.683
LiCl8M 34.8 ± 0.5 94.17 0.982 −3.47 21.8 ± 0.49 100.46 0.97 −3.31 31.7 ± 0.02 108 0.961 −3.145

Ethanol+LiCl 33.3 ± 0.07 99.46 0.994 −3.34 20.9 ± 0.9 105 0.998 −3.189 25.3 ± 0.62 114 0.993 −3.024
Ethanol 35.0 ± 0.09 120.02 0.979 −2.92 22.4 ± 0.03 98.03 0.991 −3.37 37.8 ± 0.63 105 0.982 −3.189

Data from three biological replicates of cell lines (HT-29 and HUVEC), body fluids (plasma), and urine samples.
(Reproduced from [69]).

Svec et al. reported on factors associated with effective amplification efficiency [71].
Given that polymerase inhibition is caused by contaminants transferred from the RNA
isolation process or sample matrix, for factors related to PCR reaction conditions, extraction
conditions should be evaluated and optimized through assessments of amplification effi-
ciency to reduce contaminants interfering with accurate qRT-PCR analysis. These studies
have revealed that contaminants have a greater effect on qRT-PCR-based miRNA analysis
from plasma than samples such as cells and tissues due to low levels of plasma miRNAs.
Therefore, potential sources of interference in extracted plasma samples must be identi-
fied and corrected based on amplification efficiency before conducting qRT-PCR analysis.
Reaction conditions such as annealing and primer conditions must first be evaluated and op-
timized in terms of amplification efficiency to ensure accurate analysis. Importantly, based
on the evaluation of amplification efficiency, the specificity and sensitivity of qRT-PCR
results can differ by primer type and concentration [72].

5. Discussion

Clinical and pharmaceutical research about plasma or serum miRNAs is becoming
increasingly important. Consequently, endogenous plasma miRNA analysis has also be-
come critical. Analysis of endogenous plasma miRNA is conducted using qRT-PCR, but
such analyses have shown high variability between different laboratories and individu-
als [24]. One explanation for this is that miRNA levels in plasma are low, and qRT-PCR
analysis is consequently affected by extraction and sample components. Therefore, several
studies have investigated reproducible techniques and adjustments applied to miRNA
analysis, such as sample extraction and normalization techniques. The high sensitivity of
qRT-PCR as an analytical tool is matched by its sensitivity to interference by various factors.
Therefore, the optimization of an effective extraction method is a major consideration for
reliable PCR analysis, and many published articles report on extraction methods to min-
imize sample interference. Similarly, normalization and optimization of PCR conditions
in terms of amplification efficiency have also been investigated, with consideration of
issues, such as hemolysis, as major causes of interference. Specifically, normalization is
heavily emphasized as an important factor facilitating reliable evaluation of plasma miRNA.
Normally, reference genes are used to normalize endogenous miRNA, while exogenous
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miRNAs, such as cel-39-1, can also be added to samples to compensate for differences
in extraction efficiency between samples [37]. However, these do not reflect extraction
recovery because extraction efficiency differs between endogenous and exogenous miRNA,
as does the effect of amplification efficiency on the environment of the extracted sample.
Therefore, in addition to exogenous miRNA, appropriate reference genes are needed to
normalize extracted endogenous miRNA levels, and reference gene selection must be
prioritized because some reference genes can differ depending on the sample condition and
type. With normalization, the evaluation of amplification efficiency is also crucial for the
reliability of qRT-PCR studies [37,73,74]. Sreedharan et al. demonstrated improvements in
the reliability of expression data through primer-dependent improvements in amplification
efficiency [73]. Variations in primer concentration and annealing temperature, as well as
primer design, can affect amplification efficiency and consequently affect the reliability of
expression data. Optimization of PCR and extraction conditions through assessments of
amplification efficiency might be important determinants of accurate and reliable qRT-PCR
analysis of endogenous plasma miRNA.

This review describes the considerable variation and poor reproducibility of qRT-PCR-
based plasma miRNA analysis associated with incomplete optimization of extraction and
RT-PCR conditions through amplification efficiency and normalization. In the context of
evaluating amplification, the use of exogenous and endogenous reference genes for normal-
ization is necessary for the reliable and reproducible quantification of circulating miRNAs
in plasma. These factors should be considered when translating the analysis of circulating
miRNAs from plasma and serum into validated biomarker-based tests for routine clinical
use. However, despite advances, such as the standardization of extraction processes and
normalization for reliable qRT-PCR analysis of plasma miRNA, issues remain regarding
the accuracy of qRT-PCR analysis due to individual differences in matrix composition.
Therefore, as shown in Figure 4, we propose that the optimization of extraction conditions
and the evaluation and identification of dependable reference genes (based on assessments
of amplification efficiency) are necessary to ensure reliable and robust qRT-PCR-based
miRNA analysis necessity for future applications of circulating miRNAs.

Figure 4. Suggested flowchart for qRT-PCR analysis of plasma miRNA.

