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Kato-Junior and Newton A. Bordin-Junior et al.

miR-210 and miR-152 as Biomarkers by Liquid Biopsy in Invasive Ductal Carcinoma
Reprinted from: J. Pers. Med. 2021, 11, 31, doi:10.3390/jpm11010031 . . . . . . . . . . . . . . . . . 253

vi



About the Editors

Alessandra Pulliero

Alessandra Pulliero graduated with a BSc in Biology, Faculty of Mathematical, Physical and

Natural Sciences, University of Padua, Italy. She received her doctorate in Environmental Medicine

and Public Health, Faculty of Medicine, University of Padua Italy (2003–2006).

In 2001 she became Research fellow, for a research project funded by the MIUR entitled

“Cross-talk between endoplasmic/sarcoplasmic reticulum and plasma membrane: interactions and

functional relationships” at the University of Padua, Dept. of Biomedical Sciences Faculty of

Medicine, University of Padua, Italy.

In 2007 she became Post Doc Researcher at the Dept. of Environmental Medicine and Public

Health, University of Padua, Italy, for a research project (PRIN) entitled “Evaluation of exposure and

individual susceptibility in subjects involved in the manipulation of antiblastic chemotherapy”.

In 2008 she became Research assistant for a project on MicroRNA microarray and qPCR analyses

and prevention of lung cancer. Setting up of microarray delivery systems. Analyzing microarray

data. Involved in intracellular microRNA delivery by lipid nanoparticles. RNA interference and

culture cells experiment at the Department of Health Sciences.

From 2013–2018 she was Research assistant at the University of Genoa on the project entitled

“Development of preventive strategies of lung cancer by transfection with miRNA and modulation

of DICER protein”.

In 2017, Qualification of Associate in general and applied hygiene.

Alberto Izzotti

Prof. Izzotti has managed several research projects devoted to: (a) developing drugs for cancer

prevention; (b) developing, in preclinical models, molecular tools applicable in the clinic; (c) shedding

light on cancer ethio-pathogenesis; and (d) evaluating intermediate molecular biomarkers in clinical

trials. Over the last ten years, he has mainly been involved in personalized medicine and postgenomic

analyses using microarrays for evaluating the expression of genes and proteins. Since 2008, the

research activity of Prof. Izzotti has been devoted to the study of microRNA, cancer chemopreventive

agents, and gene transfer methods. Prof. Izzotti has managed several Grants for National and

International projects.

vii





Citation: Pulliero, A.; Izzotti, A.

Special Issue: “Role of MicroRNA in

Cancer Development and Treatment”.

J. Pers. Med. 2022, 12, 503. https://

doi.org/10.3390/jpm12030503

Received: 16 March 2022

Accepted: 18 March 2022

Published: 21 March 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/).

Journal of

Personalized 

Medicine

Editorial

Special Issue: “Role of MicroRNA in Cancer Development
and Treatment”

Alessandra Pulliero 1,* and Alberto Izzotti 2,3

1 Department of Health Sciences, University of Genoa, Via Pastore 1, 16132 Genoa, Italy
2 Department of Experimental Medicine, University of Genova, 16132 Genova, Italy; izzotti@unige.it
3 UOC Mutagenesis and Cancer Prevention, IRCCS Ospedale Policlinico San Martino, 16132 Genova, Italy
* Correspondence: alessandra.pulliero@unige.it

Exposure to environmental contaminants may lead to changes in the expression of
microRNAs (miRNAs), resulting in several health effects. miRNAs, small non-coding
RNAs that regulate gene expression, have multiple transcript targets and thereby regulate
several signaling molecules. Altered patterns of miRNAs can be responsible for changes
linked to various health outcomes, suggesting that specific miRNAs are activated in patho-
physiological processes. Genome-wide profiling demonstrates that miRNA expression
signatures are associated with tumor type, tumor grade, and clinical outcomes, so miRNAs
are potential candidates for diagnostic biomarkers, prognostic biomarkers, therapeutic
targets, and preventive screening programs. Although miRNAs have multiple targets, their
function in tumorigenesis is due to their regulation of a few specific targets. This Special
Issue, entitled “Role of MicroRNA in Cancer Development and Treatment”, focuses on the
current state of pharmacogenomics and the extensive translational process required for
clinical implementation, including the impact of environmental exposure on the MicroRNA
machinery and cancer development. The present Special Issue provides a comprehensive
overview of the current status of this interesting field of research. It comprises manuscripts
reporting novel data as well as state-of-the-art reviews. The issue begins with five arti-
cles [1–4] focus on the role of microRNAs in environmental risk factors and lung cancer
development.

Exposure to asbestos can cause cancer and other health conditions. A rare and ag-
gressive cancer called mesothelioma is almost exclusively caused by asbestos exposure.
Asbestos also causes a progressive lung disease called asbestosis. Environmental expo-
sure to asbestos has been associated with a higher incidence of malignant mesothelioma.
This study aimed to validate the predicted diagnostic significance of hsa-miR-323a-3p,
hsa-miR-101-3p, and hsa-miR-20b-5p on a subset of mesothelioma patients exposed to
asbestos and matched with healthy controls. PCR results showed that the three analyzed
miRNAs were significantly down-regulated in cases vs. controls. In silico results showed a
potential prognostic role of hsa-miR-101-3p due to a significant association of its higher
expression and increased overall survival of mesothelioma patients [5]. Malignant mesothe-
lioma is characterized by poor prognosis and short survival. Extracellular vesicles were
isolated from serum samples obtained before and after treatment using ultracentrifugation
on 20% sucrose cushion. Serum EV-enriched miR-103-3p, miR-126-3p and miR-625-3p were
quantified using qPCR. After treatment, the expression of miR-625-3p and miR-126-3p sig-
nificantly increased in mesothelioma patients with poor treatment outcome. Bioinformatics
analysis showed enrichment of 33 miR-625-3p targets in eight biological pathways [6]. A
review examines the role of microRNAs, the expression profile of which changes upon
exposure to asbestos, in key processes of carcinogenesis, such as proliferation, cell sur-
vival, metastasis, neo-angiogenesis, and immune response avoidance [1]. As exposure to
air pollution represents a dominant factor in the development of lung cancer and other
respiratory system disorders, the authors identified the miRNAs commonly affected by
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both conditions. Such molecules could serve as biomarkers of choice for identifying human
populations at greater risk of lung cancer resulting from exposure to air pollution. The
literature search identified a total of 25 miRNAs that meet such criteria. Among them,
miR-222, miR-21, miR-126-3p, miR-155, and miR-425 may be considered the prominent
molecules, as they were identified to be deregulated in multiple studies [3]. The knowledge
of the mechanisms of action of environmental pollution now includes not only the alter-
ation of the gut microbiota but also the interaction between different human microbiota
niches such as the lung–gut axis. The epigenetic regulations can reprogram differentiated
cells in response to environmental changes. In subjects at high risk of cancer, gut and lung
microbiota are distinct from those of low-risk subjects, and disease progression is associated
with microbiota alterations [4]. Next in this Special Issue are two contributions describing
the relationship between miRNA profiles and oncogene mutations in non-smoker lung
cancer and the identification, by microRNA analysis, of environmental risk factors using
integrated DNA adducts and microRNAs analyses to retrospectively study the contribution
of exposures to environmental carcinogens to lung cancer in 64 non-smokers living in Sicily
and Catania city near to the Etna volcano [7]. MicroRNAs play a role in silencing mutated
oncogenes, thus defending the cell against the adverse consequences of genotoxic damages
induced by environmental pollutants. In addition, certain environmental compounds
(i.e., diesel, ozone, and UV radiation) have been identified as persistent environmental
pollutants due to their indestructible chemical and physical properties [8], in an experimen-
tal study, provide new information on the novel mechanisms on microRNA alteration in
human skin biopsies exposed to diesel fumes, ozone, and UV light over 24 h of exposure.
UV and ozone induced microRNA alteration immediately after exposure, whereas the peak
of their deregulations induced by diesel fumes was reached only at the end of the 24 h.
Diesel fumes mainly altered microRNAs involved in the carcinogenesis process, ozone in
apoptosis, and UV in DNA repair. Epigenetics includes the study of the hypothesis that
exposure to plasticizers causes changes in or the deregulation of a number of oncogenic
miRNAs, and shows that the interaction of plasticizers with several redundant miRNAs,
such as let-7f, let-7g, miR-125b, miR-134, miR-146a, miR-22, miR-192, miR-222, miR-26a,
miR-26b, miR-27b, miR-296, miR-324, miR-335, miR-122, miR-23b, miR-200, miR-29a, and
miR-21, might induce significant alterations. This systematic review points out the fact that
the altered expression of microRNAs plays an important pathogenic role in exposure to
plasticizers [9].

Consequently, human epigenetic studies have explored the identification and valida-
tion of miR-210 and miR-152 as non-invasive circulating biomarkers for the diagnosis and
staging of breast cancer patients, confirming their involvement in tumor angiogenesis [10].

The expression of miRNAs was analyzed in primary tumors, metastases, and in bone
marrow infiltrates of therapy-responsive and non-responsive neuroblastoma patients, in
order to identify specific miRNAs involved in neuroblastoma metastasization and chemo-
resistance identifying miRNAs involved in the regulation of drug response and employed
for therapeutic purposes [11]. Glioblastoma prognosis remains poor despite a remarkable
amount of research programs; thus, this tumor remains a clinical challenge. The high level
of inter- and intra-tumor heterogeneity is a major problem in the understanding of the
physiopathology of the glioblastoma and requires a fine molecular analysis in order to
lead to therapeutic solutions. The work of Tomei S. et al. [12] is part of this challenge. The
authors investigated the microRNA profile of glioblastoma stem cells and their role in the
progression of glioblastoma and patient outcome. Comparing the differential expression
of miRNA in stem cells versus autologous differentiated cells might be of high interest.
The authors found some new microRNAs correlated with the patient survival outcome.
A review examines the role of the potential use of salivary microRNAs (miRNAs) as
diagnostic and prognostic biomarkers for Oral squamous cell carcinoma patients aiding
in the establishment of specific therapeutic strategies [13]. Precision and personalized
medicine are useful tools for preventive strategies and could help with predicting morbidity
and mortality and detecting chronic disease much earlier in the disease course, to improve
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the quality of care and quality of life of the patients and reduced healthcare time, efforts, and
costs. Omics sciences offer a wide range of tools to improve public health including whole-
genome and exosome sequencing. In future, disease prevention and treatment should be
formulated at the individual level according to genomic features. Omics sciences have
important implications for the prevention of both communicable and non-communicable
diseases, especially because they can be used to assess health status during the whole
course of life [14].
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Abstract: Epigenetic alterations are a driving force of the carcinogenesis process. MicroRNAs play a
role in silencing mutated oncogenes, thus defending the cell against the adverse consequences of geno-
toxic damages induced by environmental pollutants. These processes have been well investigated in
lungs; however, although skin is directly exposed to a great variety of environmental pollutants, more
research is needed to better understand the effect on cutaneous tissue. Therefore, we investigated
microRNA alteration in human skin biopsies exposed to diesel fumes, ozone, and UV light for over
24 h of exposure. UV and ozone-induced microRNA alteration right after exposure, while the peak of
their deregulations induced by diesel fumes was reached only at the end of the 24 h. Diesel fumes
mainly altered microRNAs involved in the carcinogenesis process, ozone in apoptosis, and UV in
DNA repair. Accordingly, each tested pollutant induced a specific pattern of microRNA alteration in
skin related to the intrinsic mechanisms activated by the specific pollutant. These alterations, over a
short time basis, reflect adaptive events aimed at defending the tissue against damages. Conversely,
whenever environmental exposure lasts for a long time, the irreversible alteration of the microRNA
machinery results in epigenetic damage contributing to the pathogenesis of inflammation, dysplasia,
and cancer induced by environmental pollutants.

Keywords: microRNAs; environmental risk factors; cutaneous tissues; ozone exposure

1. Introduction

The World Health Organization (WHO) estimated that circa 90% of the global urban
population lives with pollutant levels exceeding WHO guideline limits. This has been
linked to the premature death of seven million people each year [1]. The target organs of
pollution include the lungs, gut, brain, and mainly the skin [2].

The skin is the largest sensory organ (approximately 2 m2) in our body and is com-
posed of two main layers: the epidermis and the dermis. The dermis is mainly formed of
fibroblasts involved in the secretion of elastin and collagen fibers, embedded with nerve
endings, sebaceous glands, hair follicles, and blood and lymphatic vessels. During the
process of differentiation/keratinization, keratinocytes withdraw from the cell cycle and
begin to express differentiation-dependent markers (i.e., keratins), eventually becoming
anucleated densely keratinized corneocytes [3]. These cells are held together in the mul-
tilayered stratum corneum by a lipid-laden extracellular matrix (ECM), which performs
the barrier function of the skin [4]. Recently, it has been demonstrated that the skin is not
an impenetrable tissue, and it can even be a gateway for certain pollutants, even affecting
internal organs [5].
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The use of the word “pollution” can be misleading given that there are several different
pollutants that can affect our health. Based on their chemical and physical properties as well
as their sources, The United States Environmental Protection Agency (EPA) has identified
the most common air pollutants, also known as “criteria air pollutants”, as ozone (O3),
particulate matter (PM), carbon monoxide (CO), lead, sulfur dioxide (SO2), and nitrogen
dioxide (NO2) [6]. Clear evidence of the correlation between each pollutant and skin
disorder has not yet been established; however, the harmful effects of O3, PM, and UV
radiation have been well demonstrated. To date, only a few studies have compared the
cutaneous effect of different pollutant exposure. Several skin diseases such as atopic
dermatitis (AD), psoriasis, acne, and, in some cases, also skin cancer have been linked,
either directly or indirectly, to pollution exposure, although the debate is still open. In
particular, exposure to O3 and PM have been demonstrated to be associated with skin aging,
including wrinkle formation and dark spots, respectively [7]. In addition, the study by Xu
et al. [8] demonstrated the association between ozone exposure and cutaneous conditions
by analyzing the emergency room (ER) visits for skin conditions together with the levels of
several air pollutants such as O3, PM10, SO2, and NO2. The authors were able to extrapolate
that skin conditions such as urticaria, eczema, contact dermatitis, rash/other non-specific
eruptions, and infected skin diseases were exacerbated by exposure to increased ozone
levels. Another more recent publication has further examined the association of short-term
changes in air quality with emergency department (ED) visits for urticaria in Canada.
A total of 2905 ED visits were analyzed, and a positive and significant correlation was
observed between air quality levels and ED visits for urticaria, confirming that air pollution
can affect skin physiology [9,10].

O3 and PM have quite different mechanisms of action, while O3 is not able to pene-
trate the skin and reacts directly with the lipids present in the stratum corneum, PM can
possibly enter the skin via the hair follicles or enable the skin to absorb components present
in the PM (such as polycyclic aromatic hydrocarbons—PAH) and lead to an epidermal
OxInflammatory reaction [11,12].

Indeed, it is now well established that ozone and diesel particles, together with UV
radiation, can induce a proinflammatory response in parallel to an altered tissue redox
homeostasis [13].

In addition to the ability of pollution to produce oxidative and inflammatory mediators,
recent studies have indicated that DNA methylation patterns can be greatly influenced
by environmental factors such as ambient air pollution, and these epigenetic changes are
linked with diverse diseases [14–16].

In fact, several reports have shown that epigenetic alterations could be an important
pathway through which environmental factors exert their effects [14,17]. Epigenetic refers to
the alterations in gene expression levels that occur without changes in the underlying DNA
sequence (such as DNA methylation, histone modification, miRNA, and noncoding RNA
expression [18,19]). It should be mentioned that several pathologies, including cancers,
have been associated with epigenetic modifications [18]. Exposure to environmental stimuli
may result in epigenetic changes, which can impact gene expression and predisposition
to developing pathological conditions. [20]. Understanding epigenetic alterations due to
exposure to specific pollutants may lead to the development of biomarkers to assess the
disease risk associated with air pollution. Micro-RNAs and noncoding RNAs (ncRNAs)
play critical roles in gene expression and contribute to epigenetic control in the process [21].
For this reason, the present study aimed to evaluate the different miRNA epigenetic patterns
related to the specific exposure of cutaneous tissues to pollutants such as ozone, diesel
exhaust, and to the stressor UV radiation, which is the most toxic and most present in
urban areas.
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2. Materials and Methods

2.1. Ex Vivo Human Skin Explants Preparation

Human skin biopsies (12 mm diameter) were obtained from three healthy Caucasian
donors (40–45 years old) who underwent elective abdominoplasties at Hunstad/Kortesis/
Bharti Cosmetic Surgery clinic. In total, 24 punch biopsies were taken from the abdominal
skin of each donor, and subcutaneous fat was removed with sterile scissors and a scalpel.

The biopsies, comprising dermal and epidermal layers, were rapidly rinsed with
Phosphate-Buffered Saline (PBS, Gibco, New York, NY, USA). The biopsies were then
moved into 6-well dishes containing 2 mL of complete Dulbecco’s Modified Eagle Medium
(DMEM) with 10% Fetal Bovine Serum (FBS) and 1% of antibiotics and antimycotics
(100 U/mL penicillin and 100 µg/mL, Gibco, New York, NY, USA) added; then, they were
incubated at 37 ◦C in 5% CO2 for overnight recovery.

The following day the medium was replaced with a fresh one, and the biopsies were
exposed to the different pollutants as discussed below.

The experiment was performed at least in triplicate for each condition and donor.

2.2. Ex Vivo Human Skin Explants Ozone (O3) Exposure

A full 24 h after skin biopsy collection, ex vivo explants were allocated into a plexiglass
sealed chamber, connected to the ozone generator machine (ECO3 model CUV-01, Model
306 Ozone Calibration Source, 2B Technologies, Ozone solution, ITA), and exposed to
0.2 ppm for 4 h. Sample biopsies were then collected following ozone exposure (T0) or after
24 h (T24).

2.3. Ex Vivo Human Skin Explants Diesel Engine Exhaust (Diesel) Exposure

Another set of skin biopsies was exposed to diesel engine exhaust by letting the engine
run for 10 s and allowing the exhaust to reach the sealed exposure chamber where the
skin biopsies remained for 30 min. Specifically, the skin explants were placed into a sealed
plexiglass box connected to a Kubota RTV-X900 diesel engine (3-cylinder, 4-cycle diesel with
overhead valves, 1123 cc with 24.8 HP at 3000 rpm). After the 30 min of Diesel exposure,
the exposure medium was changed with a fresh one, and the biopsies were either collected
(T0) or moved back into the incubator at 37 ◦C in 5% CO2 for 24 h (T24).

2.4. Ex Vivo Human Skin Explants Ultraviolet Light (UV) Exposure

The other human skin biopsies were exposed to 200 milli Joule (mJ) UVA/UVB light,
which equates to circa 2 h at solar apex and corresponding to 10 minimal erythemal doses
(MED, 1 MED = 20 mJ/cm2) [22]. UVA/UVB light (exposure of circa 20 s) was generated
by a Sol1A Class ABB Solar Simulator, equipped with a xenon lamp (Newport Oriel Sol1A,
CA, USA). Samples were collected after UV exposure (T0), or after 24 h (T24).

To match the real solar spectrum at the condition of the sun at the Zenith angle of
0, we performed UV exposure with a UVA/UVB ratio of 21:1 measured with a radiome-
ter ILT2400 Hang-Held Light Meter/Optometer (International Light Technologies, Inc.,
Peabody, MA, USA).

2.5. Total RNA Extraction and Lyophilization

Total RNA extraction was performed using a miRNeasy Mini kit QIAGEN (Hilgen,
DE, cat. 1038703) and Qiazol Lysis Reagent 50 QIAGEN (Hilgen, DE, cat. 1023537),
according to the manufacturer’s protocol. Briefly, skin biopsies were homogenized in
700 µL of Qiazol Lysis Reagent, with a tissue homogenizer (Precellys 24 homogenizer,
5 cycles 6500 rpm 3 × 30 s, at 4 ◦C). Samples were then centrifuged (12,700 rpm, 5 min
at 4 ◦C), the supernatant was collected and transferred to a new tube containing 140 µL
of Chloroform, and then centrifuged again (12,000 g, 15 min at 4 ◦C). The upper aqueous
phase was transferred to a new tube containing 1.5 volumes of ethanol 100% and mixed
thoroughly. Then, half of the volume was moved into the RNeasy Mini spin column and
centrifuged (8000× g, 30 s, RT). This last step was repeated for the other half of the volume.
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Next, 700 µL of diluter Buffer RWT was added to the column, centrifuged (8000× g, 30 s,
RT), and then the liquid was discarded. Next, the addition of 500 µL of diluted Buffer
RPE to the column, centrifugation (8000× g, 30 s, RT), and discarding of the liquid was
repeated twice. Finally, the columns were moved into new Rnase free tubes, centrifuged at
maximum speed for 1 min, and 30 µL of RNase free water was added to the spin column
membrane. Elution of RNA was performed by centrifugation at 8000 g, 1 min, RT.

Then, the eluted RNA was concentrated via a lyophilization process (1.5 h, Low
Setting, RT) using a Savant DNA SpeedVac Concentrator (Savant DNA120, DNA 120 OP,
Thermo Electron Corporation, Waltham, MA, USA).

2.6. miRNA-Microarray and Bioinformatic Analyses

miRNA expression profiling was carried out by an Agilent platform, following the
miRNA Microarray protocol v.3.1.1 (Agilent Technologies, Santa Clara, CA, USA). Briefly,
50 ng of total RNA containing miRNAs and Spike-in controls underwent dephosphorylation
and a labeling step with Cyanine 3-pCp. The Cy3-labeled RNA was then purified using
Micro Bio-Spin P-6 Gel Column (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
hybridized on a Human miRNA microarray slide 8 × 60K (Agilent Technologies; including
2549 miRNAs, miRBase 21.0) at 55 ◦C for 20 h. After washing, the slides were scanned
by a G2565CA scanner (Agilent Technologies), and the images were extracted by Feature
Extraction software v.10 (Agilent Technologies). Microarray raw data were deposited in the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo); GEO number accession
requested, 15 March 2022).

Bioinformatic analyses were performed using the GeneSpring software (GeneSpring
Multi-Omic Analysis v 14.9 by Agilent Technologies). For each sample, the intensities of
replicated spots on each array were log transformed and averaged. Data processing was
performed by 3D principal component analysis (PCA) scores and Hierarchical Clustering.

Comparisons between sets of data were performed by evaluating the fold changes. A
volcano Plot T-Test analysis for all miRNA entities was run, using Fold Change ≥2 and
p-value ≤ 0.05. Because log transformed data were used, negative and zero signals were
transformed into 0.01 values. This approach could result in artificially high-fold variations.
To correct this artifact, we now report in Tables that fold variation values upregulated more
than 10 times into ‘>10-fold’ and fold variation values downregulated more than 10 times
into <0.1-fold.

miRNAs related to three different environmental exposures (Environmental Exposure
miRNA Signature) were determined by analyzing miRNAs comparatively in exposed
vs. non-exposed subjects. Environmental exposures were determined for each sample
according to (a) Diesel, (b) Ozone, and (c) UV.

To understand the relationship between environmental exposure signatures and their
biological significance in human tissues, a target detection for each environmental exposure
signature was performed using the TargetScan prediction database.

3. Results

Comparison of miRNA Expression Profile between Pollutants

The overall trend of miRNA expression in human skin either untreated or exposed to
diesel, ozone, and UV was evaluated at 0 and 24 h by Line plot analysis. (Figure 1).

The expression line plot was similar at 0 and 24 h in unexposed skin. Diesel induced
dramatic alteration of miRNA profile compared to air but mainly after 24 h. Conversely,
miRNA alteration induced by ozone was remarkable at time 0 while being much more
attenuated compared to untreated skin at 24 h. miRNA profiles were slightly increased by
UV exposure, mostly at 24 h compared to unexposed skin.

Scatter plot analyses were performed to assess the number of miRNAs with more than
two-fold profile alteration compared to untreated (air-exposed), Figure 2.
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Figure 1. Line plot analysis of the overall expression of the 2549 human miRNAs analyzed under
each experimental condition tested. The expression of 2549 human miRNAs was evaluated at 0 and
24 h in skin either unexposed (Air) or exposed to diesel, ozone, and UV. miRNAs are distributed in
horizontal lines according to their level of expression, the majority being located at intermediate levels
of expression (central part of the distribution), and the minority being located at high and low levels
of expression (lower and upper part of the distribution). The distribution profile is progressively
modified according to the treatment used.

Each miRNA is represented by colored dots, whose expression intensity can be inferred
from the position on the horizontal and vertical axes. The horizontal axis indicates the
miRNA expression level in untreated samples and the vertical axis in treated (diesel, ozone,
and UV) samples. The central diagonal lines indicate the equivalence (<two-fold variation)
in the intensity of miRNA expression in treated as compared to untreated samples. miRNA
dots falling outside the green diagonal lines indicate higher than two-fold differences
in miRNA expression between the tested experimental conditions. Scatter plot analyses
compared untreated (air) and treated (diesel, ozone, and UV) samples both at 0 and 24 h.
miRNA colors reflect the signal intensity in the treated samples (red is high, yellow is
intermediate, and blue is low). Upregulated miRNAs are located in the upper-right area,
and downregulated miRNAs are in the lower-right area of the scatter plots.

For diesel and to a lesser extent for UV, a cloud of downregulated miRNAs was
detected already at 0 h, while the additional cloud of upregulated miRNAs was detected
only at 24 h.

Conversely, for ozone, two clouds of both upregulated and downregulated miRNAs
were already detected at time 0.

At time 0, out of the 2549 miRNAs tested, 100 (2.5%) were downregulated (blue
dots) while 122 (4.8%) were upregulated (red dots) after exposure to diesel. Immediately
after ozone exposure, we evidenced 262 (10.3%) downregulated miRNAs and 297 (11.6%)
upregulated; however, upon UV exposure, we detected that 238 (9.3%) were downregulated
and 294 (11.5%) upregulated.
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Figure 2. Scatter plot analysis of changes in miRNA-expression in human skin upon exposure to
diesel, ozone, and UV at different times (0 and 24 h).

At 24 h, out of the 2549 miRNAs tested, 219 (8.6%) were downregulated (blue dots),
and 251 (9.8%) were upregulated (red dots) after exposure to diesel; 229 (8.9%) were
downregulated, and 238 (9.3%) upregulated after ozone exposure; and 174 (6.8%) were
downregulated and 241 (9.4%) upregulated after UV exposure.

The effects of the tested pollutants on the whole miRNA expression profile were
compared by unsupervised principal component analysis of variance (PCA) and supervised
hierarchical cluster (HCA) analyses.

The PCA at 0 h (Figure 3) showed that the miRNA profiles of ozone and UV treated
samples were remarkably altered, being located far away and in another quadrant, as com-
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pared to the untreated (air) samples. Conversely, the miRNA profile in diesel-treated sam-
ples was only slightly distant from the untreated samples, being located in the
same quadrant.

Figure 3. Bidimensional principal component analysis (PCA) of miRNA profiles of skin samples
either untreated (air) or treated with diesel, ozone, and UV at 0 (left panel) and 24 h (right panel).
PCA1 (X axis), PCA2 (Y axis).

The PCA at 24 h (Figure 3) reported that the miRNA profiles of all pollutant-treated
samples (including diesel) were located far away and in another quadrant compared to the
untreated sample. The samples treated with diesel and ozone were close to each other but
far away from the UV-treated sample. This finding indicates that the pattern of miRNAs
altered by UV is quite different from those induced by ozone and diesel exposure. This
situation is likely due to the different pathogenic mechanisms induced by exciting radiation
(UV) as compared to gaseous (ozone) and mixed gaseous-particulate pollutants (diesel).

The HCA at 0 h (Figure 4) showed that the most remarkable alterations in miRNA
profiles were induced by ozone, whose expression profile was located at the right of the
hierarchical tree far away from the untreated (air) sample. An intermediate situation
occurred for UV, whose alteration profile was in the central part of the hierarchical tree.
miRNA alterations induced by diesel were less remarkable; indeed, the profile was linked
to the untreated (air) sample in the hierarchical tree.

The HCA at 24 h (Figure 4) indicated that the most remarkable alterations in miRNA
profiles were induced by diesel, whose expression profile was located at the right of the
hierarchical tree far away from the untreated (air) sample. An intermediate response was
visible for UV, whose alteration profile was located in the central part of the hierarchical
tree. On the other hand, the changes in miRNA profiles induced by ozone exposure
were less remarkable; in fact, this profile was linked to the untreated (air) sample in the
hierarchical tree.

A Venn diagram data representation was used to identify microRNAs presented in
both lists, i.e., altered by each pollutant both at 0 and 24 h.

These miRNAs represent the specific miRNA signature induced by each pollutant.
Their identity is reported in Table 1 (diesel), Table 2 (ozone), and Table 3 (UV). These Tables
enlist miRNAs modulating their expression more than two-fold and above the statistical
significance threshold of p < 0.05 considering the four replicates spotted in each microarray.
A comparison of fold variation was made by dividing the signal intensity detected in treated
skin by those detected in untreated skin. Fold variation values >2.0 indicate upregulation
after treatment and <0.5 downregulation after treatment. Available information for the
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main biological pathways regulated by modulated microRNAs is also reported (column
Function), as well as the reference from where this information was collected.

Figure 4. Hierarchical Cluster Analysis (HCA) reporting the expression of the 2549 miRNAs (colored
horizontal bars) tested at time 0 (left panel) and 24 h (right panel) in samples either untreated (air)
or treated with pollutants (ozone, diesel, and UV). Columns report miRNA expression profiles for
each experimental condition. Similar expression profiles are linked in the upper hierarchical tree
(green), thus being located nearby, while different expression profiles are located far away in the
hierarchical tree.

Table 1. Diesel.

MicroRNA Fold Change Function Reference

hsa-miR-495-5p >10 Promotes Th2 differentiation in allergic rhinitis, as a tumor suppressor [23]

hsa-miR-628-5p >10 Inhibits osteoblast differentiation via RUNX2 [24]

hsa-miR-361-3p >10
Suppresses proliferation, invasion inhibited cells invasive and proliferative

abilities, and cell lines invasion and proliferation
[25,26]

hsa-miR-875-5p >10 Promotes cellular apoptosis and proliferation [27]

hsa-miR-509-3p >10 Tumor suppressor [28,29]

hsa-miR-518b >10 Suppresses cell proliferation, invasiveness, and migration in colorectal cancer [30,31]

hsa-miR-516b-5p >10 Cell proliferation, inducing G1 cell cycle arrest and apoptosis [32]

hsa-miR-381-5p >10 Induces apoptosis [33]

hsa-miR-661 >10 Promotes proliferation, migration, and metastasis of NSCLC [34]

hsa-miR-216a-3p >10 Antitumor functions [35]

hsa-miR-548c-3p >10 Inflammatory responses and potential estrogen receptor sensitivity [36]

hsa-miR-106a-3p >10 Cell proliferation and autophagy [37]

hsa-miR-616-5p >10 Promotes angiogenesis and modulates cell proliferation [38]
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Table 1. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-671-3p >10
Suppresses proliferation and invasion of breast cancer cells and regulates

metabolic processes
[39,40]

hsa-miR-544a >10 Regulates migration and invasion in colorectal cancer cells [41]

hsa-miR-614 >10 Inflammatory process [42]

hsa-miR-525-3p <10 Modifies the expression of proinflammatory cytokines; apoptosis [43]

hsa-miR-378c <10 Regulates the angiogenic capacity of CD34(+) progenitor cells [44]

hsa-miR-924 <10 Suppresses the proliferation, migration, and invasion of NSCLC cells [45]

hsa-miR-522-3p <10
Cell proliferation of human glioblastoma cells; modulates the expression of

proinflammatory cytokines
[46]

hsa-miR-431-5p <10 Promotes differentiation and regeneration of cells [47,48]

hsa-miR-770-5p <10 Suppresses cell apoptosis and the release of proinflammatory factors [49]

hsa-miR-183-5p <10
Tumor suppressor inflammation and alters miRNA expression in the

airway epithelium
[50]

hsa-miR-598-5p <10
Promotes cell proliferation and cell cycle progression in human colorectal

carcinoma; elevates apoptosis
[51]

hsa-miR-486-5p <10
Regulation of heart contraction, muscle contraction, and ion

channel activity
[52]

hsa-miR-125a-5p <10
Regulates stress response, apoptosis, proliferation, angiogenesis, and

expression of genes, associated with human lung cancer
[53]

hsa-miR-34b-5p <10
Regulates stress response, apoptosis, proliferation, angiogenesis, and
expression of genes, and is upregulated during cardiac hypertrophy

[54]

hsa-miR-301a-3p <10 Promotes autophagy and inhibits apoptosis [55,56]

hsa-miR-23c <10
Inhibits cell proliferation and induces apoptosis of hepatocellular

carcinoma cells; cell growth arrest and apoptosis.
[57]

hsa-miR-383-5p <10 Oxidative stress and inflammation-related factors [58]

hsa-miR-574-5p <10 Promotes the differentiation of human cardiac fibroblasts [59]

hsa-miR-151a-5p <10
Regulation of cellular respiration and ATP production through

targeting Cytb
[60]

hsa-miR-514a-3p <10 Attenuates proliferation and increases chemoresistance [61]

hsa-miR-136-3p <10 Promotes apoptosis in gastric cancer cells [62]

hsa-miR-1-3p <10 Inflammation; regulator of heart adaption after ischemia or ischemic stress [63]

hsa-miR-18a-3p <10 Downregulated in aging cells; induces the apoptosis of colon cancer cells [64]

hsa-miR-502-5p <10 Enhances early apoptosis and inhibits proliferation of breast cancer cells [65]

hsa-miR-451a <10 Apoptosis; inhibits autophagy [66]

hsa-miR-19b-1-5p <10 Linked to oxidative stress, inflammation, and atherosclerosis [67]

hsa-miR-873-5p <0.1
Tumor suppressor in thyroid cancer by inhibiting the proliferation,

migration, and invasion of the cancer cells
[68]

hsa-miR-212-5p <0.1
Promotes cancer cell apoptosis and suppresses cancer cell proliferation

and invasion
[69]

hsa-miR-552-5p <0.1 Tumorigenesis; progression [70]

hsa-let-7a-3p <0.1 Linked to oxidative stress, inflammation, and atherosclerosis [71]

hsa-miR-495-3p <0.1
Regulates proliferation, apoptosis, migration, and invasion in metastatic

prostate cancer cells.
[68]
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Table 1. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-767-3p <0.1 Promoted cell proliferation in human melanoma cell lines [72]

hsa-miR-27b-5p <0.1 Involved in beige and brown adipogenesis after cold exposure [73]

hsa-miR-26a-2-3p <0.1
Regulated stress response, apoptosis, proliferation, angiogenesis, and

expression of genes
[74]

hsa-miR-629-5p <0.1 Action on tumor growth and metastasis in hepatocellular carcinoma [75]

hsa-miR-543 <0.1 Cell oxidative phosphorylation [76]

hsa-miR-515-5p <0.1 Upregulated in placentas from women with preeclampsia [77]

hsa-miR-708-5p <0.1 Induces apoptosis and suppresses tumorigenicity in renal cancer cells [78]

hsa-miR-378j <0.1 Tumor suppressor [79]

hsa-miR-548az-3p <0.1 Alters inflammation [80]

hsa-miR-876-5p <0.1
Regulates regulation proliferation, migration, invasion, and glutaminolysis

in gastric cancer cells
[37]

hsa-miR-656-3p <0.1
Suppresses glioma cell proliferation, neurosphere formation, migration,

and invasion
[81]

hsa-miR-944 <0.1 Increases p53 expression in cancer cells [82]

hsa-miR-518e-3p <0.1 Tumor suppressor [83]

hsa-miR-373-3p <0.1
Promotes the invasion and migration of breast cancer; regulates

inflammatory cytokine-mediated chondrocyte proliferation
[32]

Table 2. Ozone exposure.

MicroRNA Fold Change Function Reference

hsa-miR-628-5p >10 Inhibits osteoblast differentiation [84]

hsa-miR-15a-3p >10 Proliferation; inflammation; apoptosis [25,26]

hsa-miR-548am-3p >10 Induces proliferation and migration [85]

hsa-miR-550b-2-5p >10 Cancer promotion [86]

hsa-miR-495-5p >10
Tumor suppressor; proliferation and differentiation of osteoblasts in mice;

inhibits the growth of fibroblasts in hypertrophic scar
[87]

hsa-miR-345-3p >10 Apoptosis and inflammation [24,88]

hsa-miR-548q >10 Induces proliferation and migration [89]

hsa-miR-887-3p >10 Pathways in cancer [86]

hsa-miR-877-5p >10 Pathways in cancer [90]

hsa-miR-513c-5p >10 Pathways in cancer [91]

hsa-miR-422a >10 Pathways in cancer [92]

hsa-miR-194-5p >10 Pathways in cancer [93]

hsa-miR-378b >10 Inflammation and cell cycle [94]

hsa-miR-610 >10 Pathways in cancer [95]

hsa-miR-519e-5p >10 Atherosclerosis and pathways in cancer [96]

hsa-miR-627-5p >10 Cell proliferation and cancer promotion [97,98]

hsa-miR-548au-5p >10 Pathways in cancer [99]
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Table 2. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-770-5p >10 Apoptosis and inflammation [100]

hsa-miR-196b-3p >10 Cell proliferation [101]

hsa-miR-330-3p >10 Apoptosis and cell proliferation [102]

hsa-miR-617 >10 Pathways in cancer [103]

hsa-miR-375 >10 Cell proliferation and pathways in cancer [104]

hsa-miR-936 >10 Cell proliferation, pathways in cancer, and apoptosis [105]

hsa-miR-657 >10 Inflammation [106]

hsa-miR-542-5p >10 Mitochondrial dysfunction and inflammation [107]

hsa-miR-136-3p >10 Vascularization and pathways in cancer [108]

hsa-miR-409-5p >10 Cardiovascular process, proliferation, migration, and cell cycle. [109,110]

hsa-miR-154-3p >10 Pathways in cancer [111,112]

hsa-miR-378c >10 Proliferation and inhibited apoptosis [113]

hsa-miR-93-3p >10 Inflammation and apoptosis [114]

hsa-miR-556-3p >10 Cell proliferation and apoptosis [115]

hsa-miR-518c-5p >10 Tumor suppressor [116]

hsa-miR-23b-5p >10 Cell proliferation and cancer [32]

hsa-miR-504-5p >10 Cell proliferation and differentiation [117]

hsa-miR-509-3p >10 Cardiovascular process [118]

hsa-miR-514a-3p >10 Tumor suppressor [119]

hsa-miR-431-5p >10 Cell proliferation and apoptosis [120]

hsa-miR-506-3p >10 Cell proliferation and cancer [121]

hsa-miR-645 >10 Cell proliferation and cancer [122]

hsa-miR-129-5p >10 Inhibits the proliferation and metastasis of gastric cancer cells [123]

hsa-miR-516b-5p >10 Migration, cell proliferation, and cancer process [124]

hsa-miR-512-3p >10 Apoptosis and cell cycle [125]

hsa-miR-101-5p >10 Apoptosis and promotes cell proliferation [126]

hsa-miR-561-5p >10 Cell proliferation, G(1)/S transition, and suppresses apoptosis [127]

hsa-miR-194-5p >10 Cell proliferation and cancer [128]

hsa-miR-329-3p >10 Proliferation, invasion, and suppresses cell apoptosis [129]

hsa-let-7i-3p >10 Coronary disease and cancer [130]

hsa-miR-129-2-3p >10 Proliferation, invasion, and apoptosis [131]

hsa-miR-548a-5p >10 Proliferation and inhibits apoptosis [132]

hsa-miR-887-5p >10 Pathways in cancer [133]

hsa-miR-99a-3p >10 Cell proliferation and pathways in cancer [134]

hsa-miR-487a-3p >10 Cell proliferation and cancer [135]

hsa-miR-378g >10 Cancer promotion [136]

hsa-miR-548at-5p >10 Neurodegenerative disease [137]

hsa-miR-374c-5p >10 Proliferation, apoptosis, and autophagy [138]

hsa-miR-106a-3p >10 Proliferation and apoptosis [139]

hsa-miR-92a-2-5p >10 Apoptosis and cell proliferation [140]
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Table 2. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-616-5p >10 Invasion, cell migration, and cancer [141]

hsa-miR-509-5p >10 Tumor suppressor [142]

hsa-miR-598-3p >10 Cancer process [21]

hsa-miR-873-5p >10 Cell migration and cancer [143]

hsa-miR-525-3p <10 Cancer cell migration [21]

hsa-miR-500a-5p <10 Cell apoptosis and proliferation [144]

hsa-miR-659-3p <10 Cell proliferation and cancer; apoptosis [145]

hsa-miR-526b-5p <10 Cell proliferation and cancer [146]

hsa-miR-764 <10 Cardiac diseases and cancer [147]

hsa-miR-934 <10 Cancer progression and inflammation [148]

hsa-miR-516a-5p <10 Cell proliferation and cancer [149]

hsa-miR-520f-3p <10 DNA repair [150]

hsa-miR-369-5p <10 Aerobic glycolysis and pathways in cancer [151]

hsa-miR-613 <10 Invasion and cell proliferation [152]

hsa-miR-411-3p <10 Proliferation and cancer [153]

hsa-miR-432-3p <10 Inflammation [154]

hsa-let-7c-3p <10 Apoptosis [155]

hsa-miR-671-5p <10 Proliferation and cell cycle [156]

hsa-miR-181d-5p <10 Proliferation and angiogenesis [157]

hsa-miR-192-5p <10 Hypertension and cancer [158]

hsa-let-7g-3p <10 Linked to oxidative stress, inflammation, and atherosclerosis [159]

hsa-miR-1-3p <10 Decreases tumor volume in a xenograft model [68]

hsa-miR-515-3p <10 Cell proliferation, migration, invasion, and induced apoptosis [160]

hsa-miR-320d <10 Apoptosis and cancer [161]

hsa-miR-548aa <10 Can alter the inflammatory responses [162]

hsa-miR-502-5p <10 Cell proliferation and invasion [37]

hsa-miR-758 <10 Proliferation and invasion [163]

hsa-miR-7-1-3p <10 Autophagy and cancer process [164]

hsa-miR-324-3p <10 Cell proliferation and cancer [165]

hsa-miR-520g-3p <10 DNA repair [166]

hsa-miR-576-5p <10 Cell invasion and cancer [151]

hsa-miR-520a-3p <10
Inhibits tumor progression, indicating its potential role as a tumor

suppressor.
[167]

hsa-miR-449b-3p <10 Proliferation [168]

hsa-miR-211-5p <10 Pathways in cancer [169]

hsa-miR-376a-3p <10 Coronary artery disease [170]

hsa-miR-939-3p <10 Pathways in cancer [171]

hsa-miR-214-3p <10 Inhibition of migration and proliferation [172]

hsa-miR-609 <10 Cardiovascular process [173]

hsa-miR-29a-5p <10 Cardiac myocytes and overall cardiac dysfunction [174]
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Table 2. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-449c-3p <10 Inhibits NSCLC cell progression [175]

hsa-miR-185-3p <10 Proliferation and invasion of cell [176]

hsa-miR-766-3p <10 Suppresses apoptosis and facilitates autophagy [177]

hsa-miR-486-5p <10 Regulation of heart contraction, muscle contraction, and ion channel activity [53]

hsa-miR-144 <10 Tumor inhibitors or tumor suppressors, proliferation, and apoptosis [53]

hsa-miR-664a-5p <10 Induces cell differentiation [178]

hsa-miR-32-3p <10 Atherosclerosis [179]

hsa-miR-224-3p <10 Cell proliferation and promotes apoptosis [180]

hsa-miR-130a-5p <10 Myocardial infarction [181]

hsa-miR-378i <10
Metabolic pathways, mitochondrial energy homeostasis, and related

biological processes
[182]

hsa-miR-642b-5p <10 Inflammation [183]

hsa-miR-668-3p <10 Progression of different types of cancer [184]

hsa-miR-18b-5p <10 Progression of different types of cancer; cardiac function [185]

hsa-miR-483-3p <10 Apoptosis [186]

hsa-miR-485-3p <10 Cell proliferation; pathways in cancer [187]

hsa-miR-200c-5p <10 Oxidative stress and cell apoptosis [188]

hsa-miR-126-5p <10 Linked to oxidative stress, inflammation, and atherosclerosis [189]

hsa-miR-26b-3p <10 Cell proliferation and invasion [190]

hsa-miR-378d <10 Proliferation and migration of cancer [191]

hsa-miR-526b-3p <10 Regulates the proliferation, invasion, and migration of cancer cells [192]

hsa-miR-575 <10 Oncogene [193]

hsa-miR-564 <10 Cell proliferation and invasion [194]

hsa-miR-513a-5p <10 Induced apoptosis [195]

hsa-miR-548i <10 Downregulates the inflammatory cytokines [196]

hsa-miR-188-5p <10 Cell proliferation and cancer promotion [197]

hsa-miR-563 <10 Cell proliferation and cancer promotion [198]

hsa-miR-139-3p <10 Proliferation and invasion [199]

hsa-miR-34a-5p <0.1 Inflammation [200]

hsa-miR-34b-5p <0.1 P53 effector, cell proliferation, and apoptosis [201]

hsa-miR-371b-5p <0.1 Cell proliferation and apoptosis [202]

hsa-let-7f-2-3p <0.1 Cell proliferation and apoptosis [203,204]

hsa-miR-557 <0.1 Tumor suppressor [205]

hsa-miR-574-5p <0.1 Cell cycle and cancer process [206]

hsa-miR-216a-3p <0.1 Cell proliferation and apoptosis [207]

hsa-miR-466 <0.1 Tumor suppressor [208]

hsa-miR-222-3p <0.1 Cell viability, migration, and invasion [209]

hsa-miR-586 <0.1 Cell proliferation, invasion, metastasis, and apoptosis [210]

hsa-miR-939-5p <0.1 Inflammation [211]
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Table 2. Cont.