6. Conclusions

This review presented factors influencing measurements of miRNAs in plasma/serum
including assessment of PCR efficiency and normalization to obtain reliable and accurate
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PCR-based results of miRNA analysis in plasma. It could suggest the necessity of the
assessment of PCR efficiency for the optimization of PCR and miRNA extraction conditions.
In this review, the effect of factors related to extraction efficiency such as sample matrix,
residual solvent after extraction process and RNA amount was described among various
factors influencing measurements of miRNAs using qRT-PCR. These factors may cause
inhibitors of qRT-PCR analysis and consequently can lead to inaccurate qRT-PCR analysis.
The necessity of amplification efficiency and normalization as another considerable part
was reported for reliable and reproducible quantification of circulating miRNAs in plasma
using qRT-PCR. From this review, we conclude that the optimization of extraction condi-
tions and selection of reliable reference genes based on assessment of the amplification
efficiency should be prioritized for achieving a reliable qRT-PCR-based miRNA analysis in
plasma/serum.
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Abstract: Introduction: Melanoma is a global disease that is predominant in Western countries. How-
ever, reliable data resources and comprehensive studies on the theragnostic efficiency of miRNAs
in melanoma are scarce. Hence, a decisive study or comprehensive review is required to collate the
evidence for profiling miRNAs as a theragnostic marker. This protocol details a comprehensive sys-
tematic review and meta-analysis on the impact of miRNAs on chemoresistance and their association
with theragnosis in melanoma. Methods and analysis: The articles will be retrieved from online
bibliographic databases, including Cochrane Review, EMBASE, MEDLINE, PubMed, Scopus, Science
Direct, and Web of Science, with different permutations of ‘keywords’. To obtain full-text papers of
relevant research, a stated search method will be used, along with selection criteria. The Preferred
Reporting Items for Systematic Reviews and Meta-Analysis for Protocols 2015 (PRISMA-P) standards
were used to create this study protocol. The hazard ratio (HR) with a 95% confidence interval will
be analyzed using Comprehensive Meta-Analysis (CMA) software 3.0. (CI). The pooled effect size
will be calculated using a random or fixed-effects meta-analysis model. Cochran’s Q test and the I2
statistic will be used to determine heterogeneity. Egger’s bias indicator test, Orwin’s and the classic
fail-safe N tests, the Begg and Mazumdar rank collection test, and Duval and Tweedie’s trim and
fill calculation will all be used to determine publication bias. The overall standard deviation will
be evaluated using Z-statistics. Subgroup analyses will be performed according to the melanoma
participants’ clinicopathological and biological characteristics and methodological factors if sufficient
studies and retrieved data are identified and available. The source of heterogeneity will be assessed
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using a meta-regression analysis. A pairwise matrix could be developed using either a pairwise
correlation or expression associations of miRNA with patients’ survival for the same studies.

Keywords: chemoresistance; chemosensitivity; melanoma; meta-analysis; miRNAs; protocol;
systematic review

1. Introduction
1.1. Epidemiology

Skin cancers are uncommon malignancies globally and do not rank among the top ten
common cancers [1]. Despite melanoma not being the leading cause of cancer mediated
deaths, deaths from melanoma are rising, and it has a vastly inferior prognosis compared
to other common types of cancer. The three primary types of skin cancer are basal cell
carcinoma, squamous cell carcinoma, and malignant melanoma. Squamous and basal cell
carcinoma together are referred to as non-melanoma skin cancers [2]. Among the known
skin cancers, the most commonly occurring type is basal cell carcinoma [3]. Despite the
fact the global incidence of melanoma (1.6 percent) is lower than that of non-melanoma
skin cancers (6.2 percent), melanoma is still considered a progressive disease and is the
deadliest form of skin cancer [4]. About 75% of the skin-cancer associated deaths are due
to melanoma [5]. It is a rare type of skin cancer that progresses to other parts of the body.
Its risk factors include exposure of skin to ultraviolet (UV) light and other factors, such
as genetics [6,7]. Although surgery is the standard treatment after diagnosis, prevention
strategies are prioritized, as the best way to avoid developing melanoma is by limiting
direct exposure to sunlight and, therefore, overexposure to UV light [8].

1.2. Rationale
1.2.1. The Importance of This Study

Chemoresistance continues to be a significant impediment to cancer treatment in
medical oncology. Resistance may occur due to prior exposure or even as a result of cancer
therapy itself [9,10]. Thus, research on treatment strategies, such as the multimodality
approach involving surgery, chemotherapy, radiotherapy, and immune/biotherapy, is
currently being conducted in order to circumvent the issue of the development of chemore-
sistance [11]. miRNAs’ involvement in melanoma chemoresistance has not been effectively
explored [12–14]. Recent and emerging studies on this topic have generated sufficient
clinical data to make a more feasible approach to perform a meta-analysis and systematic
review on melanoma patients’ chemoresistance [15–17].

1.2.2. What Will the Study’s Approach Be to This Problem?

The suggested study has the potential to provide a comprehensive picture of chemo-
resistance in melanoma and its relationship to miRNA expression. Non-coding RNAs
called microRNAs influence gene expression. miRNAs are small RNAs with a length
of 19–25 nucleotides that inhibit or degrade genes at the post-transcriptional phase [18].
Several studies have focused on miRNAs’ impact on chemotherapeutic resistance in cancers,
including breast cancer [19], cervical cancer [20], colorectal cancer [21], gastric cancer [22],
lung cancer [23], oral cancer [24], ovarian cancer [25], pancreatic cancer [26] prostate
cancer [27], and skin cancer [28]. With a 5-year survival rate of 92 percent, surgery remains
the best choice for curing localized, invasive melanoma [29]. The molecular basis of
melanoma resistance to chemotherapy is thought to be multifactorial, with a defective
drug transport system, an altered apoptotic pathway, apoptosis deregulation, and changes
in the enzymatic systems that mediate cellular metabolic machinery all contributing to
chemotherapy complications [30].

There have also been several meta-analyses and systematic reviews considering the
link between miRNAs and chemoresistance [31,32]. However, topics, such as the clinical
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outcome predictions of miRNAs in cancer [33], the miRNA prognostic signatures cross-
validated in metastatic melanoma [34], and the correlation between DNA repair gene
polymorphism and cutaneous melanoma, still require further investigation [35]. Under-
standing the impact of changes in chemoresistance-related biological processes could aid in
the development of new therapeutic approaches for malignant melanoma treatment [36].