MicroRNA Fold Change Function Reference

hsa-miR-548b-3p <0.1 Proliferation, apoptosis, and mitochondrial function [212]

hsa-miR-517c-3p <0.1 Responses to stress; alterations in circulating glucose levels [213]

hsa-miR-630 <0.1 Oxidative damage and cell migration [214]

hsa-miR-544a <0.1 Pathways in cancer [215]

hsa-miR-603 <0.1 Proliferation, migration, invasion, and metastasis [216]

hsa-miR-552-5p <0.1 Cell proliferation [217]

hsa-miR-562 <0.1 Tumor suppressor [218]

hsa-miR-548 <0.1 Cancer cell proliferation, migration, and invasion [219]

hsa-miR-518a- <0.1 Tumor suppressor [220]

hsa-miR-433-5p <0.1 Cardiovascular process [32]

hsa-miR-138-5p <0.1 Cardiac function and pathological damage [221]

hsa-miR-548ad-5p <0.1 Cancer cell proliferation, migration, and invasion [222]

hsa-miR-450a-2-3p <0.1 Cell proliferation and cancer [220]

hsa-miR-548av-3p <0.1 Cancer cell proliferation, migration, and invasion [223]

hsa-miR-624-5p <0.1 Cell proliferation and cancer [220]

hsa-miR-553 <0.1 Cell proliferation and cancer [224]

hsa-miR-876-5p <0.1 Cell proliferation and cancer [225]

hsa-miR-190b <0.1 Autophagy and cell cycle [226]

hsa-miR-26a-2-3p <0.1 Cell cycle and cancer process [227]

hsa-miR-515-5p <0.1 Cardiac function and proliferation cells [75]

hsa-miR-195-3p <0.1 Cardiac function and proliferation cells [228]

hsa-miR-365b-5p <0.1 Inflammation and cell proliferation [229]

Hsa-miR-885-3p <0.1 Inflammation [230]

Table 3. UV exposure.

MicroRNA Fold Variation Functions Reference

hsa-miR-329-3p >10 Inhibits cell proliferation in glioma cells [231]

hsa-miR-520g-5p >10 DNA repair [232]

hsa-miR-216a- >10
Regulates the proliferation, apoptosis, migration, and invasion of lung

cancer cells
[151]

hsa-miR-548c-3p >10 Cancer cell proliferation, migration, and invasion [233]

hsa-miR-129-2-3p >10 Inhibits the proliferation and metastasis of gastric cancer cells [220]

hsa-miR-887-5p <10 Pathways in cancer [124]

hsa-miR-106a-3p >10 Involved in tumorigenesis and highly expressed in gastric cancer [234]

hsa-miR-616-5p >10
Progression of bladder cancer by regulating cell proliferation, migration,

and apoptosis
[235]

hsa-miR-509-5p >10 Tumor suppressive effects [236]

hsa-miR-648 >10 Post-transcriptional regulators of glioblastoma [237]
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Table 3. Cont.

MicroRNA Fold Variation Functions Reference

hsa-miR-378h >10
Metabolic pathways, mitochondrial energy homeostasis, and angiogenic

network in tumors
[238]

hsa-miR-200c-5p >10 Upregulated by oxidative stress and induces endothelial cell apoptosis [183]

hsa-miR-525-3p <10 Pathways in cancer [239]

hsa-miR-488-3p <10 Pathways in cancer [44]

hsa-miR-101-5p <10 Regulates cell proliferation [240]

hsa-let-7g-3p <10 Modulates inflammatory responses; pathways in cancer [241]

hsa-miR-376a-2-5p <10 Pathways in cancer [242]

hsa-miR-640 <10 Pathways in cancer [243]

hsa-miR-300 <10 Controls stem cell function and inhibits differentiation [244]

hsa-miR-509-3p <10 Pathways in cancer [245]

hsa-miR-548au-5p <10 Pathways in cancer [246]

hsa-miR-337-3p <10 Pathways in cancer [100]

hsa-miR-411-3p <10 Pathways in cancer [247]

hsa-miR-494-3p <10 Mitochondrial biogenesis and pathways in cancer [248]

hsa-let-7e-3p <10 Pathways in cancer [249]

hsa-miR-144-3p <10 Regulates adipogenesis and pathways in cancer [250]

hsa-miR-196b-3p <10 Cell proliferation [251]

hsa-miR-10b-5p <10 Pathways in cancer [102]

hsa-miR-33a-5p <10 Associated with carcinogenesis [252]

hsa-miR-136-3p <10
Cardiac function and pathological damage in myocardial tissue,

cardiomyocyte apoptosis, oxidative stress, and inflammatory response
[253]

hsa-miR-143-3p <10 Pathways in cancer [254]

hsa-miR-762 <10 Modulates thyroxine-induced cardiomyocyte and pathways in cancer [255]

hsa-miR-582-5p <10 Cell proliferation [256]

hsa-miR-645 <10 Cell proliferation and apoptosis [21]

hsa-miR-411-5p <10 Cell proliferation and pathways in cancer [257]

hsa-miR-7-1-3p <10 Inhibits autophagy and induces apoptosis in glioblastoma [258]

hsa-miR-18a-3p <10 Progression of different types of cancer; cardiac function. [259]

hsa-miR-99a-3p <10 Cell proliferation and pathways in cancer [186]

hsa-miR-491-5p <10 Cell proliferation and pathways in cancer [135]

hsa-miR-19b-1-5p <10 Pathways in cancer [260,261]

hsa-miR-614 <10 Cell proliferation and pathways in cancer [262]

hsa-miR-493-5p <0.1 Cell proliferation [263]

hsa-miR-15b-3p <0.1 Proliferation, inflammation, and apoptosis [264]

hsa-miR-510-5p <0.1 Cell proliferation [265]

hsa-miR-485-5p <0.1 Cell proliferation and pathways in cancer [266]

hsa-miR-581 <0.1 Induces proliferation and migration [188]

hsa-miR-340-3p <0.1 Cell proliferation and pathways in cancer [267]

hsa-miR-708-5p <0.1 Cell proliferation and pathways in cancer [268]
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Table 3. Cont.

MicroRNA Fold Variation Functions Reference

hsa-miR-548j-3p <0.1 Induces proliferation and migration [269]

hsa-miR-618 <0.1 Cell proliferation and pathways in cancer [270]

hsa-miR-885-3p <0.1 Inflammatory response and pathways in cancer [271]

hsa-miR-297 <0.1 Oncogene, inflammatory response, and apoptosis [231]

hsa-miR-518a-5p <0.1 Tumor suppressor [272,273]

hsa-let-7f-2-3p <0.1 Proliferation and apoptosis [32]

hsa-miR-519b-3p <0.1 Radiosensitivity of radio-resistant cells and pathways in cancer [205]

hsa-miR-27b-5p <0.1 Prevents atherosclerosis by inhibiting inflammatory responses [274]

hsa-miR-625-5p <0.1 Inflammation and inhibits cardiac hypertrophy [275]

hsa-miR-548ah-5p <0.1 Induces proliferation and migration [276]

hsa-miR-892c-3p <0.1 Pathways in cancer [86]

hsa-miR-373-3p <0.1 Inhibits autophagy [277]

hsa-miR-656-3p <0.1 Induces proliferation and migration [278]

hsa-miR-20a-3p <0.1 Proliferation and autophagy [279]

hsa-miR-518a-3p <0.1 Tumor suppressor [280]

hsa-miR-649 <0.1 Pathways in cancer [32]

hsa-miR-483-3p <0.1 Pathways in cancer and cardiac response [281]

hsa-miR-501-3p <0.1 Cell proliferation, clonogenicity, migration, and invasion [282]

hsa-miR-335-5p <0.1 Cell proliferation, migration, and invasion. [283]

hsa-miR-129-5p <0.1 Proliferation, invasion, and apoptosis [284]

hsa-miR-34c-5p <0.1 Proliferation and apoptosis [132]

hsa-miR-548ao-5p <0.1 Promotes proliferation and inhibits apoptosis [202]

hsa-miR-624-5p <0.1 Cell proliferation and pathways in cancer [133]

MicroRNAs reported in Tables 1–3 were selected by both volcano plot analysis and
Venn diagram data representation. These miRNAs represent the specific signature of each
pollutant, being modulated both after short-term exposure (UV 20 s, diesel 30 min, and
ozone 4 h) and long-term exposure (24 h for all pollutants).

Fold variations reported in Tables 1–3 are the rate of signal intensity changes between
treated and untreated samples at 24 h.

The main biological pathways regulated by these miRNAs, as inferred from available
literature, are also reported.

The main pathways targeted by tested pollutants were: apoptosis, cell cycle, and
inflammation (Table 4).

Table 4. Number of the miRNAs involved in the pathways deregulated by each pollutant tested.
Only miRNAs demonstrated to be involved in the pathways are included.

Diesel Ozone UV

Apoptosis 16 36 12

Cell cycle 7 24 11

Inflammation 11 21 7

DNA repair 1 4 2

Pathways in cancer 23 72 39
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4. Discussion and Conclusions

The constant exposure to oxidants, including ultraviolet (UV) radiation and other
environmental pollutants, such as diesel fuel exhaust and ozone, makes the skin our first
defense against the outdoor environment, and it is also the tissue more affected by outdoor
stressors. The contribution of the now defined “exposome” to extrinsic skin aging and
skin conditions is well accepted. Pollution is one of the main players included in the skin
exposome [224]. It has been recently shown [285] that exposure to more pollutants can
have an additive effect. This could be a consequence of the different mechanisms of action
of each stressor based on its chemical/physical properties.

It is generally understood that the toxic effects of O3, although it is not a radical
species, per se, are mediated through free radical reactions either directly by the oxidation
of biomolecules to give classical radical species (hydroxyl radical) or by driving the radical-
dependent production of cytotoxic nonradical species (aldehydes) [286].

O3 cannot penetrate the SC, so it first interacts with the lipids present in the outermost
layer of the skin, leading to the generation of a number of bioreactive species [287]. It can be
suggested that reaction with the well-organized interstitial lipids and protein constituents
of the outermost stratum corneum barrier, and the diffusion of bioreactive products from
this tissue into the viable layers of the epidermis, may represent a contribution to the
development/exacerbation of skin disorders associated with O3 exposure. Indeed, once
these “mediators” can reach live cells (keratinocytes, fibroblasts, etc.), they can induce a
cellular defensive and inflammatory response that leads to an inflammatory/oxidative
vicious cycle, called OxInflammation [288]. Unless quenched by endogenous or exogenous
mechanisms, this will damage the skin and compromise its barrier functions, contributing
to extrinsic skin aging.

Different hypotheses have been proposed concerning the initiation of the PM’s detri-
mental effects on cutaneous tissues. This could be due to an indirect effect by an outside-
inside signaling cascade. PM, especially smaller particles, may carry metal ions and/or
organic compounds such as polycyclic aromatic hydrocarbons (PAHs), which are highly
lipophilic and can penetrate the skin surface [287]. This is in agreement with our ob-
servations. Moreover, PAHs are potent ligands for the AhR receptor, expressed by both
keratinocytes and melanocytes, which upregulates proinflammatory mediators and in-
creases ROS production [289].

In a previous study, we provided evidence that PM develops cutaneous damage not
only directly once particles reach deeper layers in the epidermis but also indirectly by
triggering a signaling pathway [290]. Oxidative stress and an inflammatory response seem
to be important steps in the PM toxic mechanisms.

The solar spectrum reaching the surface of the earth is divided into three main seg-
ments based on wavelength: UVC (100−290 nm), UVB (290−320 nm), and UVA (320−400
nm). Both UVA and UVB have acute and chronic effects on human skin [287]. It has been
established that approximately 50% of UV-induced direct cellular injury accounts for the
remainder of the damage [291–293].

Therefore, although UV, PM, and ozone have different mechanisms of action, they all
have the common denominator of damage that can be summarized as oxidative stress.

This effect is not limited to a biochemical effect, but it has been shown that air pol-
lutants modulate epigenetic states, ranging from DNA methylation to miRNAs expres-
sion [294].

The aim of this study was to evaluate the different miRNA cutaneous responses to the
main pollutants to which our skin is exposed daily.

It was not surprising that there was a clear difference among the pollutants in terms of
the modulated miRNAs and the pathways associated with the epigenetic variation.

We found that the main pathways affected by the analyzed pollutants were: apoptosis,
cell cycle, inflammation, DNA repair, and cancer. Of note, apoptosis was not associated with
O3 exposure, and this could be a consequence of the O3 mechanism of action, which leads
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to the generation of proinflammatory mediators (H2O2 and aldehydes) less aggressively
compared to UV and PM [89,100]

The ability of UV to induce DNA damage and subsequent apoptosis has been well
demonstrated in the past, and our data confirm these results under the epigenetic mecha-
nism as well. In addition, our data confirmed the involvement of O3 exposure in cutaneous
inflammation, as previously demonstrated by Xu et al., where ER visit for skin inflammatory
conditions perfectly correlated with increased ozone levels in urban cities [17,20].

To confirm that the O3 epigenetic effect is tissue-specific (due to the different mediators
generated by the interaction with different tissues), the work by [295] showed that the
expression analysis of sputum samples revealed that O3 exposure significantly increased
the expression levels of several miRNAs, namely miR-132, miR-143, miR-145, miR-199b-5p,
miR-222, miR-223, miR-25, miR-424, and miR-582-5p that while not detected in our analysis
were still involved in inflammation. A quite recent work suggests that the main effect of PM
on the skin is due to the absorption of PAHs, which can lead to skin barrier perturbation
and damage [296]. PAH exposure has been already associated with epigenetic variation
related mainly to DNA methylation.

In the present study, we have shown for the first time that PAH (present in diesel
particles) can affect cutaneous epigenetics related to miRNA expression, highlighting the
possible detrimental effect that those compounds can have on the skin [61]. The time-
related kinetic differences in miRNA expression at 0 and 24 h reflect the different nature of
the tested pollutants.

Ozone is a volatile gas; accordingly, its interaction with the skin induces effects on a
short–term basis because this gas is neither metabolized nor entrapped into skin layers.
UV radiation induces short-term alteration triggering reactive mechanisms (DNA repair,
etc.), requiring at least 8 h to be activated by the modulation of the microRNA machinery.
MicroRNAs are highly sensitive to environmental stressors, as is well demonstrated in the
lung for cigarette smoke [297] and airborne pollutants [298]. However, this issue has not
yet been explored in the skin. The presented results herein provide experimental evidence
that human skin undergoes dramatic changes in its physiological microRNA profile when
exposed to environmental pollutants, either physical or chemical.

Diesel fumes are well known to induce genotoxic damage and DNA adduct forma-
tion [299], as well as microRNA alteration in the lung [300]. Diesel extracts can induce
cancer in mouse skin [301]. The carcinogenic effect of diesel fumes is mainly due to the pres-
ence in this mixture of potent chemical genotoxic carcinogens such as nitropyrenes [302].
Indeed, epigenome regulation performed by the microRNA machinery can silence the
expression of mutated oncogenes, thus defending our organism from the progression of
the carcinogenic process. Only when genomic damage accumulates in the presence of
irreversible alteration of the microRNA machinery does cancer occur [303].

Accordingly, the demonstration that microRNA are dramatically altered in human
skin shows that diesel fumes are a complete skin carcinogen inducing both genomic and
epigenomic alterations. The carcinogenicity of diesel fumes is exerted by the phase I and
II metabolic reaction of its chemical components with particular reference to polycyclic
aromatic hydrocarbons. This situation, together with the limited metabolic potential of the
skin as compared to other tissues, explains why microRNA alterations reach the maximum
level only after 40 h of exposure. The carcinogenicity of diesel fumes is confirmed by the
finding that the majority (40%) of altered microRNA is involved in carcinogenesis processes,
while only a minority is involved in defensive processes such as apoptosis (22%) and DNA
repair (4%) [73,76].

Ozone displays an immediate effect on skin microRNA that does not increase after
24 h from the exposure. This finding indicates that adaptive mechanisms are triggered by
ozone. Skin is well equipped with antioxidant defenses requiring some time to be activated.
This situation is confirmed by the finding that the majority (31%) of altered microRNA is
involved in defensive mechanisms allowing removal of damaged cells (apoptosis) and DNA
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repair (8%, i.e., two-fold more than diesel fumes), while only a minority in carcinogenesis
(20%, i.e., two-fold less than diesel fumes).

UV radiation is carcinogenic, as demonstrated by the finding that this exposure induces
the most dramatic alterations of microRNA involved in carcinogenesis (45%) compared to
diesel fume and ozone.

Furthermore, UV displays a variety of other adverse biological effects, including cell
loss by apoptosis, cell proliferation to replace lost cells, and inflammation. In this regard,
microRNA alteration overlaps the main function of genes whose expression undergoes
upregulation, as demonstrated in mouse skin [299].

Conversely, only a minority (7%) of microRNA involved in DNA repair are activated
in human skin after 24 and 48 h. This situation is different from those reported in vivo
in mouse skin after long-term exposure that activated a variety of genes involved in base
excision (XP) and nucleotide excision (OGG1) DNA repair [304]. This finding indicates
that only long-term exposure to UV is effective in activating defensive DNA repair, while
exposures to high doses for a short time results in a lack of DNA repair activation. Because
of this situation, sunburns, indicating the occurrence of UV exposure in the absence of
effective activation of DNA and protein repair, represent a major risk factor for cancer
development.

A limitation of the presented study is that skin biopsies were collected from three
subjects only. Future studies using a wider number of subjects are necessary to explore
the interindividual variation occurring in the miRNA of human skin when exposed to
environmental pollutants.

5. Conclusions

In conclusion, our results provide experimental evidence in human skin that mi-
croRNA machinery is altered by exposure to environmental pollutants. This situation
occurs regarding either chemical pollutants, such as diesel fumes and ozone, or exciting
radiation, such as UV. MicroRNA alteration, on a short-term basis, represents an adaptive
event triggering defensive mechanisms such as DNA repair and apoptosis, attenuating
the consequences of molecular damage induced in the skin by environmental stressors.
Whenever microRNA alterations persist for a long time because of continuous exposure
to environmental stressors, microRNA defensive function is neutralized, thus leaving the
pathology or even carcinogenesis process to develop. Our findings demonstrate that skin
has potent microRNA machinery used to face exposure to environmental pollutants. The
alteration induced in skin microRNA undergoes a signature specific to the environmental
pollutant involved.
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Abstract: Environmental pollutants can influence microbiota variety, with important implications for
the general wellbeing of organisms. In subjects at high-risk of cancer, gut, and lung microbiota are dis-
tinct from those of low-risk subjects, and disease progression is associated with microbiota alterations.
As with many inflammatory diseases, it is the combination of specific host and environmental factors
in certain individuals that provokes disease outcomes. The microbiota metabolites influence activity
of epigenetic enzymes. The knowledge of the mechanisms of action of environmental pollution now
includes not only the alteration of the gut microbiota but also the interaction between different human
microbiota niches such as the lung–gut axis. The epigenetic regulations can reprogram differentiated
cells in response to environmental changes. The microbiota can play a major role in the progression
and suppression of several epigenetic diseases. Accordingly, the maintenance of a balanced micro-
biota by monitoring the environmental stimuli provides a novel preventive approach for disease
prevention. Metagenomics technologies can be utilized to establish new mitigation approaches for
diseases induced by polluted environments. The purpose of this review is to examine the effects of
particulate matter exposure on the progression of disease outcomes as related to the alterations of gut
and lung microbial communities and consequent epigenetic modifications.

Keywords: cancer prevention; microbiota; epigenetics; environmental pollutants

1. Introduction

The microbiota, present in various regions of the human body (intestine, lung, skin,
etc.), is exposed to the action of environmental pollutants and contaminants present in food
(preservatives, residues of antibiotics or pesticides, etc.). These environmental factors can
influence microbiota variety, viability, and functionality in the long term. Some effects of
the environment on the microbiota have important implications for the general wellbeing
of organisms. The “microbiome”, meaning the genome of the microbiota combined with its
environmental interactions, includes more than 3 million genes and is 150 times the size of
the human genome [1].

Alterations of the pulmonary microbiota induced by inhalation of pollutants are
related to the appearance of chronic obstructive respiratory diseases (COPDs) [2].

The lung microbiota can also be the target (or at least one of the targets) of the
injury induced by airborne particles of assorted sizes, as well as by toxins derived from
atmospheric pollution (NO, NO2, SO2, etc.) [3].

37



J. Pers. Med. 2022, 12, 14

Exposure to elevated levels of airborne pollution increases the abundance in the lung
microbiota of potential pathogens such as Streptococcus pneumoniae and Neisseria sp. [4]. It
is now well known that environmental pollution represents an important risk factor for
cardiovascular diseases, but the mechanisms of this effect are poorly known. Atmospheric
pollution can activate local inflammatory responses as a direct effect of inhaled particles
and toxic gas [5]. Local lung inflammation can become systemic due to the release of
immunological and biological mediators, thus increasing the cardiovascular risk. Airborne
oxidizing gaseous pollutants damage the membrane of lung macrophages in the alveoli
determining the release of thromboxane from the intracellular vacuoles into the blood-
stream [6]. This situation increases plasma viscosity and thrombo-philicity, facilitating
platelet aggregation and clot formation, thus increasing the risk of infarction. In this sce-
nario, similar adverse effects can be mediated by the alteration of lung microbiota, including
eubiosis and dysbiosis [7]. The exact differentiation between eubiosis and dysbiosis is
not yet established; however, some microbiota characteristics, such as biodiversity and
ratio between microorganism groups, have been proposed [8]. Exposure to environmental
pollutants, especially in early life, can lead to variations in the microbiota not only in the
lung but also in the entire body, establishing a generalized dysbiosis that correlates with
the incidence of a series of pathological issues at later ages such as those of an immune
(such as atopic), metabolic, epigenomic, or neurological nature [9]. The maintenance of the
state of wellbeing of microbiota (intestinal or otherwise) is a more complex issue than the
assumption of a healthy diet rich in dietary fiber. Components of a healthy diet (such as
five courses of fruit or vegetables per day) represent the preferred metabolic substrate of
fermentative saprophyte intestinal bacteria allowing xenobiotic (carcinogen and pollutant)
metabolization and detoxification [9,10]. Conversely, components of an unhealthy diet
(such as those abundant in nitrosable substrates or amino acid pyrolysates) represent the
preferred metabolic substrate of bacteria producing endogenous putrescins, mutagens,
and carcinogens [11]. The knowledge of the mechanisms of action of environmental pol-
lution should now include the alteration of the gut microbiota as well as the interaction
between different human microbiota niches such as the lung–gut axis [2]. In this regard,
particular emphasis should be given to new trace pollutants such as drugs, antibiotics, and
disinfectants that are detected in soil, water, and air in continuously increasing amounts.

This work aims to review the existing evidence dealing with microbiota modulation
and epigenetic regulation as intermediate actors between air pollution and lung cancer. The
interactions between microbiota and epigenetic modulations resulting from air pollution
exposure are discussed with focus on the lung–gut microbiota axis and its influence on the
immune system especially during early human development.

2. Early Exposure to Environmental Pollutants, and Dysbiosis as Risk Factor for Late
Onset Diseases

Environmental exposure, particularly in early life, can result in the development of
dysbiosis and consequent diseases [12]. Chemicals, including xenoestrogens, pesticides,
and heavy metals, as well as tobacco smoking, alcohol consumption, and medical drug
abuse, are major factors that unfavorably influence prenatal development and increase the
susceptibility of offspring to later disease development [13]. Exposure to unhealthy lifestyle
factors and environmental human-made chemical pollutants often results in the generation
of reactive oxygen species (ROS) and cellular oxidative damage [14]. Oxidative stress is
involved in pregnancy disorders such as abortion, intrauterine growth retardation, and
prenatal mortality [15]. Upper airway microbiota assemblage begins at birth and is thus af-
fected by the environmental exposure occurring during birth (i.e., maternal vaginal (normal
birth) or skin microbiota (cesarean)). If an infant is born via cesarean, their nasopharyn-
geal microbiota represents their mother’s skin microbiota, whereas if born via the vaginal
route, their microbiota will resemble the maternal urogenital microbiota [16]. Positive and
negative changes to the microbiota may be attributed to intramicrobial interaction and the
immune response to a pathogen [17]. Influenza A infections modify the lung microbiota
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by increasing the presence of pathogenic bacteria. Probiotics are a promising therapeutic
for dysbiosis and are used in many diseases, such as asthma. Distinct nasopharyngeal
microbiota predicts the risk and severity of asthma-related inflammation [18]. During
the first year of life, increased nasopharyngeal colonization of Streptococcus sp. occurs.
Individuals suffering from obstructive sleep apnea have a distinct nasal microbiota, the
microbial diversity and composition distinctions in patients correlating with inflammatory
biomarkers. A recent study in children presenting SARS-CoV-2 infection demonstrated
that both the upper respiratory tract and the gut microbiota were altered. The alteration of
the microbiota in these children was dominated by the genus Pseudomonas and remained
altered up to 25–58 days in different individuals [19]. As children do not experience the
same complications associated with COVID-19 as adults do, these microbiota profiles give
important insight into the role of the microbiota in disease susceptibility. The pollution
and prolonged stress change the balance of the systems, in particular the immune system,
which obviously dialogues with all other systems. In fact, the basic condition common to
many diseases, including cancer, is mild and silent but chronic systemic inflammation.

Insults provided by pollutants—from motor vehicles, incinerators, particulate matter,
heavy metals, pesticides, or electromagnetic fields—are more harmful if the exposure occurs
during gestation or in the very first years of life. At this point the epigenetic programming
takes place that even 10 or 20 years later or in subsequent generations could lead to serious
pathologies [20]. The entire genome is a unitary, dynamic, fluid, and systemic molecular
network in a continuous relationship with the environment. The flow of information from
the outside meets the information that has been encoded for millions of years in DNA,
organizing the main molecular processes that determine the structure and functions of cells
and tissues. Thus, the human microbiota is constantly changing because of the information
it receives from the outside resulting in a physiological (or pathological) adaptive reactivity.

The Microbiota and Epigenetic Regulation

Since the beginning of their evolution, humans have lived in constant association with
bacteria. The number of bacteria in the human body exceeds the number of human cells.
The bacteria genome (metagenome) is about 100 times the size of the human genome. The
total weight of the bacteria contained in our body is about 1.5 kg. This massive bacteria
presence has been neglected by research for many years and its importance underestimated
in the therapeutic protocols [21].

The microbiota is present in five macro-areas of the human body, all in continuity
with the outer environment, oral nasal cavity, skin, and gastrointestinal and urogenital
tracts. Ongoing research programs aim at sequencing the metagenome, examining the
relationship between bacterial species and human health by computational analyses. About
70% of the bacteria composing the human microbiota is in the gastrointestinal tract, with a
concentration increasing in an exponential way in the oral–fecal sense. Bacteria colonization
happens at the moment of birth, and the initial pattern of bacteria depends on the type
of birth [22], even if such diversity disappeared early. Indeed, a natural birth allows high
number of maternal bacteria to be transmitted to the newborn, while this situation does
not occur in the cesarean delivery [23].

From the first 4 weeks of life onwards, especially after weaning, the composition of the
bacterial microbiota tends to be pretty stable but may remarkably vary in case of pathologi-
cal conditions. The intestinal bacteria perform important metabolic functions: (a) digestion
of non-digestible carbohydrates, (b) production of short-chain fatty acids representing
an energy source for bacteria and intestinal epithelial cells and regulating the sensitivity
to insulin, (c) acidification of the intestinal lumen limiting the formation of endogenous
mutagens such as putrescins and nitrosable amines, (d) physiological maintenance of the
intestinal motility, (e) production of vitamins of group B (pantothenic acid, pyridoxine,
and riboflavin) and biotin, (f) participation in the transformation and re-adsorption of
bile, and (g) synthesis of amino acids. The microbiota can be seen as a tuned metabolic
“organ” of our physiology [24]. It also performs protective functions and increases the
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barrier effect increasing the production of mucin and zoludine, a component of the tight
junctions allowing the intestinal epithelium to perform a protective barrier function.

Nutrition is an acceptable intervention opportunity which plays a key role in many
aspects of health. Food imbalances are the main determinants of chronic diseases, including
cardiovascular disease, obesity, diabetes, and cancer. Many epidemiological and experimen-
tal data show that suboptimal early nutrition can have consequences for health even several
decades later, supporting the hypothesis that epigenetic mechanisms form the link between
nutritional imbalances and disease risk [25]. Of course, diet is one of the factors that most
affects the variability of genetic expression since, in addition to a direct biochemical action
of nutrients, it determines the composition of the microbiota, especially the intestinal one.
However, it is only one of the complex modulators of health that has been studied under an
exposome approach, including external and internal factors. Accordingly, the microbiota
represents a dialogue interface between the environment and the host.

The microbiota affects host health by regulating epigenetic mechanisms such as host
microRNAs (small non-coding RNAs), chromatin dynamics, and histone modifications [26]
as well as DNA methylation [27].

In pregnant women an association was revealed between bacterial predominance and
epigenetic profile. In particular, in mothers in which Firmicutes bacteria were dominant,
methylation profile analysis carried out in blood samples found 568 hypermethylated
genes and 254 hypomethylated genes, some of which are associated with the risk of
cardiovascular disease, lipid metabolism, obesity, and inflammatory response [28]. In
mice, microbial intestinal colonization of the mother may alter epigenetic signatures of the
gut establishing an inflammatory environment predisposing to the delivery of premature
infants. The same study analyzed intestinal bacteria in mice at 2 weeks of life showing
that 16S RNA sequencing conditioned early microbiota colonization leading to differential
bacterial colonization at different taxonomic levels [29].

The microbiota amplifies our adaptive capacity as it changes quickly in relation to
the environment and protects us from environmental changes. Microbiota colonization by
pathogenic bacteria such as Helicobacter pylori and Klebsiella sp. influences the methylation
patterns of the host. Individuals with Helicobacter pylori infection display very high methy-
lation levels in several CpG islands in the gastric mucosa, this finding indicating that the
infection alters DNA methylation [30]. Different studies have shown that changes in the
gut bacterial composition can alter methylation and inhibit histone deacetylases [31].

The microbiota metabolites influence activity of epigenetic enzymes. For example,
butyrate, a metabolite produced in case of dysbiosis, inhibits histone deacetylases in-
creasing the expression of the FOXP3 gene through the acetylation of histone H3 in its
promoter [27,32]. Environmental exposure during the first years of life can induce per-
sistent alterations in the epigenome thus leading to an increased risk of obesity later in
life. This also means that it is feasible to predict the risk of obesity of an individual at a
young age by analyzing their intestinal microbiota. This prediction is the prerequisite for
targeted prevention strategies modifying unfavorable epigenomic and microbiota profiles,
starting from the lifestyle of the pregnant woman and then continuing during adulthood
and ageing [33].

3. Air Pollution Can Modify the Intestinal Microbiota

The development of techniques based on the sequencing of the 16S subunit of ribo-
somal RNA, allowing the detection of “living” and “non-living” bacteria, has facilitated
the identification of the metagenome, that is the complex superorganism consisting of
the microbiota and the host genome [34]. This ecosystem, in which billions of bacteria
coexist and interact with the host organism, is capable of (a) regulating many systemic
functions; (b) contributing to the state of health; (c) playing a role in gastrointestinal dis-
eases (irritable colon, chronic inflammatory colitis, diverticulitis, colon cancer); and (d)
playing a role in systemic diseases (allergies, obesity, metabolic syndrome, type 2 diabetes,
atherosclerosis) [35].
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Air pollution seems to be able to modify the composition and the function of the
human gut microbiome even if the mechanism of action is not yet clearly understood. A
recent study reported that inhalation for 24 h of high levels of ozone gas was associated with
Bacteroides caecimuris increase in gut microbiota and alteration of multiple gene pathways
in the microbiome. Conversely, exposure to high nitrogen oxide was associated with
Firmicutes increase in gut microbiota [36].

The percent of variation in gut bacterial composition that was explained by exposure
to air pollution was up to 11.2% for ozone, thus identifying this pollutant as able to alter the
human gut microbiota [37]. A significant association between exposure to air pollutants and
gut microbiome alterations was reported in young adults residing in Southern California,
identifying inhalation of ozone gas as an important pollutant that may alter the human gut
microbiome [37]. They found that 128 bacterial species were associated with inhalation of
ozone gas, and four and five bacterial species were associated with inhalation of nitrogen
oxides. Various atmospheric pollutants have been associated with modifications of gut
microbiota in humans. A positive correlation was shown between the abundance of
the Micrococcus and Actinobacteria and exposure to high levels of polycyclic aromatic
hydrocarbons (PAHs) such as dibenzo (a, h) anthracene and indeno (1,2,3-cd) pyrene.
Accordingly, PAH exposure may disturb metabolic pathways (such as metabolism of purine,
pyrimidine, lipid, and folate) through imbalance of commensal microbiota. Two studies
have shown that exposure to nitrogen oxide near roadways correlated to an increase in gut
bacteria associated with obesity and altered metabolism [38]. A recent population-based
epidemiological study found that the gut microbiota partially mediates the effect of fine
particulate matter (PM) on the risk of developing type 2 diabetes [7]. Studies suggested that
air pollutants can adversely affect the gastrointestinal tract [39], where ultrafine particles
can reach the intestine through inhalation and diffusion from the terminal alveoli into
the systemic circulation or through the ingestion of inhaled particles after mucociliary
clearance from the airways to the oropharynx [39–41]. Once in the gut, PM components
can alter the composition and the function of the gut microbiota selecting the growth
of specific bacteria [42–44]. PM 2.5 and inhaled ozone gas have been shown to have
extrapulmonary effects that can alter the hypothalamic–pituitary–adrenal axis through
vagal nerve activation [45] or effects on the hippocampus [46] thus increasing the levels
of catecholamines and steroid hormones. Recent studies revealed a link between PM and
gastrointestinal diseases including appendicitis [47] and colorectal cancer [48]. In PM-
exposed mice, increases of gut microbiota diversity in the small bowel, colon, and feces
and alterations of the gut microbiota composition along the gastrointestinal tract have been
reported [49]. Experimental studies have indicated that alterations in the gut microbiota
play a role in the pathway of diabetes induction resulting from particulate matter pollution
with aerodynamic diameters <2.5 µm (PM 2.5 was positively associated with the risks of
impaired fasting glucose (IFG) and type 2 diabetes and negatively associated with alpha
diversity indices of the gut microbiota [50] (Figure 1, Table 1).
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Table 1. An overview of studies focused on associations between particulate matter, gut, and lung
microbiota alteration.

Particulate Matter Microbiota References

PM2.5 exposure in mice Lung/intestinal damage and systemic
inflammatory reactions [51]

Inhaled diesel PM2.5 in mice Alteration of gut microbiota diversity
and community [7]

PM can be indirectly deposited in
oropharynx via mucociliary clearance

and upon swallowing of saliva
and mucus

Alteration of the GI epithelium and
gut microbiome [49]

Antibiotics, air pollutants, lifestyle, diet,
breast feeding Mucosal inflammation [52]

Particulate matter, nitrogen oxides,
and ozone

Alteration of the gut microbiota with
risk of obesity and type 2 diabetes [53]

Traffic-related air pollution Gut microbial taxa and fasting
glucose levels [38]

Polycyclic aromatic
hydrocarbons (PAHs)

Modulation of endocrine signaling
pathways in gut microbiota [54]

Particulate matter (PM) PM-induced neutrophilia [55]

Air pollution Increased risk of metabolic dysfunction
in obese individuals [56]

Particulate matter including diesel
exhaust particles

At relevant doses, changes the
composition and function of the

gut microbiota
[57]

Particulate matter Promote Pseudomonas
aeruginosa infection [50]

Particulate matter

multiple gastrointestinal symptoms in
patients with COVID-19 and

progression with special emphasis on
the lung–gut axis

[58]

Figure 1. How the environment affects the lung–gut axis of microbiota.
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4. The Lung–Gut Axis and the Influence of the Microbiota on the Immune System

Intestinal microbiota modifications can modulate disease outcomes in the gut but
also in distant organs as demonstrated in animal models by experimentally transferring of
dysbiotic microbiota [53,54,59,60].

The communication between the gut and other organs and tissues is mainly mediated
by microbial metabolites and immunity modulation [61]

Gut and lung microbiota are different, both in terms of abundance and in terms of
composition, even if there are some structural and functional similarities between lung and
gut epithelium [62]. The different composition is due to the existing differences in oxygen
availability. One of the most relevant similarities is the ability to interact with the immune
system in conjunction with associated lymphoid tissue [63].

The lungs have a large surface area with high environmental exposure. In healthy
lungs, microbial DNA was detected. Microorganisms probably reached the lungs from the
oral cavity through microaspiration, as the taxonomic profiles of the two sites were quite
similar. Comparing the two profiles, the lung microbiota had a decreased abundance of
Prevotella spp. and an enrichment of Enterobacteriaceae, Ralstonia spp., and Haemophilus
spp. with respect to the oral cavity microbiota [64].

The lung microbiota differential genera in healthy individuals with respect to COPD
and lung cancer patients are mainly Moraxella, Haemophilus, Streptococcus, Pseudomonas,
Staphylococci, Veillonella, Enterobacter, Escherichia, and Megasphaera [65]

A lower lung microbiota alpha diversity was observed in subjects with a higher
exposition to air pollutants [38]. Moreover, variance in both the respiratory microbiota [66]
and gut microbiota [67] was observed also in relation to air pollution exposure.

The gut microbiota metabolites can reach distant organs including both the lungs
and particularly protected organs such as the brain [68]. Promising research frontiers
include psychobiotics development as a complementary treatment for depression or other
mental illness and personalized care protocols considering the genetic and microbiome
patient characteristics for example in chemotherapy treatment [69]. Alterations in the
microbiota can also modulate host behaviors such as social activity, stress, and anxiety-
related responses that are linked to diverse neuropsychiatric disorders [70]. Indeed, some
researchers demonstrated that manipulation of the microbiota in either antibiotic-treated or
germ-free adult mice results in significant deficits in fear extinction learning [71,72]. After
birth, the microbiota strictly influences the host’s immune system maturation. A range
of hypotheses exist for disease pathogenic pathways [64] such as for T1DM [71–73] and
(Bowel Inflammatory Disease) IBD [74]. All such models include an altered stimulation of
the host immune system by the microbiota [75].

The complex feedback between microbiota and immunity is mediated by inflam-
matory cytokine production, change in oxygen levels, and altered epithelial metabolism,
disrupting the composition and function of intestinal microbiota. These alterations con-
tribute to intestinal inflammation, epithelial barrier disruption, and decreased production
of antimicrobial peptides, favoring secondary enteric infections.

Recent evidence on the respiratory diseases showed that gut dysbiosis due to viral res-
piratory infection also results in diminished production of microbial associated protective
molecular patterns including toll-like receptor and microbial metabolites such as SCFAs,
thus reducing antibacterial pulmonary immunity. Such lung–gut interconnections might
be particularly relevant during SARS-CoV-2 infection [76], especially when associated with
other weakening of the lung defenses due to high level of air pollutants [77]. However,
the experimental data are fast increasing on lung–gut interaction, and one of the main
questions is how to clear a causation or an association relationship, also considering the
role of the air pollution exposure of the host.

CO2, SO2, and other toxic gases and airborne particulate matter (PM) constitute a
universal danger to exposed organisms. Correlations of long-term exposure to air pollution
and mortality have been addressed in different studies worldwide [78]. The existence of an
association between long term exposure to fine PM and an increased risk of cardiovascular
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and lung disease, as well as lung cancer, has been established [79] Air pollution is also
associated with gastrointestinal disorders and inflammatory bowel diseases [80]. Where
inhaled particles are deposited in the respiratory system depends on their size. Most of the
larger particles are sequestered in the upper airways such as trachea and large bronchi [81].
Smaller size particles, particularly PM 2.5 or less, can reach the bronchioles and alveolar
spaces where they are phagocytosed by alveolar macrophages [49]. Particles sequestered in
macrophages and directly in the mucus layer in lower airways are subsequently transported
up to the oropharynx and then swallowed into the gastrointestinal tract [82]. PM can also be
ingested directly by consumption of food and water contaminated by PM [36,41,74,75,83].
It has been estimated that 1012–1014 particles are ingested per day by an individual on a
Western diet [84]. Treatment of gut epithelial cells with PM caused increased production
of mitochondrial reactive oxygen species (ROS), release of inflammatory cytokines, and
induced apoptosis of colonocytes [37]. Several studies suggested that smoking suppresses
the innate immune response to bacteria through the direct inhibition of bacterial sensing
patterns such as the recognition of lipopolysaccharides by the TLR4/MD-2 receptor. Smok-
ers with active Crohn’s disease were reported to have a clinically relevant dysbiosis of the
gut microbiota [85]. In mice, high-fat and fiber-deprived diets change the composition
of intestinal microbiota and damage the intestinal barrier through increased intestinal
permeability, reduced thickness of the mucous layer, abnormalities of tight junction pro-
teins of the epithelial barrier, and low-grade intestinal inflammation [41]. A variety of
environmental factors, such as diet and PM exposure can influence H2S regulation and
function. Epigenetics also have a role in H2S regulation. In addition, new research into
the role of gut microbiota in the development of hypertension has highlighted the need to
further explore these microorganisms and how they influence the levels of H2S throughout
the body affecting the microbiota [41].

In bronchoalveolar lavage cells, tobacco smoke exposure increased the activity of
inflammatory pathways by inducing continuous active demethylation processes [86].

Exposure of human macrophages to cigarette smoke extract also promoted pro-
inflammatory cytokine release by activation of the NF-κB pathway and concomitant post-
translational modifications of HDACs [87].

5. Metagenomics Approaches to Study Microbial Communities

Metagenomics is a set of research techniques, comprising many related approaches
and methods, to understand the genetic composition and activities of microbial communi-
ties so complex that they can only be sampled, never completely characterized. The use
of new high-throughput technologies is driving microbiology from an approach predom-
inantly focused on the study of single species in pure laboratory culture into a new era
focused on the characterization of whole microbial communities. Metagenomics involves
the characterization of the genomes in these microbial communities, as well as their corre-
sponding messenger RNA, protein, and metabolic products. Thus, metagenomics combines
the power of genomics, bioinformatics, and systems biology to analyze the genomes of
many organisms simultaneously. Particularly, in metagenomics studies, DNA is extracted
directly from all the microbes living in a particular environment, and the mixed DNA
sample is analyzed, using different high-throughput DNA sequencing approaches and
computational methods, in order to create a plethora of metagenomic library/datasets that
contain the genomes of all the microbes found in that environment [88]. This can be used to
analyze the microbial diversity, population structure, evolutionary relationship, functional
activity, and the relationship between community and environment [89] and is one of the
best technological innovations to improve bioremediation strategies. Metagenomic datasets
from different microbial ecosystems can also be compared to uncover the traits that are
important to each ecosystem [90]. Metagenomics can address several potential prospects in
different areas ranging from life and biomedical sciences to environmental biotechnologies,
agriculture, and microbial forensics. Furthermore, metagenomics has most frequently been
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utilized to study the microbial communities capable of degrading hydrocarbon and thus
establishing new mitigation approaches for polluted environment [91].

In 2007, the National Institutes of Health (NIH) launched the Human Microbiome
Project (HMP) in order to study and characterize the microbiome and the factors that
influence the distribution and evolution of the microbiota. The project aims to identify new
diagnostic biomarkers for health applications and a deeper understanding of the nutritional
requirements of humans to drive new recommendations for food production, distribution,
and consumption [92].

Over the past decade, numerous technologies have been developed for analyzing
microbial community structure and functions. In traditional techniques, cultivation-based
methodologies and phenotypic characterization were used to describe the diversity of
microorganisms in the studied samples. Although amplicon sequencing, as the PCR-based
16S rRNA analysis, is the most widely used method for characterizing the diversity of
microbiota, these methods, also referred to as metataxonomic, have some limitations. For
example, novel or highly diverged microbes are difficult to study using this approach since
sequencing is limited to the analysis of taxa for which taxonomically informative genetic
markers are known. In any case metataxonomic methods, requiring sequences from a single
gene, provide a cost-effective means to identify a wide range of organisms. Limitations
of this approach have been addressed by the development of metagenomic analysis that
uses sequencing, and now high-throughput sequencing and microarray technologies—
“open-format” and “closed-format” detection technologies, respectively—combined with
high-performance computational tools, to provide information on the species composition
of a microbiome [15]. In recent years, next generation sequencing technology has been
used to rapidly and efficiently profile whole microbial communities in various samples,
revolutionizing genome research because of its capability to produce a large quantity of
sequence data in a relatively short period of time [93]. Shotgun metagenomic sequencing, a
relatively new and powerful sequencing approach that uses the random sequencing of all
genomic content of a microbiome, allows researchers to measure all genes in all organisms
present in the community of the study sample, overcoming many of the limitations of
amplicon sequencing. Shotgun metagenomics also provides a means to study unculturable
microorganisms and to study biological functions encoded in the genomes of the organisms
that make up the community [94]. In a recent study, results obtained by the metataxonomic
approach and metagenomics were compared to investigate their reliability for bacteria
profiling. The results showed that 16S rRNA gene sequencing detects only part of the
gut microbiota community revealed by shotgun sequencing, and interestingly, the less
abundant genera detected only by shotgun sequencing are biologically meaningful [95].
However, targeted and shotgun sequencing of DNA cannot distinguish between expressed
and nonexpresser genes in a given environment. Thus, new meta-transcriptomic sequenc-
ing approaches have provided insight into microbial community functions and activities
from diverse habitats in understanding how a microbial community responds over time to
its changing environmental conditions [96].

6. Environmental Antibiotic Pollution and Microbiota: Implication for Public Health

Antimicrobial resistance (AMR) is one of the top 10 global public health threats facing
humanity that requires urgent multisectoral action to achieve the Sustainable Develop-
ment Goals (SDGs). AMR occurs naturally, and antimicrobial resistant organisms and
antimicrobial resistant genes (ARG) are found in humans, animals, food, plants, and in
the environment, including water, soil, and air [15]. However, one of the most reported
consequences of the widespread overuse and inappropriate usage of antibiotics is the
increased frequency of bacteria harboring ARGs in different environments, now referred to
as “antibiotic resistance pollution” [97]. Since ARGs may cause consequences for human
health, understanding their occurrence would be of great public health interest and value.
New technologies such as next generation sequencing and metagenomics approaches allow
the real-time monitoring of antimicrobial resistant organisms and ARGs in the environment
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and have the potential to detect microbial reservoirs and transmission routes [98] in order to
prevent the increase and the spread of AMR with consequences for human health. Recently,
due to an emerging public health concern, airborne ARGs carried by antimicrobial resistant
organisms found in urban air have received more attention. Interestingly, it has been re-
ported that the quantity of ARGs inhaled via airborne fine particulate matter (PM 2.5) was
equivalent to that ingested via water intake [99]. A recent article reports results of a global
metagenomic map of urban microbiomes and antimicrobial resistance in 60 cities across the
world identifying 4246 known species of urban microorganisms, a set of 31 species distinct
from human commensal organisms and an irregular distribution of AMR genes across
cities that could be the result of different levels of antibiotic usage or reflect the background
microbiome in different places in the world [100]. A global survey of ARG abundance in
air conducted across 19 world cities demonstrated that urban air had been polluted by
several ARGs and that different cities are challenged with health risks due to airborne ARG
exposure [101]. The study of Hu et al., using publicly available metagenome sequences
characterized the diversity and abundance of ARGs in the PM during a severe smog event
in Beijing and revealed that both the abundance and diversity of airborne ARGs were
higher in smog days than in non-smog days [102]. In another recent study using a high-
throughput sequencing approach, profiles of ARGs were obtained from PM2.5 and PM10
sampled in four seasons for one year from a general hospital, the urban community near
the hospital, and the nearest suburban community in China. In total, 643 ARG subtypes
belonging to 22 different ARG types were identified. The hospital exhibited higher ARG
abundance and was more closely associated with clinically important pathogens than the
nearby communities [103]. In conclusion, the availability of environmental microbiome and
ARG characterization and of metagenomic maps could provide the opportunity to generate
significant evidence on the impact of environmental antibiotic pollution and microbiota
on human health and give tools to public health authorities to assess risk, map outbreaks,
and predict epidemiological risks and trends [104]. Understanding and fighting antibiotic
resistance pollution using a “One Health Approach”, in which multiple sectors—public
health, animal health, plant health, and the environment—work together to achieve better
public health outcomes, may aid in creating more societal engagement and ultimately more
efficient policies to evaluate direct risks of transmission posed by certain contaminated
environments [105] (Figure 2).

Figure 2. Bidirectional communication between the lung and gut microbiota. The impact of envi-
ronmental pollution, including the airborne resistome, on human lung health is influenced by the
lung–gut axis microbiome and epigenetic regulation. The green arrows represent the microorganisms
that change after exposure to air pollution [31–57].
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7. Conclusions

The microbiota is considered a “system” that carries out various vital functions in
our bodies. Many factors are involved in the normal functioning of this organ system
of the body which leads to microbial dysbiosis. This not only alters the composition of
microbial communities but also leads to alteration in normal physiological functioning
associated with normal microflora. Alteration in the composition and function of the gut
microbiota has a direct effect on human health and plays an important role in the occurrence
of several diseases.

In this review, we discuss various host and environmental factors that significantly
influence the biodiversity of microbiota. There is evidence suggesting that respiratory
infections not only alter the lung microbiome but also promote signals of infection from
the lungs to the gut with consequent alterations in the gut microbiome [106]. During a
respiratory infection, bacteria and immune cells can translocate across lung epithelial cells
and reach the gastrointestinal tract via lymphatic or blood circulation to activate local
intestinal immunity. The microbiome of the lung and the gut have been implicated in
environmentally determined diseases. The symbiosis between the microbiota and its mam-
malian host encompasses multiple relationships [107]. The capacity of a given microbe,
including those composing the microbiota, to trigger or promote disease is highly contex-
tual, and some microbes can shift from mutualist to commensal to parasite according to the
state of activation of the host, coinfection, or localization [108]. These results demonstrate
the level of communication between the gut and the lungs in response to alterations in the
intestinal microbiota and intestinal permeability. The lung–gut axis is a two-way system
that involves interactions between the respective microbiota and immune cells. There
has been growing evidence of host–microbe and microbe–microbe interactions that shape
immune responses in respiratory diseases and the development of subsequent effects in
the gut. Environmental insults induce these imbalances but environ-mental exposure has
also been identified to protect against allergies, foster in particular microbiome diversity,
and contribute significantly to barrier organ functioning. Pollutants induce oxidative stress
and inflammation, genomic and epigenetic alterations, mitochondrial dysfunction, altered
intercellular communication, and altered microbiome communities. Taken together, they
provide a framework for understanding how environmental insults, even at relatively
low concentrations, can manifest chronic diseases. Advances in biomedical technologies
will elucidate the complex interplay of environmental insults down to the single cell level.
There is an important potential for harnessing the understanding of the links between envi-
ronmental insults and health to propose individualized prevention and treatment strategies.
As reviewed herein, experimental studies to date provide evidence that exposure to en-
vironmental pollutants triggers alteration of the human microbiome. Still pending is the
possibility of preventing, or at least attenuating, these alterations by preventive approaches
such as diet modification, dietary integration, oral administration of probiotics, and fecal
transplant. Further studies are required to evaluate whether or not these approaches may
represent a new strategy in protecting the human organism form environmental pollutants.

The variability of experimental conditions combined with the presence of mixtures of
emerging contaminants as well as the epigenetic effects constitute the main challenges to
be overcome for prioritization of “One Health” environmental pollutants.
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Abstract: Fluoro-edenite (FE) is an asbestiform fiber identified in Biancavilla (Sicily, Italy). Envi-
ronmental exposure to FE has been associated with a higher incidence of malignant mesothelioma
(MM). The present study aimed to validate the predicted diagnostic significance of hsa-miR-323a-3p,
hsa-miR-101-3p, and hsa-miR-20b-5p on a subset of MM patients exposed to FE and matched with
healthy controls. For this purpose, MM tissues vs. nonmalignant pleura tissues were analyzed
through droplet digital PCR (ddPCR) to evaluate differences in the expression levels of the selected
miRNAs and their MM diagnostic potential. In addition, further computational analysis has been
performed to establish the correlation of these miRNAs with the available online asbestos exposure
data and clinic-pathological parameters to verify the potential role of these miRNAs as prognostic
tools. ddPCR results showed that the three analyzed miRNAs were significantly down-regulated in
MM cases vs. controls. Receiver operating characteristic (ROC) analysis revealed high specificity and
sensitivity rates for both hsa-miR-323a-3p and hsa-miR-20b-5p, which thus acquire a diagnostic value
for MM. In silico results showed a potential prognostic role of hsa-miR-101-3p due to a significant
association of its higher expression and increased overall survival (OS) of MM patients.

Keywords: fluoro-edenite; asbestos; malignant mesothelioma; microRNA; diagnosis; prognosis

1. Introduction

The types of minerals forming fibers that have been used commercially and that are
known by the term “asbestos” include serpentine (chrysotile) and fibrous amphiboles
cummingtonite-grunerite (amosite asbestos), actinolite, anthophyllite, riebeckite (croci-
dolite asbestos), anthracite, and tremolite [1,2]. Such fibers represent an environmental
health problem as chronic exposure to these minerals has been associated with respiratory
diseases, including cancer [3,4].

Additionally, exposure to several other types of mineral particles found in the natural
environment and termed “naturally occurring asbestos” (NOA) such as fibers of the
minerals erionite, winchite, magnesio-riebeckite, Libby asbestos, richterite, antigorite, and
fluoro-edenite (FE) have also been associated with malignant mesothelioma (MM) [1,2].

FE is a calcium amphibole of transparent and intense yellow color [5]. This silicate
has several properties similar to the asbestos group [6,7]; in particular, it presents the same
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morphological and compositional aspect of the two fibrous phases tremolite and actino-
lite [2]. However, the peculiar feature of Biancavilla FE is its composition, characterized by
high aluminum, fluorine, and sodium contents, compared with other known oncogenic
minerals [8].

The International Agency of Research on Cancer (IARC) classified the FE fibers as
carcinogenic to humans [9]. FE fibers effects similar to those already reported after exposure
to asbestos fibers have been shown by several epidemiological studies [10–17]. Several
studies have reported an increased incidence of malignant neoplasms affecting the pleura,
the peritoneum, and the lung, after chronic inhalation of FE fibers [18–20]. All data suggest
that FE fibers exposure is caused by environmental contamination and it is not due to
specific occupational tasks [18]. The environmental exposure estimate is responsible for
10.8% of MM cases in Italy [21]. Material from the quarry of Monte Calvario (Biancavilla,
Italy) has been used for about 50 years for local construction [10,12,22], and none of
the residents diagnosed for MM had been significantly exposed to asbestos during their
occupational activities [23].

Local inflammation in the lung and pleura is among the most recognized toxic effects
of FE fibers exposure predisposing the individuals to MM development [24,25]. At present,
MM is still considered a lethal cancer characterized by a considerable period of latency
(≥30–60 years) [26] and late diagnosis that determines bad prognosis and quality of life and
unresponsiveness to presently available treatments [27]. To date, there are no diagnostic
tools with high sensitivity and specificity that can be used to perform an early diagnosis of
MM in asymptomatic people. Many biomarkers have been proposed for the screening and
diagnosis of MM in exposed subjects [28–32]. The unique Food and Drug Administration
(FDA)-approved biomarker for MM is mesothelin [33–35], but its poor sensitivity limits
the diagnosis of MM [36]. In this context, several studies demonstrated how miRNAs may
be used as effective biomarkers of environmental contamination and exposure to toxic
substances [37,38]. Furthermore, recent studies demonstrated that microRNAs (miRNAs)
play an important role in MM biology and they have the potential to be considered
as good non-invasive diagnostic and prognostic biomarkers and therapeutic targets for
cancer [39–41]. In particular, Micolucci and colleagues [42] propose an early diagnosis of
MM or a tool to monitor the therapy sensitivity through the expression levels analysis of
several MM-associated miRNAs designated as “mesomiRs” [42,43].

This study aimed to evaluate the expression levels of a set of miRNAs previously
identified and already validated in MM cellular models [44] to confirm their potential
use as diagnostic biomarkers for MM. In this study, for the first time, hsa-miR-323a-3p,
hsa-miR-101-3p, and hsa-miR-20b-5p have been analyzed in FE-mediated MM tissues vs.
nonmalignant pleura tissues. Furthermore, an in silico analysis has been performed to
evaluate the prognostic and therapeutic role of these three miRNAs. With this research
work, we would contribute to basic biomarkers research, and we hope to transfer these
results to clinical practice.

2. Materials and Methods

2.1. Patients and Samples Collection

Tissue specimens of ten cases of malignant mesothelioma and eight cases of healthy
pleural mesothelium were retrospectively analyzed. Formalin-fixed and paraffin-embedded
(FFPE) tissue specimens were obtained from the biobank of the Section of Anatomic Pathol-
ogy, Department Gian Filippo Ingrassia, University of Catania. The exclusion criteria
adopted in the choice of the cases were the following: (i) it was not possible to obtain
additional slides from FFPE blocks for the analysis; (ii) no representative neoplastic tissue
was contained in FFPE blocks. No written informed consent was necessary because of the
retrospective nature of the study; the study protocols conformed to the ethical regulations
of the Helsinki Declaration.

The cohort of patients of Biancavilla with FE-mediated MM was composed of six men
and four women (mean age: 68.4 ± 13.9 years; age range: 50–93 years). Agreeing to the
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World Health Organization (WHO) criteria, six cases were histologically classified as epithe-
lioid, three were classified as biphasic subtypes, and one was classified as sarcomatoid [21].
The cohort of control cases was composed of eight men (mean age: 44 ± 25.5 years; age
range: 15–76 years). These patients did not live in Biancavilla, and they did not show
oncological pathologies but pulmonary emphysema (n = 3) and pleurisy (n = 5). Data
including MM cases and controls are summarized in Table 1.

Table 1. Features of the fluoro-edenite (FE)-related malignant mesothelioma (MM) cases and controls.

Age Range
(Years)

Mean Age
(Years)

Gender Pathologies
Pathological

Subtype
Survival Time
Range (Days)

Mean
Survival Time

(Days)

Cases (n = 10) 50–93 68.4 ± 13.9 60% men, 40%
women

100%
malignant

mesothelioma

60%
epithelioid,

10%
sarcomatoid,
30% biphasic

45–1800 579 ± 525

Controls (n = 8) 15–76 44 ± 25.5 100% men

37.5%
pulmonary

emphysema,
62.5% pleurisy

Freshly cut sections of FFPE tissue, each with a thickness of 20 µm, were obtained
using a rotary microtome. Two sections for each sample were collected and stored at room
temperature.

2.2. RNA Isolation and RT

Total RNA containing small non-coding RNA was extracted from FFPE tissue using
a miRNeasy FFPE Kit (QIAGEN; Hilden, Germany) according to the manufacturer’s
recommended protocol (miRNeasy FFPE Handbook 01/2020). The RNA extraction and
quantification were performed as previously described [44]. All samples were then stored
at −80 ◦C until use. The purified RNA was reverse transcribed into cDNA as previously
described [44].

2.3. Droplet Digital PCR

As previously described, a customized droplet digital PCR (ddPCR) assay was used to
amplify hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p [45]. The reaction mixture
was made by combining ddPCR Supermix for probes (no dUTP) (cat. n. 1,863,010—Bio-
Rad Laboratories), TaqMan Advanced miRNA Assays specific for each miRNA (cat. no.
477863, 477804, 477,853—Thermo Fisher Scientific), a miR-Amp cDNA sample and PCR
water. The cartridge was loaded with 20 microliters of PCR reaction and 70µL of Droplet
Generation Oil (cat. no. 1,863,005—Bio-Rad Laboratories) in appropriate wells, and then
Droplet Generator QX200 was used to generate droplets. Subsequently, the generated
droplets were amplified using a C 1000 Touch Thermal Cycler (Bio-Rad Laboratories) at the
cycling conditions previously described [44]. A non-template control (NTC) was inserted
for each probe.

After the amplification, the droplets were read using a QX200 Droplet Reader (Bio-
Rad Laboratories). Finally, the absolute quantification of targets was performed using
QuantaSoft software, version 1.7.4 (QuantaSoft, Prague, Czech Republic), as previously
described [44,46].

2.4. In Silico Analysis

To clarify the role of hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p in MM,
different computational tools were used.

By consulting the Catalogue of Somatic Mutation In Cancer (COSMIC) (http://cancer.
sanger.ac.uk/cosmic (accessed on 20 September 2021) it was possible to identify the 20
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most mutated genes that are known to be involved in MM development and therefore have
a dysregulated expression. The selection was performed using the search term “Malignant
Mesothelioma” including the terms “Pleura” in tissue selection and “Mesothelioma” in
histology selection.

Subsequently, using the bioinformatics prediction tool microRNA Data Integration
Portal (mirDIP version 4.1.11.2, Database version 4.1.0.3, November 2020) (http://ophid.
utoronto.ca/mirDIP, accessed on 20 September 2021) [47,48], the interaction levels between
the miRNA previously identified via computational analysis and the main genes mutated
and altered in MM were evaluated.

Furthermore, the clinical implication of the three analyzed miRNAs was assessed
through the clinic-pathological data and the miRNA expression profiles analysis con-
tained in The Cancer Genome Atlas Mesothelioma (TCGA-MESO) database and down-
loaded using the online exploration tool UCSC Xena Browser (https://xenabrowser.net/,
accessed on 21 September 2021) [49]. In particular, the TCGA database was used to verify if
the three miRNAs here analyzed were dysregulated in MM according to asbestos exposure,
tumor stage, and patient survival. A total of 17 MM patient-related datasets were found
containing a total of 87 MM samples (35 exposed to asbestos, 49 not exposed to asbestos,
3 excluded due to lack of useful information). The datasets contained the expression levels
of 1,964 different miRNAs, but we focused on hsa-miR-323a-3p, hsa-miR-101-3p, and
hsa-miR-20b-5p for further investigation.

2.5. Statistical Analysis

The Shapiro-Wilk normality test was applied for the calculation of the distribution of
hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p expression levels observed with
ddPCR and deposited on the TCGA-MESO database. The Mann-Whitney test was utilized
for the comparison between miRNAs expression of MM samples and healthy controls.
Receiver operating characteristic (ROC) curves were obtained to evaluate the specificity
and sensitivity of the analyzed miRNAs. An unpaired Student t-test and one-way ANOVA
test were used for assessing the statistical differences existing between the expression
levels of hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p reported in the TCGA-
MESO database according to the asbestos exposure and the MM tumor stages, respectively.
Cancer-specific survival analysis was performed using the Kaplan-Meier method, and for
comparison of the survival curves, the Mantel-Cox log-rank test was used.

A value of p < 0.05 was considered statistically significant. The graphs were plotted
using Prism for Windows version 7.00 (Graphpad Software; San Diego, CA, USA), and
data were represented as the mean with SD.

3. Results

3.1. Evaluation of miRNA Expression Profiling Using ddPCR

The expression of hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p was exam-
ined in MM tissues and relative controls of healthy pleural mesothelium.

The Shapiro-Wilk normality test showed that the expression levels of the three miR-
NAs analyzed in MM cases and healthy controls differed significantly from a normal
distribution.

The comparison between tumor and normal tissues showed a different expression
of the three miRNAs analyzed in MM and healthy controls. The expression levels of
hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p in MM cases were significantly
lower compared to controls (Figure 1; Supplementary Figure S1). There was a statistically
significant trend of down-regulation observed for the three selected miRNAs analyzed in
MM cases vs. controls.
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‒

 

‒
Figure 1. MiRNAs expression, reported as number of copies/uL of reaction, in MM cases and healthy controls, through the
Mann-Whitney test, according to: (A) hsa-miR-323a-3p, (B) hsa-miR-101-3p, (C) hsa-miR-20b-5p. Data were represented as
the mean with SD.

To evaluate the sensitivity and specificity of these miRNAs and their role as novel,
promising diagnostic biomarkers for MM, ROC (receiver operating characteristic) curves
were calculated (Figure 2). ROC analysis revealed high specificity and sensitivity rates for
both hsa-miR-323a-3p and hsa-miR-20b-5p. In particular, the sensitivity and specificity
for hsa-miR-323a-3p and hsa-miR-20b-5p were 100% and 100% (AUC (area under the
curve) = 1). For hsa-miR-101-3p the sensitivity was 100% and the specificity was 40%
(AUC = 0.8625). However, the AUCs of all analyzed miRNAs were statistically significant
(p < 0.05).

‒

‒

Figure 2. ROC curves demonstrated the diagnostic value of hsa-miR-323a-3p (100% sensitivity and
100% specificity), hsa-miR-20b-5p (100% sensitivity and 100% specificity), and hsa-miR-101-3p (100%
sensitivity and 40% specificity).

3.2. In Silico Interaction between miRNAs and Main Genes Involved in Malignant Mesothelioma

Gene target analysis performed using the bioinformatics tool mirDIP showed the level
of interaction of the three computationally identified miRNAs with the main altered or
mutated gene in MM.

We took into account 20 different genes obtained from COSMIC and the mirDIP
analysis revealed that the three evaluated miRNAs were able to interact with all genes
involved in MM with high levels of intensity. These genes were: BAP1 (24%), NF2 (18%),
TP53 (12%), SETD2 (7%), LATS2 (5%), FBXW7 (2%), DDX3X (3%), EGFR (1%), SF3B1 (2%),
PBRM1 (2%), KRAS (1%), PIK3CA (1%), CTNNB1 (1%), CREBBP (2%), NSD1 (2%), ZFHX3
(2%), APC (1%), LATS1 (2%), LRP1B (2%), BRAF (1%). In particular, for each miRNA the
intensity of interaction was reported to be from medium to very high specificity. All miR-
NAs showed very high and high interaction levels with at least 50% of the genes analyzed,
suggesting a potential role of these miRNAs in the development of MM. According to this
analysis, hsa-miR-20b-5p showed very high and high interaction levels with 85% of the
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genes mutated in MM. The genes linked with higher levels of intensity by miRNAs were
found to be PBRM1 and ZFHX3, which showed in all cases very high levels of interaction.
In addition, the KRAS gene showed very high levels of interaction with hsa-miR-323a-3p
and hsa-miR-20b-5p and high levels of interaction with hsa-miR-101-3p. In opposition, the
genes associated with medium levels of intensity for all miRNAs were found to be BAP1
and BRAF. None of the genes analyzed showed low levels of interaction intensity with the
miRNAs evaluated (Figure 3).

 

Top 20 genes miRNAs  Intensity of interaction Medium High Very High
BAP1 hsa-miR-323a-3p Medium hsa-miR-323a-3p 50% 30% 20%
BAP1 hsa-miR-101-3p Medium hsa-miR-101-3p 45% 25% 30%
BAP1 hsa-miR-20b-5p Medium hsa-miR-20b-5p 15% 45% 40%
NF2 hsa-miR-323a-3p Medium
NF2 hsa-miR-101-3p Medium
NF2 hsa-miR-20b-5p High
TP53 hsa-miR-323a-3p Medium
TP53 hsa-miR-101-3p Medium
TP53 hsa-miR-20b-5p High

SETD2 hsa-miR-323a-3p High
SETD2 hsa-miR-101-3p High
SETD2 hsa-miR-20b-5p Very High
LATS2 hsa-miR-323a-3p High
LATS2 hsa-miR-101-3p Medium
LATS2 hsa-miR-20b-5p High
FBXW7 hsa-miR-323a-3p Medium
FBXW7 hsa-miR-101-3p Very High
FBXW7 hsa-miR-20b-5p Very High
DDX3X hsa-miR-323a-3p Very High
DDX3X hsa-miR-101-3p Very High
DDX3X hsa-miR-20b-5p High
EGFR hsa-miR-323a-3p Medium
EGFR hsa-miR-101-3p High
EGFR hsa-miR-20b-5p Very High
SF3B1 hsa-miR-323a-3p High
SF3B1 hsa-miR-101-3p High
SF3B1 hsa-miR-20b-5p Medium
PBRM1 hsa-miR-323a-3p Very High
PBRM1 hsa-miR-101-3p Very High
PBRM1 hsa-miR-20b-5p Very High
KRAS hsa-miR-323a-3p Very High
KRAS hsa-miR-101-3p High
KRAS hsa-miR-20b-5p Very High

PIK3CA hsa-miR-323a-3p High
PIK3CA hsa-miR-101-3p Medium
PIK3CA hsa-miR-20b-5p High
CTNNB1 hsa-miR-323a-3p Medium
CTNNB1 hsa-miR-101-3p High
CTNNB1 hsa-miR-20b-5p High
CREBBP hsa-miR-323a-3p High
CREBBP hsa-miR-101-3p Medium
CREBBP hsa-miR-20b-5p High

NSD1 hsa-miR-323a-3p Medium
NSD1 hsa-miR-101-3p Very High
NSD1 hsa-miR-20b-5p High

ZFHX3 hsa-miR-323a-3p Very High
ZFHX3 hsa-miR-101-3p Very High
ZFHX3 hsa-miR-20b-5p Very High

APC hsa-miR-323a-3p Medium
APC hsa-miR-101-3p Very High
APC hsa-miR-20b-5p Very High

LATS1 hsa-miR-323a-3p Medium
LATS1 hsa-miR-101-3p Medium
LATS1 hsa-miR-20b-5p High
LRP1B hsa-miR-323a-3p High
LRP1B hsa-miR-101-3p Medium
LRP1B hsa-miR-20b-5p Very High
BRAF hsa-miR-323a-3p Medium
BRAF hsa-miR-101-3p Medium
BRAF hsa-miR-20b-5p Medium

Figure 3. Interaction between selected miRNAs and main altered genes in MM via mirDIP gene
target analysis. For each miRNA the level of interaction with the 20 genes involved in MM is reported.
The intensity of interaction is highlighted with a color scale ranging from yellow (medium interaction)
to red (very high interaction).
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According to this analysis, these three miRNAs can target and modulate both tumor
suppressor and oncogene genes playing a potentially key role in tumor cell development.

3.3. In Silico Interaction between miRNAs and Asbestos Exposure, Tumor Stage, and Patient
Survival

The Shapiro-Wilk normality test showed that the expression levels of the three miR-
NAs contained in the TCGA-MESO database have a normal distribution.

The analysis of miRNAs expression levels according to the asbestos exposure data
contained in the TCGA-MESO database revealed that the expression levels of hsa-miR-
323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p did not change significantly in MM patients
exposed and not exposed to asbestos fibers (Figure 4).

‒

 

Figure 4. Normalized miRNAs expression in MM cases exposed and non-exposed to asbestos, through unpaired Student
t-test, according to: (A) hsa-miR-323a-3p, (B) hsa-miR-101-3p, (C) hsa-miR-20b-5p. Data are represented as the mean
with SD.

The analysis of miRNAs expression levels according to the clinic-pathological data
contained in the TCGA-MESO database showed that the expression levels of hsa-miR-323a-
3p, hsa-miR-101-3p, and hsa-miR-20b-5p did not change significantly in MM patients with
different tumor stages (Figure 5).

‒

 

Figure 5. Normalized miRNAs expression in different MM stages, through one-way ANOVA test, according to:
(A) hsa-miR-323a-3p, (B) hsa-miR-101-3p, (C) hsa-miR-20b-5p. Data are represented as the mean with SD.

Finally, considering the median overall survival (OS), the disease-specific survival
(DSS), and the progression-free interval (PFI) between high and low miRNAs expres-
sion, significance for hsa-miR-101-3p (p < 0.0001) was shown. In particular, there was
an association of high hsa-miR-101-3p expression and increased OS time (Figure 6A),
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DSS time (Figure 6B), and PFI time (Figure 6C). On the contrary, hsa-miR-323a-3p and
hsa-miR-20b-5p did not show significant results in MM patients’ survival.

 

‒Figure 6. Kaplan-Meier survival curve of hsa-miR-101-3p expression in MM patients according to: (A) OS time; (B) DSS
time; (C) PFI time.

4. Discussion

In this study, for the first time, hsa-miR-323a-3p, hsa-miR-101-3p, and hsa-miR-20b-5p
have been analyzed in MM tissues vs. nonmalignant pleura tissues. All tested miRNAs in
MM tissue showed a down-regulation compared to controls.

The translational data obtained for hsa-miR-101-3p in the present study were totally
in accordance with our previous computational study which showed a significant down-
regulation in MM samples compared to controls [44]. Furthermore, this miRNA showed a
prognostic value for MM because the in silico analyses performed here demonstrated a
significant association between hsa-miR-101-3p high expression levels and increased OS. In
line with our research, a study by Ramírez-Salazar et al. [50] demonstrated that the targets
of the down-regulated hsa-miR-101-3p in MM were significantly enriched in pathways
in cancer, including the signaling molecule mitogen-activated protein kinase 1 (MAPK1),
the transcription factor v-ets erythroblastosis virus E26 oncogene homolog 1 (ETS1), and
the mesenchymal transition-associated molecule frizzled class receptor 4 (FZD4). Multiple
down-regulated miRNAs targeted multiple common oncogenic genes, as their reduced
expression could increase the expression of these genes and consequently promote tu-
morigenesis [50]. This explains why an increase in hsa-miR-101-3p levels increases the
survival of MM patients, in which the high expression of hsa-miR-101-3p decreases the
expression of these oncogenic genes and consequently counteracts tumorigenesis. Inter-
estingly, although hsa-miR-20b-5p showed higher interaction levels with the most altered
genes in MM, the expression levels of this miRNA were not associated with the overall
survival or progression-free survival of patients. This phenomenon may be related to the
multiple binding activities of miRNAs exerted towards different genes. Our results may
support the hypothesis that miRNAs reach their biological impact by targeting multiple
genes with similar biological effects. Therefore, although hsa-miR-20b-5p showed high
levels of interaction with the genes analyzed, hsa-miR-101-3p can activate a more complex
network of genes involved in the progression of tumors and the survival of patients, as
demonstrated in other studies [50–53].

Of note, all the miRNAs previously identified and here validated in human samples
have already been associated with the development of different tumors, including breast
cancer, glioblastoma multiform, lymphomas, etc. [54–56].

It is noteworthy that the results obtained for hsa-miR-323a-3p and hsa-miR-20b-5p
were opposite to those obtained in our previous in silico and in vitro analysis, however,
for these miRNAs ROC analysis revealed high sensitivity and specificity in correctly
distinguishing MM and normal samples.

The computational analysis performed to further establish the functional role of
these three miRNAs in MM pathogenesis has shown that these miRNAs can target and
modulate both tumor suppressor and oncogene genes playing a potentially key role in
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tumor cell development. In particular, the genes targeted with higher levels of interaction
by the selected miRNAs were PBRM1, ZFHX3, and KRAS. The alteration of the expression
levels of PBRM1 was associated with the development of both renal cell carcinoma and
MM [57]. Recent evidence suggests that PBRM1 genomic alterations are strongly associated
with neoantigen production and responsiveness to immune checkpoint inhibitors (ICIs),
therefore, the analysis of the expression levels and gene mutation affecting this gene may be
predictive for the therapeutic choice in MM. ZFHX3, named also ATBF1, has been widely
associated with the development of lung cancer when dysregulated. In addition, the
analysis of ZFHX3 is also a positive prognostic biomarker for patients treated with ICIs [58].
Similarly, other studies have demonstrated the predictive role of KRAS alteration for the
treatment of lung cancer [59]. In addition, a recent study also established an important role
of KRAS mutation in the development of MM [60].

Several studies have tried to identify novel diagnostic biomarkers for the management
of MM patients, however, the currently available diagnostic strategies, mainly based
on the evaluation of tumor biomarkers such as calretinin, cytokeratin 5, podoplanin,
mesothelin, osteopontin, hyaluronic acid, fibulin-3 [28], vascular endothelium growth
factor [30], aquaporin-1 [29], high mobility group box 1 [31], and macroH2A.1 [32], often
fail to correctly diagnose MM due to the low rates of sensitivity and specificity of these
biomarkers.

To date, liquid biopsy is emerging as a helpful tool for non-invasive diagnosis, screen-
ing, prognosis, and stratification of cancer patients [61–63] and to characterize tumor
heterogeneity [64]. The literature already proposes an early diagnosis of MM through
the expression levels analysis of several “mesomiRs” [42]. Circulating miRNA-126-3p,
miRNA-625-3p, and miRNA-103a-3p in blood paired with with mesothelin and fibulin-3
have been suggested as potential diagnostic biomarkers of MM [42]. This approach could
avoid the histopathological and immunohistochemistry techniques used as the standard
for the late diagnosis of pleural biopsies [21]. It could be particularly helpful to study and
subsequently use a combination of several proteins and molecular markers to improve
diagnostic accuracy.

For this purpose, droplet digital PCR (ddPCR) investigations as well as in silico
analysis were performed to assess the functional role of the selected miRNAs and their
predictive value for MM patients’ diagnosis and prognosis.

Our results indicated that by increasing the number of samples these miRNAs should
be further evaluated not just as diagnostic tools, but additionally as prognostic predictors.
Thus, their potential as therapeutic targets could be explored by assessing their molecular
role. Another key task will be the validation of their targets and regulators, which would
clarify how miRNAs induce or suppress critical pathways involved in the carcinogenesis
triggered by carcinogenic fibers exposure.

5. Conclusions

Our goal is the validation of these results in a subset of patients chronically exposed
to FE using liquid biopsy, to provide a minimally invasive screening tool for the secondary
prevention of MM. Early detection of circulating tumor biomarkers and tumor DNA rep-
resents one of the most promising strategies to enhance the survival of cancer patients
by increasing treatment efficiency [63,64]. Besides these preliminary data, further studies
will be designed for the validation of “mesomiRs” with diagnostic potential, alone or in
combination with other protein biomarkers, to test their clinical role in high-risk individ-
uals. Certainly, a limitation of the work is the low number of samples available and the
reliance on the diagnostic values (sensitivity and specificity) of miRNAs based on the
obtained ROC curves until the evaluation on the independent test sample. It would also be
interesting to have available a cohort of subjects exposed to FE fibers but in the absence of
tumors. This comparison could highlight any similarities or epigenetic differences not only
between oncological and non-oncological subjects but also between those exposed to car-
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cinogenic fibers and those not. Moreover, further basic research studies should be aimed at
investigating the molecular pathways that are regulated by aberrantly expressed miRNAs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11111205/s1, Figure S1: ddPCR amplification signals obtained for NTC sample, MM
sample and control sample for the three investigated miRNAs.
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Katja Goričar 1,† , Marija Holcar 1,†, Nina Mavec 1, Viljem Kovač 2,3, Metka Lenassi 1 and Vita Dolžan 1,*
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Abstract: Malignant mesothelioma (MM) is characterized by poor prognosis and short survival.
Extracellular vesicles (EVs) are membrane-bound particles released from cells into various body
fluids, and their molecular composition reflects the characteristics of the origin cell. Blood EVs or
their miRNA cargo might serve as new minimally invasive biomarkers that would enable earlier
detection of MM or treatment outcome prediction. Our aim was to evaluate miRNAs enriched in
serum EVs as potential prognostic biomarkers in MM patients in a pilot longitudinal study. EVs
were isolated from serum samples obtained before and after treatment using ultracentrifugation on
20% sucrose cushion. Serum EV-enriched miR-103-3p, miR-126-3p and miR-625-3p were quantified
using qPCR. After treatment, expression of miR-625-3p and miR-126-3p significantly increased in
MM patients with poor treatment outcome (p = 0.012 and p = 0.036, respectively). A relative increase
in miR-625-3p expression after treatment for more than 3.2% was associated with shorter progression-
free survival (7.5 vs. 19.4 months, HR = 3.92, 95% CI = 1.20–12.80, p = 0.024) and overall survival (12.5
vs. 49.1 months, HR = 5.45, 95% CI = 1.06–28.11, p = 0.043) of MM patients. Bioinformatic analysis
showed enrichment of 33 miR-625-3p targets in eight biological pathways. Serum EV-enriched
miR-625-3p could therefore serve as a prognostic biomarker in MM and could contribute to a more
personalized treatment.

Keywords: mesothelioma; extracellular vesicles; miR-625; prognosis

1. Introduction

Malignant mesothelioma (MM) is a rare aggressive malignancy of the pleura or the
peritoneum that is mostly associated with exposure to asbestos [1]. Even though asbestos
use has been banned in most countries, MM incidence is still rising due to a long latency
period between asbestos exposure and development of MM [2]. As MM symptoms are
often non-specific, diagnosis is usually made when the disease is already in the advanced
stages [3]. MM is therefore characterized by poor prognosis and short survival [1,4].

MM treatment is often multimodal and includes chemotherapy, surgery, and radiation.
Even though implementation of chemotherapy increased survival of MM patients, outcome
is still limited [1,5,6]. Standard chemotherapy includes treatment with a combination of
pemetrexed and cisplatin [7], and comparable results were shown for treatment with
a combination of gemcitabine and cisplatin [1,8–10]. New treatment options based on
immunotherapy or targeted treatment are currently extensively investigated in clinical
trials (reviewed in [11–13]). Just recently, the combination of nivolumab and ipilimumab
was approved by the U.S. Food and Drug Administration as a first-line treatment for
unresectable pleural MM [14].
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Several studies have tried to identify biomarkers that could improve the outcome of
MM patients, mostly focusing on biomarkers for early diagnosis of MM. The best known
MM biomarker is mesothelin; cell-surface glycoprotein increased in both tumor tissue
and serum of MM patients [15–18]. Osteopontin and fibulin-3 were often proposed as
additional MM biomarkers [18–21]. MSLN genetic variability also affects mesothelin levels
and accounting for genetic factors can improve predictive ability of mesothelin [22–25].
On the other hand, fewer studies focused on identifying prognostic biomarkers in MM
that would be able to predict treatment outcome. For example, increased mesothelin
was associated with worse survival in a meta-analysis [26]. We have also identified
several other pharmacogenetic biomarkers in drug transport, metabolism and target genes
as well as DNA repair pathways that could help to predict response to chemotherapy
based on clinical-pharmacogenetic models [27]. However, current biomarkers alone have
limited sensitivity or specificity, preventing their widespread implementation in clinical
practice [28]. The search for appropriate minimally invasive diagnostic and prognostic
biomarkers in MM therefore continues, with studies focusing on composite biomarkers or
new types of biomarkers.

MicroRNAs (miRNAs), endogenous, small, non-coding RNA sequences, which help
to regulate gene expression at the post-transcriptional level, are emerging as important
novel circulating biomarkers in cancer and other diseases [3]. In MM, several studies
investigated miRNA expression in tumor tissue, blood cells, plasma or serum, pleural
effusions or cell lines, and a number of miRNAs were implicated in MM pathogenesis
and diagnosis (reviewed in [3,29,30]). Among them, miR-103-3p, miR-126-3p, and miR-
625-3p were identified as suitable biomarkers in multiple studies [30–42]. In MM patients,
miR-103-3p and miR-126 were downregulated compared to asbestos-exposed or healthy
controls [30–41], while miR-625-3p was upregulated [30,42]. Some of the studies also
suggested that a combination of a few miRNAs or their combination with mesothelin
could serve as a better diagnostic biomarker [32,34,39,40]. On the other hand, the role
of miRNAs in MM prognosis is not well established. So far, miR-126-3p expression was
associated with shorter survival of MM patients in a few studies, alone or in combination
with other miRNAs [35,41]. Additionally, increased circulating miR-625-3p expression after
chemotherapy was associated with disease progression [43].

Recent studies have shown that miRNAs secreted by cells of primary tumors and
metastatic sites into biofluids are often encapsulated within extracellular vesicles (EVs). EVs
are phospholipid bilayer enclosed spherical nanoparticles, secreted by all cells investigated
so far and reflecting their (patho)physiological state [44]. They can accumulate signals of
disease or distress in form of nucleic acids, proteins, lipids and different metabolites and
transport them to distant sites throughout the body. EVs are very heterogeneous in their
biogenesis, release pathways, size, morphology, cargo and biophysical characteristics, and
can be subdivided into exosomes, microvesicles and apoptotic bodies [45]. Their cargo is
protected from degradation in the extracellular space and can be co-enriched from biofluids
with EVs [46,47]. Changes in EV concentration or size as well as cargo composition
were observed in different cancer types [48–50]. EVs or their cargo, e.g., miRNA, could
therefore be used in liquid biopsy as diagnostic or prognostic cancer biomarkers, to assess
disease progression, treatment response or resistance [51]. EV-miRNA cargo specifically
has been shown to be actively involved in the regulation of diverse targets in recipient cells,
among others regulating disease progression, metastasis and even sensitivity to specific
drugs [52–54].

In MM, EVs secreted from cell lines were already shown to be enriched with proteins
involved in different cellular pathways, including signalling, response to stress, angio-
genesis, and metastasis [28,55,56]. Additionally, asbestos exposure modified EV cargo
leading to gene expression changes in mesothelial cells [57]. However, only a few studies
investigated EV-miRNA in MM to date [30,58,59]. The most abundant EV-bound miRNAs
in MM were reported to be tumor suppressors [59]. EV-miR-103a-3p and miR-30e-3p were
reported as candidate diagnostic markers in MM [58]. A meta-analysis of diagnostic value
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of miRNA in asbestos exposure and MM reported in the miRandola database found EVs-
linked miR-126-3p and miR-103a-3p to be downregulated, while miR-625-3p, miR-29c-5p
and miR-92a-3p were upregulated in MM [30].

MiRNAs miR-103-3p, miR-126-3p, and miR-625-3p were proposed as circulating diag-
nostic MM biomarkers in several studies and were previously also detected in EVs [58,60].
On the other hand, the prognostic role of EV-miRNA is largely unexplored. Therefore, the
aim of the present pilot study was to evaluate serum EV-enriched miRNAs miR-103a-3p,
miR-126-3p, and miR-625-3p as potential minimally invasive biomarkers of treatment
outcome in patients with MM in a longitudinal setting.

2. Materials and Methods

2.1. Patients

We performed a pilot longitudinal study that included MM patients with pleural or
peritoneal mesothelioma treated with chemotherapy at the Institute of Oncology Ljubljana
in the period between 1 February 2009 and 31 July 2016. The diagnosis of pleural or peri-
toneal MM was established by thoracoscopy or laparoscopy, respectively. For all patients,
MM diagnosis was confirmed histologically by an experienced pathologist. MM stage
was determined according to the TNM staging system for pleural MM, while performance
status was evaluated according to the Eastern Cooperative Oncology Group (ECOG) scores.
Demographic and clinical data were obtained from medical records or assessed during a
clinical interview. Written informed consent was obtained for all patients. The study was
approved by the Slovenian Ethics Committee for Research in Medicine (41/02/09) and
was carried out according to the Declaration of Helsinki.

Inclusion criteria were treatment in the specified period and availability of longitudinal
samples. Among MM patients treated in this period, we selected 10 patients with poor
treatment outcome and 10 patients with good treatment outcome based on overall survival
(OS): patients with poor treatment outcome had OS of less than 15 months (10 patients),
while patients with good treatment outcome had OS of more than 20 months (10 patients).

Serum samples of 20 MM patients were collected at two time points: at diagnosis and
after completion of chemotherapy. Blood was sampled on the day of the last chemotherapy
cycle, unless disease progression occurred before the last cycle. Serum samples were pre-
pared within 4 h after blood sampling, aliquoted and stored at −20 ◦C. In total, 40 samples
were evaluated.

2.2. Isolation of Small EVs with Sucrose Cushion Ultracentrifugation (sUC)

We used the established sUC method for enrichment of small EVs [61]. In short, sera
aliquots were first defrosted on ice and centrifuged at 10,000× g for 20 min at 4 ◦C to remove
any large extracellular particles. Next, 2 mL of 20% sucrose (sucrose (Merck Millipore,
Burlington, MA, USA) in Dulbecco’s phosphate-buffered saline (dPBS, Sigma-Aldrich, St.
Louis, MO, USA) was pipetted in polypropylene tubes (Beckman Coulter, Brea, CA, USA)
and overlaid with diluted serum (1 mL of serum, mixed with 8.5 mL of particle-free dPBS).
Samples were ultracentrifuged at 100,000× g for 135 min at 4 ◦C (MLA-55 rotor, Beckman
Coulter, USA) and supernatant was aspirated from the tubes and walls of the tubes dried
by low-lint highly absorbent paper. Finally, the pellet containing isolated EVs was fully
resuspended in 200 µL of dPBS, mixed with 800 µL Tri-reagent (Sigma-Aldrich, USA), and
stored at −20 ◦C.