1.2.3. How Will It Help?

The role played by microRNAs in chemoresistance is found to be complex, and link-
ing distinct miRNAs to different genetic pathways is still in its infancy. Clinical samples
can benefit from miRNA profiling and can allow for the distinguishing of cancerous cells
from normal cells and could be a useful tool for classifying poorly differentiated tumors.
Providing a detailed systematic review may aid oncologists, gastroenterologists, and clin-
ical researchers to expand their understanding of the theragnostic and predictive role of
miRNAs and the potential implementation of these biomarkers for future clinical practice.
Therefore, studies analyzing the effects of miRNA expression on chemoresistance and
sensitivity in melanoma patients, as well as studies exploring the effects of miRNAs on
chemotherapy via in vitro experimentation, will be included in our review. Our study
will provide a network of chemoresistance mechanisms and drug regulatory pathways in
conjunction with the different chemotherapy drugs commonly utilized in melanoma. Thus,
it is hoped that identifying the specific miRNAs and the associated pathways of chemore-
sistance in melanoma may help in the development of future therapeutics by indicating
how miRNAs’ profiles could predict the efficacy of chemotherapy and chemoresistance.
The results obtained from the meta-analysis will ideally help improve clinical treatment
and prognosis [37,38]. This protocol and the study following it should act as a reference for
future studies regarding the prognosis and diagnosis of melanoma using microRNAs and,
thereby, help in the proliferation of literature in this field.

2. Methods
2.1. Study Design

An all-encompassing search approach will be carried out using the bibliographic
databases Cochrane Review, MEDLINE, EMBASE, PubMed, Science Direct, Scopus, and
Web of Science for the last ten years. Previous studies evaluating the role of miRNAs
on chemoresistance and sensitivity in melanoma will be identified. Additional studies
will be extracted from the included studies’ reference lists through a manual search and
also from the review of literature articles that discuss melanoma chemoresistance. The
publication language will be limited to English, including officially translated materials,
with no restrictions on the publication date or status.

2.1.1. Eligibility Criteria
Inclusion Criteria

As a key inclusion criterion, investigations must examine at the impact of miRNA
expression in melanoma patients and cell lines.

Other norms will include:

• Studies that deal with resistance in melanoma.
• Studies published until December 2021.
• Reporting of miRNA profiling platforms.
• Studies with appropriate patient data with therapeutic measures.
• Studies reporting the genes and/or pathways involved in chemoresistance or

chemosensitivity.
• miRNA expression analysis using in vitro assays.
• Studies reporting the patient’s survival with 95% CI (confidence interval) values

in hazard ratio (HR) or Kaplan–Meier (KM) curves for quantitative synthesis or
meta-analysis.
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Exclusion Criteria

The following will be excluded from the study:

• Letters to the editor, fact sheets, conference proceedings, unpublished materials, review
articles, case studies, and studies conducted solely in patients or in vitro.

• Studies examining patient data from bioinformatic datasets.
• Duplicate publications from the same study will be treated as one study.
• Studies using non-human data.

Search Strategy and Study Selection

Databases will be used to identify the literature that is related to miRNAs, drug
resistance, and melanoma. The search terms used should be in all combinations of “miRNA”
or “microRNA” AND “Drug resistance” or “Chemosensitivity” or “Chemoresistance”
AND “Melanoma” (Table 1). Additional relevant articles will be identified by manually
examining the retrieved articles. Potentially relevant articles will be carefully collated for
further processing. The studies will initially be chosen based on the individual judgement
of two authors upon the reading of the titles and abstracts of the articles. Full-text articles
will be scrutinized if the titles and abstracts are uncertain. All authors will be contacted
for pertinent information. Any disagreement will be solved by discussion amongst the
two authors. Any major differences will involve a team decision or third reviewer to make
a decision.

Table 1. Search terms.

Search Number Parameter

1 Melanoma “[Topic]” OR miRNA “[Topic]”

2 Melanoma “[Topic]” OR miRNA “[Topic]” OR patient “[Topic]” OR
clinical study “[Topic]”

3
Melanoma “[Topic]” OR miRNA “[Topic]” OR microRNA “[Topic]”

AND resistance “[Topic]” OR patient “[Topic]” OR clinical study
“[Topic]”

4
Melanoma “[Topic]” OR miRNA “[Topic]” OR microRNA “[Topic]”

AND chemoresistance (Chemoresist*) “[Topic]” OR patient “[Topic]”
OR clinical study “[Topic]”

5
Melanoma “[Topic]” OR miRNA “[Topic]” OR microRNA “[Topic]”
AND chemosensitivity (Chemosens*) “[Topic]” OR patient “[Topic]”

OR clinical study “[Topic]”

6 1 AND 2 AND 3 AND 4 AND 5
* The search terms “Chemosensitivity” or “Chemoresistance” will be substituted by wildcards, such as
”Chemosens*“ or “Chemoresist*”.

Data Extraction and Management

The studies in the selection criteria will be evaluated individually and the respective
authors will be contacted by the authors. to gather any missing information. The data
extraction form will collect bibliographic and demographic information, as well as clinico-
pathological and biological aspects of melanoma patients if relevant data and information
are available. Data from the included studies will be reviewed by three authors and cross-
checked by the corresponding author. The corresponding authors of the selected articles
will be contacted for further clarifications.
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2.1.2. Data Collection Process

1. From the studies, five major categories of data will be extracted: The study charac-
teristics, including the author, geographic region, year of publication, study period,
sample size, study design, sampling procedures, validity of confirmative diagnosis,
method of data collection, and number of melanoma cancer cases/patients, as well as
the International Classification of Disease (ICD) Code for the anatomical site of cancer
under study.