2.3. Extraction of miRNA and Transcription to cDNA

Before miRNA extraction, 1 mL aliquots of frozen serum small EV-enriched samples,
mixed with Tri-reagent, were defrosted on ice. 1 µL of MS2 RNA carrier (final concentration
0.8 µg/µL; Roche, Basel, Switzerland), 1 µL of spike-in (exogenous control, ath-miR-159a,
final concentration 0.4 fM; Applied Biosystems, Waltham, MA, USA), and 200 µL of chloro-
form (Sigma-Aldrich, USA) were added to the samples and thoroughly mixed [61]. MiRNA
was extracted using the miRNeasy Mini Kit (Qiagen, Hilden, Germany), according to the
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manufacturers’ instructions, with following adaptations of the protocol: (I) addition of ex-
tra 500 µL of RNase/DNase-free water and subsequent chloroform extraction after the first
removal of aqueous phase from the chloroform-sample mixture, and (II) elution of miRNA
from the column into DNA low binding tubes (Eppendorf, Hamburg, Germany) by two
successive additions of 25 µL of RNase/DNase free water and centrifugations (15,000× g,
30 s). Samples of extracted miRNA were stored at −20 ◦C until batch reverse transcription
of total isolated miRNA to cDNA for all samples. For this, TaqMan™ Advanced miRNA
cDNA Synthesis Kit (Applied Biosystems, USA) was used, following the manufacturer’s
instructions. cDNA samples were stored at −20 ◦C.

2.4. Quantitative Polymerase Chain Reaction (qPCR)

qPCR for miRNA expression analysis was performed using the TaqMan™ Advanced
MicroRNA assays (Applied Biosystems, USA) on QuantStudio™ 7 Flex Real-Time PCR
System (Applied Biosystems, USA). The analysis was performed using QuantStudio Soft-
ware (Applied Biosystems, USA) and the miRNA levels were expressed as cycle threshold
(Ct). Ct of spike-in (ath-miR-159a) was analyzed to evaluate the efficiency of miRNA
isolation as well as transcription to cDNA, to exclude deviating samples according to the
manufacturer’s instructions. All of the samples were also tested for hemolysis by analyz-
ing miR-23a-3p and miR-451a expression. ∆Ct((miR-23a-3p)−(miR-451a)) ≥ 7 indicated
hemolysis and led to exclusion of the sample from further analysis [62]. In addition to three
miRNAs of interest (miR-103a-3p, miR-126-3p, miR-625-3p), two control miRNAs with
reportedly stable expression in plasma or serum (let-7i-5p and miR-425-5p) [63,64] were
analyzed. Expression of miRNAs of interest was normalized to the average expression
of control miRNAs let-7i-5p and miR-425-5p. The relative expression of miRNAs was
calculated as 2−∆Ct. Temporal changes in miRNA expression were assessed using relative
change, defined as the difference of miRNA expression after treatment and at diagnosis,
divided by its value at diagnosis.

2.5. Bioinformatic Analysis of miR-625-3p Targets

Experimentally validated miR-625-3p targets were obtained using miRTarBase (2020
update) [65]. Interaction network predicting the relationship between miR-625-3p target
genes and genes correlating with target genes was obtained using GeneMania based on
automatically selected weighting method [66]. We used gProfiler for functional enrichment
analysis based on Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), Reactome, and WikiPathways as well as Transfac, miRTarBase, Human Protein
Atlas, CORUM, and Human Phenotype Ontology databases [67]. To account for multiple
comparisons, multiple testing correction based on g:SCS algorithm was used.

2.6. Statistical Analysis

Continuous variables were described using median and interquartile range (25–75%),
and categorical variables were described using frequencies. For continuous dependent
variables, the nonparametric Mann–Whitney test was used to compare the distribution
among different groups, while Fisher’s exact test was used to compare the distribution of
categorical variables. For related samples, the nonparametric Wilcoxon signed-rank test
was used for comparison of continuous variables in different time points. For the differen-
tiation between MM patients with poor and good treatment outcome, a receiver operating
characteristic (ROC) curve analysis was used to determine the specificity, sensitivity and
area under the curve (AUC). Cutoff values were selected as values with the highest sum of
specificity and sensitivity.

In survival analysis, progression-free survival (PFS) was defined as the time from
diagnosis to the day of documented disease progression or death from any cause, and
OS was defined as the time from diagnosis to death from any cause. Patients without
progression or death at the time of the analysis were censored at the date of the last
follow-up. Kaplan–Meier analysis was used to calculate median survival or follow-up
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time. Univariable and multivariable Cox regression was used to calculate the hazard ratios
(HR) and the 95% confidence intervals (CIs). Clinical variables used for adjustment in
multivariable survival analysis were selected using stepwise forward conditional selection.

All statistical analyses were carried out by IBM SPSS Statistics version 21.0 (IBM
Corporation, Armonk, NY, USA). All statistical tests were two-sided and the level of
significance was set at 0.05.

3. Results

3.1. Patient Characteristics

The final study group consisted of 18 MM patients. Two patients were excluded from
the analysis because their samples obtained at diagnosis did not pass the quality control
for spike-in and/or hemolysis levels. Patients’ clinical characteristics are presented in
Table 1. Among them, 8 (44.4%) patients had poor treatment outcome, while 10 (55.6%)
patients had good treatment outcome. In total, 17 (94.4%) patients had pleural and 1 (5.6%)
patient had peritoneal MM. The median follow-up time was 30.8 months. The relative
change of miRNA expression during treatment was only evaluated in 17 patients (8 (47.1%)
patients with poor and 9 (52.9%) with good outcome), as one sample obtained at the end of
chemotherapy was excluded due to hemolysis.

Table 1. Clinical characteristics of malignant mesothelioma patients (n = 18).

Characteristic Category/Unit n (%)

Gender
Male 10 (55.6)

Female 8 (44.4)

Age Years, Median (25–75%) 68.5 (59.8–72.5)

Stage

I 4 (22.2)

II 2 (11.1)

III 8 (44.4)

IV 3 (16.7)

Peritoneal 1 (5.6)

Histological type
Epithelioid 12 (66.7)

Biphasic 3 (16.7)

Sarcomatoid 3 (16.7)

ECOG performance status
0 4 (22.2)

1 8 (44.4)

2 6 (33.3)

Asbestos exposure Not exposed 5 (27.8)

Exposed 13 (72.2)

Smoking Non-smokers 11 (61.1)

Smokers 7 (38.9)

CRP mg/L, Median (25–75%) 15.5 (2.8–46.5)

Chemotherapy Gemcitabine + cisplatin 12 (66.7)

Pemetrexed + cisplatin 6 (33.3)

PFS Months, Median (25–75%) 14.1 (7.2–20.2)

OS Months, Median (25–75%) 27.3 (12.5–29.4)

Follow-up time Months, Median (25–75%) 30.8 (23.4–30.8)
CRP: C-reactive protein; ECOG: Eastern Cooperative Oncology Group; EV: extracellular vesicles; OS: overall
survival; PFS: progression-free survival.
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Among all MM patients, 12 (66.7%) were treated with gemcitabine and cisplatin dou-
blet chemotherapy, while 6 (33.3%) received pemetrexed and cisplatin doublet chemother-
apy. There were no significant differences in treatment outcome between both chemother-
apy regimens (p = 0.638).

3.2. Comparison of Serum EV-Enriched miRNA Expression at Diagnosis and after Treatment

First, we evaluated if the expression of target serum EV-enriched miRNAs changes
after treatment with chemotherapy in MM patients (Table 2, Figure S1). The expression
of EV-enriched miR-126-3p increased after treatment in 12 (70.6%) patients (p = 0.035,
Table 2, Figure S1c). Expression of EV-enriched miR-625-3p and miR-103a-3p did not differ
significantly after treatment (Figure S1a,b, respectively).

Table 2. Comparison of expression of serum EV-enriched miRNAs at diagnosis and after treatment in malignant mesothe-
lioma patients.

miRNA
At Diagnosis

Relative Expression
Median (25–75%)

After Treatment
Relative Expression

Median (25–75%)
p

All patients (n = 17) miR-625-3p 0.05 (0.01–0.13) 0.07 (0.03–0.15) 0.227

miR-103a-3p 0.40 (0.34–0.47) 0.39 (0.32–0.48) 0.981

miR-126-3p 45.73 (38.30–74.96) 68.05 (46.17–101.77) 0.035

Poor outcome (n = 8) miR-625-3p 0.06 (0.02–0.13) 0.11 (0.08–0.21) 0.012

miR-103a-3p 0.39 (0.28–0.42) 0.37 (0.28–0.48) 0.889

miR-126-3p 55.01 (038.03–72.06) 78.81 (55.58–140.34) 0.036

Good outcome (n = 9) miR-625-3p 0.04 (0.01–0.14) 0.04 (0.01–0.05) 0.173

miR-103a-3p 0.43 (0.34–0.50) 0.40 (0.33–0.51) 0.953

miR-126-3p 44.46 (38.76–77.33) 51.51 (37.69–94.09) 0.374

EV: extracellular vesicles.

When patients were stratified according to outcome, the expression of EV-enriched
miR-625-3p and miR-126-3p was significantly increased after treatment in patients with
poor outcome (p = 0.012 and p = 0.036, respectively, Table 2). Expression of EV-enriched
miR-625-3p increased after treatment in all 8 patients with poor outcome, while EV-enriched
miR-126-3p expression increased in 6 (75.0%) patients with poor outcome (Figure S1d,f,
respectively). On the other hand, no differences between miRNA expression at diagnosis
and after treatment were observed in patients with good outcome (Table 2).

3.3. Differentiation between MM Patients with Poor and Good Treatment Outcome Based on
Serum EV-Enriched miRNA Expression

There were no significant differences in the expression of serum EV-enriched miRNAs
collected at diagnosis between MM patients with poor and good treatment outcome
(Table 3). On the other hand, a relative change in EV-enriched miR-625-3p expression over
time could discriminate between patients with poor and good treatment outcome. After
treatment, miR-625-3p expression increased in patients with poor outcome (median 85.2%)
and decreased in patients with good outcome (median −17.5%), and the difference was
statistically significant (p = 0.036). AUC for miR-625-3p was 0.806 (0.588–1.000) (p = 0.034).
At the cutoff value of 3.2% with the highest sum of specificity and sensitivity, sensitivity
was 0.667 and specificity was 1.000. Relative change of EV-enriched miR-103a-3p or miR-
126-3p expression after treatment was not associated with treatment outcome (Table 3).
The relative change of EV-enriched miRNA expression did not differ between different
chemotherapy regimens (p = 0.884 for miR-625-3p, p = 0.733 for miR-103a-3p, and p = 0.525
for miR-126-3p).
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Table 3. Expression of serum EV-enriched miRNAs and treatment outcome of malignant mesothelioma patients and ROC
curve analysis.

miRNA

Poor
Outcome
Median

(25–75%)

Good
Outcome
Median

(25–75%)

p
AUC

(95% CI)
p Cutoff Sensitivity Specificity

At
diagnosis

miR-625-3p
0.06

(0.02–0.13)
0.05

(0.01–0.13)
0.897

0.556
(0.273–0.838)

0.700 0.01 0.333 0.875

(n = 18) miR-103a-3p
0.39

(0.28–0.42)
0.45

(0.36–0.54)
0.146

0.681
(0.414–0.947)

0.211 0.47 0.444 1.000

miR-126-3p
55.01

(38.03–72.06)
45.09

(39.81–76.49)
0.965

0.514
(0.221–0.807)

0.923 46.28 0.667 0.925

Change (%) miR-625-3p
85.2

(25.8–565.9)
−17.5

(−82.8–150.6)
0.036

0.806
(0.588–1.000)

0.034 3.2 0.667 1.000

(n = 17) miR-103a-3p
1.6

(-13.9–25.2)
−10.5

(−29.8–37.1)
0.888

0.528
(0.242–0.814)

0.847 −16.7 0.333 0.875

miR-126-3p
16.1

(1.7–175.97)
20.7

(−24.8–86.8)
0.606

0.583
(0.297–0.869)

0.564 −8.7 0.333 1.000

AUC: area under the curve; CI: confidence interval; EV: extracellular vesicles; ROC: receiver operating characteristic.

3.4. Survival Analysis

For MM patients with poor outcome, median PFS was 6.9 (5.8–7.5) months and median
OS was 10.0 (7.7–12.5) months. For MM patients with good outcome, median PFS was
19.4 (14.9–23.2) months and median OS was 29.4 (27.3–49.1) months. Among clinical
characteristics, higher C-reactive protein (CRP) level was an important predictor of shorter
OS (HR = 1.01, 95% CI = 1.00–1.04, p = 0.029) and was therefore used for adjustment in
multivariable analyses. The chemotherapy regimen was not a significant predictor of OS
(HR = 0.21, 95% CI = 0.03–1.67, p = 0.141).

Serum EV-enriched miRNA expression at diagnosis was not associated with survival
of MM patients (Table S1). On the other hand, a higher relative change in miR-625-3p was
associated with both worse PFS (HR = 1.02, 95% CI = 1.00–1.04, p = 0.044) and worse OS
(HR = 1.02, 95% CI = 1.00–1.05, p = 0.045). The association remained significant after adjust-
ment for clinical variables in multivariable analysis (PFS: HR = 1.02, 95% CI = 1.00–1.04,
p = 0.046; OS: HR = 1.03, 95% CI = 1.00–1.05, p = 0.042; Table S1). EV-enriched miR-103a-3p
or miR-126-3p was not associated with survival of MM patients.

Patients were then stratified according to cutoff values obtained from comparison
between patients with poor and good outcome (Table 3), and the association with PFS and
OS was assessed (Table 4). A relative increase in EV-enriched miR-625-3p expression after
treatment for more than 3.2% was associated with significantly shorter PFS (7.5 compared
to 19.4 months, Figure 1a). The difference was significant both in univariable analysis
(HR = 3.92, 95% CI = 1.20–12.80, p = 0.024) and after adjustment for CRP levels at diagnosis
(HR = 4.13, 95% CI = 1.25–13.65, p = 0.020). Similarly, a relative increase in miR-625-3p
expression after treatment for more than 3.2% was associated with significantly shorter OS
(12.5 vs. 49.1 months, Figure 1b). The difference was again significant both in univariable
analysis (HR = 5.45, 95% CI = 1.06–28.11, p = 0.043) and after adjustment for CRP levels at
diagnosis (HR = 6.32, 95% CI = 1.18–33.99, p = 0.032).
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Table 4. Relative change in expression of serum EV-enriched miRNAs and progression-free survival (PFS) and overall
survival (OS) of malignant mesothelioma patients.

miRNA PFS OS

<Cutoff
Months,
Median

(25–75%)

>Cutoff
Months,
Median

(25–75%)

HR (95% CI) p
HR (95%

CI)adj
Padj

<Cutoff
Months,
Median

(25–75%)

>Cutoff
Months,
Median

(25–75%)

HR (95%
CI)

p
HR (95%

CI)adj
Padj

miR-
625-3p

19.4
(14.9–23.2)

7.5
(6.4–14.7)

3.92
(1.2–12.8) 0.024 4.13

(1.25–13.65) 0.020 49.1
(27.3–49.1)

12.5
(9.1–28.3)

5.45
(1.06–28.11) 0.043 6.32

(1.18–33.99) 0.032

miR-
103a-3p

14.9
(5.8–17.1)

14.1
(7.2–19.4)

1.84
(0.52–6.56) 0.348 1.76

(0.47–6.56) 0.403 27.3
(5.8–49.1)

25.7
(10.6–28.3)

1.50
(0.30–7.37) 0.621 1.35

(0.26–6.95) 0.716

miR-
126-3p

19.4
(14.9–23.2)

8.5
(6.9–17.1)

1.89
(0.53–6.76) 0.327 2.90

(0.71–11.89) 0.140 27.3
(27.3–27.3)

25.7
(10.6–49.1)

2.40
(0.29–19.60) 0.416 7.77

(0.72–84.17) 0.092

adj: adjusted for C-reactive protein levels at diagnosis. CI: confidence interval; EV: extracellular vesicles; HR: hazard ratio.

Figure 1. Relative change in serum EV-enriched miR-625-3p expression and progression free survival (a) and overall
survival (b) of malignant mesothelioma patients. EV: extracellular vesicles.

3.5. Bioinformatic Analysis of miR-625-3p Targets

miRTarBase listed 33 experimentally confirmed miR-625-3p targets. Only one of them,
mitogen-activated protein kinase kinase 6 (MAP2K6), was experimentally confirmed using
reporter assay, Western blot and qPCR, while other targets were only confirmed using
next-generation sequencing.

Using GeneMania, we evaluated co-expression, physical interactions, co-localization,
genetic interactions, shared protein domains, and predicted interactions of miR-625-3p
target genes. Interaction network revealed several associations between miR-625-3p target
genes, as well as 20 additional interacting genes (Figure 2a).

A gProfiler analysis showed that the identified miR-625-3p target genes were signifi-
cantly associated not only with miR-625-3p but also with five other miRNAs, especially
miR-1295b-3p (Figure 2b). After GO and KEGG enrichment analysis of miR-625-3p target
genes, eight GO (seven biological pathways and one molecular function) and two KEGG
terms were enriched in this gene set. The most significant pathway after enrichment was
PD-L1 expression and PD-1 checkpoint pathway in cancer (KEGG:05235). The most sig-
nificant GO biological process terms were regulation of cell communication (GO:0010646)
and regulation of signal transduction (GO:0009966). The only significant GO molecular
function term was insulin-like growth factor II binding (GO:0031995). Additionally, two
WikiPathways were also enriched among miR-625-3p target genes. Based on Transfac
data, BEN transcription factor binding motif was significantly enriched in our data set. A
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detailed description of all significant pathways and processes and their significance level is
represented in Figure 2b.

Figure 2. (a) Experimentally confirmed miR-625-3p targets and their interactions based on co-
expression, physical interactions, co-localization, genetic interactions, shared protein domains, and
predicted interactions. MiR-625-3p target genes are presented in the inner circle, while the outer circle
shows other associated genes based on GeneMania analysis. Target gene c7orf65 was not included in
GeneMania. (b) gProfiler pathway enrichment analysis: biological processes and pathways linked
to miR-625-3p target genes, term names, codes and significance level. BP: biological process; GO:
gene ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; MF: molecular function; TF:
transcription factor; WP: WikiPathways.
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4. Discussion

In the present pilot longitudinal study, we investigated expression of candidate miR-
NAs enriched in serum small EVs as potential prognostic biomarkers in MM. After treat-
ment with platinum-based chemotherapy, expression of serum EV-enriched miR-625-3p
and miR-126-3p significantly increased only in MM patients with poor treatment outcome.
A relative increase in EV-enriched miR-625-3p expression after treatment was associated
with significantly shorter survival and could be used as a prognostic biomarker in MM.

The most important result of our study is the association of serum EV-enriched
miR-625-3p with treatment outcome and survival of MM patients. Expression of serum EV-
enriched miR-625-3p significantly increased after treatment with platinum-based chemother-
apy in MM patients with poor treatment outcome, while a nonsignificant decrease was
observed in MM patients with good outcome. Relative change in serum EV-enriched
miR-625-3p expression over time could discriminate between patients with poor and good
treatment outcome with high specificity. If serum EV-enriched miR-625-3p expression
after treatment increased for more than 3.2%, MM patients had significantly shorter PFS
and OS, even after adjustment for clinical parameters. In previous studies, circulating
plasma miR-625-3p was generally upregulated in MM compared to healthy controls, but
the results are conflicting [30,34,42]. In the only study evaluating EVs in MM, no differences
in miR-625-3p expression were observed compared to controls, while its prognostic poten-
tial was not assessed [58]. In a longitudinal study that investigated plasma miR-625-3p
in MM before and after cisplatin-based chemotherapy, expression increased in patients
with progressive disease [43], which is consistent with our results. The combination of
increased miR-625-3p and decreased long noncoding RNA (lncRNA) GAS5 expression
could distinguish between patients with good or poor outcome, even though only GAS5
was associated with overall survival [43]. In concordance with our results, increased tumor
miR-625-3p expression was associated with worse response to oxaliplatin and oxaliplatin
resistance in colorectal cancer [68,69], emphasizing the association between miR-625-3p and
response to platinum compounds. Additionally, increased tumor miR-625-3p expression
was also significantly associated with tumor relapse in esophageal small cell carcinoma [70].
High tumor miR-625-3p expression was observed in thyroid and clear cell renal cell carci-
noma [71,72]. Increased miR-625-3p expression was associated with poor prognosis, tumor
proliferation, migration or invasion in various cancers [71–73].

Despite strong evidence that miR-625-3p may be associated with unfavorable progno-
sis, miR-625 was also observed to be downregulated in serum, plasma or tissue in some
cancer types; however, most of these studies did not specify whether they investigated
the expression of miR-625-3p or miR-625-5p [74–77]. Decreased miR-625 expression was
associated with shorter survival of esophageal squamous cell carcinoma [74], and its ex-
pression increased in non-small cell lung cancer after surgery and in acute lymphoblastic
leukemia in remission [75,77]. Some studies also suggested miR-625 might suppress cell
proliferation, migration and invasion, and identified a number of different miR-625 target
genes [78–81]. Based on data from miRTarBase, these target genes were associated with
miR-625-5p, suggesting these studies were investigating miR-625-5p and that there are
important differences in the biological roles of these two miRNAs as they might regulate dif-
ferent pathways or be differentially regulated themselves. For example, different lncRNAs
were identified as potential regulators of miR-625-3p or miR-625-5p expression [43,81,82].
Additionally, several isoforms of miR-625-3p with potentially differential expression were
reported, but their role is not yet established [43].

We therefore tried to further elucidate the role of miR-625-3p using bioinformatic
analysis. According to the miRTarBase database, 33 miR-625-3p targets were experimentally
confirmed, and the interaction network revealed several interactions between them as well
as some common interacting genes. However, MAP2K6 was the only target confirmed
with strong evidence. Mitogen-activated protein kinase kinase MAP2K6 is involved in
p38 phosphorylation in response to stress and thus affects apoptosis and cell cycle [69].
Intrachromosomal rearrangements of this gene were previously observed in MM [83].
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MAP2K6 was identified as a direct mediator of miR-625-3p associated oxaliplatin resistance
in colorectal cancer [69], and it was proposed that miR-625-3p and MAP2K6 could even be
used to guide treatment selection [84]. Evaluation of MAP2K6 expression would therefore
also be of great interest in MM.

A number of other miR-625-3p target genes identified by bioinformatic analysis were
previously implicated in MM or in response to asbestos, further confirming this miRNA
might play an important role. For example, asbestos exposure was associated with modified
expression of THRAP3 and PEG10 [85], XBP1 [86], TNIP1 and PLPP3 [87]. AKT1 and its
signalling pathway were implicated in various processes in MM, including resistance to
cisplatin [88]. ROCK2 was overexpressed in MM tumor tissue and implicated in the Hippo
signalling pathway [89]. Additionally, HIF1A and hypoxia were also associated with MM,
for example, with proliferation and inflammation as well as histological type [90].

Pathway enrichment analysis showed miR-625-3p target genes are involved in several
different processes. In GO analysis, seven biological process terms were enriched, most
significantly regulation of cell communication and regulation of signal transduction, while
insulin-like growth factor II binding was the only significant molecular function term.
Insulin-like growth factor II mRNA-binding protein 3 was already proposed as a biomarker
for distinguishing between MM and benign mesothelial proliferations [91]. Identified miR-
625-3p target genes were associated with five additional miRNAs, especially miR-1295b-3p;
however, not much is known about this miRNA.

Interestingly, among two significant KEGG pathways, the most significant was PD-L1
expression and PD-1 checkpoint pathway in cancer. Immune checkpoint proteins pro-
grammed cell death protein (PD-1) and programmed cell death 1 ligand 1 (PD-L1) were
extensively investigated in MM in the past few years due to their potential as targets in
immunotherapy [11–13]. However, there is great interindividual variability in response
to anti-PD-1 and anti-PD-L1 treatment, and the success of treatment with a single im-
mune checkpoint inhibitor is limited [12]. Tumor PD-L1 expression is not a sufficient
biomarker for identification of MM patients that could benefit from immunotherapy, and
novel biomarkers are needed [12,13]. Importantly, PD-L1 expression was also identified in
EVs [28], and EVs could therefore be a potential additional biomarker guiding immunother-
apy personalization. Further studies investigating PD-L1 in EVs, also in combination with
EV-enriched miR-625-3p, are therefore needed.

In our study, we also evaluated the potential biomarker role of EV-enriched miR-126-
3p and miR-103-3p. Expression of EV-enriched miR-126-3p significantly increased only in
MM patients with poor treatment outcome. However, the relative expression change after
treatment was not associated with outcome or survival. Multiple studies identified miR-126-
3p as a standalone or composite diagnostic biomarker that can discriminate between MM
patients and controls, both in serum or plasma and in tissue samples [30,33–41], suggesting
this miRNA has an important role in MM pathogenesis. Studies show that miR-126 plays
a role in the regulation of mitochondrial metabolism, and is associated with oxidative
stress, hypoxia and autophagy pathways [92,93]. However, miR-126-3p was not a suitable
screening biomarker for early detection of MM in prediagnostic plasma samples [94]. Serum
or tissue miR-126-3p expression was previously associated with shorter survival of MM
patients [35,41], but this association was not confirmed in all studies [36,37]. Interestingly,
miR-126 might be involved in cell communication, as exosomal transfer of miR-126 was
associated with anti-tumor response and angiogenesis in MM cell lines [60]. On the other
hand, EV-miR-126-3p expression did not differ among MM patients and controls [58].
Further studies focusing on change of miR-126-3p expression after treatment are therefore
needed to better evaluate miR-126-3p as a prognostic biomarker in MM.

Serum EV-enriched miR-103-3p was not a good prognostic biomarker in MM in our
study. So far, studies have shown miR-103-3p is downregulated, especially in cellular
fraction of peripheral blood samples in MM patients compared to asbestos-exposed con-
trols and was proposed as a diagnostic biomarker, standalone or in combination with
mesothelin [30–33]. However, it did not enable early detection of MM in prediagnos-
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tic plasma samples [94]. In plasma EVs, miR-103-3p was downregulated compared to
asbestos-exposed controls and the combination of miR-103a-3p and miR-30e-3p was the
best diagnostic marker [58]. Patients with higher expression of EV-miR-103-3p tended
to have longer overall survival, but the difference was not statistically significant [58].
However, expression change after treatment was not evaluated. Other studies did not
investigate miR-103-3p as a potential prognostic biomarker in MM.

The vast majority of previous studies investigated circulating miRNAs, while we
focused on miRNAs enriched in EVs. Previous studies suggested that miRNA in cancer-
derived EVs might be a more suitable biomarker than circulating miRNAs, as EVs protect
miRNAs from degradation. Additionally, EVs may be enriched with miRNAs reflecting
their origin cell that are therefore more specific [95]. Furthermore, since miRNAs are often
present in serum at very low concentrations, their EV-related enrichment in the sample
can also improve sensitivity. On the other hand, enrichment of EVs from serum samples
introduces an additional step in the miRNA-extraction protocol, which could present a
drawback in larger studies or in clinical practice. Standardized methods for EV and miRNA
extraction and the use of appropriate exogenous and endogenous controls for quality con-
trol and normalization are also needed to enable direct comparison between studies. Many
different approaches for normalization of miRNA expression were previously proposed;
however, there is still no universally accepted method of normalization for EVs-miRNAs,
which can contribute to differences between studies [41,96–98]. It is also important to point
out that our study did not focus exclusively on vesicle-enclosed miRNA, as miRNAs can
also bind to the surface of EVs and we did not treat samples of isolated EVs with RNAse A
prior to RNA extraction.

The main limitation of our study is the small sample size however, it was designed as
a proof-of-concept study. Due to the strict inclusion criteria and quality-control exclusion
criteria, we were nevertheless able to identify the most differentially expressed serum
EV-enriched miRNAs. Furthermore, one of the key advantages of our study was its longi-
tudinal design that enabled measurement of temporal changes in EV-miRNA expression
after treatment. Still, studies including more MM patients are needed to validate our
results and evaluate the usefulness of EV-enriched miR-625-3p in practical use in treatment
prognosis in MM. Another limitation of our study is that no data on BAP1 mutation sta-
tus or other germline mutations were available. Inherited loss-of-function mutations in
DNA repair genes or other tumor suppressor genes, especially BAP1, were associated with
increased MM risk, but also improved survival, particularly following platinum-based
chemotherapy [99–101]. In the future, evaluation of the combined effect of EV-enriched
miRNA and germline mutations on survival could enable identification of better prognostic
biomarkers. Additionally, even though previous studies showed that miRNAs miR-126-3p
and miR-625-3p expression is deregulated in MM tumor tissue [33,35–38,40,42], studies
evaluating EVs derived from MM tumor tissue are lacking. Further larger studies on EVs in
MM, focusing also on biomarker combinations, are therefore needed to confirm our results.

5. Conclusions

Biological fluids are an ideal source for liquid biopsies, a complementary tool to
traditional tissue biopsies that may aid in early disease discovery, monitoring of disease
progression or success of the treatment [102,103]. Peripheral circulating venous blood is
an easily accessible body fluid and still the most widely used source for biomarkers of a
variety of the diseases, including different cancers [102,104,105]. However, differences in
results and study design currently limit the translation of miRNA biomarkers to clinical
practice. Our results and the results of other studies suggest EVs should also be considered
as potential diagnostic or prognostic biomarkers in MM, especially in patients receiving
platinum-based chemotherapy. Monitoring EV-enriched miR-625-3p expression might
contribute to the prediction of treatment outcome and selection of therapy in MM patients,
especially for subsequent lines of systemic treatment. For MM patients with predicted
poor treatment outcome with platinum-based chemotherapy, novel systemic treatment
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approaches might be implemented sooner, while additional surgical treatment might be
used for MM patients with predicted good treatment outcome. Additionally, EVs could in
the future also be used in novel treatment approaches, for example, modulating miRNA
expression [59,106].

In conclusion, serum EV-enriched miR-625-3p was associated with treatment outcome
and survival of MM patients in our proof-of-concept study and might serve as a prognostic
biomarker. EVs or their cargo might therefore contribute to a more personalized treatment
that could improve the prognosis of MM patients.
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miR-625-3p, b: miR-103a-3p, c: miR-126-3p; dark blue: increased expression, light blue: decreased
expression) and in each patient with poor treatment outcome (d: miR-625-3p, e: miR-103a-3p, f: miR-
126-3p; dark green: increased expression, light green: decreased expression), Table S1: Expression
of serum EV-enriched miRNAs and progression-free survival (PFS) and overall survival (OS) of
malignant mesothelioma patients.
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Abstract: MicroRNA and DNA adduct biomarkers may be used to identify the contribution of
environmental pollution to some types of cancers. The aim of this study was to use integrated
DNA adducts and microRNAs analyses to study retrospectively the contribution of exposures to
environmental carcinogens to lung cancer in 64 non-smokers living in Sicily and Catania city near
to the Etna volcano. MicroRNAs were extracted from cancer lung biopsies, and from the surround-
ing lung normal tissue. The expression of 2549 human microRNAs was analyzed by microarray.
Benzo(a)Pyrene-DNA adducts levels were analyzed in the patients’ blood by HPLC−fluorescence
detection. Correlations between tetrols and environmental exposures were calculated using Pearson
coefficients and regression variable plots. Compared with the healthy tissue, 273 microRNAs were
downregulated in lung cancer. Tetrols levels were inversely related both with the distance from
Etna and years since smoking cessation, but they were not significantly correlated to environmental
exposures. The analysis of the microRNA environmental signatures indicates the contribution of
environmental factors to the analyzed lung cancers in the following decreasing rank: (a) car traffic,
(b) passive smoke, (c) radon, and (d) volcano ashes. These results provide evidence that microRNA
analysis can be used to retrospectively investigate the contribution of environmental factors in human
lung cancer occurring in non-smokers.

Keywords: no-smokers lung cancer; microRNA; DNA adducts; environmental risk factors

1. Introduction

The lung epithelium undergoes a series of morphological changes before becoming
invasive, such as hyperplasia, metaplasia, and finally dysplasia and in situ carcinoma.
The two main types of lung cancer are small and non-small cell lung cancer (NSCLC),
accounting for 80% to 85% of all cases. The three most common histological forms of
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NSCLC are epidermoid or squamous cell carcinoma, large cell carcinoma, and adenoma;
among them, adenocarcinoma accounts for 40% of all lung cancer cases. [1] Environmental
factors, including smoking, diet, and environmental carcinogens, are important in the
pathogenesis of cancers through epigenetic modifications.

Interestingly, some miRNAs are dysregulated in NSCLC, which may be indicative of
disease status or therapeutic outcome. [2]. It is nowadays well established that environ-
mental pollutants alter the microRNA machinery, a situation resulting in adaptive effects in
the case of short-term exposures and adverse effects in the case of long-term exposure [3].
MicroRNAs (miRNAs) are little non-coding RNA molecules that have different regulatory
roles in cell differentiation, proliferation, and survival. miRNAs can inhibit complementary
mRNA targets, regulating translation through RNA degradation, and are found to be dys-
regulated in numerous diseases, including cancer, frequently altered owing to mutations
or transcriptional changes of the enzymes that regulate miRNA biogenesis [4]. However,
approximately 25% of lung cancer cases worldwide, mainly adenocarcinoma, cannot be
attributed to tobacco smoking; lung cancer in never smokers is the seventh leading cause
of cancer deaths worldwide [5]. According to clinical experience, a different epidemiology
and natural history are observed between lung cancers in never smokers and those in
smokers [6], suggesting that lung cancer in never smokers is a “different” disease, with
a specific etiology and molecular differences. A still unsolved problem is the evaluation
of the environmental contribution to lung cancer in non-smokers. Concerning the use of
miRNAs as biomarkers for lung cancer, it has been noticed that miR-146a-5p, miR-324-5p,
miR-223-3p, and miR-223-5p may regulate cancer-associated gene expression, as they are
down expressed in the normal bronchial airways of smokers with lung cancer [7]. Our
previous research addresses the identification of a reliable cluster of miRNAs to be used
as early cancer predictors, considering the high heterogeneity of lung cancer patients.
Differences between miRNA profiles based on gender have being suggested in animal
models of adenoma-free and adenoma bearing mice exposed to mainstream cigarette smok-
ing [8]. Moreover, the early diagnosis of lung cancers using miR-33a-5p and miR-128-3p
signatures has being proposed, as they are linked to tumor suppression processes. [9] Dif-
ferent response to air pollutants as particulate matter, ultrafine particles, nitrogen oxides,
black carbon, and carbon oxides (CO and CO2) may be related to a different expression of
miR-92a-3p, miR-484, and miR-186-5p, linking traffic-related exposure to disease risk [10].
It is known that microRNA and other molecular alterations (oncogene mutations, DNA
adducts, transcriptional silencing activation, and proteosome alteration) induced by envi-
ronmental pollution are quite specific, as each pollutant preferentially alters the expression
of a cluster of identifiable molecular fingerprints [11]. This issue has been explored in
a peculiar environmental situation characterized by the presence of an active volcano
(Etna) near to the analyzed population (Sicily, Italy). Indeed, volcanic dust from Etna
has been related to a higher risk of pleural mesothelioma, thyroid cancer [12], and other
non-malignant respiratory diseases [13], as well as having a possible pathogenic role in the
epidemiology of amyotrophic lateral sclerosis [14] and neurodegenerative diseases [15].
Etna’s volcanic dust is also a vector of atmospheric pollutants, such as polycyclic aromatic
hydrocarbons and particulates rich on mercury [16]. Furthermore, in a recent study, the
surface reactivity of ash from Etna’s activity was characterized and, although most of the
released elements are below the Italian legal limits, a few inorganic elements (B, Cd, Ni,
and As) are released in a higher level than permitted, with possible negative consequence
for human health [17]. miR-19a, miR-30e, miR-335, and miR451a in peripheral blood have
been suggested as potential biomarkers of radon radiation damage [18]. To the best of our
knowledge, the correlation between volcanic ash exposure and miRNA alterations has
never been explored.

To ascertain whether or not there was an association between the cancer-related pattern
of microRNA alteration induced by passive smoke exposure, airborne car traffic pollution,
volcano ash, and radon exposure, we herein present a retrospective study to investigate
the correlation between miRNAs expression and DNA adducts in lung cancer tissue
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and healthy tissue in non- and former-smokers in order to shed light on the differential
contribution of environmental factors to the lung carcinogenesis process. The aim of this
paper is to use integrated DNA adducts and miRNA analyses in order to shed light on the
differential contribution of environmental factors to lung carcinogenesis in non-smokers.

The presented approach integrates both molecular biomarkers (DNA adducts) and
post-transcriptional regulation analysis (miRNAs expression in lung tissue) in order to
shed light on the differential contribution of environmental factors to lung carcinogenesis
in non- and former-smokers, ranking each environmental risk factor, mainly including
passive smoke, car traffic pollution, volcano ashes, and radon. The presented approach
can contribute to prioritize public health intervention for the primary prevention of lung
cancer in non-smokers.

2. Materials and Methods

2.1. Patient’s Recruitment and Sampling

Patient recruitment was carried out in four hospitals of Catania (University Hospital
“G. Rodolico, San Marco”; “Garibaldi-Nesima” Hospital; “Cannizzaro” Hospital; and “Mor-
gagni” Clinic) and “San Vincenzo” Hospital of Taormina (Messina province). The study
protocol was performed according to the Declaration of Helsinki and was approved by the
Ethic Committee Catania 1 (n. 11,778 released on 17 March 2015) and Ethic Committee
Catania 2 (346/C.E. released on 28 May 2015), respectively.

The criteria used for the patient enrolment was as follows: over 18 years of age, have
lung cancer for which surgery treatment has been indicated, have been non-smokers or
former smokers for at least 5 years, and have signed the written informed consent. No
restriction was made regarding the sex of patients or the morphology of the reported
neoplastic lesions. Both the neoplastic and healthy tissue samples were taken from the
same patient and the tissue samples were obtained directly from the pathological anatomies
of the hospitals involved in the project. Instead, the blood samples were collected by the
thoracic surgery units of the hospitals. The interviews were carried out directly in the
thoracic surgery wards by the cancer registry doctors involved in the study. A total of
64 patients were finally enrolled. All of the patients lived near the Etna volcano (average
56 km away, min 13 km away, and max 152 km away), their average age was 69.02 years
old (min 43 years old and max 84 years old), 34.4% were female, and 20.3% of patients died
within three years after the biopsy. A total of 15 subjects had never smoked, while 20 were
former smokers for more than 20 years, 13 for 11 to 19 years, and 9 for 10 to 5 years, and the
smoking habits data was missed for 14 patients. Data were collected by trained personnel
using a semi-structured questionnaire to obtain information on the sociodemographic and
lifestyle data, including smoke history, nutrition, home characteristic, and home location
(for Radon and urban traffic pollution exposure evaluation) (Figure 1).

2.2. Lung Biopsies Collection

Lung biopsy specimens (n = 64) were collected at the onset of disease from patients
who were diagnosed with lung cancer between 2015 and 2018, and were referred to
the Catania, Messina, Enna Cancer Registry, Italy. The study was approved by Ethics
committee—informed consent was obtained by “G. Rodolico—San Marco” University
Hospital. All patients were classified as cases according to the 2021 ICD-10-CM Diagnosis
Code C34.90. microRNA were comparatively evaluated in the cancer and surrounding
normal tissue, as identified by intra-surgery histopathological analysis.

2.3. miRNA Extraction

The total RNA was extracted from the lung biopsies using a standardized protocol
that combined a phenol/guanidine-based lysis of samples and silica-membrane-based
purification. In brief, 30 mg of the starting material was first disrupted and homogenized
in 700 µL of the QIAzol Lysis Reagent, using the TissueRuptor II (Qiagen, Milan, Italy)
for 20–40 s. Next, the total RNA was purified from the homogenate using the miRNeasy
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Mini Kit (Qiagen, Milan, Italy), as described by the manufacturer’s protocol. Purification
of RNA was automated on the QIAcube instrument (Qiagen, Milan, Italy).

—informed consent was obtained by “G. Rodolico—San Marco” University Hospi-

–
’

Figure 1. Patients enrolled-characteristics and sample sizes of analytical determinations carried out.

2.4. miRNA-Microarray and Bioinformatic Analyses

The miRNA expression profiling was carried out with the Agilent platform following
the miRNA Microarray protocol v.3.1.1 (Agilent Technologies, Santa Clara, CA, USA).
Briefly, 50 ng of total RNA, containing miRNAs and Spike-in controls underwent dephos-
phorylation and a labelling step with Cyanine 3-pCp. The Cy3-labeled RNA was then
purified using a Micro Bio-Spin P-6 Gel Column (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and hybridized on Human miRNA microarray slide 8 × 60 K (Agilent Technologies;
including 2549 miRNAs, miRBase 21.0) at 55 ◦C for 20 h. After washing, the slides were
scanned with a G2565CA scanner (Agilent Technologies) and the images were extracted by
Feature Extraction software v.10 (Agilent Technologies). The microarray raw data were pre-
viously deposited in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/;
accessed on 8 March 2021, GEO accession number GSE169587, ID: 200169587) for a previous
study from the same authors [4].

The bioinformatic analyses of the microarray data were performed with GeneSpring
software (GeneSpring Multi-Omic Analysis version 14.9 Build 11,939 by Agilent Technologies).
For each specimen, the intensities of the replicated spots on each array were log transformed
and averaged. All the lung-tissue-miRNA raw data files from the Agilent Technologies Mi-
croarray Scanner System G2565CA were imported to GeneSpring using miRNA analysis type,
Technology 70156_v21_0, without baseline transformation. Data processing was performed
by 3D principal component analysis (PCA) scores and Hierarchical Clustering.

Comparisons between sets of data were done by evaluating the fold variations. A vol-
cano plot t-test analysis for all the miRNA entities between the averaged tumoral and
healthy tissues was run, using fold change ≥2 and p-value ≤ 0.05, without multiple test
corrections as the threshold values.

miRNAs related to five different environmental exposures (Environmental Exposure
miRNA Signature) were determined analysing lung cancer related miRNAs comparatively
in exposed vs. non-exposed subjects. Environmental exposures were determined for each
patient using the questionnaires information according to (a) passive smoking at home,
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(b) passive smoking at work, (c) vehicle traffic at home, (d) distance (km) from the Etna
volcano, and (e) radon risk according to home type.

To understand the relationship between environmental exposure signatures and their
biological significance in lung cancer tissues, a target detection for each environmental
exposure signature was done using the TargetScan prediction database. This database was
chosen as it is the most updated database, and the number of target genes are reported for
different cut-offs. The most interesting genes targeted by environmental exposure miRNA
signatures that are potentially related with each environmental exposure were identified.

After the target detection, a prediction model was build using a Neural Network class
prediction algorithm for each Environmental Exposure miRNA Signature to test the overall
accuracy prediction for the chosen miRNAs.

2.5. Validation of Microaarray Results by qPCR Analysis

Microarray results for let-7a and miR-15 were further validated by qPCR on a subset of
20 patients for which enough RNA was still available. These miRNAs were selected because
of their relevance lung carcinogenesis. The total RNA (10 ng) was reverse transcribed using
miR-specific stem-loop RT primers (TaqMan MicroRNA Assays; Applied Biosystems,
Thermo-Fisher) and components of the High Capacity cDNA Reverse Transcription kit
(Life Technologies) according to the manufacturer’s protocols.

The expression levels of individual miRNAs were detected by subsequent RQ-PCR
using TaqMan MicroRNA assays (Life Technologies) and a Rotor Gene 3000 PCR System
Corbett (Qiagen) using standard thermal cycling conditions in accordance with manufac-
turer recommendations. The PCR reactions were performed in triplicate in final volumes
of 30µL, including inter-assay controls (IAC) in order to account for variations between
runs. RT-PCR (TaqMan MicroRNA Assays; Applied Biosystems, Thermo-Fisher) was used
to quantify the expression of let-7a and miR-15 according to the manufacturer’s instruc-
tions. To normalize the data for quantifying miRNAs, the universal small nuclear RNU38B
(RNU38B Assay ID 001004; Applied Biosystems) as an endogenous control was used.

2.6. Benzo[a]Pyrene-DNA Adduct Levels in Human White Blood Cells

Hydrolyzed BPDE adducts or Tetrol I-1 and Tetrol II-2 were analyzed in lymphocyte
DNA through the modified High-Performance Liquid Chromatography–Fluorescence
(HPLC−FL) method described by Alexandrov et al. [19] and Oliveri Conti et al. [20].

Briefly, lymphocytes were separated from whole blood samples using HISTOPAQUE-
1077 (Sigma-Aldrich Chemie Gmbh, Munich, Germany). The lymphocyte DNA was
extracted using the DNeasy Blood and Tissue kit according to customer’s procedure
(Qiagen, Milan, Italy).

Hence, DNA was subjected to a procedure of hydrolysis and purification, and Tetrols
were quantified according to the methodology of Oliveri Conti et al. [20]. HCl, also if
hypergrade certified, can contain traces of fluorescent active contaminants that could
interfere with the peak detection of the studied analytes and reduce analytical sensitivity
of the method.

To avoid this important bias in the sample preparative phase, all of the HCl impurities
visibly reactive to the FL detector were deleted by chemical purification [20]. To improve
the sensibility of detection, Thermo Scientific™ PEEK Capillary Tubing (0.005 in) was
used. The extracted and purified DNA was dissolved in 1 mL of water and analyzed in a
Varian Pro Star System HPLC using a TOSOH (C18 RP 25 × 0.46 cm, 5 µm) column with
the following elution program: 15 min with 20% water/acetonitrile of equilibrium phase,
5 min with 20% water/acetonitrile and 60 min to acetonitrile (100%) (slop of 1) and, finally
10 min to 100% acetonitrile.

An isocratic program (0.85 mL/min) was used, and the FL detector (FLD) was pro-
grammed to 344 nm (ext.) and 388 nm (em.) for the excitation and emission wavelengths,
respectively. The sensitivity of the FLD was fixed to a high modality. The wavelength of
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UV−VIS detector (UV) was set at 238 nm, permitting the dual detection of both Tetrols (I-1
and II-2).

The chromatographic system was calibrated using external certified pure standards
of Tetrol I-1 and Tetrol II-2 (purity 99.0%) (Chemical Carcinogen Reference Standard
Repository, Kansas City, MO, USA).

Recoveries were 94% and 82% for Tetrol I-1 and Tetrol II-2, respectively. The processing
of reagent blank disclosed no trace of Tetrol I-1 and Tetrol II-2. The linearities (R2) obtained
of FLD were 0.9980 and 0.9990 for Tetrol I-1 and Tetrol II-2, respectively. For UV, the Rs2

were 0.9850 e 0.9803 for Tetrol I-1 and Tetrol II-2, respectively. MDL were 2.0 pg/mL and
3.1 pg/mL for Tetrol I-1 and Tetrol II-2, respectively. The validated method permitted
detecting Tetrol I-1 and Tetrol II-2 in a minimum of 3µg of extracted DNA.

2.7. Statistical Analysis

The statistical significance of the differences between groups was evaluated by ANOVA,
followed by Student’s t-test for unpaired data. p-values lower than 0.05 were regarded as
statistically significant. Correlations (i.e., Pearson coefficients and regression variable plots)
between Benzo[a]Pyrene-DNA adducts and the different environmental exposures were
calculated with IBM SPSS statistics (Version 22).

3. Results

3.1. Comparison of miRNA Profile between Healthy and Cancer Tissue in Lung

The scatter plot analysis of the miRNA-arrays comparing healthy and lung cancer
tissues presents a general trend toward down regulation in cancer tissue, as indicated by
the slope of the black regression line (Figure 2a). The volcano plot analysis highlighted
a list of 273 miRNAs that were altered more than two folds and above the statistical
significantly threshold (p < 0.05) in cancer vs. healthy tissue. Of these miRNAs, 222 were
down-regulated (blue dots) and 51 were up-regulated (red dots) (Figure 2b). This group
represents the Lung Cancer Related miRNAs. This list is reported in the supplementary
material (Supplementary Table S1) and includes well established oncogenic miRNAs, such
as an extensive downregulation of the whole let-7 miRNA family and of the miR-34 family,
an established effector of p53.

The lung cancer related miRNAs downregulation trend was well distinguishable
between the cancer and healthy tissue, as also indicated by the hierarchical cluster analysis
(Figure 3a), where healthy tissue profiles (yellow bar) were clustered in the upper part
of the hierarchical tree separately from cancer tissue profiles (blue bar). Colour range
indicates lung cancer related miRNAs’ intensity signal.

In the principal component analysis of variance (Figure 3b), healthy tissue samples
(yellow dots) were mainly clustered in the lower left part of the 3D space. Instead, cancer
tissue samples (blue dots) were mainly located in the upper right part of the 3D space.

The most significant predicted target genes for each of the lung cancer related miRNAs
were identified using the TOP-Go Bioconductor R package and REVIGO online tool. The
tree map of the most representative biological processes for lung cancer related miRNAs is
reported in (Supplementary Figure S1). The most representative biological processes were
as follows: regulation of RNA splicing, tissue migration, monosaccaride transmembrane
transport, protein modification by small protein conjugation or removal, and cellular
protein-containing complex assembly.

qPCR analyses performed for let-7a confirmed the downregulation of this miRNAs in
cancer vs. healthy lung tissues of the same patient (Figure 4).
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Figure 2. (a) Scatter plot analysis comparing miRNA expression (dots) according to their level of expression in healthy
(vertical axis) vs. cancer (horizontal axis) tissues of the examined patients. The miRNA colour reflects the signal intensity
(red is high, yellow is intermediate, and blue is low). The diagonal green lines indicate the two-fold variation interval.
The best-fit regression line is reported in black. Its slope towards the horizontal axis reflects the overall downregulation of
miRNA expression in cancer compared with healthy lung tissue. (b) Volcano plot analysis identifying miRNAs with an
altered expression above two-fold (horizontal axis) and above the statistical significance threshold (p < 0.05) (vertical axis)
in cancer vs. healthy lung tissue, either downregulated (blue) or upregulated (red).

 
Figure 3. (a) Clustering hierarchical analysis reporting the expression of the 273 lung cancer related miRNAs in healthy
tissue (vertical axis, yellow bar) and lung cancer tissue (vertical axis, blue bar) in the 50 samples tested (horizontal lines). (b)
Principal component analysis of variance identifying the samples from healthy tissues (yellow dots) and cancer tissues (blue
dots) according to the variance of the expression of the 273 lung cancer related miRNAs. dots size = principal component
analysis score.
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Figure 4. Let-7a expression in healthy (blue) vs. cancer (red) lung tissue as evaluated by qPCR in 20 patients (x-axis).
miRNA expression intensity is expressed in fluorescent units (y-axis).

On an average, Let-7a expression was down-regulated in cancer vs. healthy tissues by
6.2 ± 1.4 fold as evaluated by qPCR, and 7.4 ± 2.2 fold as evaluated by microarray.

3.2. miRNA Profile Was Related with Cancer Histotype

The miRNA expression was different between small cell lung cancer (SCLC) and
NSCLC, as shown by the scatter plot analysis (Figure 5a). The volcano plot analysis
indicated that 26 out of the 273 cancer related miRNAs were differentially expressed
between SCLC and NSCL (Figure 5b). Of these miRNAs, 25 were up-regulated in NSCLC
compared with SCLC and one was down-regulated. The identity of these 26 miRNAs
permitted distinguishing between these two main cancer histotypes, and is reported in the
supplementary material (Supplementary Table S2).

3.3. B(a)P-DNA Adducts and Environmental Exposures

The ANOVA analysis did not detect a statistically significant difference between the
B(a)P-DNA adducts levels under different environmental exposures, including passive
smoking at home, passive smoking at work, radon risk related to home type, and vehicle
traffic at home (Figure 6). The linear regression analysis showed that the level of B(a)P-
DNA adducts in the lymphocytes was inversely related with the distance from the Etna
volcano (Figure 6e) and years since smoking cessation (Figure 6f).
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Figure 5. (a) Scatter plot analysis comparing miRNA expressions (dots) according to their level of expression in SCLC
(vertical axis) vs. NSCLC (horizontal axis). miRNA color reflects the level of expression (red is high, yellow is intermediate,
and blue is low). The diagonal lines indicate the two-fold variation interval. (b) Volcano plot analysis identifying miRNAs
whose expression was altered more than two-fold (horizontal axis) and above the statistical significance threshold (p < 0.05)
(vertical axis) in SCLC vs. NSCLC cancer downregulated (blue) or upregulated (red).

 

≥ ≤

Figure 6. Box plot analysis for total BaP DNA adducts in: (a) passive smoking at home, (b) passive smoking at work, (c)
radon risk home type, (d) vehicle traffic at home, and linear regression for (e) distance from the Etna volcano, and (f) years
since smoking cessation.
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3.4. Contribution of Environmental Exposures to Lung Carcinogenesis as Inferred from
miRNA Profiling

Five miRNA signatures were obtained comparing the miRNA expression in the
tumoral lung tissue between patients undergoing a low or high exposure for each one
of the environmental exposures. The cancer related miRNAs included in each miRNA
environmental signature were used to run a volcano plot analysis (FC ≥ 2, p ≤ 0.05). These
environmental signatures were further integrated with the established miRNA, as linked
with the specific exposure from the available literature.

The number of miRNAs composing each environmental signature was as follows:
(a) passive smoke at home, n = 8; (b) passive smoke at work, n = 1; (c) vehicle traffic,
n = 53; (d), distance from the Etna volcano, n = 21; and (e) radon risk, n = 19. The volcanos
plot analyses comparing miRNA expression in the lungs between unexposed vs. exposed
subjects for each environmental signature are reported in Figure 7.

Figure 7. t-test volcano plot analyses identifying the miRNA environmental signatures (among the 273 lung cancer
related miRNAs).

Accurate questionnaire data were available for 38 out of the 50 patients for whom the
microRNA microarray data were collected. A volcano plot t-test using each EES was run to
identify the altered miRNAs per patient.

Environmental exposure miRNA signatures were compared by Venn diagram analysis,
with the miRNAs composing the individual cancer-related signature of each patient. This
approach was used to identify the relative contribution of the environmental risk factors to
cancer development in each patient (Figure 8).

The number of patients with a higher number of differentially regulated miRNAs
than the median value for each environmental risk factor was as follows: (a) 38 for passive
smoke, (b) 38 for vehicle traffic, (c) 21 for distance from the Etna volcano, and (d) 13 for
radon risk

The targeted genes for each environmental exposure signature were analyzed. The num-
ber of target genes for each signature and different p-values cut-off are summarized in
Table 1.

Most of the genes targeted by the environmental exposure miRNA signatures with
statistical significance are also expressed in the lung tissue. The gene RIF (gene reference
into function) and RPKM (reads per kilobase of transcript, per million mapped reads)
values in the lung tissue for each targeted gene were found using the NCBI gene database
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(https://www.ncbi.nlm.nih.gov/gene) accessed on 11 December 2021. These findings are
reported in Table 2.

Figure 8. Number of altered environmental exposure miRNAs (y-axes, color codes) per patient (x-axes). Median of the
summation of each environmental exposure miRNA signature are shown as horizontal colored lines. Patients having
environmental risk factors above the median value underwent lung cancer contribution by this risk factor.

Table 1. Number of predicted target genes (Targetscan database) according to each environmental exposure with a p-value
cut off.

Environmental Exposure Signature
Number of Predicted Target Genes by p-Value Cut Off

0.05 0.01 0.005 0.001 0.0001

Passive smoking at home (n = 8) 8726 8726 8726 6 1
Passive smoking at work (n = 1) 1796 3 0 0 0
Vehicle traffic at home (n = 53) 16,132 16,132 16,132 16,132 7

Home distance from the Etna volcano (n = 21) 14,662 14,662 14,662 20 4
Home type radon risk (n = 19) 13,762 13,762 15 0 0

The most significant targeted genes for each signature are summarized in Table 2.

Table 2. Most significative gene target detection per environmental exposure miRNA signature by p-value cut-off.

Environmental Exposure
Signature

p-Value Genes Gene Name

Passive smoking at home
(n = 8) 0.001

PTX4 pentraxin 4
NAXD NAD(P)HX dehydratase
MAPK3 mitogen-activated protein kinase 3
VPS16 core subunit of CORVET and HOPS complexes

CACNA1S calcium voltage-gated channel subunit alpha1 S
SHARPIN SHANK associated RH domain interactor

Passive smoking at work
(n = 1) 0.01

HBG2 hemoglobin subunit gamma 2
RNASE12 ribonuclease A family member 12

IFT88 intraflagellar transport 88
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Table 2. Cont.

Environmental Exposure
Signature

p-Value Genes Gene Name

Vehicle traffic at home
(n = 53) 0.0001

LEFTY1 left-right determination factor 1
RTTN Rotatin

THYN1 thymocyte nuclear protein 1
CASKIN1 CASK interacting protein 1

SERPING1 serpin family G member 1
OGFOD2 2-oxoglutarate and iron dependent oxygenase domain containing 2
PKDCC protein kinase domain containing, cytoplasmic

Home distance from the
Etna volcano (n = 21) 0.001

ARHGEF33 Rho guanine nucleotide exchange factor 33
COX17 COX17
RAI2 retinoic acid induced 2
KIF12 kinesin family member 12

COL26A1 collagen type XXVI alpha 1 chain

RMDN2 regulator of microtubule dynamics 2
GADD45A growth arrest and DNA damage inducible alpha

DTNA dystrobrevin alpha
HTRA4 HtrA serine peptidase 4

TAS2R30 taste 2 receptor member 30
STRN3 striatin 3
BRINP3 BMP/retinoic acid inducible neural specific 3

EYS eyes shut homolog
JAG2 jagged canonical Notch ligand 2

HSD17B12 hydroxysteroid 17-beta dehydrogenase 12
NIN Ninein

NAA35 N-alpha-acetyltransferase 35, NatC auxiliary subunit
ZNF37A zinc finger protein 37◦

GLT8D2 glycosyltransferase 8 domain containing 2
DDX59 DEAD-box helicase 59

Home type radon risk
(n = 19) 0.005

CNPY3 canopy FGF signaling regulator 3
SUB1 SUB1 regulator of transcription
CLTC clathrin heavy chain

ZNF280A zinc finger protein 280◦

ALS2CR12 (or FLACC1) flagellum associated containing coiled-coil domains 1
TMEM139 transmembrane protein 139

BTBD3 BTB domain containing 3
WDR7 WD repeat domain 7
RAB15 member RAS oncogene family
KRT84 keratin 84
MAZ MYC associated zinc finger protein

ATAD2B ATPase family AAA domain containing 2B
PSPH phosphoserine phosphatase

PGBD1 piggyBac transposable element derived 1
BEX2 brain expressed X-linked 2

3.5. Evaluation of Environmental Exposure miRNA Signatures Efficacy by Neural
Network Analysis

GeneSpring 14.9 was used to build a prediction model to validate the accuracy of each
of the environmental exposure signatures. The network was tested in tumoral tissue. The
accuracy of the environmental signature increased compared with the number of miRNAs
included, as follows: (a) remarkably, for passive smoking at home, distance from the Etna
volcano, and home type radon risk; (b) slightly for vehicle traffic and distance from the
Etna volcano; and (c) remained equal for passive smoking at work (Table 3).
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Table 3. Results of the neural network class prediction for each environmental exposure
miRNA signature.

Environmental Exposure
(Number of miRNA Entities)

Score of All miRNAs
Prediction Overall
Accuracy (n = 2570)

Environmental Exposure
miRNA Signatures
Prediction Overall

Accuracy Score

Passive smoking at home (n = 8) 0.73 0.96 (+0.23)
Passive smoking at work (n = 1) 0.68 0.68 (+0)
Vehicle traffic at home (n = 53) 0.77 0.81 (+0.04)
Home distance from the Etna

volcano (n = 21)
0.60 0.82 (+0.22)

Home type radon risk (n = 19) 0.83 0.96 (+0.13)

3.6. Environmental Exposure miRNA Signatures and B(a)P-DNA Adduct Levels

The weight of different exposures to lung cancer were profiled by analyzing the
B(a)P-DNA adduct levels in the lymphocytes and miRNAs profiles in lung cancer together.
For this purpose, we ranked the four exposures on the basis of the number of altered
miRNAs. Correlation tests (Pearson and Spearman’s Rho) were run to evaluate whether
or not B[a]P-DNA adducts were related with environmental exposure miRNA signatures.
The B[a]P-DNA adduct levels were correlated only with the passive smoking miRNA
signature (p-value = 0.049) (Table 4).

Table 4. Correlation between EESs miRNA and B(a)P-DNA adduct levels. (*) Statistical significance p < 0.05.

Vehicle Traffic
at Home

Distance from
Etna Volcano

Radon Risk
Passive

Smoking

Correlation Test RRSs and
B[a]P-DNA adducts.

Pearson (for parametric) or
Spearman’s Rho (for non parametric)

Correlation
Coefficient

0.54
(Parametric)

0.48
(Non-Parametric)

0.25
(Parametric)

0.34 *
(Parametric)

p-value 0.76 0.79 0.16 0.049

* Statistical significance p < 0.05.

4. Discussion and Conclusions

Our results provide evidence that miRNAs are massively deregulated in lung cancer
compared with the surrounding normal tissue. This finding is in line with other studies [21].
A major problem in using miRNA analysis for lung cancer prediction and early diagnosis is
the reproducibility of the results and the invasiveness of the biopsy approach. Our cancer
related miRNAs signature at least in part overlaps with the most common lung cancer
miRNA-related signatures found in the literature. Indeed, 27 miRNAs were included in
our cancer related signature and also in other cancer miRNA-related signatures found in
literature [22]. The miRNAs downregulated in lung cancer tissue included established anti-
oncogenic miRNA such as let-7, miR-30, miR-34, and miR-140. The comparison of DNA
adducts and miRNA expression provided evidence that post-transcriptional alteration
is massive in lung cancer, while DNA adducts alteration of an environmental origin is
detectable, but only at a very low level. DNA adducts are a hallmark of the environmental
contribution to the analyzed cancers, with particular reference to environmental sources
of polycyclic aromatic hydrocarbons derived from combustion, such as car traffic and
passive smoke. However, BaP-DNA adducts are poor predictors of cancer because (a)
they can be removed by DNA repair [23], (b) the resulting mutation can be silenced
thus not having phenotypical or functional consequences, and (c) the bearing cell can
be removed by apoptosis. Conversely, miRNA alterations are necessary to develop lung
cancer. These alterations are initially adaptive, aimed at activating defensive processes
counteracting the damage induced by environmental pollutants such as DNA repair,
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mutation silencing, and apoptosis. However, whenever the environmental exposure lasts
for decades, microRNA alterations become irreversible and commit cells to the occurrence
of lung cancer environmental risk factors, inducing specific alterations in the microRNA
machinery depending on the specificity of the environmental pollutant involved [3–11].
Accordingly, microRNA alteration is more predictive of lung cancer occurrence than
genomic alterations. Indeed, microRNAs have been proposed as a tool for the early
diagnosis of cancer or to identify subjects at a high risk for cancer development needing to
undergo personalized cancer screening with a high frequency and sensitivity.

The negative correlation observed between the adduct level and some environmental
exposures (i.e., traffic and volcano distance) is in line with the results previously published
by other research groups reporting that populations undergoing long-term exposure to
environmental pollution develop resistance mechanisms [24]. These events are referred to
as adaptive events triggered by heterogeneous exposures [25].

The biological function of miRNAs identified as lung cancer contributors in environ-
mental signatures reflect the pivotal role of the damage to the microRNA machinery during
the carcinogenesis process. These events have been previously analyzed in detail during
lung carcinogenesis in mice [8,26].

The results presented herein provide evidence that miRNA alteration in lung cancer
results from exposure to environmental factors. This situation results in miRNA failure to
control pivotal defensive mechanisms against cancer, mainly including oncogene suppres-
sion, cell adhesion and differentiation maintenance, cell cycle blockage, DNA and protein
repair, intracellular signaling, and apoptosis.

The obtained results provide evidence that miRNA signatures may be used to identify
the comparative contribution of environmental factors to lung carcinogenesis in humans.
According to our environmental exposure miRNA signatures results, the contribution of
the analysed environmental factors was, in decreasing order, car traffic, passive smoke,
volcano, and radon. These results may be useful for stakeholders to prioritize public
health intervention for the primary prevention of lung cancer in non-smokers. Indeed, it is
commonly thought that the contribution of volcano ash is the main public health problem
in Catania, one of the few cities in the world to be directly exposed to volcano emissions
located in its near proximity. However, the obtained results indicate that the main public
health problem in this town is the car traffic. Accordingly, preventive measures, such as
the substitution of old with new cars characterized by low emission rates, are urgently
required. In the second rank, there is passive smoke, which is a problem to be faced by
stronger information campaigns and other measures (such as the increase of cigarettes
price), which appears to be urgent in a country (i.e., Italy) still having the prevalence of
13 million of smokers out of a total population of 60 million.

In conclusion, the results presented herein provide more evidence that the analyses
of epigenetic components may be used to face public health issues related with cancer
prevention [27], with particular reference to the identification of the environmental risk
factors to be prevented.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11070666/s1, Figure S1: Revigo TreeMap of GO-BP analysis. Most significative BPs
are classified by colour with BPs subset, Table S1: Cancer Related miRNAs, Table S2: Significant
altered miRNAs.
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Abstract: The daily environmental exposure of humans to plasticizers may adversely affect human
health, representing a global issue. The altered expression of microRNAs (miRNAs) plays an
important pathogenic role in exposure to plasticizers. This systematic review summarizes recent
findings showing the modified expression of miRNAs in cancer due to exposure to plasticizers.
Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
methodology, we performed a systematic review of the literature published in the past 10 years,
focusing on the relationship between plasticizer exposure and the expression of miRNAs related to
cancer. Starting with 535 records, 17 articles were included. The results support the hypothesis that
exposure to plasticizers causes changes in or the deregulation of a number of oncogenic miRNAs
and show that the interaction of plasticizers with several redundant miRNAs, such as let-7f, let-7g,
miR-125b, miR-134, miR-146a, miR-22, miR-192, miR-222, miR-26a, miR-26b, miR-27b, miR-296,
miR-324, miR-335, miR-122, miR-23b, miR-200, miR-29a, and miR-21, might induce deep alterations.
These genotoxic and oncogenic responses can eventually lead to abnormal cell signaling pathways
and metabolic changes that participate in many overlapping cellular processes, and the evaluation
of miRNA-level changes can be a useful target for the toxicological assessment of environmental
pollutants, including plastic additives and plasticizers.

Keywords: plasticizers; cancer; microRNA; in vitro study; PRISMA

1. Introduction

The continuous daily environmental exposure of humans to different chemicals may
adversely affect human health, thus representing a global issue [1–11]. In the last decade
especially, ecological and epidemiological studies have focused on the presence of plastics
and their additives in food and the environment [6,12–14].

Plasticizers are added to plastics to increase their flexibility, durability, and pliabil-
ity. A large broad of molecules are used by the polymer industry, including phthalates,
bisphenolates, flame retardants, metals, parabens, polychlorinated biphenyls, tributyltin,
organophosphate esters, etc.

Among the plasticizers, phthalates, are the most widely used in polyvinyl chloride
(PVC), polyethylene terephthalate (PET), polyvinyl acetate (PVA), and polyethylene (PE).
Phthalates can be found in toys, personal care products, food packages, paints, phar-
maceuticals and drugs, medical devices, catheters, blood transfusion devices, cosmetics,
and PVC products for home furnishing such as PVC films for floors or household acces-
sories [12,15,16].

Bisphenol A (BPA), another plasticizer, is the major component in the manufacture of
epoxy and polycarbonate plastics and flame retardants. The uses of BPA include coatings
for PVC water pipe walls, plastic bottles for water, baby bottles, food packaging, receipt
inks, cosmetics, plastic toys, etc. BPA has drawn attention from public health and govern-
mental agencies due to its widespread use. Also, BPA exerts genotoxic and carcinogenic
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activities due to the similarity of its chemical structure that resembles that of diethylstilbe-
strol, an accredited human carcinogen [17,18]. Plasticizer exposure has been reported as a
reproductive and developmental toxicant and carcinogen [19,20].

Plasticizers have been associated with hormone-sensitive cancers such as breast,
prostate, endometrial, ovarian, testicular and thyroid cancers, but also with non-hormonally
sensitive cancers such as cervical and lung cancers, osteosarcoma, and meningioma [21].

Based on the evidence that is already available, several countries regulated some
plasticizers, especially in food and human consume products. Some laws and limits are
formulated under which certain plasticizers are permitted to be used in the plastics indus-
try, for instance, the USA Consumer Product Safety Improvement Act (CPSIA) [22], the
Proposition 65 list of California State (PROP65) [23], the European Commission Regulation
(EC) no. 372/2007 of 2 April 2007 [24], etc.

However, the Chang and Flow study [25] showed that also subchronic exposures
to DEHP and DiNP in adulthood lead both to immediate and long-term reproductive
consequences in female mice.

The altered expression of microRNAs (miRNAs) represents an epigenetic mechanism
that exerts an important pathogenic role linked to exposure to environmental pollutants
with several pathological outcomes, including cancer promotion and development [26–28].
These miRNAs are very-short RNA, ranging from 19 to 25 nucleotides in size, that regulate
the post-transcriptional silencing of target genes. A single miRNA can target hundreds of
mRNAs and influence the expression of a large number of genes often involved in several
important functional pathways [26]. The miRNAs are differentially regulated in various
types of cancer, including ovarian, liver, gastric, pancreatic, esophageal, colorectal, breast,
and lung cancers [29].

An emerging hypothesis explores the supposed coordination between miRNA-mediated
gene control and splicing events in gene regulatory networks [27]. Several studies suggest
that the maturation of miRNAs may depend on splicing factors [30]. However, microRNA
modification results in carcinogenesis only when other molecular changes occur simultane-
ously, such as suppression of the inhibition of the expression of mutated oncogenes, the
formation of microRNA adducts, p53-microRNA interconnections, and alterations of the
Dicer function [26].

Due to the considerable stability of miRNAs, they are measurable both in blood and
tissues and are therefore eligible as potential biomarkers for several non-communicable
diseases, including cancer [29].

This systematic review summarizes recent findings showing the aberrant expression
of miRNAs in cancer due to plasticizer exposure. We further discuss the challenges in
environmental-miRNA research because this approach can be key for understanding the
mechanism of cancer pathophysiology but also for early screening and/or personalized
cancer therapy.

2. Materials and Methods

A brief critical review of scientific papers from the last ten years selected using the
PubMed, Scopus, and Web of Science databases was carried out. The “Preferred Reporting
Items for Systematic Reviews and Meta-Analysis” (PRISMA) methodology was applied in
this study.

To assess the influence of plasticizer exposure on the expression of miRNAs in humans,
all original articles published from 1 January 2010 to 29 December 2020 were selected based
on the following criteria:

- the articles are original,
- articles report on plasticizer or plasticizer exposure,
- articles report on miRNAs analysis and identification,
- articles have correct scientific methodology,
- articles include the identification of miRNAs for cancers of all target organs.
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We searched the databases for controlled randomized studies, cohort studies, case–
control studies, case reports, and in vitro studies. Only original articles written in English
were collected for the PRISMA review.

We excluded papers that did not include original data such as informative reviews,
commentaries, and editorials. Systematic reviews and meta-analyses were not eligible, but
their references were screened for recovery of eligible studies missing in the databases.

Two investigators (A.C. and G.O.C.) screened all citations for potentially eligible
studies and extracted data independently. Disagreements were adjudicated by a third
investigator (M.F.).

The research was conducted using keywords including “Plasticizers and microRNA”,
“Plasticizers and oncogenic microRNA”, “additives of plastic and miRNA cancer“, “en-
docrine disrupting chemicals and miRNA cancer”, “BPA and miRNA cancer”, “di-n-butyl
phthalate and miRNA cancer”, “DBP and miRNA cancer”, “monobutyl phthalate and
miRNA cancer”, “MBP and miRNA cancer”, “Organophoshorus flame retardants and
miRNA cancer”, “flame retardants and miRNA cancer”, “di(2-ethylhexyl) phthalate and
miRNA cancer”, “DEHP and miRNA cancer”, “mono-(2-ethylhexyl) phthalate and miRNA
cancer”, “MEHP and miRNA cancer”, “methylparaben and miRNA cancer”, “parabens and
miRNA cancer”, “phthalates and miRNA cancer”, “environmental phenols and miRNA
cancer”, “organophosphate esters and miRNA cancer”, “Tributyltin and miRNA cancer”,
“PCBs and microRNAs cancer”, “butylbenzyl phthalate and miRNA cancer”, “PVC and
miRNA cancer”.

We also used combinations of the keywords, such as “Plasticizers and oncogenic
effects” and “Plasticizers and microRNA changes”.

All eligible studies were evaluated as eligible using a modified Newcastle Ottawa
scale (rating system to score each study) [4].

3. Results

3.1. Literature Inclusion Criteria

Our initial search produced 477 potential references (Figure 1) from databases and 58
references from other sources.

Starting with 535 records, we identified in the first phase 322 records after the deletion
of 213 duplicates. In addition, via evaluation of the title and abstract, we screened 57
records. Of these, 40 records were excluded due to the absence of some criteria of eligibility
(reporting on miRNAs or indications, evidence about exposure to plasticizers, cancer tissue
or cells analysis reporting, correct sample size, in vivo or in vitro study, statistical analysis
of data, analysis of plasticizers in biological tissues) as listed in Figure 1. Finally, we
included 17 studies in the systematic review. These studies used various approaches or
study designs, but all focused on the effects of exposure to plasticizers on outcomes defined
as “oncogenic miRNA identification and their down- or upregulation description”.

3.2. Summary of Literature Included

Figure 1 describes the findings of the performed collection and screening procedures.
We included the following studies, in chronological order: Tilghman et al., 2012 [31],

Meng et al., 2013 [32], Li et al., 2014 [33], Kim et al., 2015 [34], Buñay et al., 2017 [35],
Chang et al., 2017 [36], Chou et al., 2017 [37], Hui et al., 2018 [38], Wu et al., 2018 [39],
Yin et al., 2018 [40], Scarano et al., 2019 [41]; Wang et al., 2019 [42], Zhu et al., 2019 [43],
Cui et al., 2019 [44], Chorley et al., 2020 [45]; Duan et al., 2020 [46], and Zota et al., 2020 [47].

All the studies are in vitro cell studies on rats, mice, or human cancer cell lines. Several
plasticizers were studied through controlled in vitro exposure as reported in Table 1.
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π

β

Figure 1. PRISMA flow diagram.

Table 1. The included studies and their results ++.

Study In Vitro/Vivo Plasticizer miRNA Expression Reference No.

Wu et al., 2018
ˆ MCF-7 ˆ

MDA-MB-231
BBP miR-19a Up [39]

miR-19b Up

Zhu et al., 2019
π LNCaP and
PC-3cells BBP miR-34a Down [43]

Duan et al., 2020

β AML U937,
Raji, and HL-60 cell
lines.

BBP miR-15b-5p Down [45]

miR-182 NE
Chou et al., 2017 ** RL95–2 cell line BPA miR-107 Up [37]

miR-203 Up
miR-205 Up
miR-103a Up
miR-200c Up
miR-141 Up
miR-221 Up
Let-7a-5p Up
miR-193b Up
miR-423 Up
miR-513 Down
miR-149 Down
miR-765 Down
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Table 1. Cont.

Study In Vitro/Vivo Plasticizer miRNA Expression Reference No.

Tilghman et al.,
2012

ˆ MCF-7 cell line BPA miR-21 Down [31]

let-7g Down
let-7c Down
miR-923 Down
let-7f Down
miR-15b Down
miR-27b Down
miR-26b Down
miR-342-3p Down
miR-638 Up
miR-663 Up
miR-1915 Up
miR-93 Up
miR-320a Up
miR-1308 Up
miR-1275 Up
miR-222 Up
miR-149 Up

ρ MCF-7F cells miR-21 Up

Meng et al., 2013 $ BEL-7402 cells BPA miR-21 Down
a/Up b [32]

ˆ MCF-7 cells miR-21 Down
a/Up b

Li et al., 2014 ˆ MCF-7 cell line BPA miR-19◦ Up [33]
miR-19b Up

Kim et al., 2015 ◦ HepG2 cell line BPA miR-22 Up [34]
Chou et al., 2017 ** RL95–2cell line BPA miR-107 Up [37]

miR-203 Up
miR-205 Up
miR-103a Up
miR-200c Up
miR-141 Up
miR-221 Up
Let-7a-5p Up
miR-193b Up
miR-423 Up
miR-513 Down
miR-149 Down
miR-765 Down

Hui et al., 2018
§ SKOV3 and §

A2780 cell lines
BPA miR-21-5p

miR-222-3p
Up
Up [38]

Yin et al., 2018 Juvenile rat
Sertoli cells MBP miR-199a-3p Up [40]

miR-301b-3p Up
miR-3584-5p Up

Chang et al., 2017
* AS52 CHO cells
inoculated
in mouse

MEHP miR-let-7a Down [36]

miR-125b-5p Down
mir-130a-3p Down
miR-27a-3p Down
miR-25-3p Down
miR-92a-3p Down

Wang et al., 2019

In vivo
Σ OSCC
cells/subcutaneously
injected in mice

MEHP miR-27b-5p Down [48]

miR-372-5p Down

Buñay et al., 2017 In vivo
Adult mice

Cocktail
(DEHP,

DBP, BBP,
NP, OP)

miR20b-5p Down [35]

miR-1291 Down

Cui et al., 2019
+ HA HDEC,
+ CRL-2586 OEMA

Cocktail
MEHP,
DEHP,
DCHP

and BBP

miR-655 (BBP)

miR-182
Down
NE [44]
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Table 1. Cont.

Study In Vitro/Vivo Plasticizer miRNA Expression Reference No.

Scarano et al., 2019

In vivo
Pregnant rat
exposure/Ventral
prostate tissues
from puppies

Cocktail
DEHP,

DEP, DBP,
DiBP, BBzP,

DiNP

miR-30d-5p Up [41]

miR-30b-5p Up
miR-141-3p Up
miR-30d-3p Up
mir-184 Up

Chorley et al., 2020
In vivo
Serum and liver
tissue of mice

Cocktail
DEHP

BBP and
DNOP

miR-182−5p
(DEHP) Up [46]

miR-
378a−3p
(DEHP)

Up

miR-
125a−5p Up

Zota et al., 2020
(FORGE) study

In vivo
Human Fibroid
and myometrium
tissue—Uterine
Leiomyoma

Cocktail
ΣDEHP

and
ΣAA

phthalates

miR-10a-5p Up [47]

Myometrium miR-10a-3p Up
Myometrium miR-140-3p Up
Myometrium miR-144-5p Up
Myometrium miR-150-5p Up
Myometrium miR-205-5p Up
Myometrium miR-27a-5p Up

Myometrium miR-29b-2-
5p Up

Myometrium miR-29c-5p Up
Myometrium miR-451a Up
Myometrium miR-95-3p Up
Fibroid miR-135a-5p Up
Fibroid miR-135b-5p Up
Fibroid miR-137-3p Up
Fibroid miR-302b-3p Up
Fibroid miR-335-3p Up
Fibroid miR-34a-5p Up
Fibroid miR-34a-3p Up
Fibroid miR-34b-5p Up
Fibroid miR-34c-5p Up
Fibroid miR-483-5p Up
Fibroid miR-488-3p Up
Fibroid miR-488-5p Up
Fibroid miR-508-3p Up
Fibroid miR-577 Up
Fibroid miR-592 Up
Fibroid miR-651-5p Up
Fibroid miR-885-5p Up
Fibroid miR-9-3p Up

++ List of studies are organized according to chronological order in subgroup on the type of plasticizer/cocktail of
plasticizers alphabetical basis basis. * AS52-mutant cell (ASMC) clones; ** Human endometrial cancer cell line;
+ Human Hemangioma cells; β Acute myeloid leukemia; § Human ovarian cancer cell lines; ˆ Human breast cancer
cells; ρ (ERα-negative and estrogen-resistant); NE: no effect; UP: upregulated, Down: downregulated, ◦ Human
hepatocellular carcinoma; Σ Human oral squamous cell carcinoma; π Human prostate cancer cells; $ cancer cells;
a (10−4 or 10−5 M); b (10−6 to 10−11 M); Mono-ethylhexyl phthalate (MEHP); Bis (2-ethylhexyl) phthalate (DEHP);
diethyl-phthalate (DEP); dibutyl phthalate (DBP); di-isobutyl-phthalate (DiBP), butylbenzyl-phthalate (BBzP);
di-isononyl-phthalate (DiNP); benzyl butyl phthalate (BBP); 4-nonylphenol (NP); 4-tert-octylphenol (OP); di-
noctyl phthalate (DNOP); Tris (1,3-dichloro-2-propyl) phosphate (TDCIPP) = organophosphate flame retardants.
Observational Research on Genes and the Environment (FORGE) study; ΣDEHP = Sum of 21 phthalates and
metabolites; ΣAA phthalates = Sum of 31 antiandrogenic phthalate metabolites.

Human endometrial, hemangioma, acute myeloid leukemia, ovarian, breast, hepato-
cellular, oral squamous, and prostate cancer cells lines were evaluated.

106



J. Pers. Med. 2021, 11, 500

3.3. Detailed Overview of the Literature Included

3.3.1. In Vitro Studies

Tilghman et al. (2012) [31] studied the effects of BPA (10 µM) and DDT (10 µM) on
miRNA regulation and expression levels in hormone-responsive human breast cancer cells.
The MCF-7 breast cancer cell line showed that both pollutants increased the expression
of ER receptor target genes, including the progesterone receptor, bcl-2, and trefoil factor.
The revealed miRNAs (27) were outlined in the exposed cells (miR-21, miR-638, miR-663,
miR-1915, let-7g, let-7c, miR-923, miR-93, miR-320a, miR-1308, let-7f, miR-15b, miR-1275,
miR-27b, miR-222, miR-193a-5p, miR-16, miR-26b, miR-149, miR-92a, miR-99b, miR-92b,
miR-342-3p), of which several were upregulated and downregulated according to Table 1.

Several genes were differentially regulated by the compounds. For example,
Jun and Fas genes were increased approximately 1.8- and 1.5-fold by BPA, but were rela-
tively unchanged by DDT. The onco-miR-21 is an estrogen-regulated miRNA that plays an
important role in breast cancer. In this study, miR-21 expression was downregulated by
BPA, and several members of the let-7 family (let-7a, let-7b, let-7c, let-7d, let-7e and let-7f),
were downregulated (p < 0.05) by all treatments. In contrast, miR-638 (p < 0.005), miR-663
(p < 0.005), and miR-1915 (p < 0.005) were upregulated by BPA and DDT.

Chou et al. (2017) [37] investigated the role of BPA exposure in the disruption of
miRNA regulation and whether the related gene expression is decisive for carcinogenic
progression. This study was carried out using human endometrial cancer RL95-2 cells and
treatment with low to moderate BPA concentrations (10, 103, and 105 nM).

Chou and colleagues reported that BPA exposure reduced miR-149 expression, down-
regulating the DNA repair gene ARF6 (ADP ribosylation factor 6) and tumor protein
p53 (TP53) and upregulating CCNE2 (cyclin E2). The results of the study also showed that
BPA was able to increase miR-107 to suppress hedgehog signaling factors, acting as a sup-
pressor of fused homologs (SUFU) and GLI family zinc finger 3 (GLI3) and providing proof
of the potential epigenetic mechanism of BPA exposure on endometrial carcinogenesis risk.
In fact, miR107, miR149, miR200c, miR203, miR205, and miR765 changed the expression of
some genes (TP53, JUN, LAMB4, CCCDC6, PRKCA, STAT1, SUFU, CXCL8, DVL1, GLI3,
CRK, LAMC1, MAPK1, MAPK9) involved in the cancer pathway, recording a significant
fold change of N > 2.0 compared to the control.

This study permitted the discovery and identification of five relevant pathways for
potential BPA-induced endometrial cancer progression, including the cancer pathway,
hedgehog pathway, cell cycle, adherens junction, and MAPK signaling pathway. In addi-
tion, TP53, GLI3, CCNE2, CRK, KIF23, SAMD2, CCDC6, FZD3, ARF6, MAPK9, SUFU, PRC1,
MDM2, SMAD4, DVL1, EGLN1, JUN, MYC, LAMC1, PRKACA, and STAT1 were genes that
overlapped and were expressed significantly differently in these five pathways.

Meng et al. (2013) [32] developed an miRNA biosensor and applied this novel tool to detect
miRNA-21 extracted from human hepatocarcinoma BEL-7402 cells and human mastocarcinoma
MCF-7 cells and their expression under in vitro exposure to BPA. Normal human hepatic
L-02 cells, BEL-7402 cells, and MCF-7 cells were incubated with 100 µM BPA at the same
concentration for three and five days, respectively. The expression profiles of miRNA-21 in
BEL-7402 and MCF-7 became 1.415-fold and 1.468-fold higher than that of normal L-02 cells,
respectively, showing that the miRNA expression levels of cancer cells were upregulated
compared to normal cells.

Li et al. (2014) [33] studied how microRNAs are involved in curcumin-mediated protec-
tion from BPA-associated induced effects on a breast cancer MCF-7 cell line.
The MCF-7 cell line was exposed to BPA for 4 days. The results showed that BPA ex-
hibited estrogenic activity by increasing the proliferation of estrogen-receptor-positive
MCF-7 human breast cancer cells and promoting the transition of the cells from the G1
to S phase. Curcumin was able to inhibit the proliferative effects of BPA on MCF-7 cells.
In addition, the BPA-induced upregulation of oncogenic miR-19a and miR-19b and the
dysregulated expression of miR-19-related downstream proteins, including PTEN, p-AKT,
p-MDM2, p53, and proliferating cell nuclear antigen, were sufficiently reversed by cur-
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cumin. Furthermore, Li and colleagues highlighted the important role of miR-19 in BPA-
mediated MCF-7 cell proliferation, suggesting for the first time that curcumin modulates
the miR-19/PTEN/AKT/p53 axis to exhibit its protective effects against BPA-associated
breast cancer.

Kim et al. (2015) [34] used HepG2 cells that are widely used as a model system for
studies of liver metabolism and genotoxicity. In particular, the authors determined the
role of BPA exposure in the epigenetically affected expression of miR-22. The authors
found methylated Chr17:1565786-1565940 regions (promoter sites for miR-22) in the normal
samples, but unmethylated ones in samples exposed to BPA. Kim et al. identified seven
differentially expressed miRNAs, including miR-22, in the BPA-exposed sample vs. the
control. Notably, in samples exposed to BPA, miR-22 showed a 3.38-fold upregulation com-
pared to normal samples. The study results highlight the regulation of miR-22 expression
via hypomethylation of the promoter region due to BPA exposure.

Hui et al. (2018) [38] focused on BPA and ovarian cancer. This study was per-
formed using in vitro exposure to BPA (10 or 100 nM) or 0.1% DMSO for 24 h using
human ovarian adenocarcinoma SKOV3 cells, and then, the global gene expression profile
was determined via high-throughput RNA sequencing. Transcriptomic analysis revealed
94 different expression genes related to tumorigenesis and metastasis.

The authors revealed the upregulation of miR-21-5p and miR-222-3p, also reporting
that BPA (10 and 100 nM) increased migration and invasion as well as induced epithelial
to mesenchymal transitions in SKOV3 and A2780 cells. Accordingly, doses of BPA found
in the environment are capable of activating the regular Wnt signaling pathway. This
study analyzed the possible mechanisms underlying the effects of BPA on ovarian cancer.
Environmentally relevant doses of BPA modulated the gene expression profile and pro-
moted the progress of epithelial to mesenchymal transition via the canonical Wnt signaling
pathway of ovarian cancer.

Wu et al. (2018) [39] showed that BBP induced the proliferation of both ER(+) MCF-7
and ER(−) MDA-MB-231 breast cancer cells. This was proven by the increased cell viability,
the transition of the cell cycle from the G1 to the S phase, the upregulation of PCNA and
Cyclin D1, and the downregulation of p21. Moreover, BBP modulated the expression of the
oncogenic miR-19a/b and PTEN/AKT/p21 axis, revealing that miR-19 plays a crucial role in
the promoting effect of BBP on breast cancer cells via the targeting of PTEN 3’UTR. These
findings provide an important tool for targeted cancer intervention.

Zhu et al. (2019) [43] investigated the role of BBP in the cell proliferation of prostate
cancer cells. Human prostate cancer LNCaP and PC-3 cell lines were exposed to low
doses (0, 10−4, 10−5, 10−6, 10−7 and 10−8 mol/L) of BBP for 6 days. Zhu’s results showed
that 10−6 and 10−7 mol/L BBP increased the expression of cyclinD1 and PCNA, decreased
p21 expression, and induced cell growth in both LNCaP and PC-3 cells vs. the control group.
Furthermore, the authors found that BBP significantly downregulated the expression of
miR-34a, along with upregulating miR-34a target gene c-Myc. Via cell transfection of an
miR-34a mimic and inhibitor, the authors demonstrated that, in prostate cancer cells, the
BBP trigger promoted cell proliferation mediated through the miR-34a/c-myc axis.