2. Clinical, pathological, and biological attributes, including comorbidity, risk factors,
tumor histology (squamous, adenocarcinoma, clear cell, and undifferentiated), patho-
logical grades (1, 2, and 3), tumor size, negative and positive lymph node metastasis,
positive and negative vascular involvement, the lymphocyte infiltration (if any), his-
tology grade (well, moderate, poor, and undetermined), P16 (positive and negative),
deep stromal invasion (%), and specific body sites, such as the face (the temporal,
frontal, periorbital, infraorbital, buccal, zygomatic, mental, or perioral region), nose,
lip, ear, scalp, trunk, neck, and extremities [39].

3. miRNA expression in melanoma patients and their responses towards their treatment.
4. Hazard ratio (HR) and 95% confidence interval (CI) estimates of overall survival (OS),

disease-free survival (DFS), and other endpoint measures.
5. In vitro and in vivo studies.

Outcomes and Prioritization

The primary outcome is to evaluate the role of the miRNAs associated with chemore-
sistance in melanoma patients.

Secondary outcomes will be used to correlate variations in primary outcomes with
clinicopathological and biological parameters.

Quality Assessment of Included Studies

The Dutch Cochrane Centre’s Meta-Analysis Of Observational Studies in Epidemiol-
ogy (MOOSE) guidelines [40] will be used to assess the quality of the included studies, and
the following information will be extracted:

i. Information about the patient’s tissue collection.
ii. Location of the study.
iii. Gender.
iv. Age.
v. Exposure to sunlight.
vi. Ulceration status.
vii. miRNA analysis in melanoma patients.
viii. List of melanoma cell lines used.
ix. Tumor stage.
x. Lymph node status.
xi. miRNA profiling platform.
xii. The form of therapy used.
xiii. Genes and/or pathways involved in resistance.

All the mentioned criteria will be required for the study to be qualified for the system-
atic review. The Newcastle-Ottawa scale (NOS) will also be used to assess the methodologi-
cal quality of cohort studies [41].

Assessment of Risk of Bias in Individual Studies

The authors will assess the risk of bias based on parameters, such as the number of
patients studied, the year of publication, the mode of disease diagnosis, geographical de-
marcation, and the length of the study. A predetermined checklist incorporating questions
from eight categories from the Dutch Cochrane Centre’s Meta-Analysis Of Observational
Studies in Epidemiology (MOOSE) guidelines will be used to assess the quality of the
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studies [40]. Six elements will be included in the tool’s reporting: background, search
strategy, techniques, results, discussion, and conclusions. The reporting elements of the
checklist are based on epidemiological concepts and will be provided even if individual
studies lack strong empirical evidence [42–45].

Publication Bias

A significant concern in meta-analysis is the risk of publication bias [46–50]. To
understand publication bias, Egger’s and Begg’s bias indicator tests, as well as the inverted
funnel plot, will be used [51]. Trim and fill calculations by Duval and Tweedie will
also be evaluated [52]. To investigate the effect size of statistically non-significant and
unpublished studies, the classic and Orwin’s fail-safe N tests will be used [53–58]. All the
authors will assess publication bias individually. Team decisions will be involved in case
of disagreements.

2.1.3. Statistical Analysis
Meta-Analysis

Meta-regression analysis will be used to study the heterogeneity between the involved
studies. Potential influences, such as the number of patients, year of publication, study
period, research location, kind of study, and diagnostic process will be investigated for
heterogeneity using the Higgins I-squared statistic [59] and Cochran’s Q test [60].

The hazard ratio (HR) will be analyzed using the comprehensive meta-analysis soft-
ware (CMA) 3.0 with a 95% CI (confidence interval). Fixed model effects will be used in
significant studies and, if studies are not significant, random model effects will be used.
Z-statistics will be used to calculate the overall standard deviation.

Subgroup Analyses

Subgroup analyses will be performed based on the melanoma participants’ clinical,
pathological, and biological characteristics, as well as methodological aspects, if adequate
studies and recovered data are discovered and accessible. Our research team intends to look
into particular subgroup analyses based on clinical and pathological factors and biological
information, such as comorbidity, risk factors, tumor histology (squamous, adenocarcinoma,
clear cell, and undifferentiated), pathological grades (1, 2, and 3), tumor size, negative and
positive lymph node metastasis, negative and positive vascular involvement, histology
grade (well, moderate, poor, and undetermined), P16 (positive and negative), deep stromal
invasion (percentage), and specific body sites, such as the face (the temporal, frontal,
periorbital, infraorbital, buccal, zygomatic, mental, or perioral region), nose, lip, ear, neck,
scalp, trunk, and other parameters.

Meta-Regression

A meta-regression analysis will be used to determine the source of heterogeneity. A P-
value of less than 0.05 will be considered significant for heterogeneity. Gender distribution,
data collection methods, research quality, sample size, and sampling procedure will all be
evaluated. In order to weigh every study by calculating R2 with the proposed quantity
variance, a random-effects model will be employed. A meta-regression analysis will be used
to explain the heterogeneity of cancer research in relation to one or more study variables,
with a large ratio of studies required for a genuine regression. For each deviation, a ratio of
at least 10 is recommended [61–64].

Network-Centric Model Analysis

A pairwise matrix could be developed using either pairwise correlation or expres-
sion associations of miRNA with patients’ survival for the same papers listed in this
protocol [65,66]. A clique-centric pattern search using cluster editing could then be used
to identify pathways/systems [67,68]. The details of this analysis toolkit are summa-
rized in Figure 1. The strength of this approach stems from the fact that that it provides
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more insight into the upregulated and downregulated expression of the miRNAs and the
melanoma cancers that are not possible with other statistical methods such as principle
component analysis.
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Figure 1. Network analysis toolchain. The output of the produced clustering would consist of
interacting RNA or patient symptoms (also known as a generated hypothesis). To confirm and
consider this hypothesis, a systematic review or meta-data search for papers that may already have
considered two or more of the factors listed in these clusters should be carried out.