Duan et al. (2020) [45] also studied the effects of BBP on human acute monocytic
leukemia AML U937 (isolated from the histiocytic lymph), Raji (lymphoblast Burkitt’s
lymph), and HL-60 (a promyelocytic cell line) cell lines, and normal blood cells.

BBP doses of 10−9 and 10−4 M were used for investigating the potential effect of BBP
on the malignancy of AML cells. Instead for carrying out a mechanistic study, a dose
of 10−8 M was used. The authors examined the effects of BBP on the proliferation of
AMLU937, Raji, and HL-60 cell lines. Moreover, the authors verified BBP’s perturbation
of treated U937 cells against the efficacy of chemotherapy using a double-exposure with
increasing concentrations of daunorubicin or cytarabine with or without 10−8 M BBP.

The results revealed that (10−8 M) BBP can induce the proliferation and reduce the
chemotherapy sensitivity of acute monocytic leukemia cells. PDK1, PDK2, PDK3, PDK4,
PDP2, and PDPR genes can regulate the glucose metabolism and glycolysis of cancer
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cells. In fact, cancer cells are characterized by high rates of glycolysis. The pyruvate
dehydrogenase kinase (PDK) supports these energetic needs and also favors apoptosis
resistance. Duan showed that BBP increased the expression of PDK4 and PDP2 in U937 cells,
while in Raji cells, BBP only increased the expression of PDK4. This study confirmed that
BBP can decrease the expression of miR-15b-5p, while it had no effect on miR-182 in both
U937 and Raji cells. The overexpression of miR-15b-5p can abolish the BBP-induced mRNA
and protein expression of PDK4 in U937 cells. Furthermore, the inhibitor of miR-15b-5p
can increase the mRNA and protein expression of PDK4 in U937 cells.

Duan’s results suggested that the downregulation of miR-15b-5p was involved in
BBP-induced PDK and demonstrated that BBP can increase the mRNA stability of PDK4
via the downregulation of miR-15b-5p.

Hence, BBP had no effect on the transcription and protein stability of PDK4; however,
it significantly increased the mRNA stability of PDK4.

In Yin et al. (2018) [41], the global alterations of miRNA and mRNA expression
in juvenile rat Sertoli cells (SCs) treated with 0.1 mM MBP were evaluated. Yin’s re-
sults revealed that miR-3584-5p and miR-301b-3p were upregulated and their common
target gene, Dexamethasone-induced Ras-related protein 1 (Rasd1), was downregulated.
SC proliferation induced by low MBP concentration in vitro could be mediated by Rasd1
regulation of the ERK1/2 signaling pathway. These results represent a possible avenue
to apply personalized medicine screening and therapy in testicular tumors induced by
exogenous chemicals.

Cui et al. (2019) [44] studied the potential influence of MEHP, DEHP, DCHP, and
BBP on the progression of hemangioma, one of the most common tumors of infancy. This
in vitro study was carried out using hemangioma cells. The authors found that 100 nM
of BBP can significantly trigger the migration and invasion of hemangioma cells, also
inducing the overexpression of Zeb1, a powerful transcription factor for cell migration and
invasion, via miR-655 suppression or downregulation. As 100 nM of BBP might also be
found in human tissues, the potential health risks of BBP, particularly for oncologic HA
patients, should be given more attention.

3.3.2. In Vivo Studies

Buñay et al. (2017) [35] studied the consequences of chronic exposure to a mixture of
phthalates and alkylphenols for the testes of male mice and in particular, reported changes
in the expression patterns of miRNA/isomiRs, which act as regulators of gene expression
in the testes. Additionally, damage to the testis and changes in the genes responsible for
encoding proteins involved in the biogenesis, processing, editing, stability, or degradation
of miRNAs were assessed. Buñay et al. carried out a case-control exposure study on a mix
of phthalates and alkylphenols using adult male mice.

The exposed mice showed the degeneration of seminiferous tubules and hypertro-
phy/hyperplasia in Leydig cells and also an increase in exfoliation of germ cells of semi-
niferous tubules that close the lumen or showed fully closed tubules. Regarding mRNA
levels, the authors report that the miRNAs of Star and Cyp17a1 and Sp1 and Cyp11a1 were
upregulated and downregulated, respectively. Instead, no significant differences in Hsd3b1
mRNA expression were detected.

The authors quantified the mRNA expression levels of genes encoding proteins that are
involved in pri-miRNA processing (Drosha), nuclear export (Xpo5), stability/degradation (Lin28,
Zcchc11, Zcchc6, and Snd1), editing (Adar) and processing of pre-miRNAs (Dicer, Ago2).

A significant increase in the mRNA levels of Drosha, Adar, and Zcchc11 in the testes of
exposed mice was found compared to control mice, contrary to Zcchc6, Dicer, Xpo5, Ago2,
Lin28b, and Snd1, which showed no differences.

miR20b-5p and miR-1291, which are implicated in cancer, and miR-3085-3p, impli-
cated in inflammation, were all downregulated. miR-1291 targets DNA methyltransferases
(Dnmt3a, Dnmt3b) that are involved in (de novo) histone methylation, genomic imprinting,
X-chromosome inactivation, and testicular germ cell tumors due to exposure to alkylphe-
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nols. In addition, Ccnd2, Ccnd1, and Raf1 are targets of the downregulated miR-15b-5p in
exposed mice, and these targets are implicated in cancer and cell cycle regulation. Hence,
this study suggests that the downregulation of sncRNAs through miR-1291 related to
exposure to plasticizer mixtures might promote changes in the DNA methylation pattern,
causing the epigenetic transmission of several diseases, including cancer.

In Chang et al. (2017) [36], the role of MEHP-induced reactive oxygen species (ROS)
for genotoxicity was explained. Mono-ethylhexyl phthalate (MEHP) is a metabolite of
DEPH. The toxicity of MEHP is more potent than that of DEPH. Chang’s study provided
evidence of the carcinogenicity of MEHP in Chinese hamster AA8, UV5, and EM9 ovary
cells, as well as its ability to induce epigenetic modifications.

The cell lines were exposed to 0, 10, 25, and 50 mM MEHP. However, at 50 mM MEHP,
all the cells died. The protection was not significant at 25 mM MEHP, and, even after
exposure to a lower dose of MEHP (1 mM), the PARP-1-KD cells had a higher level of
single-strand breaks. The subsequent gpt gene sequencing used to analyze the mutation
points on the genes of AS52 mutant cells (ASMC) showed that 90% of all mutations were
single-base pair substitutions, especially G:C to A:T mutations. Independent AS52-mutant
cell clones were collected and used to perform sequential in vivo xenograft tumorigenic
studies, and 4 of 20 clones had aggressive tumor growth. The study also showed that
miR-let-7a and miR-125b has been downregulated in ASMC, which might raise oncogenic
MYC and RAS levels and promote the activation of the ErbB pathway. The mutagenic
pathway of MEHP can probably be triggered via the generation of ROS, causing base
excision damage and resulting in carcinogenicity.

Wang et al. (2019) [48] sought to evaluate the capability of MEHP to promote the
proliferation of oral cancer through an in vitro/in vivo study using human oral squamous
carcinoma (OSCC) (human OSCC SCC-4, SCC-9, and SCC-25) cells and cell nuclear antigen
(PCNA). SCC-4 cancer cells (2 × 106 per mouse) were diluted in 100 µL of normal medium
and a researcher injected these subcutaneously into the left flank of each mouse to obtain
OSCC cancer xenografts. When the tumor grew to 100 mm3, the mice of the MEHPs group
were treated with MEHP (4 mg per kg, body weight) via intratumoral injection four times
every three days. Tumor volume was measured every three days and, at the end of the
experiment, mice were sacrificed and the xenograft tumors were removed to measure the
expression of miRNAs and proteins.

The authors supported their hypothesis with results that showed the proliferation
of oral cancer via MEHP through the downregulation of miR-27b-5p and miR-372-5p. In
addition, MEHP induced the expression of c-Myc, which can suppress the transcription of
miR-27b-5p in OSCC cells. Therefore, Wang’s study showed that MEHP can promote the
growth and progression of OSCC via the downregulation of miR-27b-5p and miR-372-5p.

Scarano et al. (2019) [41] studied the genome-wide levels of mRNAs to determine if
perinatal exposure to a phthalate mixture in pregnant rats was capable of modifying gene
expression during the prostate development of the filial generation. The study sought to
determine the epigenetic role of these pollutants in prostate cancer.

Pregnant female Sprague Dawley rats were exposed daily (from gestational day
10 to postnatal day 21) to a mixture of phthalate by gavage and were suppressed after.
Four groups were established—a control group exposed only to corn oil; (T1) 20 mg of the
mixture (20 mg/kg/day); (T2) 200 mg of the mixture (200 mg/kg/day); and (T3) 200 mg of
the mixture (200 mg/kg/day). The cocktail contained DEHP, DEP, DBP, DiBP, BBzP, and DiNP.
The two lower doses mimicked daily human exposure levels based on the amount of DEHP,
and the higher dose was selected to compare our results with those of similar phthalate studies.
Rats from groups T1 to T3 received the respective doses of the phthalate cocktail prepared with
21% DEHP, 35% DEP, 15% DBP, 8% DiBP, 5% BBzP, and 15% DiNP. After birth, the number of
F1 offspring per litter was reduced to 8 (at a 1:1 ratio between males and females whenever
possible), and litters with fewer than six pups were suppressed.

miRNAs in the treated groups versus the control were upregulated in T1 vs. C and in
T2 vs. C. miR-141-3p was exclusively upregulated in the T1 vs. C group, whereas other
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miRNAs, such as miR-30d-5p, were deregulated in both groups with weak but significant
alterations in gene expression. miRNA-184 was upregulated in all treatment groups vs. C.
Among the possible targets for miR-141-3p (53 targets), 51 were downregulated. The MiR-
NAs differentially expressed in the prostate tissue of these exposed animals were elicited
in Table 1. Scarano’s study, based on the evaluation of miRNAs and histopathological and
immunostaining analyses, support the hypothesis of the epigenetic role of phthalate in
prostate oncogenesis.

Chorley et al. (2020) [46] measured liver and blood miRNAs in male B6C3F1 mice
exposed both to a known chemical activator of the peroxisome proliferator-activated
receptor alpha (PPARα) and DEHP, respectively, for 7 and 28 days at concentrations of
0, 750, 1500, 3000, and 6000 ppm through oral exposure (feed). The PPARα pathway is
a common target of several environmental chemicals. At the highest DEHP dose tested,
61 miRNAs were altered after 7 days, and 171 miRNAs after 28 days of exposure, with
48 overlapping miRNAs. Analysis of the 48 common miRNAs indicated the enrichment
in PPARα–related targets and other pathways related to liver injury and cancer. The
experiment was repeated using mmu-miRs-182-5p and -378a-3p analysis for DEHP, as
well as di-n-octyl phthalate (DNOP) and n-butyl benzyl phthalate (BBP), two other related
phthalates with weaker PPARα activity.

The results showed that the deregulatory potency of DEHP was superior to DNOP
and BBP, and mmu-miRs-125a-5p, -182-5p, -20a-5p, and -378a-3p showed a clear dose
relation linked to the PPARα pathway. These findings also highlight the putative miRNA
biomarkers, as well as the stratified chemical potency of plasticizers and environmental
pollutants in general.

Zota et al. (2020) [47] conducted the only human study included in this review. The
Fibroids Observational Research on Genes and the Environment (FORGE) study involved
45 women living in Washington, DC, from 2014–2017. Eligible women were nonpregnant,
pre-menopausal, English-speaking, and ≥18 years of age. The authors quantified the
expression levels of 754 miRNAs in fibroid tumor samples and analyzed spot urine samples
for phthalate metabolites collected from women undergoing surgery for fibroid treatment.

Associations between the miRNA levels in fibroids and phthalate biomarkers were
also evaluated using a linear regression adjusted for age, race/ethnicity, and body mass
index (BMI), and all the statistical tests were adjusted for multiple comparisons.

Fibroid tissues were collected during hysterectomy or myomectomy procedures. For
patients with multiple fibroids, only the largest fibroid was sampled.

In addition, the evaluation of single metabolites was carried out, including diethyl
phthalate (DEP), monoethyl phthalate (MEP), di-n-butyl phthalate (DnBP), mono-n-butyl
phthalate (MnBP), mono-hydroxybutyl phthalate (MHBP), diisobutyl phthalate (DiBP),
monoisobutyl phthalate (MiBP), mono-hydroxyisobutyl phthalate (MHiBP), butylben-
zyl phthalate (BBzP), monobenzyl phthalate (MBzP), DnOP, mono(3-carboxypropyl) ph-
thalate (MCPP), diisononyl phthalate (DiNP), monocarboxyoctyl phthalate (MCOP), di-
isodecyl phthalate (DiDP), monocarboxynonyl phthalate (MCNP), di(2-ethylhexyl) ph-
thalate (DEHP), mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl)
phthalate (MEHHP), mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), and mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP). The authors also calculated two summary measures,
the molar sum of DEHP metabolites (ΣDEHP)21 and a potency-weighted sum of antian-
drogenic phthalate metabolites (ΣAA phthalates).

The fibroid characteristics were similar across racial/ethnic groups. Phthalate expo-
sure was ubiquitous in the enrolled woman, but nine phthalate metabolites were detected
in >90% of participants. However, MEP levels were significantly higher in Black women.
The enrolled women were Black (62%), overweight or obese (76%), privately insured (64%),
and undergoing a myomectomy (58%). Compared with White/Latina women, Black
women were more likely to be obese, publicly insured, and undergoing hysterectomy. The
miRNA profiles detected were surprising with respect to social determinants.
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A total of 35 miRNAs were underexpressed, and 39 miRNAs were overexpressed
in fibroids rather than myometrium. Also, the expression of miR-10a-5p, miR-10a-3p,
miR-140-3p, miR-144-5p, miR-150-5p, miR-205-5p, miR-27a-5p, miR-29b-2-5p, miR-29c-5p,
miR-451a, and miR-95-3p was three-fold greater in myometrium; while expressions of
miR-135a-5p, miR-135b-5p, miR-137-3p, miR-302b-3p, miR-335-3p, miR-34a-5p, miR-34a-3p,
miR-34b-5p, miR-34c-5p, miR-483-5p, miR-488-3p, miR-488-5p, miR-508-3p, miR-577, miR-592,
miR-651-5p, miR-885-5p, and miR-9-3pthese miRNAs were three-fold greater in fibroids.

The authors found 285 significant associations between phthalate biomarkers and
miRNAs (p < 0.05), 34 of which were significant at p < 0.005.

After adjusting for multiple testing, we found two miRNAs associated with ph-
thalate biomarkers—MHBP, associated with an increase in miR-10a-5p of 0.76 (95% CI
= (0.40, 1.11)), and MEHHP, associated with miR-577 (β = 1.06, 95% CI = (0.53, 1.59)).
Eight phthalate-miRNA associations varied significantly between White/Latina and Black
women, and among these, there was an association between MBzP and miR-494-3p. Also,
among white/Latina women, there were associations between MCPP and miR-337-5p;
MBzP and miR-1227-3p; MEP and miR-645; MEP and miR-564; MEP and miR-374-5p;
MEHP and miR-128-3p; and MEHP and miR-337-3p. Ten miRNAs were significantly
associated with phthalate biomarkers either in the main analysis or in racial groups
(miR-10a-5p, miR-577 miR-494-3p, miR-337-5p, miR-1227-3p, miR-645, miR-564,
miR-374a-5p, miR-128-3p, miR-337-3p).

Zota et al. identified 923 mRNA targets that were experimentally observed or highly
predicted targets of the 10 miRNAs, but 3 miRNAs (miR-10a-5p, miR-128-3p, miR-494-3p)
were significantly associated with multiple fibroid-related processes, including angiogen-
esis, apoptosis, the proliferation of connective tissues, cell viability, tumorigenesis of the
reproductive tract, and smooth muscle tumors.

miR-10a, miR-150, miR-29b, miR-29c, and miR-451 were underexpressed, and miR-34a
was overexpressed in fibroids. The authors reported that miR-10a-5p expression in particu-
lar is associated with concentrations of MHBP, an oxidative metabolite of DnBP which is
found in some personal care products, demonstrating that the epigenome is sensitive to
interactions between chemical and non-chemical stressors, but also to social determinants
that can influence a wide range of physical and social environmental exposures altering
the biological response to environmental pollutants. On the basis of these results, the lack
of human studies needs to be addressed urgently.

4. Discussion and Conclusions

The epigenetic effects of environmental chemicals such as plasticizers, including
BPA and phthalates, on DNA methylation, as well as the expression of miRNAs, have
substantiated our knowledge about the etiology of chronic diseases in humans, such as
cancer. Evidence from in vitro and in vivo models has proved that epigenetic modifications
due to exposure to common environmental pollutants can induce alterations in gene
expression that may persist throughout life, increasing susceptibility to cancer. Epigenetics
can affect the gene expression profiles of various organs and tissues. Among the phthalates,
BPA, DEHP, MEHP, DBP, BBP, and MBP were found to cause 1232 and 265 interactions
with the same genes and proteins, respectively.

This systematic review shows that miRNA-based diagnostic models can predict sev-
eral targets of cancerous organs targets in humans with high accuracy. Also, the evidence
regarding the carcinogenicity of several plasticizers was further supported by expression
studies, permitting the future use of specific miRNA as valuable predictor or screening
method for early diagnosis biomarkers as showed by Meng et al. study [32].

The use of profiling of miRNA as screening test through the high-throughput omic methods
(microarrays and real-time quantitative PCR or qPCR, as well as real time PCR and next-
generation sequencing) should be improved and applied in molecular early diagnosis to
identify novel oncogenes, mechanisms, and/or pathways in which a stimuli, whether genetic
or environmental, exerts a change on cell physiology to an oncological status.

112



J. Pers. Med. 2021, 11, 500

Although the use of miRNAs is currently applied as a basic science tool, the overall
miRNA’s gene expression is moving from research laboratories to the large-scale clinical
trials for the validation of a new diagnostic tool or for allowing clinical states to be de-
termined in diseases such as cancer or other miRNA-diseases or altered gene expression
related diseases. The use of miRNAs, as non-invasive tool of early diagnosis, need to
be implemented in the clinical approach and miRNAs may be promising and effective
candidates in the development of highly sensitive, noninvasive biomarkers for tumors
screening prevention.

The miRNA-level changes can be useful for the toxicological assessment of several
environmental pollutants, including plastic additives and plasticizers.

In this review, we showed that the interaction of plasticizers with several redundant
miRNAs such as let-7f, let-7g, miR-125b, miR-134, miR-146a, miR-22, miR-192, miR-222,
miR-26a, miR-26b, miR-27b, miR-296, miR-324, miR-335, miR-122, miR-23b, miR-200,
miR-29a, and miR-21 might induce deep alterations in miRNA-mediated regulation and
functions. These genotoxic and oncogenic responses can eventually lead to abnormal cell
signaling pathways and metabolisms that participate in many intercrossed or overlapped
cellular processes.

BPA induces the hypomethylation of histone promoter regions, indicating methylation
changes as one of the possible mechanisms of BPA-induced adverse effects on carcinogen-
esis. BPA is also involved in the downregulation of gene repair ARF6 (involved in cell
differentiation, apoptosis, and cell regulation), TP53 (a tumor suppressor gene also referred
to as the “Guardian of the Genome”), and over-regulates CCNE2, which is able to interact
with CDKN1A and CDKN1B proteins, and with CDK3. The aberrant expression of CCNE2
is a cause of cancer [48].

Phthalates downregulated the activity of some miRNAs (see Tab.1) implicated in
cell cycle regulation and cancer. Additionally, the activation and overexpression of ErbB,
PPARα pathways, the generation of ROS, and the overexpression of Zeb1 (a transcription
factor involved in cell migration and invasion) resulted from phthalate exposure.

It is important to note that the machinery by which plasticizers alter the epigenetic
assets of cells require further study to elucidate the biology and biochemistry relatively
to epigenetic alterations but also to disease-associated epigenetic alterations. A better
understanding of these mechanisms will lead to better prediction of the health effects of
plasticizers, allowing more targeted, easy, and appropriate disease-prevention and therapy
strategies [49,50].

The lack of human studies needs to be addressed. Experimental evidence will permit
the proposal of dedicated epidemiological studies to evaluate the real effects of plasticizers
on human health, especially for cancer derived by microplastics and their plasticizers that
are yet to be properly studied by oncologists yet.
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Abstract: Glioblastoma (GBM) represents the most common and aggressive tumor of the brain.
Despite the fact that several studies have recently addressed the molecular mechanisms underlying
the disease, its etiology and pathogenesis are still poorly understood. GBM displays poor prognosis
and its resistance to common therapeutic approaches makes it a highly recurrent tumor. Several
studies have identified a subpopulation of tumor cells, known as GBM cancer stem cells (CSCs)
characterized by the ability of self-renewal, tumor initiation and propagation. GBM CSCs have been
shown to survive GBM chemotherapy and radiotherapy. Thus, targeting CSCs represents a promising
approach to treat GBM. Recent evidence has shown that GBM is characterized by a dysregulated
expression of microRNA (miRNAs). In this study we have investigated the difference between
human GBM CSCs and their paired autologous differentiated tumor cells. Array-based profiling and
quantitative Real-Time PCR (qRT-PCR) were performed to identify miRNAs differentially expressed
in CSCs. The Cancer Genome Atlas (TCGA) data were also interrogated, and functional interpretation
analysis was performed. We have identified 14 miRNAs significantly differentially expressed in
GBM CSCs (p < 0.005). MiR-21 and miR-95 were among the most significantly deregulated miRNAs,
and their expression was also associated to patient survival. We believe that the data provided here
carry important implications for future studies aiming at elucidating the molecular mechanisms
underlying GBM.

Keywords: glioblastoma; microRNAs; cancer; qPCR; cancer stem cells

1. Introduction

Glioblastoma is the deadliest malignant intracranial tumor in adults. In the United
States its annual incidence is 3.2 cases per 100,000 people [1,2], while in Europe the inci-
dence is 3–5 cases per 100,000 people [3]. Its progression is accompanied by a rapid spread,
an infiltrative growth and high cellular heterogeneity [4,5]. The current management of
Glioblastoma (GBM) patients includes surgical resection, radiotherapy, chemotherapy and
tumor treating fields (TTFields) [4,6]. Among the chemotherapeutic agents, temozolomide
(TMZ) is the most common alkylating agent employed in the clinical management of
GBM patients. However, GBM has been shown to acquire resistance to TMZ, thus explain-
ing GBM recurrence [4,6]. GBM prognosis is generally poor and the median survival is
only 14 months, while the 5-year survival rate is unfortunately between 5%–10% [7–10].
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Overall, 90% of GBM originate de novo while the remaining 10% arise from lower-grade
glioma [11,12]. Although the exact etiology of GBM is still being explored, it has been
reported that ionizing radiation at high-dose and rare genetic disorders could facilitate
the onset of GBM [13]. Advancements on the molecular understanding of GBM onset and
progression are warranted to help the clinical management of GBM.

The most important molecular biomarkers for GBM include the methylation status of
O-6-methylguanine-FNA methyltransferase (MGMT) promoter, and the mutational status
of the isocitrate dehydrogenase 1 and 2 (IDH1, IDH2). When the MGMT promoter is found
methylated, GBM has been reported to have a better outcome [13]. Furthermore, IDH1 and
IDH2 mutations have been found correlating with a less aggressive GBM phenotype [1].
Nevertheless, the shortage in molecular biomarkers for GBM underscores the importance
to implement new studies for the identification of novel biomarkers, such as microRNAs
(miRNAs). MiRNAs are small non-coding RNAs 18–25 nucleotides long. They are tran-
scribed by the RNA polymerase II and processed into their mature form through a series of
steps involving Drosha/DGCR8 complex, for the generation of pre-miRNAs, and Dicer,
which generates the mature form of miRNAs. Several technologies are now being applied
for the study of miRNAs [14]. MiRNAs recognize the complementary sequences in the 3′

untranslated regions (3′UTR) of given transcripts to cause their degradation or translational
repression [15,16]. Different types of cancers display miRNA expression dysregulation
through different mechanisms, encompassing genomic variations in miRNA encoding
genes, deregulation of miRNA transcription, epigenetic mechanisms and disruption of the
miRNA synthesis machinery [17,18]. Several miRNAs have been shown to be dysregulated
in GBM as compared to normal brain samples [19].

Increasing scientific evidence has pointed to the existence within tumor lesions of a
cell subpopulation with stem-like properties, defined “cancer stem cells” (CSCs). GBM
CSCs have the ability to self-renew, differentiate multi-potentially in the three lineages
of the central nervous system (CNS) and to give rise to tumor when transplanted ex-
perimentally [20–23]. Additionally, CSCs have been shown to resist radiotherapy and
chemotherapy, thus inducing continued proliferation and possibly mediating tumor recur-
rence [4,24–27]. Moreover, it has been shown that CSCs display intrinsic ability to protect
themselves from both natural and adaptive immune responses [22,28–31]. Targeting GBM
CSCs represents an ideal approach to treat GBM and overcome tumor recurrence. Despite
the fact that there exists good epidemiological evidence of GBM, the molecular mechanisms
underlying its onset and progression are only recently starting to be elucidated.

Currently, studies aimed at evaluating miRNA expression in GBM CSCs are scarce.
This study aims at identifying miRNAs potentially explaining GBM CSC properties and
their potential immunological resistance. We have employed an array-based quantitative
real-time PCR approach and evaluated the differences in the expression of miRNAs in pairs
of autologous CSCs and differentiated tumor cells obtained from the same GBM patients.
Finally, we have also performed functional pathway analysis and interrogated The Cancer
Genome Atlas (TCGA) for validation purposes.

2. Results

2.1. MiRNAs Differentially Expressed between CSCs and Autologous Differentiated Cells

The characterization of the profile of miRNAs in different CSC lines (n = 11) vs. differ-
entiated bulk tumor cells (n = 4) in GBM was initially performed utilizing custom-made
arrays for the detection of 713 human, mammary and viral miRNAs. Class comparison
between the two groups identified 20 miRNAs differentially expressed at a significance
level of p < 0.01 (Supplementary Figure S1A). This analysis was refined by utilizing only
the 3 CSCs and their 3 corresponding autologous differentiated cells (from here on denomi-
nated “FBS” as they were grown in fetal bovine serum (FBS); Supplementary Figure S1B).

We then validated the differential profile of CSC lines vs. FBS cell lines through
quantitative Real-Time PCR (qRT-PCR) of 704 mature miRNAs, annotated by the Sanger
miRBase Release 14. To test whether the assignment of the samples to the CSC and
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FBS groups would have translated in a different miRNA expression, we have applied
principal component analysis (PCA) to the complete miRNA data set. The assignment
of the individual samples to the CSC and FBS groups predicted their distribution in a
three-dimensional space suggesting that CSCs and FBS samples displayed a differential
expression of the miRNAs included in the complete dataset (Figure 1A). Interestingly,
samples belonging to the same individual pairs clustered closely to each other compared
to the other samples (Figure 1B), suggesting that the intra-individual miRNA expression
variability was lower than the inter-individual miRNA expression variability.

Figure 1. Principal Component Analysis (PCA) of CSC (in red) and FBS (in blue) samples based on the complete miRNA
expression data set (A). Principal Component Analysis (PCA) of the samples according to their individual pair (B).
Hierarchical clustering of the 14 significantly differentially expressed miRNAs (p < 0.005); miRNAs marked with the asterisk
(*) correspond to a less abundant form (C). Functional Interpretation analysis of 67 differentially expressed miRNAs at
a statistical level of p < 0.05 (D). List of the 6 most significant differentially expressed miRNAs between CSC and FBS
samples (E).

The miRNA expression data were next used to identify miRNA discriminating the
CSC and FBS samples. At a significance level of p < 0.05, 67 miRNAs resulted differen-
tially expressed between CSC and FBS samples. When using a more stringent p-value
(p < 0.005), 14 miRNAs were differentially expressed, with miR-21, miR-33b and miR-602
being up-regulated in the FBS cells compared to CSCs, while the remaining miRNAs
(miR-525, miR-518, miR-373, miR-198, miR-627, miR-32, miR-515, miR-9, miR-383, miR-15
and miR-95) were up-regulated in CSCs compared to their paired FBS cells (Figure 1C).

The functional interpretation by Ingenuity Pathway Analysis (IPA) of the 67 miRNAs
differentially expressed at p < 0.05 revealed that they were associated with inflammatory
disorders as well as functions relating to the cell cycle, cell movement, cell development
and cell proliferation (Figure 1D).

2.2. Functional Interpretation Analysis and Interrogation of miRDB and TargetScan

Out of the 14 miRNAs significantly differentially expressed between GBM CSCs and
their autologous differentiated cells, we have selected the top ranking 6 miRNAs and
queried them for further analyses (Figure 1E). We have used two available online miRNA
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resources to interrogate miRNA target genes, namely TargetScan and miRDB [32–34].
With the assumption that target genes identified by both platforms for the same miRNA
would be more indicative of a real miRNA-target gene interaction, we have generated
Venn diagrams for the six most significant miRNAs (Figure 2A). The target genes in the
intersection of the six Venn diagrams were combined in a unique list and submitted
for functional interpretation analysis to Ingenuity Pathway Analysis (IPA). The analysis
revealed an enrichment of genes related to neuronal signaling, cell differentiation and cell
cycle regulation as well as pathways associated with the molecular mechanisms of cancer,
the regulation of epithelial-mesenchymal transition (EMT) and the Hippo pathway. Several
of these pathways were relevant for “stemness” properties. These findings support the
role of the 6 top-ranking miRNAs and their target genes in regulating GBM CSC biology
(Figure 2B). Nevertheless, the list of the top-ranking canonical pathways included also
immune-related signaling pathways, such as the Transforming Growth Factor (TGF)-β
signaling and STAT3 signaling pathways, suggesting a potential role of these miRNAs and
their target genes in regulating immune-related functions. The functional interpretation
analysis was also carried at the individual miRNA level (Supplementary Figure S2). Such
analysis highlighted that additional immune-related pathways (e.g., Interleukin (IL)-1,
Interferon (IFN), NF-kB, Toll-like receptor and T cell proliferation or exhaustion) could be
regulated by the miRNAs differentially expressed in CSCs vs. FBC cell lines.

–
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β
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Figure 2. Venn diagrams of the target genes identified by TargetScan and miRDB for the six most significant miRNAs (A).
Top canonical pathway identified on IPA from the list of the target genes in the intersections of the Venn diagram of the
six most significant miRNAs (B). The significance values (p-value of overlap) for the canonical pathways are calculated by
the right-tailed Fisher’s Exact Test. The x-axis displays the -log of the p-value. The orange line indicates the significance
threshold. Gray bars indicate pathways for which no prediction of activation or inhibition can be made due to insufficient
evidence in the Knowledge Base for confident activity predictions across datasets. White bars indicate pathways with
z-scores at or very close to 0.

2.3. Validation on the TCGA Dataset

We interrogated the role of the six most significant differentially expressed miRNAs
using the Glioblastoma Bio Discovery Portal (GBM-BioDP) [35]. GBM-BioDP is an online
visualization platform that allows the access of miRNAs differentially expressed across
GBM samples from the TCGA database [36]. The genomic profiling of GBM from TCGA
has led to the definition of four GBM subtypes, namely the classical, the mesenchymal, the
neural and the proneural subtypes. Such subtypes might develop through different and
independent molecular mechanisms [36]. Among the four subtypes, the mesenchymal one
displays a higher necrosis percentage and inflammation features, potentially due to the
activation of the NF-kB signaling pathway. The mesenchymal subtype also displays poor
prognosis as compared to the other subtypes [37].
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To further explore whether the significantly differentially expressed miRNAs between
CSCs and differentiated cells found in this study were related to GBM transcriptional
subgroups, we have interrogated the six most significantly deregulated miRNAs in GBM
against GBM-BioDP. Among them, we found that miR-95 and miR-21 expression was sig-
nificantly different in the mesenchymal group as compared to the other groups (Figure 3).
Specifically, miR-95, which we found upregulated in CSCs, was significantly downregu-
lated in the mesenchymal group compared to the proneural and neural subtypes (p = 0.017
and p = 0.008, respectively), while miR-21, which was downregulated in CSCs, resulted
upregulated in the mesenchymal group as compared to the proneural and neural subtypes
(p = 0.013 and p = 0.001, respectively).

 

–

β

β

Figure 3. Boxplots of the six most significant miRNAs expression distribution in four subtypes of Glioblastoma (GBM) of
The Cancer Genome Atlas (TCGA) patients.

We further questioned whether the expression of miR-95 and miR-21 was associated
to survival outcome. The Kaplan–Meier analysis obtained from GBM-BioDP showed
an association of a higher expression of miR-21 and a lower expression of miR-95 to a
better survival for the neural subtype (p = 0.012 and p = 0.016, respectively), although no
significant association was found for the other subtypes (Figure 4). Genes known to be
the targets of miR-95 and miR-21 have also been interrogated against GBM-BioDP. When
their expression across the TCGA GBM subtypes was inversed to the one reported for their
corresponding miRNA, we assumed this observation to be more indicative of a real miRNA-
target gene interaction. The analysis of miR-95 targets revealed an inversed expression
of several genes involved in EMT (HGF and MAP2K3), STAT3 signaling (IL10RA) and in
the role of macrophages, fibroblast, endothelial cells (TGF-β1 and IL-15) (Supplementary
Figure S3). The analysis of miR-21 targets revealed an inversed expression of several genes
involved in EMT (PIK3R1 and GAB1), TGF-β signaling (BMPR2) and in IL-1 signaling
(GNAZ and MAP2K4) (Supplementary Figure S4).
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Figure 4. Kaplan–Meier analysis of miR-21 (A) and miR-95 (B) in the four subtypes of GBM of the TCGA patients.

3. Discussion

GBM remains one of the most lethal solid tumors [38]. Despite the scientific efforts
to understand GBM pathogenesis over the last decade, GBM prognosis remains poor,
highlighting the challenges in the clinical management of this cancer. GBM displays high
level of intratumoral heterogeneity as well as cellular differentiation hierarchy. In fact,
increasing scientific evidence supports the existence of a subpopulation of CSCs in GBM
with self-renewal capabilities.

MiRNAs are emerging as critical regulators of proliferation and differentiation, and
some of them have been shown to carry an important role in CSCs [38]. In this study we
questioned the role of miRNA differential expression in CSCs and their corresponding
autologous differentiated cells. The PCA analysis on the complete dataset gave a clear
separation of the CSCs and the differentiated cells, suggesting that the complete miRNA
data set was able to discriminate the two groups, although sample pairs belonging to the
same individual clustered more closely compared to the others (Figure 1A,B). The class
comparison between CSCs and their autologous differentiated cells identified 67 differ-
entially expressed miRNAs at a significance level of p < 0.05. Functional interpretation
analysis revealed several cellular functions related to cell growth and proliferation, as
expected. When we refined the list to only 14 most significant miRNAs, we found that the
majority of miRNAs (n = 11) was upregulated in the CSCs as compared to their differenti-
ated counterparts. Among the miRNAs up-regulated in CSCs vs. FBS tumor cells, miR-515,
miR-15b and miR-198 resulted as regulators of glioma associated signaling. MiR-95, miR-21
and miR-627 represent key regulators of the EMT signaling that has been shown to be
one of the initial mechanisms of CSCs formation [39–41]. Additionally, miR-9, miR-32,
miR-383, miR-518, miR-627 and miR-602 are involved in mechanisms regulating the ex-
pression/activation of PTEN, p53, Hippo, stem cell pluripotency and Notch signaling that
are among the principal pathways involved in stemness-associated features [42–45].

GBM CSCs are endowed with superior self-renewal and tumorigenic ability [20] as
compared to the differentiated bulk tumors that might be regulated by the differential
miRNA profile. In particular, the aforementioned miRNAs could represent relevant mod-
ulators of the expression of target genes involved in signaling pathways associated with
stemness properties (e.g., EMT, Notch, Hippo, p53, PTEN etc.).

CSCs also represent the component of tumors responsible of resistance to chemother-
apy and radiotherapy [26,27,46]. MiR-383 and miR-525 were also found up-regulated in
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CSCs vs. FBS cells, and they were reported to modulate the signaling associated with cell
survival and DNA damage that can occur following chemotherapy or radiotherapy [47,48].

To gain further insights on the differential miRNA expression between CSCs and
their differentiated paired cells, we looked into the target genes of the six most significant
miRNAs. Target genes identified by TargetScan and miRDB of the six most significant miR-
NAs (Figure 2A) were combined in a unique list and queried for functional interpretation
analysis, which identified several GBM-related pathways among the top-ranking canon-
ical pathways (Figure 2B). Additionally, immune-related pathways were also identified,
including TGF-β and STAT3 signaling, supporting a potential immune-related role of the
six most significant miRNAs and their target genes.

Recurrent genomic alterations in GBM have been largely catalogued by TCGA Net-
work. Based on these alterations, GBM samples have been grouped into four main subtypes,
namely the classical, the neural, the proneural and the mesenchymal subtypes, the lat-
ter being the subgroup with worst prognosis [36,37]. The mesenchymal subgroup has
also been characterized by a higher percentage of necrosis and inflammation features,
potentially due to the activation of the NF-kB signaling pathway [37]. When we looked
into the expression of the six most significant miRNAs in the TCGA dataset, we found
that miR-21 was significantly upregulated, and miR-95 significantly downregulated in the
mesenchymal group. Survival analysis also showed that miR-21 upregulation and miR-95
down-regulation were associated with better survival in the neural subtype only. MiR-21 is
a well-studied miRNA, which acts as an oncomir and associates with a malignant pheno-
type [4,49]. It has been very recently reported being significantly downregulated in GBM
CSCs compared to astrocytes [11] and has already been shown to associate with a more
differentiated phenotype [50,51]. The primary CSCs utilized in the present manuscript have
been assessed molecularly and resulted to belong mostly to the proneural transcriptional
subgroup [52,53]. However, the mechanisms behind the association of the aforementioned
miRNAs need to be further elucidated. MiR-95 has been reported to promote growth
in colorectal, pancreas, prostate and breast cancer, but also to have anticancer activity in
hepatic, brain and neck cancer [54–56]. In glioma, it was reported that the downregulation
of miR-95 decreases the proliferation and invasion while promoting apoptosis of glioma
cells [57]. Nevertheless, evidence on the role of miR-95 in GBM is scarce. We believe that
our study adds important evidence to the role of miR-95 in GBM.

We acknowledge that to further elucidate the role of miR-95 and miR-21 in particu-
lar pathways, it is recommended to establish a knock-down of miRNA and explore the
expression of the related downstream targets.

The characterization of the immunological profile of CSCs highlighted a general subopti-
mal immunogenic potency and susceptibility to cell-mediated immune responses [22,28–31].
Our group has previously reported that GBM-CSCs display a differential immune pro-
file, including HLA molecules, soluble cytokines and growth factors compared to FBS
cells, rendering these cells resistant to T cell-mediated responses [22]. Gene and protein
expression determination showed a differential profile in the detection of TGF-β1, TGF-β2,
IL-6 and IL-8 in GBM CSCs vs FBS cell lines [22]. Of note miR-95 expression inversely
correlates with the expression of the target gene TGF-β1, as shown in Supplementary
Figure S3. Therefore, the overexpression detected in GBM-CSCs of this miRNA could be
responsible of the down-modulation of TGF-β1 observed in CSCs vs FBS cell lines [22].
Moreover, genes associated with IFN and Tumor Necrosis Factor (TNF) signaling were
down-modulated in CSCs vs. FBS cells, including targets of miR-383, miR-627 or miR-525,
respectively, that are overexpressed in CSCs (Figure 1) [22]. Conversely, the JAK-STAT
signaling pathway was up-regulated in cells with stemness properties compared to dif-
ferentiated cells [22]. Moreover, JAK-STAT signaling can be modulated by miR-9, miR-15,
miR-32, miR-95, miR-373 and miR-515 that were differentially expressed in CSCs as com-
pared to their differentiated cells. The molecular make-up of CSCs could be orchestrated
by the pattern of miRNAs detected in these cells. STAT3, TGF-β and IFN signaling can
be regulated by multiple miRNAs, such as miR-21, miR-32, miR-95, miR-585, miR-373,
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miR-383 and miR-627. CSCs could efficiently modulate both natural and adaptive immune
responses in their relationship with the crosstalk with tumor microenvironment [29,30,58].

Interestingly, the levels of the immune checkpoint Ligand of Programmed Death
Ligand 1 (PD-L1) has been reported to be modulated either directly by miR-33 [59] or
indirectly through the regulation of the levels of PTEN by miR-21 [60]. PD-L1 has been
previously reported to be expressed at high level in GBM-CSCs and, possibly being one
of the molecules responsible for the impairment of T-cell mediated immune responses
against these cells [22]. Our observations in this study suggest the importance of miR-33
and miR-21 as key regulators of the immunoregulatory properties of GBM-CSCs.

MiR-32 and miR-95, through the modulation of RAC or macrophage-, endothelial- and
fibroblast-associated signaling pathways, respectively, could be among the key regulators
of this phenomenon. Taken together, the analyses of the miRNA profile in pairs of CSCs vs.
the differentiated tumor cells led to the identification of key regulators of signaling involved
in stemness and immunological properties of GBM tumor initiating cells. The obtained
results corroborate the hypothesis that the profile of miRNAs in CSCs may mediate the
resistance of CSCs to immune responses.

We believe that our study provides additional information on the role of GBM CSCs.
Previous studies have investigated the role of miRNAs in GBM CSC, nevertheless they
employed CSC samples rather than autologous pairs [61–63].

The role of specific miRNAs in GBM CSCs has started being explored [64]. However,
further functional investigations are warranted to demonstrate the link between the miR-
NAs identified in our study and the functions of CSCs. Moreover, additional techniques,
such us in situ hybridization and other staining analyses, might help in corroborating our
findings. We believe that this evidence paves the way toward the identification of tools
that can modulate miRNA expression to optimize the efficacy of targeting GBM CSCs with
immunotherapy.

In conclusion, we show here that several miRNAs are associated with GBM CSCs.
MiR-21 and miR-95 are among the most significant differentially expressed miRNAs that
carry implications on GBM molecular profiling and patient survival. Other miRNAs
have been identified as potential regulators of the immunogenicity of CSCs. Additional
analyses on larger cohorts are necessary to validate our findings and elucidate the molecular
mechanisms behind GBM CSCs in further details.

4. Materials and Methods

4.1. Cell Culture and RNA Isolation

Cancer cells were of human origin. Tumor specimens were collected from n = 11 GBM
patients admitted at the San Raffaele Hospital Scientific Institute, Milan, Italy. The study
was approved by the IRB and patients were enrolled in the study upon signature of the
informed consent. GBM cell lines, both CSCs and bulk tumor cells (denominated FBS) were
established in vitro from fresh GBM lesions as previously described [22]. Briefly, GBM CSCs
were cultured in vitro in the form of neurospheres in the presence of DMEM/F12 medium
containing 20 ng/mL of epidermal growth factor (EGF) and fibroblast growth factor (FGF2)
(Peprotech, Rocky Hill, NY, USA) plus additives as described in Galli et al. [20]. Primary
cells were plated in 25 cm2 tissue culture flasks at a clonal density of 2500–5000 cells/cm2.
When enough tumor tissue was available, a portion of the cells obtained from the enzy-
matic digestion was plated in the presence of RPMI 1640 supplemented with 10% FBS
(Biowittaker, Lonza, Treviglio, Italy) to generate the aforementioned differentiated tumor
cells. Early-in vitro passage (n = 10–15) cultures were used for all the experiments.

Total RNA was isolated from 3 × 106 cells using miRNeasy minikit (QIAGEN, Hilden,
Germany), according to the manufacturer’s protocol. RNA quantity and quality were
assessed using Nanodrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and Bioanalyzer (Agilent Technologies, Carlsbad, CA, USA). Samples were evaluated
according to their RIN (RNA Integrity Number).
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4.2. Array Screening of miRNAs

A miRNA probe set was designed using mature antisense miRNA sequences (Sanger
data base, version 9.1) consisting of 827 unique miRNAs from human, mouse, rat and
virus plus two control probes. The probes were 5′ amine modified and printed in duplicate
on CodeLink activated slides (General Electric, GE Health, Midland Park, NJ, USA) via
covalent bonding at the Infectious Disease and Immunogenetics Section of the Department
of Transfusion Medicine (DTM) (Clinical Center, NIH, Bethesda, MD, USA). Four µg of
total RNA isolated by using Trizol reagent (Invitrogen, Gaithersburg, MD, USA) were
directly labelled with miRCURY™ LNA Array Power Labelling Kit (Exiqon, Woburn, MA,
USA) according to manufacturer’s procedure. The total RNA from the Epstein–Barr virus
(EBV)-transformed lymphoblastoid cell line was used as the reference for the miRNA
expression array assay. The test sample was labelled with Hy5 and the reference with Hy3.
After labelling, the sample and the reference were co-hybridized to the miRNA array at
room temperature overnight in the present of blocking reagents as previously described
and the slides were washed and scanned by GenePix scanner Pro 4.0 (Axon, Sunnyvale,
CA, USA). Resulting data files were analyzed using Partek Genomics Suite. Hierarchical
cluster analysis and TreeView [65] software were used for visualization [66].