Random Forest Analysis

A random forest analysis provides a robust means of feature selection of miRNA
expression. The results of this analysis can then be used to develop prognostic value tools,
such as decision trees. By coupling a random forest analysis with the other ensemble
methods, such as those provided by the R interface for ‘H2O’(R H2O package), the scalable
open source machine learning platform, artificial intelligence (AI) prognosis tools could
also be produced [69]. Nevertheless, a random forest analysis is also an effective way of
identifying robust features for predictive modelling. Alternatively, a principal component
analysis (PCA) and a clustering algorithm (such as k-means) can be used. However, these
techniques work, as long as the number of attributes or dimensions does not exceed five
for most of the variation [70,71].

2.2. Presenting and Reporting the Review Results

This protocol was written in accordance with the PRISMA-P statement (http://www.
prisma-statement.org/Extensions/Protocols; accessed on 9 September 2021) [72]. The
findings will be made public in accordance with the PRISMA criteria [73]. A flowchart
outlining the selection process (to be used) is shown in Figure 2. The included studies’
qualitative data will be evaluated descriptively. A forest plot will be used to depict the
outputs of the meta-analyses. An inverted funnel plot will be used to represent publication

227



Genes 2022, 13, 115

bias, based on Egger’s graphical test for publication bias. The search strategy, PRISMA-P
checklist, and the quality appraisal tool will be made available as a supplement.
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2.3. Ethics and Dissemination

Because this study will not include human subjects, it will not require a formal human
research ethical review or approval from a human research ethics committee. It will be
carried out with publicly available anonymized data and will not need formal human
study, ethical review, or permission from a human research ethics board. We want to
distribute our findings by publishing them in peer-reviewed publications and discuss them
in relevant conference proceedings. We also expect that the systematic review’s findings
will have ramifications for policy and clinical practice. We will create a policymaker-
friendly summary in a validated style, which we will share via social media and email
discussion groups.

2.4. Strengths and Limitations of This Study

This protocol will help researchers carry out systematic reviews and meta-analyses of
the randomized data obtained from various research studies.

• PRISMA-P (Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Protocol) recommendations are followed in the protocol.
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• It will help researchers make informed decisions, due to specific evidence obtained
from organized data.

• This study will help us obtain a clear picture of the role of miRNAs on chemoresistance
for melanoma patients.

• Certain forms of data obtained from various literature may be challenging to incorpo-
rate due to statistical error and, hence, may hamper the outcome.

3. Discussion

Previous research has found a relationship between miRNA expression and melanoma
prognosis; however, little is known about miRNAs’ prognostic value in melanoma.

There has never been a thorough investigation or meta-analysis of the function of
miRNA in chemoresistance melanoma. The statistical accounts of the risk factors associated
with this disease can only be uncovered by investigating more studies associated with
miRNA expression in melanoma patients. The studies analyzed through this protocol can
help determine the relationship between chemoresistance and patient survival. Usually,
the clinical studies reported are confined to a limited population, over a short period.
Hence, this protocol for systematic review and meta-analysis could provide an organized
overview of the role of chemoresistance-specific miRNA expression in melanoma. The
results obtained using this protocol will aid the physician’s ability to make an informed
decision and would result in a better quality of life for melanoma patients.

This study could provide reliable and productive results which may help in further
research. The proposed protocol would build upon available studies highlighting the
significance of miRNAs in effecting chemoresistance and sensitivity. Any extrapolations,
unless specified in the protocol, are not recommended.
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Abstract: Background: The microRNAs (miRNAs) are small noncoding single-stranded RNAs
typically 19–25 nucleotides long and regulated by cellular and epigenetic factors. These miRNAs plays
important part in several pathways necessary for cancer development, an altered miRNA expression
can be oncogenic or tumor-suppressive. Recent experimental results on miRNA have illuminated
a different perspective of the molecular pathogenesis of head and neck cancers. Regulation of
miRNA can have a detrimental effect on the efficacy of chemotherapeutic drugs in both neoadjuvant
and adjuvant settings. This miRNA-induced chemoresistance can influence the prognosis and
survival rate. The focus of the study is on how regulations of various miRNA levels contribute to
chemoresistance in head and neck cancer (HNC). Recent findings suggest that up or down-regulation
of miRNAs may lead to resistance towards various chemotherapeutic drugs, which may influence the
prognosis. Methods: Studies on miRNA-specific chemoresistance in HNC were collected through
literary (bibliographic) databases, including SCOPUS, PubMed, Nature, Elsevier, etc., and were
systematically reviewed following PRISMA-P guidelines (Preferred Reporting Items for Systematic
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Review and Meta-analysis Protocol). We evaluated various miRNAs, their up and downregulation,
the effect of altered regulation on the patient’s prognosis, resistant cell lines, etc. The data evaluated
will be represented in the form of a review and meta-analysis. Discussion: This meta-analysis aims
to explore the miRNA-induced chemoresistance in HNC and thus to aid further researches on this
topic. PROSPERO registration: CRD42018104657.

Keywords: head and neck cancer; miRNA; chemoresistance; protocol; systematic review; hazard
ratio; patient survival; up-regulation; down-regulation

1. Introduction

Head and Neck Cancers is a collective term for cancers that usually originate in the
squamous cell lining of the mucosal membrane of the inner mouth, nose, and throat [1].
Micro RNAs are a class of small, endogenous, noncoding, 18–24 nucleotide long sequences
that play a crucial role in many processes essential for cancer progression, including
cell death, proliferation, metastasis, and treatment resistance [2–6]. Recent studies show
that chemoresistance to specific chemotherapeutic drugs such as Cisplatin, Doxorubicin,
5-fluorouracil, etc., is caused due to varying regulation of specific miRNAs [7]. These
miRNAs can reduce the efficacy of drugs or even make cancer cells utterly impervious to
the drug [8–24]. Such resistance can significantly worsen the prognosis of HNC patients
and can also reduce survival rates. Adjuvant therapy is rendered inefficient, and patients
show poor responses towards it. This study evaluates the chemoresistance due to miRNA
at various stages of HNC.

HNC ranks as the sixth most prevalent type of cancer in the world. It is a heteroge-
neous disease with various categories based on anatomical location, etiology, and molecular
characteristics [25,26]. Head and neck cancer accounts for more than 931,000 cases and
467,000 deaths annually worldwide [27]. Studies have shown that males are affected
significantly more than females, with a ratio ranging from 2:1 to 4:1 [28,29]. Head and
neck squamous cell carcinomas (HNSCCs) occur in the oral cavity, pharynx, or larynx
and account for the bulk of HNCs [26]. Excessive use of tobacco and alcohol, as well as
infection with the human papillomavirus (for oropharyngeal cancer) and Epstein-Barr
virus, are all etiological factors in the development of HNSCCs (for nasopharyngeal can-
cer) [26]. Malignant proliferation and chemoresistance continue to be the limiting factors in
HNC treatment, which leads to loco-regional relapse or distant metastasis [30,31]. Current
therapy options for HNC include surgery, radiotherapy, chemotherapy, and most recently,
anti-EGFR antibody treatment [32].

The focus of this study protocol is to describe the quantitative and qualitative effects
of miRNA-specific chemoresistance in head and neck cancer. The primary objective of
this systematic review is to explore the influence of miRNA expressions in head and neck
carcinoma patients by assimilating and evaluating the evidence. The secondary objective
of this proposed study is to assess the deranged regulation of miRNAs and evaluate their
resistance in cell lines which may cause recurrence.

2. Rationale

Most of the publications on miRNA-specific chemoresistance of HNC are particular
to evaluating the effects of specific miRNA. Published studies have been specific to the
samples collected in a hospital related to a particular geographical region and were localized
to that area. This systematic review and meta-analysis aims to integrate the data obtained
by the publications as mentioned earlier and present it in a peer-reviewed and extensively
evaluated fashion. This systematic review has been proposed after a thorough evaluation
of studies and publications from various countries and hence is not restricted to the studies
performed in a specific region.

234



Genes 2021, 12, 2029

This study will evaluate the data collected on various miRNAs, focusing on how
their regulation can affect the sensitivity of a chemotherapeutic drug. The reviewers hope
the meta-analysis will help researchers get a better perspective on how miRNA is linked
to chemoresistance towards various chemotherapeutic drugs. The comprehensive meta-
analysis provides quantitative synthesis of currently existing studies on miRNA specific
chemoresistance in HNA patients.

This study collates risk factors from various studies and provides a broad overview of
miRNA-induced chemoresistance.

Review Questions

This systematic review protocol aims to explain the methodological approaches im-
plemented in conducting this meta-analysis on miRNA Specific Chemoresistance in HNC.
The study proposes the following questions:

1. What effect does miRNA regulation have on chemotherapy?
2. What is the general prognosis of patients having miRNA-specific chemoresistance?
3. What are the miRNAs most responsible for chemoresistance in HNC patients?
4. What are the survival rates associated with each miRNA linked to chemoresistance,

and how are they affected?
5. How does the prognosis vary for different miRNA causing the chemoresistance?
6. What is the future of miRNA as an active form of cancer treatment for Head and Neck

Cancer?

3. Materials and Methods

This study aims to evaluate the effect of miRNA expression in HNC patients, reporting
this particular kind of resistance worldwide on prognosis. The research protocol will
be conducted in accordance with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [33]. This study aims to detect and analyze
the miRNA-specific chemoresistance in head and neck carcinoma. This study is neither
confined to any datasets nor a particular region.

3.1. Search Methods

The study clearly defines the effect of miRNA expression in HNC patients and the
altered up or down-regulation of miRNA in the prognosis of patients. This systematic
review will also include those studies examining miRNA specific chemoresistance in HNC
patients. This study will utilize a comprehensive search strategy based on the keywords
listed in Table 1. The study will begin with an initial limited search of online bibliographic
databases such as EMBASE, PubMed, Elsevier, Science Direct, SCOPUS, Nature, and Web
of Science. This search will be then be expanded to include the words contained in the
title and abstract in the papers considered in the analysis. There will be no restrictions on
study participants in terms of age, gender, ethnicity, country of origin, and morbidities
(for patients and the general population). The search will be limited to articles published
between 2000 and 2021 to focus mainly on recent advancements in research outcomes in
this field. The next level of the search will be a detailed manual search of the full-text
articles to gather and retrieve all the required information for the systematic review from
the bibliographic articles.

The reviewers will discard any full-text studies that do not meet the inclusion criteria.
Finally, a manual search of selected articles will be conducted to extract more research from
references. If there are any differences among the reviewers, they will be resolved through
discussion or with the help of an unbiased third reviewer.
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Table 1. A sample keyword search strategy.

S No. Search Items

1. “miRNA” AND “treatment” OR drug resistance” AND “HNC” OR “Head and Neck Cancer”
2. “microRNA” AND “drug resistance” AND “HNC” OR “Head and Neck Cancer”

3. “Up-regulation OR down-regulation in HNC” OR “Differential Expression” OR “Deregulated miRNAs “OR
“Head and Neck Cancer”

4. “miRNA” AND “chemotherapeutic resistance” OR “chemosensitivity” AND “HNC” OR “Head and Neck Cancer”
5. “miRNA” AND “treatment resistance” OR “chemoresistance” AND “HNC” OR “Head and Neck Cancer”
6. “microRNA” AND “chemosensitivity” AND “HNC” OR “Head and Neck Cancer”
7. “microRNA” AND “chemoresistance” AND “HNC” OR “Head and Neck Cancer”
8. “HNC survival outcome” OR “Hazard Ratio” AND “HNC” OR “Head and Neck Cancer”

3.2. Selection Criteria
3.2.1. Inclusion Criteria

• Studies analyzing the effect of miRNA expressions in both HNC patients and cell lines
will be considered.