4.3. Quantitative Real-Time PCR (qRT-PCR) of miRNAs

The quantitative determination of the profile of miRNAs was performed with the
RT2 miRNA PCR Array System (QIAGEN). MiRNA Sequence Specific Assays include one
universal primer and one gene-specific primer for each miRNA sequence. This kit includes
PCR Arrays to determine through a SYBR® Green real-time PCR detection system, the
expression of 704 mature miRNAs annotated by the Sanger miRBase Release 14. The panel
included SNORD 48, 47, and 44 and U6 as housekeeping assays that were used to normalize
the qRT-PCR array data. The kit also included two RNA and PCR quality controls to test
the efficiency of the RT2 miRNA first strand kit and efficiency of the polymerase chain
reaction, respectively.

Two-hundred ng of small RNA were used for reverse transcription and the first-
strand cDNA was synthesized with the RT2 miRNA First Strand Kit according to the
manufacturer’s instructions (cat. no. 331401). First strand cDNAs were mixed with
RT2 SYBR Green qPCR Mastermix and the experimental cocktail was added to each
corresponding well of the PCR arrays. PCR conditions were: 10 min at 95 ◦C and 40 cycles
of: 15 s at 95 ◦C, 30 s at 60 ◦C and 30 s at 72 ◦C. The reaction was run on the ABI 7900
HT thermal cycler (Applied Biosystems). A melting curve analysis was performed to
check assays’ specificity. Samples were run in duplicates. The geometric mean of the
housekeeping genes was subtracted from the Ct (Cycle threshold) values of each sample to
give a delta Ct value that corrects for different sample amounts. Delta Ct values were then
transformed into the negative delta Ct values and used to calculate the 2ˆ-delta Ct.

4.4. Data Analysis

Principal component analysis (PCA) was applied for visualization when relevant.
All the graphical analyses were performed using Partek Genomic Suite tool (Partek, St.
Louis, MO, USA). MiRNA expression class comparison between the CSC and FBS cell
lines was based on the analysis of variance (ANOVA). All statistical tests were two-sided.
p-values lower than 0.05 were considered statistically significant. Functional interpretation
analysis was performed using Ingenuity Pathway Analysis (IPA) tools 3.0 (QIAGEN),
which transforms large data sets into group of relevant networks including direct and
indirect relations among genes based on known interactions established from the literature.
Heat-maps are presented based on Partek visualization program.

The TCGA dataset was interrogated for validation purposes. The TCGA data was
accessed by using the GBM-BioDP [35]. MiRNA and target genes expression profiles were
queried and visualized based on known molecular subtypes [36].
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Two-sided t-tests comparing the miRNA expression levels between subtypes were
performed and their significance values were reported. Kaplan–Meier survival rate analysis
was also performed. The dataset included 196 TCGA patients of the following subtypes
according to Verhaak et al. [36]: classical (n = 53), mesenchymal (n = 59), proneural (n = 55),
and neural (n = 29). The mRNA expression of specific miRNA target genes was evaluated
using the experiments in the 3-Platform aggregates.

5. Conclusions

Despite the recent scientific efforts to understand GBM etiology and pathogenesis,
GBM remains a complex disease and one of the most lethal tumors. Given the low survival
rate, it is of primary importance finding biomarkers that could improve the clinical man-
agement of GBM patients. This article provides evidence that a group of specific miRNAs
can explain the stemness properties and the immunological profile of CSCs in GBM. A
further validation of our findings is warranted through studies employing larger cohorts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11040264/s1, Figure S1: Hierarchical clustering of the 20 significantly differentially
expressed miRNAs in n = 11 CSCs vs. n = 4 FBS cell lines identified through in house made arrays
(p < 0.01) (A). Hierarchical clustering of the significantly differentially expressed miRNAs in 3 pairs of
autologous CSCs and FBS cell lines identified through in house made arrays (p < 0.01) (B). Figure S2:
Canonical pathways by individual miRNAs. These pathways were identified by querying the target
genes (at the intersection of miRDB and TargetScan Venn diagrams) for each individual miRNA
of the 14 significant miRNAs (p < 0.005). Both the 5p and 3p strands were included. The color
legend indicates pathways associated with: 1. Cancer development and stemness features (green);
2. Immune-related functions (orange); 3. Pathways with pro-tumoral and immunological functions
(yellow); 4. Cell regulation function that can be aberrantly modulated in cancer (violet); 5. Others
(white). Figure S3: Boxplots of the distribution of the expression of miR-95 targets in the four subtypes
of GBM of the TCGA patients. We have reported in brackets the molecular pathways associated to
the individual target genes. Figure S4: Boxplots of the distribution of the expression of miR-21 targets
in the four subtypes of GBM of the TCGA patients. We have reported in brackets the molecular
pathways associated to the individual target genes.
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Abbreviations

ANOVA Analysis of Variance
CNS Central Nervous System
CSC Cancer Stem Cells
Ct Cycle threshold
EMT Epithelial Mesenchymal Transition
EGF Epidermal Growth Factor
FBS Fetal Bovine Serum
FGF2 Fibroblast Growth Factor
GBM Glioblastoma Multiforme
GBM-BioDP Glioblastoma Bio Discovery Portal
HK Housekeeping genes
IDH1 isocitrate dehydrogenase 1
IDH2 isocitrate dehydrogenase 2
IL Interleukin
IFN Interferon
IPA Ingenuity Pathway Analysis
MGMT O-6-methylguanine-FNA methyltransferase
miRNA micro-RNA
NCI National Cancer Institute
PCA Principal Component Analysis
PD-L1 Ligand of Programmed Death Ligand 1
qRT-PCR quantitative Real Time Polymerase Chain Reaction
RIN RNA Integrity Number
TCGA The Cancer Genome Atlas
TGF Transforming Growth Factor
TNF Tumor Necrosis Factor
TTFields: Tumor Treating Fields
TMZ Temozolomide
UTR untranslated region
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Abstract: Oncogene mutations may be drivers of the carcinogenesis process. MicroRNA (miRNA)
alterations may be adaptive or pathogenic and can have consequences only when mutation in the
controlled oncogenes occurs. The aim of this research was to analyze the interplay between miRNA
expression and oncogene mutation. A total of 2549 miRNAs were analyzed in cancer tissue—in
surrounding normal lung tissue collected from 64 non-smoking patients and in blood plasma.
Mutations in 92 hotspots of 22 oncogenes were tested in the lung cancer tissue. MicroRNA alterations
were related to the mutations occurring in cancer patients. Conversely, the frequency of mutation
occurrence was variable and spanned from the k-ras and p53 mutation detected in 30% of patients
to 20% of patients in which no mutation was detected. The prediction of survival at a 3-year
follow up did not occur for mutation analysis but was, conversely, well evident for miRNA analysis
highlighting a pattern of miRNA distinguishing between survivors and death in patients 3 years
before this clinical onset. A signature of six lung cancer specific miRNAs occurring both in the lungs
and blood was identified. The obtained results provide evidence that the analysis of both miRNA and
oncogene mutations was more informative than the oncogene mutation analysis currently performed
in clinical practice.

Keywords: nonsmokers lung cancer; miRNA; environmental risk factors; oncogenes; mutations

1. Introduction

MicroRNAs (miRNAs) are non-coding RNA molecules that have different regulatory
roles in cell differentiation, proliferation, and survival. miRNAs can inhibit complementary
mRNA targets, regulating translation through RNA degradation. miRNAs were found to
be deregulated in numerous diseases, including cancer, and are frequently altered owing
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to mutations or transcriptional changes of the enzymes that regulate miRNA biogene-
sis [1]. miRNAs are also involved in the epithelial–mesenchymal transition, cell growth,
proliferation, migration, and invasion [2], as well as processes related to chemotherapy
cell resistance. For example, miR-92a expression is increased in PTEN deletion cases [3],
miR-244 is related to the apoptosis process enhancing the proliferative and migratory
effects in non-small cell lung cancer (NSCLC) [4], and miR-200c influences the epithelial–
mesenchymal transition in A549 cells [5].

Experimental findings have linked environmental exposure, carcinogenesis, and
miRNA profiles. Neither epigenetic nor genetic alteration, when used alone, accurately
predict the lung cancer risk in exposed subjects. Indeed, the adverse effects of mutations
can be silenced by a functional microRNA machinery and the alteration of the miRNA
machinery is devoid of remarkable consequences in absence of genotoxic damage. Early
diagnosis of lung cancers using miR-33a-5p and miR-128-3p signatures have been pro-
posed as they are linked to tumor suppression processes [6]. These findings address the
identification of a cluster of miRNAs to be used as cancer early predictors considering the
high heterogeneity of lung cancer patients.

However, the use of microRNA analysis alone for early lung cancer detection is still
questionable. Indeed, despite a variety of miRNA being released extracellularly in the
blood from growing cancers [7], the use of blood circulating miRNAs for cancer diagnosis is
still a research matter and is not yet applicable to clinical and preventive practices. Several
problems still hamper the on-field application of miRNA analysis as a tool for preventive
medicine, including (a) the lack of correspondence between cancer and blood miRNAs;
(b) the overwhelming effect of miRNA released from large mass organs on cancer miRNAs;
(c) the poor reproducibility of miRNA cancer signatures among different studies; (d) the
limited predictivity of miRNA analysis when used alone.

MicroRNAs are released not only from growing cancer but also, under physiological
conditions, by organs, such as the skeletal muscle, liver, and kidneys (weighting kilos) [8].
The amount of these miRNAs overwhelms those released from the low-size growing cancer
mass (weight of a few mg and size of a few mm), a problem increased by the fact that
miRNAs are only partly tissue specific, as the same miRNA is expressed, although at
different levels, in various body tissues.

The limited predictivity for the cancer occurrence of miRNAs when used alone is
because miRNAs are quite unspecific with each one regulating hundreds of genes and,
not only one but many, miRNAs play a pathogenic role in cancer progression. The main
anti-cancer mechanism exerted by miRNA is the suppression of messenger RNAs produced
by mutated oncogenes. This situation occurs in lung cancer for let-7 miRNA suppressing
the expression of mutated k-ras oncogene [9] in breast cancer for miR-335 modulating the
expression and the biological effects of the mutated BRCA1 oncogene [10].

Accordingly, whenever an oncogene is mutated, but its suppressing miRNA is still
functioning, there is no push toward cancer progression, and thus the mutation is devoid
of clinical predictivity. Similarly, whenever a microRNA is altered or downregulated, but
its controlled genes is not mutated, again, there is no push toward cancer progression,
and thus the microRNA alteration mutation is devoid of clinical predictivity. Giving this
situation, it appears to be of high relevance to test, in parallel, both microRNA alterations
and oncogene mutations to increase the clinical predictivity of these cancer biomarkers.

The study was focused on non or ex-smokers only. Indeed, cigarette smoke exerts a
well-documented direct alteration of miRNA expression [11]. Accordingly, we decided to
limit the effect of this confounding factor focusing on the relationship between miRNA and
oncogenes as related to lung cancer only. This design was more difficult than recruiting
current smokers; however, this was the only feasible approach to guarantee that the
obtained results reflected cancer-related effects only and were not the results of the direct
action of cigarette smoke on the miRNA machinery.

132



J. Pers. Med. 2021, 11, 182

The aim of the herein reported research project is to use integrated mutations and
microRNA expression as a new tool to perform lung cancer diagnosis and to identify high
risk subjects with reference to lung cancer in non-smokers.

2. Materials and Methods

2.1. Patient Recruitment and Sampling

The enrollment of the patients was performed in the four biggest hospitals of Catania
(University Hospital “G. Rodolico—San Marco”, “Garibaldi-Nesima” Hospital, “Canniz-
zaro” Hospital, and “Morgagni” Clinic), and in the “San Vincenzo” Hospital of Taormina
of Messina province.

The protocol of this study was approved by the Ethics Committees (n. 11778 released
on 17 March 2015. and 346/C.E. released on 28 May 2015) of the involved institutions and
performed according to the Declaration of Helsinki.

We used the following inclusion criteria for the patient enrollment: age > 18 years,
undergoing lung cancer-surgery, being non-smokers or former smokers for at least 5 years,
survival within 3 years, the exclusion of other concurrent diseases, and having signed the
written informed consent during the interview. No gender restriction was considered, and
no restricted selection was performed regarding the morphology of the reported neoplastic
lesions. From the same patient, both neoplastic and healthy tissue samples (lung tissue
biopsy) were taken.

The lung tissue samples were sampled directly from the pathological anatomies of
the hospitals involved in the project. Instead, the venous blood samples were collected
directly from the thoracic surgery units of the hospitals involved. A total of 64 patients
were enrolled, including 42 males (66%) and 22 females (34%), aged 69.0 ± 9.5 years, min 43
and max 84 years old.

Through the questionnaire, socio-demographic and lifestyle information, including
smoking history, nutrition, home characteristics, and home location, were collected. From
the 64 patients enrolled we sampled 64 blood samples, of which, 41 blood samples and
52 lung tissues were dedicated to miRNA profiling and oncogene mutation analysis by
Ion-Torrent sequencing. For 35 patients, a 3 years follow up was performed to evaluate
their clinical status. These 35 patients were referred to as ‘monitored patients’.

2.2. DNA Extraction

Genomic DNA (gDNA) was extracted from 25 mg of fresh frozen lung biopsy DNA
using the DNeasy Blood & Tissue kit (Qiagen, Milan, Italy), as described by the manufac-
turer’s protocol. The purification of gDNA was automated on the QIAcube instrument
(Qiagen, Milan, Italy). The gDNA quality and quantity were assessed with a NanoDrop
1000 spectrometer and with a Qubit 3.0 Fluorometer using a dsDNA HS Assay Kit (Thermo
Fisher Scientific, Carlsbad, CA, USA).

2.3. Somatic Mutation Identification

The mutational status of 22 oncogenes (KRAS, EGFR, BRAF, PIK3CA, AKT1, ERBB2,
PTEN, NRAS, STK11, MAP2K1, ALK, DDR2, CTNNB1, MET, TP53, SMAD4, FBX7, FGFR3,
NOTCH1, ERBB4, FGFR1, and FGFR2) associated with lung cancer was analyzed by
sequencing using the Colon and Lung Cancer Research Panel v.2 (Thermo Fisher Scientific,
Carlsbad, CA, USA), which screens 92 amplicons in hotspots and target regions of these
genes. For each sample, 15 ng of gDNA was amplified using the Ion AmpliSeq™ Library
Kit 2.0 (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the protocol for gDNA
isolated from fresh frozen samples [12].

The quality control of the libraries was assessed by TapeStation 2200 using the High
Sensitivity D1000 assay (Agilent Technologies, Santa Clara, CA, USA) and with a Qubit®

2.0 Fluorometer using the dsDNA HS Assay Kit (Thermo Fisher Scientific, Carlsbad,
CA, USA). Then, seven multiplexed libraries (100 pM) were amplified and enriched by
OneTouch™ and the OneTouch™ ES, respectively using Ion PGM™ Hi-Q™ View OT2
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Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). Finally, the template was loaded onto
a 316 v.2 chip and sequenced using the Ion PGM™ Hi-Q™ View Sequencing Kit on the
Ion PGM™ platform (Thermo Fisher Scientific, Carlsbad, CA, USA). The sequencing
data were analyzed using the Ion Torrent Software Suite with the plugin Torrent Variant
Caller v.5.10.0.18 (Thermo Fisher Scientific, Carlsbad, CA, USA) applying somatic, high
stringency parameters. We considered gene variants with a variant allele frequency up
to 1%, if covered at least 1000×. All gene variants were annotated by Ion Reporter™
Software v. 5.10.

2.4. Total RNA Extraction

The total RNA was extracted from lung biopsies and blood plasma using standardized
protocols that combined phenol/guanidine-based lysis of samples and silica-membrane-
based purification.

Briefly, 3 mL of whole blood were collected in Ethylenediaminetetraacetic acid (EDTA)
tubes and layered onto 3 mL Histopaque-1077 (Sigma-Aldrich Chemie Gmbh, Munich,
Germany) through centrifugation at 400× g for 30 min. Plasma and lymphocytes were
separately collected and stored at −20 ◦C at the Laboratory of Molecular Epidemiology
(University of Catania) until analysis. Next, the total RNA from the plasma was extracted
using the miRNeasy Serum/Plasma Kit (Qiagen, Milan, Italy), as described by the manu-
facturer’s protocol.

With respect to lung biopsies, 30 mg of fresh starting material was first stabilized in
2.5 mL of RNAlater solution and stored at −20 ◦C at the Laboratory of Molecular Epidemi-
ology (University of Catania) until analysis. Next, lung biopsies were disrupted using the
TissueRuptor II for 20–40 s and homogenized in 700 µL QIAzol Lysis Reagent (Qiagen,
Milan, Italy). The total RNA was purified from the homogenate using the miRNeasy Mini
Kit (Qiagen, Milan, Italy), as described by the manufacturer’s protocol. The purification of
RNA was automated on the QIAcube instrument (Qiagen, Milan, Italy). The quantification
of RNA was assessed with a qubit 3.0 Fluorometer using the HS RNA Assay kit (Thermo
Fisher Scientific, Carlsbad, CA, USA).

2.5. MiRNA Microarray Analysis

MiRNA profiling was performed by Agilent Platform using Human miRNA 8 × 60 K
Microarray containing 2549 miRNAs (miRBase 21.0) (Agilent Technologies, Santa Clara, CA,
USA). For each sample, 50 ng of the total RNA, including the miRNAs, was labeled, and
hybridized according to the manufacturer’s instructions for miRNA Complete Labeling and
the Hyb protocol (v. 3.1.1). The hybridized microarrays were acquired using the G2565CA
scanner (Agilent Technologies) and the images were processed by Feature Extraction
software v.9.5.3.1 (Agilent Technologies, Santa Clara, CA, USA). All raw data were loaded
in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; GEO number
accession requested, 8 March 2021). A tab-delimited text file was analyzed in the R v.
2.7.2 software environment http://www.r-project.org (accessed on 8 March 2021) using
the limma package v.2.14.16 of Bioconductor http://www.bioconductor.org accessed on
8 March 2021.

Only spots with a signal minus background that were flagged as positive and signif-
icant were used in the following analysis as ‘detected’ spots. Probes with less than 50%
of detected spots across all arrays, and arrays with several detected spots smaller than
50% of all spots on the array were removed. The background-corrected intensities of the
replicated spots on each array were averaged. The data were then log2-transformed and
normalized for between-array comparison using quintile normalization [13]. MicroRNAs
with p-values < 0.05 were selected for further analysis. Given the explorative nature of this
study, no correction for multiple testing was applied in the screening procedure aimed at
selecting multiple sets of microRNAs for subsequent hierarchical clustering analyses. The
agglomerative hierarchical clusters, used to detect similarity relationships in microRNA
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log2-transformed expressions, were computed using the Euclidean distance between single
vectors and the Ward method [14].

2.6. Statistical Analysis

GeneSpring software (GeneSpring Multi-Omic Analysis version 14.9–Build 11939 by
Agilent Technologies) was used for the analysis of miRNA expression from lung-tumoral
(T = 38), lung-healthy (S = 12), and blood tissues (n = 41).

All lung-tissue-miRNA raw data files from the Agilent Technologies Microarray Scan-
ner System G2505C were imported to GeneSpring using miRNA analysis type, Technology
70156_v21_0, without baseline transformation. The blood miRNA chip raw data were
import to GeneSpring with a custom technology as scanner analysis technology was not
available. The protocol used was: Analysis type = Expression, Experiment type = Generic
Single Color, Normalization algorithm = none, percentile target = 75, and baseline transfor-
mation = none.

3. Results

3.1. Mutations in Oncogenes

Despite the presence of lung cancer, no hotspot mutation was observed in 10 out of
the 52 examined patients (19.2%). In 42 patients, mutations in oncogenes were observed
with the following frequency ranking: TP53 (36.54%), KRAS (30.77%), EGFR (25%), PIK3CA
(13.46%), ERBB2 (1.92%), STK11 (5.77%), BRAF (3.85%), PTEN (9.62%), MAP2K1 (1.92%),
and FGFR (1.92%) (Figure 1). Only 14 Patients (26%) carried mutations targetable by
available precision medicine therapies (EGFR 25 mutations, BRAF 2 mutations, and ALK 2
mutations), and 25 out of 52 patients presented more than one mutation (Table 1).

Figure 1. Radar chart showing the frequency of mutations in the lung biopsies of analyzed patients.
TP53 (36.54%), KRAS (30.77%), EGFR (25%), PIK3CA (13.46%), and NOTCH1 (11.54%) were the most
frequent mutations in the analyzed patients.

Table 1. Frequency of single, double, triple, quadruple, and quintuple mutations in lung biopsies
from the analyzed patients.

Number of Mutations Frequency Percentage

0 10 19.2
1 17 32.7
2 19 36.5
3 2 3.8
4 3 5.8
5 1 1.9

Total 52 100.0
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3.2. Relationship between miRNA Profiles and Mutations in Oncogenes

From the 38 patients in which both miRNA and mutations were analyzed, 33 were
patients carrying at least one mutation. The mutational status affects the miRNA expression.
Indeed, the expression of Cancer Related miRNAs was different between mutation-carrier
and mutation-free patients, as shown for each mutation by scatter plot analyses (Figure 2).

 

Figure 2. Scatter plot analyses of the miRNA-chip-array results from tumoral lung biopsies of
analyzed patients without (horizontal axis) and with (vertical axis) mutations for the oncogenes TP53,
KRAS, EGFR, PIK3CA, ERBB2, STK11, BRAF, and PTEN. The miRNA profile was significantly related
with the mutational status of the analyzed oncogenes as demonstrated by the miRNA changing
their expression more than two-fold falling outside the two-fold variation interval indicated by the
diagonal green lines. The slope of the best fit regression line (black diagonal line) indicates the overall
trend toward up or downregulation for the mutational status of each oncogene.
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miRNAs altered in tumoral tissue associated with each oncogene mutation were
identified by volcano plot analyses (FC > 2.0, p < 0.05). Their identity is reported in the
supplementary material (Table S1). The number of cancer-related miRNAs altered in
tumoral tissue as associated for each oncogene mutation is reported in Table 2.

Table 2. A number of miRNAs significantly changed their expression according to the mutational
status of each oncogene. This table lists the number of these miRNAs in patients carrying onco-
gene mutations.

Gene
Mutated/Total

Patients
Number of Entities
(Altered miRNAs)

Up Down
miRNAs Targeting
Mutated Oncogene

BRAF 2/33 7 1 6 0
EGFR 9/33 1 0 1 0
ERBB2 1/33 - - - -
ERBB4 1/33 - - - -
FGFR3 1/33 - - - -

KRAS 10/33 13 13 0
2

(hsa-miR-15b-3p,
hsa-miR-21-3p)

NOTCH1 3/33 1 1 0 0
PIK3CA 3/33 0 0 0 0
PTEN 2/33 0 0 0 0

STK11 2/33 31 30 1
1

(hsa-miR-548aa)

TP53 10/33 4 4 0
1

(hsa-miR-205-3p)

3.3. Clinical Predictivity of miRNA Profiling

In this study: 9 out of 35 monitored patients died within 3 years of the biopsy. We
explored whether the miRNA lung tumor expression profile was predictive of the clinical
outcome in the following years after surgery. Indeed, the miRNA expression profile in
cancer tissue was different between survivors and non-survivors, as shown by the scatter
plot (Figure 3a) and volcano plot analyses (Figure 3b). The list of the 11 miRNAs predictive
of patient survival (10 up-regulated (red dots) in survivors as compared to non survivors
and 1 down-regulated (blue dot)) is reported in Table S2. A prediction model using the list
of these 11 miRNAs related to survival and the GeneSpring Neural Network prediction
algorithm was run, obtaining an overall accuracy of 0.92 (+0.11), a higher result than those
obtained for all miRNA entities (accuracy 0.81). This high accuracy shows the potential of
these 11 cancer-related miRNAs from lung biopsies to be used as survival predictors.

Conversely, the mutation status poorly predicted the survival. Indeed, the rate of
survivors (47 out of 60) and non-survivors (13 out of 60) was not different between mutation
free (10 out of 52) and mutation carrier (42 out of 52) patients. The patient’s detailed
information can be found in Table S2. The number of mutations carried by the same
patients was not different between survivors and non-survivors as demonstrated by the
Chi-squared test (p = 0.803) (Figure 4).
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≥
Figure 3. Best-fit line in black, fold change and p-value lines in green. (a) Scatter plot analysis = entity list: cancer-related
miRNAs (273), interpretation: averaged (alive) vs. (dead), FC ≥ 2.0. (b) Moderated T-test volcano plot analysis = entity list:
cancer-related miRNAs (273), interpretation: averaged (alive) vs. (dead), without multiple testing correction, p-value cut-off
= 0.05, fold-change cut-off = 2.0.
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Figure 4. The number of mutations did not predict patient survival. (a) Bar plot of the number of patients with zero to five
mutations detected separated by survival. (b) Same data of (a) summarized in a contingency table. (c) The Chi-squared test
maintained the null hypothesis: the survival and mutation number were independent variables.

3.4. Liquid Biopsy: Lung Versus Blood

The intensity of the expression of circulating blood miRNAs from 41 patients was used
to classify miRNAs according to their inter-quartile average intensity expression (0–25%
= undetectable, 26–50% = low, 51–75% = intermediate, and 76–100% = high). Out of the
273 Cancer Related miRNAs, 217 entries were also present in miRNA blood arrays. Venn
diagram analysis indicated that the majority (n = 121) were undetectable and expressed at
a low, 43 were detectable at an intermediate level, and 53 at a high level, i.e., in the upper
quartile of the distribution (Table S3).

Accordingly, a signature of 53 cancer related miRNAs present in the blood with a high
expression was identified. The panel of these highly detectable miRNAs was compared
with their use as possible biomarkers in blood and serum as available in the existing
literature (Table 3). Let-7b-5p, miR-150-5p, miR-22-5p, miR-26a-5p, miR-30b-5p, miR-30c-
5p, and miR-486-3p were also present in other studies examining circulating miRNAs in
the blood as lung cancer biomarkers [15–18].

A similar approach was used to identify the presence in the plasma of lung miRNAs
predictive of clinical outcome (survival). Out of the 11 predictive miRNAs identified in the
lung cancer tissue (Table S2), Venn diagram analysis indicated that four were expressed at
a high level (high inter-quartile intensity) in the plasma. These miRNAs were miR-23a-5p,
miR-147b, miR-371b-5p, and miR-2861.
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Table 3. Cancer-related miRNAs present in the blood with a high expression falling in the upper
quartile of the distribution of intensity expression. The intensity of the miRNA expression was
reported in fluorescence units as detected by microarray analysis (middle column). The miRNAs
found in our study were compared with the bibliography to evaluate if their dysregulation in the
blood could be considered as potential markers for lung cancer (right column).

Tumoral miRNAs in Blood
Average Signal in Blood Plasma
Microarray (Fluorescence Units)

Reference in Literature

hsa-let-7b-5p 1556.03 [16,17]
hsa-let-7e-5p 2570.68 [15]
hsa-let-7g-5p 1591.89 ND

hsa-miR-103a-3p 1966.77 ND
hsa-miR-107 2307.96 ND

hsa-miR-1247-5p 1619.35 ND
hsa-miR-143-3p 1517.48 ND
hsa-miR-147b 2867.22 ND

hsa-miR-150-5p 1728.39 [15]
hsa-miR-151a-5p 2375.45 ND

hsa-miR-151b 2375.45 ND
hsa-miR-181a-2-3p 1714.68 ND

hsa-miR-183-3p 4515.51 ND
hsa-miR-184 3097.26 ND

hsa-miR-185-5p 2809.76 ND
hsa-miR-193a-5p 1482.98 ND

hsa-miR-22-5p 1889.39 [15,17]
hsa-miR-224-3p 1805.07 ND
hsa-miR-23a-5p 2880.99 ND
hsa-miR-26a-5p 1497.29 [17]
hsa-miR-2861 3086.05 ND

hsa-miR-29b-2-5p 1481.13 ND
hsa-miR-30b-5p 2117.35 [16]

hsa-miR-30c-2-3p 2919.97 ND
hsa-miR-30c-5p 3299.46 [17,18]
hsa-miR-3149 2367.91 ND

hsa-miR-361-3p 1454.65 ND
hsa-miR-371b-5p 12,583.51 ND
hsa-miR-424-5p 1660.83 ND
hsa-miR-4252 1558.12 ND
hsa-miR-4290 1875.54 ND
hsa-miR-4306 7145.12 ND
hsa-miR-4324 1530.87 ND
hsa-miR-4440 1537.86 ND
hsa-miR-4443 3859.37 ND
hsa-miR-4481 1605.44 ND

hsa-miR-450a-5p 4646.58 ND
hsa-miR-4516 11,603.31 ND

hsa-miR-452-5p 1629.61 ND
hsa-miR-4532 13,231.17 ND
hsa-miR-4634 1884.47 ND

hsa-miR-483-3p 3177.46 ND
hsa-miR-486-3p 2337.52 [14,18]
hsa-miR-490-3p 1882.31 ND
hsa-miR-505-5p 3775.67 ND

hsa-miR-516b-5p 5121.31 ND
hsa-miR-548aa 3480.4 ND
hsa-miR-548q 1453.76 ND

hsa-miR-642b-5p 2070.84 ND
hsa-miR-664b-3p 1539.91 ND
hsa-miR-744-5p 3112.18 ND
hsa-miR-99a-3p 1503.5 ND
hsa-miR-99b-5p 1575.63 ND

ND, Not Detected.
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4. Discussion and Conclusions

The identification of novel biomarkers based on miRNA profiles from accessible
biological samples, like blood, would help in the near future for a better understanding
of a patient’s health state. Outcomes, like better malignant tumor tissue early detection,
over time therapy effectiveness prediction, and patient survival prediction rates, may
become a reality. The identification of useful circulating miRNAs for predictive outcomes
may require models based on standardized tissue-specific and blood-based profiles in
oncologic patients.

As seen in our results, the presence of different mutations can modify the scatter plot
in each case. From the cancer-related miRNAs significantly altered in each mutation, only
four were predicted by TargetScan to target the considered genes as follows: hsa-miR-15b-
3p and hsa-miR-21-3p for KRAS, hsa-miR-548aa for STK11, and hsa-miR-205-3p for TP53.
This suggests that the dysregulation in these miRNAs may worse the mutation condition.

Indeed, functional miRNAs may silence the expression of mutated oncogenes by
destroying their encoded mRNA. Accordingly, whenever the miRNA machinery is well
functioning, oncogene mutation does not bear relevance for phenotypic changes and
progression of the cell in the carcinogenesis process. Conversely, whenever these miRNAs
are altered, their efficacy in neutralizing the mRNAs encoded by mutated oncogenes is lost,
and oncogene mutation acquires relevance and efficacy for changing cell phenotypes and
moving the carcinogenesis process forward.

We found 11 miRNAs as statistically significant predictors of the patients’ dead within
3 years: hsa-miR-1227-5p, hsa-miR-147b, hsa-miR-187-5p, hsa-miR-23a-5p, hsa-miR-2861,
hsa-miR-3663-5p, hsa-miR-371b-5p, hsa-miR-6068, hsa-miR-6075, hsa-miR-6771-5p, and
hsa-miR-7704. At the same time, our analysis confirmed that survival was not correlated to
the number of oncogene mutations.

From this list, four miRNAs (miR-187-5p, miR-147b, miR-2861, and miR-6075) ap-
pear to be the most promising survival markers. Researchers observed that miR-187-5p
suppresses cancer cell progression in non-small cell lung cancer (NSCLC) through the
down-regulation of CYP1B1 [19,20], and that miR-147b promotes lung adenocarcinoma cell
aggressiveness through glycoprotein 4 (MFAP4) regulation [21]; miR-2861 was proposed
as a biomarker of lung cancer stem cells [22]; and miR-6075 was used as a biomarker for
lung cancer high-accuracy diagnosis prediction models [23]. As our results demonstrated,
from the 59-miRNA signature for blood, the best candidates were let-7b-5p, miR-150-5p,
miR-22-5p, miR-26a-5p, miR-30b-5p, miR-30c-5p, and miR-486-3p, as they are also present
in other studies regarding circulating miRNA biomarkers in the blood for lung cancer.

The silencing role of microRNA on the expression of mutated oncogenes is well
established mainly for lung carcinogenesis. The k-ras let-7 interaction is the best typical
example. However, the interaction of miRNAs with the target mRNA may be either
specific or unspecific according to the number of complimentary nucleotides recognized on
targeted sequences. We cannot exclude that, if the mutations of the oncogenes occurred in
their coding regions, this situation could generate escaping mutants not recognized by the
miRNA. However, thus far, this situation has not yet been demonstrated, at variance with
the presence of experimental data clearly indicating the inhibitory role of miRNA toward
oncogene expression.

The main finding of this study was that the evaluation of oncogene mutations alone
was poorly predictive of the clinical outcome. The predictive potential was remarkably
increased when oncogenes mutation were evaluated in parallel with the analysis of related
miRNAs. This approach may be used for the personalized screening of lung cancer to
identify high risk subjects to undergo early diagnosis screening by spiral TAC. Indeed, for
practical and economic reasons, this approach cannot be applied to the whole population
but only to high risk subjects identified by predictive biomarkers.

The obtained results may also be useful for lung cancer treatment, which is currently
focused only on the oncogene mutational status. Our results provide evidence that onco-
gene mutation does not per se directly reflect on clinical outcomes and cancer behavior.
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These variables are determined by other important contributing factors, such as miRNA
expression. The comparative analysis of oncogene mutations and miRNA alteration may
be useful to identify responders to treatments specifically targeting oncogene mutations or
those developing resistance to these treatments.

A remarkable results of our study is the correspondence of the results between the
liquid biopsy analysis and corresponding data for the target tissue, i.e., the lung. Indeed,
we evaluated in parallel in the same patient both blood and lung tissues. The cancer-
related signature was evaluated by comparing the miRNA expression between the cancer
and healthy surrounding tissue. This signature accounted for 273 miRNAs, 53 of them
being well detectable (i.e., in the highest quartile of the distribution) and also by liquid
biopsy in the blood plasma. Among these 53 miRNAs, 7 were further confirmed as lung
cancer biomarkers in the blood by other independent studies. These results represents
a step forward to identify a miRNA blood signature applicable to the early diagnosis of
lung cancer.

Overall, the herein reported results provide evidence that the parallel analyses of
miRNA and oncogene mutations was more predictive of lung cancer occurrence that
the single analysis of only one of these two biomarkers. A tight interconnection between
the pattern of miRNA alteration and the mutations occurring was detected, a finding
demonstrating the interplay between genetic damage and the postgenomic control exerted
by the miRNA machinery. The predictivity of the clinical outcome (survival) was good for
the postgenomic miRNA analysis and undetectable for the oncogene mutation analysis.
This analysis could be executed by the non-invasive sampling of blood plasma given the
fact that both oncogene mutations and specific lung cancer miRNAs can be detected in this
body fluid. Such an approach could represent a new tool applicable to cancer preventive
and predictive medicine.

These findings support the use of parallel miRNA and oncogene mutation analysis
as a new tool to provide clinical and preventive interventions tailored for the individual
situation of each subject or patients, thus, realizing a practical approach of personalized
medicine applicable to cancer prevention.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-442
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Cancer Related miRNAs run on a Moderated T-Test Volcano Plot analysis (FC ≥ 2, p ≤ 0.05) for
each environmental exposure: (a) passive smoke at home (No vs. Yes), (b) passive smoke at work
(No vs. Yes); (c) airborne car traffic pollution (low vs. high); (d) volcano ashes (>60 Km vs. ≤60 Km);
(e) radon risk (according to house type low vs. high), Table S3: Cancer Related miRNAs altered
(FC ≥ 2, p ≤ 0.05) in Volcano Plot Analysis between average signal in samples of patients alive vs.
dead within 3 years since biopsy.
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Abstract: The development of high-throughput omics technologies represents an unmissable oppor-
tunity for evidence-based prevention of adverse effects on human health. However, the applicability
and access to multi-omics tests are limited. In Italy, this is due to the rapid increase of knowledge
and the high levels of skill and economic investment initially necessary. The fields of human genetics
and public health have highlighted the relevance of an implementation strategy at a national level
in Italy, including integration in sanitary regulations and governance instruments. In this review,
the emerging field of public health genomics is discussed, including the polygenic scores approach,
epigenetic modulation, nutrigenomics, and microbiomes implications. Moreover, the Italian state of
implementation is presented. The omics sciences have important implications for the prevention of
both communicable and noncommunicable diseases, especially because they can be used to assess
the health status during the whole course of life. An effective population health gain is possible if
omics tools are implemented for each person after a preliminary assessment of effectiveness in the
medium to long term.
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1. Introduction

In recent years, statistical genetics and bioinformatics have made progress in the
prediction of risk for different complex disorders, i.e., those diseases characterized by
several genetic and environmental influences [1]. In particular, genomic markers have
shown relatively high predictive power, and promising results are coming from other
omics such as epigenomics, transcriptomics, proteomics, and metabolomics. The potentials
for interactions among all these biomarkers and environmental data make us hopeful of
finding cost-effective and clinically useful novel risk assessment tools for noncommunicable
diseases [2].

Genetic susceptibility and environmental exposure alone are not sufficient to explain
the pathogenesis of noncommunicable diseases, but should be integrated into a more
complex scenario that can manifest pathological phenotypes. Epigenetics is a crucial
component of this scenario, as its variations are linked to specific exposures that might be
able to highlight the effects of the environment on the genome [3].

Scientific evidence has established that a healthy diet enhances life expectancy and
helps prevent diseases. Although in the last few decades there has been huge growth in
knowledge of the relationship between dietary components and diseases, the biological
mechanisms underlying these effects are not yet well understood [4]. Nutritional epidemi-
ology has contributed significantly to modern public health research and has promoted
wellbeing and extended life expectancy. Specifically, researchers have investigated how
the main social and behavioral determinants associated with the adherence to a healthy
diet, such as the Mediterranean diet, could be useful in understanding and counteracting
the global shift toward unhealthy patterns, to promote health and a better quality of life,
especially in women of reproductive age [5,6].

Another emerging health determinant is microbiota status. The human microbiota
consists of a complex ecosystem of microorganisms that live in the human body. Most of the
microbial population is in the gut [7]. The ratio between the number of bacterial and human
host genes is about 200:1, and such evidence can have profound effects on host phenotypes,
playing critical roles in the host physiology [8]. The gut microbiota influences the evolution
of adaptive phenotypic plasticity in mammalian species through the amplification of signals
from the external environment, mainly during postnatal development. Therefore, such
omics tools have become a crucial element in the risk stratification of the population for
high-incidence diseases.

The increasing development of genetic tests has made the evaluation of their risks and
benefits crucial to their appropriate translation into clinical practice, especially in the case
of the COVID-19 pandemic [9]. The importance of a solid evaluation strategy for this kind
of technology has been recognized across Europe and worldwide [10–12].

In this review, an overview of the public health implications is given, focusing on the
Italian context. The building of health professionals’ and citizens’ omics sciences literacy is
discussed, as well as the different regional departments’ perspectives.

2. Development and Perspectives for Italian Public Health Genomic and
Epigenomic Tools

2.1. Promising Perspectives from Clinical Genetics: The Use of Polygenic Scores and
Epigenetic Markers

2.1.1. Genetics

In the last few decades, genome-wide association scans (GWAS) have been used
to identify the genetic basis of chronic diseases, which revealed the influence of several
common genetic variants on their risk. These conditions include but are not limited to car-
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diovascular disease (CVD) [13,14], cancer [15], and metabolic [16], neurodegenerative [17],
and neuropsychiatric disorders [18]. However, despite the high heritability observed for
these chronic diseases, the genetic variants identified explained a small proportion of
the disease variability. While waiting for novel and larger-scale studies allowing for the
analysis of rare variants and numerous gene-gene interactions with machine learning
algorithms, many studies analyzed the potential clinical utility of the available variants in
disease risk assessment.

Since these variants usually show a small effect size, they are generally condensed
into polygenic scores (PGS), also known as polygenic risk scores, when dealing with
diseases [19]. These are defined as quantitative factors aggregating the genetic influences
of many common genetic variants on a single trait or disease. PGS has usually been
computed as the sum of risk alleles that an individual has, weighted by the risk allele
effect sizes, as estimated by an independent training GWAS on the phenotype (i.e., Beta
or log (Odds Ratio), depending on the phenotype tested). Indeed, PGS represents an
estimate of an individual’s genetic liability to a trait/disease, calculated according to their
genotype profile, using data from independent GWAS as a training model [20]. Thanks
to this construction, some PGS have been shown to explain a relatively high amount of
the variance in continuous traits [21], like height, with a PGS explaining ~24% of the
population phenotypic variance [22]. On the other hand, the variance explained by genetic
predisposition to specific disorders is not as high, ranging from <2% for stroke [23] to
7% for schizophrenia [24], although this has revealed interesting genetic overlaps among
disorders [25].

As a consequence, the integrated use of PGS with other risk algorithms using envi-
ronmental factors has been proposed to predict the risk of chronic conditions in common
clinical practice [26]. Among the chronic diseases, CVD appears to be the condition with the
largest set of data and with potentials for the implementation of a cost-effective PGS [27].
Currently, the clinical guidelines for CVD primary prevention do not recommend the use
of genetic data for risk assessment, since all PGS found to have high predictive power
failed to modify treatments in a cost-effective manner or to motivate subjects to change
their lifestyles [28,29]. Although a significant net risk reclassification improvement of
subjects who will develop a particular condition was observed in most large and recent
studies [30,31], cost-benefit analyses should be performed to confirm their clinical utility
for risk assessment. The number of subjects needed should be considered, along with
the cost of biomarker measurements and the treatment of false-positive subjects [32]. The
high laboratory costs and the relatively low added predictive power are currently the
main barriers.

2.1.2. Epigenetics

Epigenetic biomarkers represent a means by which lifestyle and environment can be
taken into account in the study of health and disease [33–35]. DNA methylation, among
all epigenetic markers, is very stable and, in principle, can be studied with no special
experimental requirements [36] in both fluid and tissue specimens already in use in clinical
practice [37–41]. DNA methylation markers are robust, sensitive, and measurable across
individuals as well as in population studies. Unfortunately, the progress from preclinical
observations to clinical translation of epigenetic biomarkers for noncommunicable diseases
is still far from complete [42]. However, there is an interest in finding epigenetic biomarkers,
especially in those clinical conditions where a traditional diagnosis fails in the identification
of specific cases or where early prediction of the disease leads to a better prognosis or
drug response.

The field of oncology is so far the most developed in terms of epigenetic biomarkers.
A recognized signature of most cancer types is genome-wide hypomethylation, a hallmark
of genome instability, alongside gene-specific hypermethylation (i.e., the silencing of
tumor suppressor genes) [43]. The latter clearly defines cancer’s specificity and helps with
differential diagnosis [44–49]. Among the few FDA-approved epigenetic tests, the screening
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of early colorectal cancer (CRC) is most frequently used in clinical practice, though it has
lower specificity and higher costs than the traditional CRC screening tests [50,51].

Epigenetics is known to play a role in both neurodegenerative and neuropsychiatric
diseases, as DNA methylation changes have been described in Alzheimer’s disease [52],
Parkinson’s disease [53], amyotrophic lateral sclerosis [54], schizophrenia [55], major
depressive disorder [56], and post-traumatic stress disorder [57]. Multiple studies have
also shown the importance of epigenetics in the pathophysiology of type 2 diabetes (T2D)
by studying the DNA methylation profiles in several relevant T2D target tissues [58–60],
as well as using them for monitoring disease reversion after lifestyle intervention [61,62].
DNA methylation biomarkers in CVD are also far from being implemented into the clinical
routine. A large number of epigenome-wide association studies have been performed, but
with little reproducibility across cohorts. Despite this evidence, it is worth mentioning
a few genes that have been found to have abnormal methylation patterns in association
with both CVD and CVD risk factors, such as GNAS [63–67], ZBTB12 [68,69], BRCA1, and
CRISP2 [70]. The discovery of these genes could pave the way for future studies along the
same lines, possibly serving as good prediction biomarkers of CVD.