• Studies analyzing miRNAs and resistance/are performed in liquid biopsies (plasma,
saliva....) will be included.

• Studies that discuss the clinicopathological characteristics of HNC patients along with
hazard ratio or Kaplan–Meier curve will be included.

• Studies reporting resistance in HNC will be included.
• Articles that discuss the survival outcomes of almost all stages of HNC patients will

be included in the meta-analysis.
• Studies reporting miRNA profiling platform and miRNA expressions analysis using

in vitro assays will be included.
• Studies that differentiate between 3p and 5p in the microRNAs expressions in HNC
• Genes and/or pathways involved in chemoresistance or sensitivity in HNC patients

will also be considered.
• miRNA expression analysis, HR, and associated 95% CI or Kaplan–Meier (KM) curve

is required for the eligible studies.
• Studies appropriate to PRISMA guidelines for systematic review and meta-analysis

will be included.

3.2.2. Exclusion Criteria

• Studies published in languages other than English.
• Any information or results from letters to the editors, case studies, conference abstracts,

case reports, and review articles of HNC will be removed.
• Studies performed only in vitro will be excluded and will not be considered for the

systematic review.
• Studies in which proper discussion about miRNA profiling and pathways related to

that are not available will be excluded.
• Studies with no accessibility to survival outcomes, HR values, or Kaplan–Meier (KM)

curve will not be considered for the meta-analysis.
• Studies using patients’ information from datasets or cancer registries will be removed.
• Studies whose full texts are not accessible will also be excluded.
• Duplicates will be removed, and the study will be excluded if it falls within the

exclusion criteria.

3.2.3. Participants

The systematic review and meta-analysis will add studies involving patients suffering
from all types of HNC. Participants with evidently established diagnoses of HNC will
be included. There will be no restrictions on study participants in terms of age, gender,
ethnicity, country of origin, and morbidities (for patients and the general population).
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3.3. Data Collection and Management

The data collected by the reviewers will be saved in a Microsoft Excel spreadsheet.
The data will be integrated with pertinent material, with repeats removed and reviewed
later. Only full-text articles that meet the inclusion and exclusion criteria will be retrieved.
The following data will be collected from the selected papers:

• Author name and information
• Type of head or neck cancer
• Date and journal of publication
• Type of micro-RNA studied
• Hazard Ratio and 95% Confidence Interval
• Patients origin (by country)
• Type/origin of Samples collected for analysis
• The total number of samples used
• Cell lines and the pathways affected
• Clinical stage of the affected HNC patients and their details
• Type of chemoresistant cells and chemoresistant drug
• Micro-RNA profiling platform

Data Items Included in this Study

• Characteristics of study material (author names, geographical area of study, type of
study, year of publication)

• Characteristics of study participants (country of origin, clinical stage of cancer, type of
expressed miRNA, drug to which resistance is expressed)

• Characteristics of study methods and results (miRNA profiling platform, number of
samples, statistical analysis)

3.4. Study Selection Process

The reviewers will initially analyze abstracts and titles retrieved through the primary
search approach against the selection criteria individually. Full re-reports will be obtained
for any titles that appear to fulfill the study selection criteria. Second, the reviewers will
examine the full-text articles to acquire research-related information and address any issues
about the eligibility of the selected articles. Any study that fails to fulfill the required
selection criteria will be excluded. The writers will additionally look for extra material in
the references of the chosen publications to ensure that all of the necessary information for
the study is gathered and nothing vital is overlooked.

Any divisive viewpoint will be settled through discussion. The reviewers will record
the reasons for excluding studies. Neither of the review authors will be blind to the journal
titles or the study authors and their respective institutions. The quality appraisal factors
listed below will be assessed, graded, and documented: the author’s name, sample size,
patient age, and gender, country of origin, disease stage, miRNA expression, study period,
survival outcome, miRNA profiling platform, gene/pathways related, statistical data,
drugs or chemotherapy, resistant cell lines, outcome variables, and other factors. The
search results will be published following PRISMA criteria. A PRISMA flow chart will be
utilized to summarize the selection procedure used to filter through the studies initially
gathered (Figure 1).
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Figure 1. Schematic representation of the selection process.

3.5. Study Outcomes

Primary outcome: The study’s primary outcome is to evaluate the miRNA expression
in the head and neck cancer patients, gender standardized prevalence of the disease, and
the survival outcome rate linked with HNC patients.

Secondary outcome: The study’s secondary outcome is to analyze the effect of miRNA-
specific chemoresistance in HNC patients. It also aims to investigate the survival rates
associated with each miRNA linked to chemoresistance and how they are affected.

3.6. Mitigating Risk of Bias in Individual Studies

The National Heart, Lung, and Blood Institute’s (NHLBI) quality evaluation tool for
observational and cross-sectional studies will be utilized to assess the quality of selected
studies [34]. This tool will be used to rate all full-text articles classified as good, fair, or
bad. The risk of bias in the studies will be assessed by reviewers. Each reviewer will
work independently and should have the needed expertise to determine the validity of the
studies collected based on factors such as the number of samples collected, the number of
patients, the miRNA profiling platforms used, the year of publication, the duration of the
study, and geographical area analysis. Other considerations will be evaluated if necessary.

3.7. Data Synthesis

Each author will gather information from several databases. The data collected will
be collated and sent to the reviewers following data collection. Then, data will be extracted
and tabulated to determine the type of survival (OS, DFS, DSS, PS, and LCR), type of
miRNA, HR, and CI. The collected data will be utilized to create statistical results for all of
the studies included in the meta-analysis, such as the pooled HR and CI. The statistical
data for the study will be generated using the ‘Comprehensive Meta-Analysis Soft-ware.’
The miRNA will be analyzed and classified based on expression (up-regulation and down-
regulation).
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3.8. Meta-Analysis and Subgroup Analysis

Meta-analyses for this particular study will be conducted using “Comprehensive
Meta-Analysis V.3.0” software for the HR and 95% CI values obtained from the relevant
materials collected for this study. The pooled HR value as an estimated effect size provides
more clinical utility as it examines the survival pattern of the patients of the included
studies. Heterogeneity will be calculated using Tau Square, Cochran’s Q test [35] and
I2 statistic [36]. These parameters increased robustness in analysis of between study
heterogenicity. Additionally, Z statistics will be used to calculate the heterogeneity.

The I2 statistic will be used to assess the degree of heterogeneity between studies,
with an I2 value more than 50% indicating considerable heterogeneity. The meta-analysis
will use a random or fixed effects model based on the heterogeneity. A P value of less
than 0.01 will be considered statistically significant for the Q test. In the meta-analysis,
the z-test will also be used to estimate how many standard deviations each research can
deviate from the study mean. To detect heterogeneity, the Eggers bias indicator test will be
performed [37]. Quality assessment and statistical analysis would be performed [34]. CMA
will be used to compute the pooled HR and 95% CI.

Publications bias will be evaluated using Orwin and classic fail-safe N test (demon-
strates the likelihood that studies are absent from the current meta-analysis and these
studies if included in the analysis, would shift the Hazard Ratio of the included studies
toward the null) [38], Egger’s bias indicator test (gold standard regression test), Begg and
Mazumdar Rank collection test (defines the estimated or computed Tau between Hazard
Ratio and standard error), Duval and Tweedie’s trim and fill calculation (explores the miss-
ing studies that likely to fall, adds them to the analysis and then recommutes the pooled
HR) [39], and inverted funnel plot. The inclusion of these publication bias indicators will
explain the possible publication bias from small or missing studies.

Subgroup analysis will be performed considering location or origin of the reported
incidence, anatomical sites of cancer growth, variation and resistance to HNC among differ-
ent age groups and different genders. Subgroup analysis will be performed on all miRNAs
found to be differentially expressed in the studies. Different miRNA expression patterns in
HNC will be investigated, as will their influence on the development of chemoresistance.
Subgroup analysis will be performed based on the studies that differentiate between 3p
and 5p in the microRNAs expressions in HNC.

3.9. Reporting of the Review

The PRISMA 2015 guidelines will be followed when reporting and communicating
the results of this study. A flow diagram indicating the selection process of selected studies
will be made. These results also include detailed inclusion and exclusion criteria to aid in
the selection process of the appropriate material. A search strategy will also be included to
identify the required data. The collected data such as HR and 95% CI values will be used to
create Forest plots. Risk of bias, Publication bias, and Heterogeneity tests will be calculated
to evaluate the validity and accuracy of the data collected.

4. Discussion

The pathophysiology underlying chemotherapy and polydrug resistance in humans
involving polymorphic miRNAs play a vital role in regulating apoptosis, DNA patch-up,
and epithelial-mesenchymal transition cell cycle regulation.

This study focuses on evaluating the effect of miRNA on chemoresistance in HNC. It
aims to determine the effect of the regulation of miRNA on chemoresistance. The collected
HR and 95% CI will be used to create Forest plots. The outcome will be used to determine
the effect of deregulation of miRNA on the prognosis of patients diagnosed with HNC.
This systematic review and meta-analysis will provide a better understanding of the effects
of miRNA on chemoresistance and prognosis.

Resistance to chemotherapeutic drugs is known to drastically deteriorate the prognosis
of patients who show miRNA-specific chemoresistance. Many miRNAs can symbolize the
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growth of cancer by acting like biomarkers. For example, some miRNA from the ‘let 7-g’
family are thought to act as tumor suppressors, and an up-regulation of this miRNA can be
used as a prognostic biomarker for detecting cancers [40].

The miRNA creates acquired chemoresistance by silencing genes/pathways that are
directly or indirectly linked with the action of the chemotherapeutic drug. For example, in
a study by Martz et al., the authors demonstrated that activation of the mitogen-activated
protein kinase (RAS-MAPK), Notch-1, phosphoinositide 3-kinase (PI3K), and mammalian
target of rapamycin (mTOR), PI3K/AKT, and estrogen receptor (ER) signaling pathways
induced resistance in a selection of different drugs [41]. MiRNA dysregulation has an
important role in modulating the principal mechanisms that induce HNC drug resistance
that are currently known. Abnormal miRNA expression can disrupt the expression levels of
multiple genes or important cellular pathways, which has a direct impact on the creation of
chemotherapy resistance in HNC [42]. A study by Qin et al. clearly validates how the over
expression of a miRNA interrupts the prevailing pathways and induce chemoresistance by
directing the tumor suppressor genes [17]. As a result, it is critical to investigate the role of
miRNA expression in controlling the prevalent pathways developing chemo resistance. It
remains elusive to determine if the miRNA signature established for HNC can be replicated
in future studies or for different tumor entities.

5. Ethics and Dissemination

This protocol was designed in accordance with the PRISMA-P guidelines. This study
will be carried out using publically accessible data and will not include any human vol-
unteers. As a result, no formal human research ethics committee assessment is required.
Our findings will be published in peer-reviewed publications and conference proceedings.
Furthermore, this study aims to provide a publicly reviewed standard for the systematic
review with the expectation of maintaining standards.
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