One important limitation on the use of epigenetic biomarkers in clinical practice is
the tissue-specificity of the methylation patterns, so ideally the target tissue of the disease
should be used. Despite this limitation, more and more studies are testing circulating
blood as surrogate tissue for epigenetic analysis. Blood is a good source of DNA, obtained
from noninvasive liquid biopsy, and is already used for epigenetic biomarker design in
clinical practice for many human diseases [33,71]. DNA can be extracted from whole blood,
peripheral blood mononuclear cells (PBMCs), single white blood cell (WBC) types, plasma
(i.e., exosomes and free circulating-DNA and RNA), or platelets (mitochondrial). Recently,
extracellular microRNAs (miRNAs) have been detected in biological fluids and studied as
possible cancer markers that can be detected by noninvasive procedures [72].

Very recently, cell-free DNA (cfDNA) epigenetic research has been gaining more
attention as a possible means to identify and predict tissue damage or the origin of certain
pathological conditions [73]. CancerLOCATOR is a cfDNA-based method that allows for
detection and predicts the tissue of origin using CpG methylation profiles [74]. Another
study demonstrated that cfDNA methylation profiles were able to identify cardiomyocyte
death [75], a possible useful marker of cardiac injury after myocardial infarction. Taken
together, these findings suggest a possible use of these markers in clinical practice to predict
and/or diagnose a clinical condition, thus better informing further disease prognosis.

Despite their usefulness, the sensitivity and reproducibility of liquid-biopsy-based
methods using cfDNA still need to be improved, especially in those applications working
with a very low amount of starting sample.

Beyond the lack of evidence of clinical utility for these scores, some issues remain in
the field, like transethnic applicability [76] and ethical issues, mainly related to genetic
data. However, the integrated use of PGS with other omics data in predicting clinical risk
and the analysis of their interactions with environmental factors appears to be the road
ahead for personalized medicine.

There is the need for large prospective population-based studies with a large amount
of data collected with standardized methods, along with biological samples collected and
stored in a biobank. In Italy, recently, the Moli-sani cohort study [77] (24,325 subjects
aged 35–99 years, recruited between 2005 and 2010 from the general population) started to
measure genomic and epigenomic data on biobank samples.

2.2. Susceptibility to Environmental Pollution, as Inferred from a miRNA Analysis

Environmental pollution is a growing public health burden associated with numerous
adverse health effects. It is estimated that around 4.2 million deaths occur each year
due to air pollution [78]. Biomarkers reflecting specific air pollution exposures have the
potential to measure the internal dose resulting from exposure to complex environmental
mixtures [79]. MiRNAs, small noncoding RNAs that regulate gene expression, have been
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studied as biomarkers in various diseases and have also shown potential as biomarkers of
environmental exposure [80,81].

In this context, epigenetics bridges the gap between genetic makeup and environmen-
tal exposures to pollution, thus explaining the development of diseases [82].

The epigenome is a plastic entity modifiable by the environment, whose changes may
be detected in accessible surrogate tissues (e.g., peripheral blood, urine, buccal cells, etc.).
These epigenetic changes show long-term stability; accordingly, the epigenetic pattern may
be considered a record of environmental exposures experienced throughout life [83].

The patterns of miRNA alterations are specifically related to the type of environmental
pollution to which the organism has been exposed. In studies where smoking-induced
changes were investigated, the general observation was a miRNA downregulation of
expression, as initially demonstrated in mouse lungs [84] and thereafter confirmed in
human bronchial epithelial cells [85]. MiRNA alterations accumulating during carcinogen-
esis is a prerequisite for full cancer appearance and progression [80,86,87]. MiRNAs are
massively dysregulated during lung carcinogenesis, induced by cigarette smoke [84] but
also other environmental airborne lung carcinogens and air pollutants [80]. These early
alterations are reflected in the extracellular miRNA released from the lungs in the blood
during the different stages of carcinogenesis, including the development of microadenoma,
adenoma, and adenocarcinoma [88]. However, the transferability of these results to the
human situation is quite controversial. Predictive miRNA signatures of lung cancer have
been identified in the blood, but they greatly vary between different studies [88]. Many
organs contribute to the miRNA burden in the blood, whereas the contribution of the
lungs is negligible as compared to that of the muscles and liver. Indeed, miRNA plays a
pathogenic role in cancer only when the target oncogene is mutated, and the extracellular
release of miRNA corresponds to a cancer-related event and not to an adaptive response to
carcinogen exposure. The shift from adaptation to pathogenic alterations of the miRNA
machinery depends on the duration of the exposure to environmental pollution. Indeed,
long-term exposure leads to irreversible epigenetic alterations [86].

Secondary prevention may be achieved in lung cancer by identifying high-risk individ-
uals using a predictive epigenetic biomarker, such as miRNAs, as analyzed in body fluids.
This personalized approach is referred to as “preventive theranostics” and represents an
emerging application of personalized medicine to cancer prevention.

Researchers are currently publishing various miRNA signatures that respond to
environmental exposure and have shown usefulness as biomarkers. The relative expression
of miRNAs can be studied by various techniques, such as microarrays, used as an initial
approach to finding the potential candidate miRNAs, or quantitative real-time PCR (qPCR),
used to validate highly dysregulated miRNAs. Moreover, miRNAs can be sequenced and
quantified using next-generation sequencing (NGS) platforms [89]. Due to their stability,
miRNAs have been extensively studied in the peripheral blood and urine.

Future research should focus on (a) identifying the molecular mechanism underlying
miRNA expression changes in response to environmental exposures; (b) to determine
whether the changes in miRNA expression are an early signal of the pathogenic processes
developing in the organism; (c) whether or not this miRNA signature may be used for early
detection of cancer identifying high-risk subjects (secondary prevention); and (d) whether
miRNA alterations are drivers or passengers in the ongoing carcinogenesis process.

The use of miRNA containing microvesicles is a hot topic in research on the early
diagnosis and prognosis of cancer. Given their stability and abundance in blood serum,
miRNAs containing micro-vesicles have been proposed as new diagnostic biomarkers for
cancer [90]. Extracellular vesicles can transfer information from cell to cell, thus represent-
ing a potential mechanism explaining how different environmental exposures interact with
the molecular machinery of our organism [91]. Extracellular vesicles play an important role
in lung cancer pathogenesis and may have potential as biomarkers [92]. However, the use
of extracellular microvesicles as an endpoint in cancer prevention has not yet been fully ex-
plored. The association between target-mediated function and miRNA regulation provides
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a new opportunity for developing novel anticancer preventive strategies, spanning from
early diagnosis to the identification of high-risk subjects and prevention of cancer relapses.

2.3. Nutritional and Molecular Epidemiology for Precision Prevention and Health Promotion

The Human Genome Project and the increased use of the omics approach in nutrition
science have led researchers to focus on personalized nutrition in order to improve the
impact of diet on health status and wellbeing, taking into account individual genetic
factors and epigenetic signatures [93]. Precision and personalized medicine are useful
tools for preventive strategies and could help with predicting morbidity and mortality and
detecting chronic disease much earlier in the disease course, to improve the quality of care
and quality of life of the patients and reduced healthcare time, efforts, and costs [94]. It is
well established that environmentally related diseases are the result of the “exposome”—
the totality of exposure experienced by an individual during life and the health impact of
those exposures [95]. Epigenetic phenomena can potentially be modified by environmental
and lifestyle factors, including diet, and result in environmental reprogramming of the
genome for exposed individuals and future generations of offspring [96]. For example,
altered expression of miRNA profiles in maternal blood or placental tissue may reflect
not only gestational disorders but also prenatal exposure to environmental pollutants
and dietary factors [97]. The protective effect of diet and nutrients can be mediated by
reversible epigenetic mechanisms, representing an attractive target for health promotion
and the prevention of noncommunicable diseases. For instance, hypomethylation of long
interspersed nuclear elements (LINE-1), a surrogate marker of global DNA methylation,
has been associated with an increased risk of certain types of cancer, although conflicting
findings have also been reported [98]. Blood-based methylation biomarkers, which are
easier to obtain and adaptable to population screening for the identification of individuals
with cancer or those who are at higher risk, are a new research area of great interest. In
particular, LINE-1 methylation, together with other differentially methylated regions, has
been proposed for the screening and noninvasive early diagnosis of women at risk of
cervical cancer [99]. Interestingly, a dietary pattern characterized by low fruit consumption
and folate deficiency has been associated with LINE-1 hypomethylation and thus with
higher cancer risk [100]. Therefore, public health interventions to change the unhealthiest
dietary patterns in favor of the healthiest options may reduce the risk of hypomethylation
and, consequently, of cancer. Moreover, specific foods, nutrients, and healthy dietary habits,
such as a Mediterranean-style diet and a diet based on the combined intake of nutrients
with antioxidant properties, could help to prevent the progression of persistent high-risk
human papillomavirus infection to cervical cancer [101,102]. However, other host factors,
including genetic polymorphisms, which may explain some of the individual differences
in disease occurrence, should be considered since they could be used to target specific and
effective preventive strategies [103].

Although it is reasonable to expect that, in the future, disease prevention and treatment
will be formulated at the individual level according to genomics features, at present, the
major challenge for public health genomics is represented by the advance of the scientific
evidence necessary to demonstrate if and when the use of genomic information in public
health can improve health outcomes in a safe, effective, and cost-effective manner, also
taking into account the ethical, legal, and social issues [104]. Further studies will examine
epigenetic signatures as biomarkers to identify populations that may particularly benefit
from incorporating health behavior changes into plans for precision medicine [105].

2.4. The Microbiome of Children: Development and Disease Implications, and Challenges for a
Healthy Life

Human-microbiota co-evolution also follows an intergenerational transmission pat-
tern [106]. The origin of the gut microbiota in each human is the placenta microbiome before
birth, and its composition is then prominently conditioned by the delivery mode [107].
However, after a few months of life, such differences disappear, and other factors become
conditioning. During the postnatal period, the environment changes quickly, so parental
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care is crucial as food transitions occur. A selection favoring host mechanisms is generated,
including innate and adaptive immune mechanisms, to control the gut microbiota for the
host’s advantage [7].

From such a point of view, the gut microbiota is a selective agent shaping the adaptive
evolution of the human diet, phenotypic plasticity, gastrointestinal morphology, and im-
munity. Therefore, as can be expected, microbiota aberrations (dysbiosis), since childhood,
have been associated with a range of communicable [108–110] and noncommunicable dis-
eases, including obesity and metabolic syndrome [111], diabetes [112,113], inflammatory
bowel disease, nonalcoholic fatty liver disease [114], asthma, allergies [115], some types of
cancer [116], and even certain neuropsychiatric disorders [117] (Table 1).
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Table 1. Examples of microbiota modulation involved in disease pathways in children.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

Clostridium
difficile infection

(CDI)

11 months–23
years old

372 patients (31 were
excluded because they
had fewer than 60 days

of follow-up, six because
of refractory CDI)

Cohort study

Fecal Microbiota
Transplantation (FMT) had a
successful outcome in CDI

pediatric patients: 81% had a
successful outcome following
a single FMT and 86.6% had a
successful outcome following
a first or repeated FMT; 4.7%
had a severe adverse event

during the three-month
follow-up period, including

10 hospitalizations

There were four independent
predictors of FMT success:

- fresh donor stool (during a freeze-
thaw cycle there may be alterations
in the viability of critical taxa for the
pediatric population)

- delivered by colonoscopy (colonoscopy
permits us to identify additional co-
morbidities that often confound the
diagnosis of CDI)

- lack of a feeding tube, which usually
is a risk factor

- fewer episodes of CDI recurrence

[108]

H. pylori-induced
gastritis

4–14 years old

154 (52 H. pylori-induced
gastritis (HPG), 42 H.

pylori-negative gastritis
(HNG), 62 healthy

control (HCG))

Case-control study

Changes in F:B ratio, an
increase of Bacteroidaceae and

Enterobacteriaceae, and a
decrease of Lachnospiraceae
and Bifidobacteriaceae can be
caused by gastritis itself and

exacerbated by
H. pylori infection.

These changes may be related
to drug resistance and the
development of chronic
gastrointestinal diseases.

Most of the significant taxa belonged to the
Gram-negative bacteria producing LPS.
The LPS from the intestinal microbiome

induces a chronic subclinical inflammatory
process. The upregulation of

pro-inflammatory cytokines and
downregulation of anti-inflammatory
cytokines may be a way to influence

gastritis. Lactobacillus can change the pH of
the intestinal environment to inhibit the

growth of pathogenic bacteria and
stimulate an immune response.

[109]
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Table 1. Cont.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

Tuberculosis <14 years old
36 (18 diagnosed or

probably infected + 18
healthy controls)

Case-control study

Pulmonary TB patients
presented an upregulation of
Prevotella, Enterococcus, and a
reduction of Ruminococcaceae,

Bifidobacteriaceae,
and F. prausnitzii.

Prevotella is a pro-inflammatory bacterium
that may activate inflammatory reactions

that aggravate TB.
Enterococcus is a pathogen associated with
intestinal permeability. The translocation of

this bacteria into systemic circulation
induces an immune-inflammatory reaction.

F. prausnitzii is an SFCA producer and
SCFAs regulate intestinal permeability.
Alterations in Bifidobacteriaceae may be

associated with a reduction in the immune
response against the invasion

of foreign microbes.

[110]

Recurrent
respiratory tract

Infections
(RRTI)

Under five
years old

49 (26 patients and 23
healthy controls)

Case-control study
ROC analysis: Enterococcus

achieving AUC values of 0.860

Changes in the gut microbiome’s
constituents, with an increased incidence of
opportunistic pathogens like Enterococcus,

are linked to altered immune responses and
homeostasis in the airways.

[118]

Intestinal ischemic
injuries

<14 years old
14 patients + 9 healthy

controls
Case-control study

Enterobacteriaceae’s and
Veillonella dispar’s increase and

a reduction in Akkermansia
muciniphila might be

investigated as a target of
intestinal injuries in neonates.

Enterobacteriaceae may be related to a
pro-inflammatory response by the

immature immune system, resulting in
homeostasis disruption.

A. muciniphila stimulates in mice the
proliferation of Treg cells and is observed in
patients with inflammatory bowel disease,
suggesting it may have anti-inflammatory

properties. Instead, V. dispar has
pro-inflammatory effects.

[119]
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Table 1. Cont.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

Nonalcoholic Fatty
Liver Disease

(NAFLD)
8–17 years old

124 (87 biopsy-proven
NAFLD, 37 obese

controls)
N.B. NAFLD patients

were more
likely to be male

Case-control study
Prevotella was more abundant

in children with
NASH or obesity.

P. copri is the dominant Prevotella species.
Data analysis showed that P. copri

abundance was the best predictor of
fibrosis severity. P. copri increases intestinal

inflammation to its advantage. Such
pro-inflammatory effects may

exacerbate liver damage.

[114]

Obesity

111 children
aged 6–11;

61 adolescents
aged 12–18

172 (76 normal-weight
and 96 obese individuals,

of whom 46.88% were
affected by metabolic

syndrome)

Case-control study

Obese children had a higher
relative abundance of

Firmicutes and Actinobacteria
and decreased Bacteroidetes.

Coriobacteriaceae family positively correlates
with intrahepatic levels of triglycerides and

non-HDL plasma concentrations,
suggesting an effect on the gut barrier.

Prevotella is associated with chronic
inflammation.

Firmicutes phylum: Lactobacillus is
associated with weight gain.

[111]

Type 1 diabetes
mellitus (T1D)

Under
18 years old

15 T1DM + 15
nonautoimmune

diabetes + 13 healthy
controls

Case-control study

Gut microbiota in T1D differs
at the taxonomic and
functional levels in

comparison with healthy
subjects and nonautoimmune

diabetes patients.
T1D was characterized by an

increase in Bacteroidete and
pro-inflammatory bacteria,

and a decrease in
Faecalibacterium and Roseburia.

The T1D gut microbiota profile was
associated with a loss of epithelial integrity,
low-grade inflammation, and autoimmune

response, allowing luminal antigens to
escape from the gut and promote

islet-directed autoimmune responses.
The gut microbiota from patients with T1D
was significantly enriched with genes for

antigen presentation, chemokine
production, LPS biosynthesis,

and bacterial invasion.

[112]

154



J. Pers. Med. 2021, 11, 135

Table 1. Cont.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

2 months-6
years old

44 children with a
first-degree family

history of T1D; 22 were
exposed to oral insulin

and 22 to a placebo.

Cohort study

There are differences in
microbiome composition

between children with
susceptible and

nonsusceptible INS genotypes,
and after oral insulin

treatment in children with the
susceptible INS AA genotype.

There is an increased abundance of
Bacteroides dorei in children with the

susceptible INS AA genotype.
There is an increased alpha diversity in
children treated with oral insulin, who

showed an antibody response compared
with those without a response; this

observation is consistent with a
microbiome-mediated treatment effect.

[120]

5–10 years old
40 T1D patients and 56

healthy children
Case-control study

Modulation of the T1D risk
includes higher Firmicutes

levels (OR 7.30; IC 2.26–23.54)
and a greater amount of

Bifidobacterium in the gut (OR
0.13; IC 0.05–0.34)

The origin of the disease process was
suspected to be gut microbiota dysbiosis,
associated with altered gut permeability

and a major vulnerability
of the immune system.

[113]

Juvenile
idiopathic arthritis

(JIA)
1–16 years old

39 JIA diagnosed
patients + 42 healthy

controls
Case-control study

The relative abundance of four
genera, Anaerostipes, Dialister,

Lachnospira, and Roseburia,
decreased significantly in the

JIA group.
12 genera were identified as

potential biomarkers
(AUC = 0.7975):

Bifidobacterium, Lachnospira,
Dialister, Roseburia, Oscillospira,

Akkermansia, Clostridium,
Faecalibacterium, Bilophila,
Coprococcus, Haemophilus,

Anaerostipes.

Anaerostipes, Dialister, Lachnospira, and
Roseburia in JIA patients decreased, three of

which are butyrate-producing microbes;
Dialister is a propionate-producing microbe.

SCFAs have considerable
immunomodulatory effects (inducing the

differentiation of regulatory T cells,
enhancing IL-10 production, and
suppressing Th17 cells; butyrate

administration suppressed the expression
of inflammatory cytokines).

[121]
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Table 1. Cont.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

Asthma
2–12 months

old

618 children for bacterial
16S rRNA

189 children for fungal
ITS region

Case-control study

There is an inverse association
of asthma with the measured

level of fecal butyrate
(OR = 0.28 (0.09–0.91),

P = 0.034), bacterial taxa
butyrate producers (Roseburia

and Coprococcus, OR = 0.38
(0.17–0.84), P = 0.017) and the

relative abundance
of the gene encoding

butyryl–coenzyme A (CoA):
acetate–CoA-transferase, (OR
= 0.43 (0.19–0.97), P = 0.042).
Children who had grown up
on farms had a lower risk of
asthma compared to others

(OR = 0.56).

Butyrate is the main source of energy for
colonic epithelial cells; it contributes to the

maintenance of the epithelial gut barrier
and has immunomodulatory and

anti-inflammatory properties.

[115]

Obstructive sleep
apnea

syndrome
(OSAS)

2–12 years old
16 (divided between
patients and healthy

controls)
Case-control study

Faecalibacterium decrease in
children with severe grades of

OSAS.

Faecalibacterium is involved in the
production of butyrate, which improves the

gut barrier function, upregulating
mucin-associated genes in gut goblet cells

and the expression of the tight junction
proteins.

[122]

Autism spectrum
disease
(ASD)

2–6 years old
16 ASD children + 7

controls
Case-control study

Gut microbiota decreased
biodiversity:

four of the 82 GO terms have a
role in the catabolic process of

the 3,3phenylpropionate
mapped to the E. coli group.

3,3phenylpropionate is the conjugate base
of 3-phenylpropionic acid deriving from

PPA. PPA is an SCFA produced during the
bacterial fermentation of carbohydrates.

The elevated concentration of propionate
metabolites could be due to their reduced

degradation because of the E. coli drop.

[116]
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Table 1. Cont.

Disease Age No. of Participants Study Design Results Biological Plausibility Author, Year

3–7 years old
78 ASD children

+ 58 controls
Case-control study

Nine genera and the abundance of
seven metallic elements are

altered in ASD children. These
were used in a diagnostic model

in Chinese children with high
accuracy (84%).

The diagnostic model is composted by
bacterial genera (Bacteroides, Parabacteroides,

Sutterella, Lachnospira, Bacillus, Bilophila,
Lactococcus, Lachnobacterium, and

Oscillospira) and metallic elements (Pb, As,
Cu, Zn, Mg, Ca, and Hg). Parabacteroides

and Oscillospira changes could be induced
by heavy metal exposure.

[123]

2–8 years old

43 ASD children (19
with GI symptoms and

24 without) + 31
controls

Case-control study

34 MEs (gut microbiota-associated
epitopes) are a potential

biomarker of ASD. Those
alterations may contribute to

abnormalities in gut immunity
and/or homeostasis

in ASD children.

29 of 34 MEs decreased and were
associated with abnormal gut IgA levels

and altered gut microbiota composition;11
of 29 were pathogenic microorganisms’

peptides with T or B cell response.
ME with homology to a Listeriolysin O
peptide from the pathogenic bacterium

Listeria monocytogenes is increased.

[124]

Acute
lymphoblastic

leukemia (ALL)
2–25 years old

51 (23 matched
patients and a healthy

sibling and five
unmatched patients)

Case-control study

It was possible to distinguish
between the patient and control

groups based on their
microbiota profiles.

Lachnospiraceae (which comprises
the Clostridium XIVa) and

Roseburia are butyrate-producing
bacteria and were greatly reduced

in acute leukemia patients
compared to a healthy sibling;
instead, Bacteroides increased.

Bacteria producing butyrate play a major
role in the composition of the mucus layer,
as butyrate is an important energy source

for intestinal epithelial cells and plays a role
in the maintenance of colonic homeostasis.
Butyrate-producing bacteria may increase

the risk of developing
chemotherapy-induced mucositis and other

GI complications.
Antibiotic-induced shifts can increase the

susceptibility to C. difficile infection.

[125]

Rhabdomyosarcoma 3–7 years old
3 oncologic patients +

2 healthy controls
Case-control study

After radiation exposure, there
was an increase in α-diversity

related to nonresponsive
radiotherapy treatment, and a

decrease in Firmicutes, associated
with a Proteobacteria increase.

This information could be used
for the definition of the therapy.

The decrease of Firmicutes could explain the
variation in α-diversity and the ability to
survive of the Proteobacteria phylum and

might be related to DNA mutations.

[117]
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The developmental origins of health and disease provide a theory by which to un-
derstand the pathogenic pathways that explain early-stage environmental factors such as
human gut microbiome modulation [126]. Exposure, during the highly plastic period of
early life, can determine later disease risk. The first three years of life are fundamental for
microbiota development.

The intra-individual (α-diversity) and functional complexity increases with age, while
the interindividual variations (β-diversity) become less marked. The ratio among the prin-
cipal observed microorganisms’ families changes with a reduction in the Enterobacteriaceae
and an increase in the Bacteriodaceae. This shift is due to different feeding practices after
weaning. The degradation of complex fibers and carbohydrates improves the role of the
microbiota in the host metabolism.

The exposure profiles and the gut microbiota change during such a period may then
lead to health and disease predisposition in adulthood and can influence aging. Even if a
real interconnection and predictive role of the microbiota modulation is not yet clear for
most diseases, the clarification of such processes is the key to achieving health improvement
for future generations.

From an immunological point of view, various hypothetical models clarify the in-
terconnections of microbiota with the host and the increased prevalence of the disease
with an immunological etiology. For example, for type 1 diabetes, five models have been
proposed [127], among which there are models with a similar biological plausibility that
include the early microbiota development.

From a preventive medicine point of view, knowledge regarding the eubiosis—an
equilibrium status that can guarantee the integrity of the gut mucosa—and dysbiosis
transitions of the gut microbiota is crucial. The focus could be the identification of validated
biomarkers able to describe such a transition. In particular, we need to know about the
growth of microorganisms that promote inflammation and the decrease of other groups
that can promote host monocytes’ collaboration in human homeostasis.

The microbiological methodology seems to privilege a global approach to the complex-
ity of the microbiota, but, on the other hand, a simpler approach based on valid biomarker
identification is useful for risk stratification in public health.

The chronic inflammation described in older people is characterized by a reduction in
microorganisms such as Bifidobacterium, Akkermansia, and Christensenellaceae.

A recurrent question for diseases associated with dysbiosis status is whether the
dysbiosis is a determinant, a risk factor, or a consequence of the disease. Nowadays,
the evidence seems to suggest very early modification of the microbiota in disease, so
its preventive role as, at least, an early detection opportunity before clinical onset, is
fundamental for better clinical management and prognosis.

Dysbiosis not only has an effect on the gut but also on distant organs. Microbial
metabolites, such as the induction pathway typical of pathogens and to produce pro-
inflammatory cytokines, can reach several organs, also inducing neurodegenerative dis-
eases and cancer. Therefore, even when the identification of the point break between
eubiosis and dysbiosis has been identified, how should an intervention proceed?

Different methods have been suggested. The only cost-effective method for the treat-
ment of recurrent vancomycin-resistant C. difficile infection is fecal microbiota transplan-
tation. However, such therapeutic intervention—validated from an economical point of
view for elderly patients—is not yet common in children because it seems to be associated
with a high incidence of adverse effects, including severe adverse effects known in adults
(>8%) [128].

Another method consists of the development of a target therapy: for example, using
selective antibiotics or phages with the purpose of decreasing the bacteria involved in the
pathogenic processes. However, such therapies are uncertain both in terms of the unclear
definition of the microbial target and the possible adverse effects [129].

The most common intervention is the intake of a beneficial microorganism probiotic
and/or prebiotic, but a wider discussion of the evidence of the beneficial effects is ongo-
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ing [8]. The main limitations are a lack of evidence of beneficial effects and a failure to
take into account individuals’ peculiarities. The microorganisms most commonly used in
the probiotics industry belong to the Lactobacillus and Bifidobacterium genera. In this field,
personal beliefs, intuition, and commercial interests, coupled with a lack of sufficient medi-
cal regulation, often combine to make objective interpretation difficult [129]. On the other
hand, drug-microbiome interactions vary between individuals, demonstrating how the gut
microbiome has to be included in drug development and personalized medicine [130].

The most acceptable intervention consists of a variation in nutritional behavior, which
can shift the microbiota characteristics and lead to an improvement in the balance of the
gut microbiota by increasing health-favoring bacteria. A valuable effect is observable in the
medium and long term, but only for as long as the subject maintains the healthy diet [8].

Most of the studies on children today are case-control studies and highlight a sig-
nificant involvement of the microbiota in the risk modulation for various diseases. In
general, a decrease in the level of some microorganisms is a recurrent risk factor—for
example, Bifidobacteriaceae, Faecalibacterium spp., Ruminococcaceae, Dialister, Roseburia, and
Akkermansia. On the other hand, an increase of Prevotella and Enterococcus leads to greater
risk (Table 1).

The integration of analytic methods, which are not yet standardized for whole-genome
sequencing, can provide a more accurate overview of the gut microbiota status.

The corrections possible today mainly include nutritional and behavioral improve-
ment. Gut microbiota research indicates an enormous avoidable burden of disease, consid-
ering years of life lost (or healthy years of life for diseases that originate during childhood),
but, today, a consolidation of the evidence is needed as a cost-efficacy evaluation. Moreover,
a cohort study with long observation during childhood can elucidate the real contribution
of microbiota variation.

2.5. A Precision Medicine Approach in COVID-19 Patients: Which Markers Should Be Used
for Prognosis?

Precision medicine, also known as personalized or stratified medicine, is an emerging
paradigm in disease diagnosis, prevention, and treatment [131,132], aiming at targeted
treatments tailored to patient characteristics, which include not only biomarkers, but also
individual, social, and economic factors [133]. This represents a novel strategy to rapidly
identify, in a noninvasive way, an altered biology and to discern the pathways in indi-
viduals suffering from a disease, thereby guiding the most appropriate therapy [134,135].
The approach has as its cornerstone the recent advances in omics sciences, molecular biol-
ogy, and bioinformatics that support the evaluation and treatment of disorders, focusing
on four main principles: prediction—anticipating the disease occurrence based on risk
factors, lifestyles, and social determinants; prevention—delaying the disease’s evolution
before the initial manifestations and once it has settled; personalization—adapting the
best therapeutic strategy by analyzing genetic, molecular, and individual factors; and
participation—involving biomedical research, academic institutions, health professionals,
and the patient [131].

In a multisystemic disease process such as an infection, blood (serum and plasma)
analysis provides early detection to characterize the damage, with the use of molecular
technologies revealing specific biomarkers associated with certain phenotypes/trait groups,
leading to therapeutic changes in patients with diverse clinical presentations [134]. Indeed,
personalized medicine encompasses the study of disease pathophysiology and the discov-
ery of mechanisms and gene variants [136,137]. Through big data analysis, personalized
medicine is effective at recognizing risk factors and biomarkers, and so is valuable for
predicting health outcomes and choosing the best treatment and prevention strategies
for a particular patient. Novel therapeutic strategies can be addressed by taking into
account genetic information (e.g., underlying genes or variants rather than symptoms) in
an integrated system [138]. The study of the pathophysiological mechanisms (endotypes)
and clinical disease expression (phenotypes) promotes an approach tailored to the charac-
teristics and needs of a patient, with their active participation in the decision-making [136].
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Therefore, models of personalized medicine require large genomic databases, a changed
methodology involving clinicians, scientists, patients, and the general population, and
collective participation [137]. The principles of personalized medicine have been already
applied in the so-called fields of vaccinomics and adversomics to help us understand in-
terindividual variations in vaccine-induced immune responses and vaccine-related adverse
side effects [139], providing models for profiling the innate, humoral, and cellular immune
responses—integrated at a systems biology level to discover vaccine response biomarkers
and obtain a directed approach for vaccine development [140]. This knowledge could
significantly improve comprehension for individuals who are at risk of such infections,
and help determine the type or dose of vaccine needed [135].

Since the beginning of 2020, the spread of the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) has rapidly led to serious challenges for hospital care [141],
and coronavirus disease 2019 (COVID-19) has become an emergent epidemiological threat
globally, especially for highly vulnerable population groups [142,143]. The SARS-CoV-2
pandemic has severely affected the world population and global healthcare structures, with
first aid and intensive care (ICUs) wards under a degree of pressure never experienced
before. Consequently, most of the infrastructural and professional resources have been
used to counter this unprecedented emergency. At the same time, traditional screening,
outpatient, and surgical activities have slowed down and, in some cases, been completely
suspended. The combination of these unfavorable conditions has led to a profound crisis
in the traditional model of diagnosis and treatment. In Italy, as in other European na-
tions, the number of cases and deaths dramatically increased starting in March 2020 [144].
On 13 December 2020, more than 1,800,000 confirmed cases have been reported in Italy,
with over 60,000 deaths, representing one of the highest mortality rates from the initial
diffusion [145,146].

Despite the majority of individuals with COVID-19 exhibiting only mild symptoms
or even being asymptomatic, there are patients who develop serious complications, un-
derlining the fact that it is crucial to identify who is at higher risk of a worse prognosis
and to recognize reliable outcome predictors in a timely manner for improving patient
management. As a result, the personalized medicine approach appears to be highly appro-
priate for the study of COVID-19, considering the wide spectrum of severity and variable
phenotypes [147], including asymptomatic, mildly symptomatic, severe symptomatic re-
quiring hospitalization, and respiratory failure due to acute respiratory distress syndrome
(ARDS) [148]. Omics-scale studies on SARS-CoV-2 are quickly emerging and have a huge
potential to resolve the infection pathophysiology [149], highlighting biologic pathways,
modifiable risk factors, and critical information to allow early interventions [150,151].
Hence, comprehension of the underlying mechanisms can be a pivotal step for an indi-
vidualized therapy [9]. The application of personalized medicine based on the integrated
information of the genetic background of COVID-19 patients, individual factors, and clini-
cal data is acquiring great relevance, enabling the detection of predictive biomarkers and
paths that are valuable to select specific and effective measures for both prevention and
management [132,150,152].

There is growing evidence that COVID-19 occurs more in males [153,154], the elderly,
and non-O blood type individuals [155,156]. The inflammatory responses and cytokine
storm induced by SARS-CoV-2 are extremely variable [157], and prognosis is conditioned
by the host response more than by the infection, since pre-existing comorbidities such
as obesity, cardiovascular diseases, arterial hypertension, type 2 diabetes mellitus, and
immunosuppression strongly contribute to fatal outcomes [158–162].

To date, research focused on the analysis of single-nucleotide polymorphisms (SNPs)
of the angiotensin-converting enzyme 2 (ACE2), a receptor of SARS-CoV-2, revealed that
morbidity, clinical course, and mortality depend on ACE D allele frequency [163]. Another
study investigated the involvement of genetic factors associated with SARS-CoV-2 infection,
particularly ACE-related genes [164], showing a negative correlation with the number of
cases and number of deaths due to viral infection, since both decreased with an increasing
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ACE1 II genotype frequency; thus, ACE1 polymorphisms could be useful markers for the
prediction of high-risk groups and COVID-19 severity. Moreover, investigating 12,343
SARS-CoV-2 genome sequences from patients in six geographic areas, 1234 mutations
were found compared with the SARS-CoV-2 reference sequence, and the frequency of
several human leukocyte antigen (HLA) alleles was significantly associated with the
fatality rate [165]. In particular, through a hierarchical clustering analysis, 28 countries
were grouped into three clusters, with Italy in cluster 2, whose average fatality rate was
higher than that of countries in clusters 1 and 3. A genome-wide association study on
COVID-19 and a severe disease pattern, defined as respiratory failure, which included
seven hospitals in Italy and Spain, found an association signal at the ABO blood type locus,
and a specific gene cluster as a genetic susceptibility locus in patients with respiratory
failure [166]. Indeed, an analysis showed a higher risk in blood type A than in others (Odds
Ratio, OR = 1.45), and a protective effect in blood type O as compared with the other groups
(OR = 0.65). So far, the relationship between the ABO blood type and SARS-CoV-2 infection
has been supported by other studies [167,168] as being valuable for predicting individual
risk, with it being reported that the A blood type may be linked to increased infection
susceptibility, in contrast to the O blood type’s protective effect. The ABO blood types
have also been associated with different COVID-19 severity patterns, because patients
with blood type A or AB were at increased risk for hospitalization, mechanical ventilation,
renal replacement therapy, and prolonged ICU admission compared with those with O
or B blood types [169,170]. These findings were previously reported for SARS, and likely
explained by the presence of IgG anti-A isoagglutinins in subjects with O blood type,
preventing the binding of SARS-CoV-2 to its receptor and the virus’s entry into human
cells [171]. Consequently, differences in blood type antigen expression could increase or
decrease host susceptibility to many infections, modifying the innate immune response
and playing a direct role by serving as receptors and/or coreceptors for microorganisms’
antigens [172].

In a study, RNA-Seq and high-resolution mass spectrometry on 128 blood samples
from COVID-19 positive patients with diverse severity profiles and negative individuals
were used to quantify transcripts, proteins, metabolites, and lipids in a relational database,
enabling analysis and correlations between molecules and patient prognoses. A total of
219 molecular features were mapped with high significance for severity, mainly involved
into complement activation, dysregulated lipid transport, and neutrophil activation [173].

As COVID-19 is characterized by a variable course, with asymptomatic individuals
and others experiencing fever, ARDS, or even death, understanding of the antibody re-
sponse in subjects with severe compared to mild disease is needed. A high-throughput
method was used to analyze epitopes of antiviral antibodies in human sera of 232 COVID-19
patients and 190 controls. Results highlighted epitopes ranging from “private”, recognized
by antibodies in only a small number of subjects, to “public”, recognized by antibodies
in many individuals, and those with severe COVID-19 exhibited stronger and broader
SARS-CoV-2 responses, as well as weaker antibody responses to prior infections [174].

In conclusion, considering the rapid evolution of the current epidemiological situation
and the need to ensure adequate continuity of care and contain transmission, precision
medicine is the key to fighting the COVID-19 pandemic by creating patient-specific treat-
ment programs tailored to individual needs. This novel approach, implying the integration
of clinical, lifestyle, genetic, and biomarker information for patient stratification, could
enable us to achieve a better understanding of critical disease pathways and more precise
and validated phenotypic recognition. Multi-omics systems could provide critical infor-
mation to better understand SARS-CoV-2 and COVID-19 features, defining the individual
genetic predisposition for both infection and course severity. For example, epigenomic
and transcriptomic analyses would allow us to characterize changes in tissues involved
in COVID-19, and to understand the interaction between SARS-CoV-2 and patient cells
as a reaction to viral infection. Data integration would finally enable the identification
of biomarkers and therapeutic targets to stratify patients and allow better interventions
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and decisions. Hence, an understanding of pathogenic pathways and the classification of
phenotypes in SARS-CoV-2-infected patients might significantly contribute to the design of
effective prevention strategies, mitigation interventions, and personalized pharmacological
options in order to guide public health actions and improve the chances of better outcomes.

2.6. Health Technology Assessment for Public Health Evaluation of Genetic/Genomic Applications
on Genetic Tests

The existing evaluation frameworks for genetic tests, and genetic/genomic applica-
tions in general, mainly rely on two popular evaluation approaches, i.e., the ACCE model
(analytical and clinical validity, clinical utility, ethical, legal, and social implications) and
the Health Technology Assessment (HTA) process [175]. The U.S. Centers for Disease
Control and Prevention created the ACCE model in the early 2000s, specifically for the
evaluation of genetic tests [176]. Its name refers to the evaluation dimensions used, i.e.,
analytic validity (a test’s ability to accurately and reliably measure the genotype of interest),
clinical validity (a test’s ability to detect or predict the associated disorder), clinical utility
(the risks and benefits associated with a test’s introduction into practice), and ethical, legal,
and social implications (ELSI—regarding the safeguards and impediments surrounding
the testing process) [177]. Furthermore, the ACCE model includes under the umbrella of
clinical utility some contextual issues related to testing delivery, such as economic benefits
and organizational aspects. However, the strength of this model lies in considering specific
aspects of genetic tests not adequately addressed by standard methods for a technology
assessment, particularly analytic validity and clinical validity. For this reason, the ACCE
model has been adopted, often with some adaptations, by various entities both in the
United States and worldwide [175].

Unlike the ACCE model, the HTA approach was developed to cover all health tech-
nologies. However, since its creation in the USA in the late 1960s, some attempts have been
made to adjust it for the evaluation of genetic tests. A notable example is a framework
proposed to guide the public coverage of new predictive genetic tests in Ontario, Canada,
which proposed the following criteria to assess a genetic test: intended purpose, effective-
ness, additional effects, aggregate costs, demand, and cost-effectiveness [175,178]. The
main innovation of these HTA-based frameworks is the attempt to adopt a service delivery
approach, i.e., extending the scope of the assessment beyond the technical and clinical
performance of a test to consider the economic and organizational implications of the whole
testing service [179]. This approach is necessary to support decision-makers in securing an
efficient and equitable allocation of health care resources and services. Nevertheless, HTA
evaluations of genetic tests have not yet reached the comprehensiveness typical of general
HTA frameworks in the analysis of delivery models.

Based on these findings, a combination of the ACCE model, with its focus on the
unique aspects characterizing the genetic tests, and the HTA process, useful to guide
provision and coverage decisions, might represent the best approach to the evaluation of
genetic tests. Recently, Sapienza University of Rome tried to realize such an integrated
approach and proposed a framework distinguished by a dual focus on both the genetic
test and its delivery models [180]. The first section of this new framework addresses the
genetic test from a technical and clinical perspective, mostly adopting the ACCE evaluation
dimensions (analytic validity, clinical validity, and clinical utility), with the addition of
personal utility, a dimension that broadly encompasses the nonclinical outcomes the test
may have for patients [181]. The second section addresses the analysis of delivery models,
defined as the broad context in which genetic tests are offered to individuals and families
with or at risk of genetic disorders [182]. The evaluation dimensions proposed in this
section, mostly based on the EUnetHTA HTA core model, are organizational aspects,
economic evaluation, ELSI, and, in response to the increasing international interest in
patient-centered care, patient perspective [183,184].

Overall, despite the efforts made, several issues still affect the evaluation of ge-
netic/genomic applications. The first one, mainly related to the delivery model approach,
is the generalizability of findings, given the context-dependence of economic and organi-
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zational issues. Another challenge is the lack of scientific evidence to use for evaluation,
especially translation studies [185]. Finally, even if evidence collection represents the core
of any technological assessment, a comprehensive process should also include priority
setting, as the resources available for evaluation are inadequate to address the increasing
development of new genetic tests, and appraisal, as the evidence collected needs to be
summarized in final recommendations to inform decisions.

2.7. Fostering the Implementation of Personalized Healthcare by Developing Health Professionals’
and Citizens’ Omics Science Literacy

Omics sciences can be considered as disruptive innovations that promise a new era of
precision health (PH). To fully harness such potential, we envisage some key prerequisites
linked to the system’ capacity building: (i) health professionals should be enabled to
manage the omics knowledge and applications, and (ii) citizens need to gain sufficient
health literacy to understand the potential benefits, limits, and risks of omics technologies
concerning their health [186].

While several European countries have implemented specific health policies in this
field, few countries have integrated public health genomics into the health system offer-
ings [187], e.g., Italy, which since 2010 has included PH as a dedicated pillar in the National
Prevention Plans (NPPs) and published in 2013 the first Guidelines on Genomics in Public
Health [104]. More recently, the Italian National Innovation Plan of the Healthcare System,
based on omics sciences [188], identified educational efforts geared towards professionals,
citizens, and decision-makers as a cornerstone for the relevant implementation of omics
sciences in healthcare.

Successful personalized healthcare will only be achieved; however, if all stakeholders
develop the required awareness of PH, and this can be achieved by improving health
professionals’ capacity building and citizens’ literacy.

The integration of the omics innovation into health system policy and practice requires
highly engaged and appropriately trained health professionals [186]. A lack of adequate
skills or appropriate attitudes among health professionals might be a barrier to the effective
implementation of personalized healthcare. Policymakers and public health experts have
emphasized the need for a defined set of core competencies and the inclusion of omics
concepts into health professionals’ curricula [189]. Several EU countries developed national
policies to enhance the preparedness of health professionals and enable the use of omics
knowledge for the prevention, diagnosis, and treatment of diseases [190].

In Italy, several initiatives were implemented with the aim of achieving better ge-
nomics literacy for both health professionals and the general public. Such educational
efforts are in line with the goals of the Italian National Innovation Plan of the Healthcare
System, based on omics sciences and published in 2017 [188]. Since 2011, in the context of
two different projects funded by the Italian Ministry of Health (MoH), two effective distance
training courses on genetics and genomics have been released for physicians [191,192].
Other initiatives in this field are currently underway in Italy, directed at a larger audi-
ence of healthcare professionals including biologists, pharmacists, and other professional
categories (https://www.eduiss.it/) [193].

With the rapid advances in omics technologies, the demand for well-trained health-
care professionals will grow exponentially, and omics education will need to evolve to
keep up with the changing scientific landscape. Therefore, for effective and successful
implementation of PH, improving health professionals’ literacy will need to be a priority,
along with suitable common principles, appropriate policies, and regulatory frameworks.

Among the great challenges that should be addressed to allow for the correct imple-
mentation and integration of omics sciences into healthcare practice, citizens’ engagement
and literacy will play a key role [186]. Citizens are expected to adopt new behaviors in this
novel healthcare era, including being involved in shaping and developing personalized
healthcare, contributing to research, and being engaged in citizen health projects [194].

A striking example of the potential impact of omics technologies on citizens’ health
and healthcare systems is direct-to-consumer genetic tests (DTC-GTs). The increasing
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demand for DTC-GTs among laypeople, together with their peculiar provisional model—
i.e., not requiring counseling by health professionals—need not only a careful analysis
of the potential benefits and risks by policy-makers [195], but also informed citizens
who can be aware of them and, consequently, make appropriate decisions about their
health [192]. For these reasons, citizens’ literacy in omics sciences, which is poor according
to the literature [196], should be increased using appropriate and effective initiatives and
strategies. This is what has emerged from a recently published systematic review of the
literature [196]. The study summarizes the current knowledge of citizens’ literacy, attitudes,
and educational needs in omics sciences, underlining the need for strengthening public
engagement on this topic. In the Italian context, this has been addressed by authorities
through several policy documents [104,188] and different projects funded by the MoH. In
fact, as part of one of these projects, a survey conducted in collaboration with a citizens’
organization is currently underway, aimed at assessing the real knowledge of Italian
citizens about the main issues related to genomics in health.

This further underlines the importance of citizen engagement and literacy in this
field, which would allow them to adopt a more active role in the protection of their own
health and in shaping more effective strategies for the implementation of personalized
healthcare [186].

Several strategic actions will need to be taken to allow for the easy integration of omics
knowledge and technologies into healthcare [186].

We could envisage among the main actions:

• developing awareness among stakeholders;
• improving citizens’ health literacy to fully empower them;
• fostering health professionals’ skills acquisition through extensive educational initia-

tives in omics sciences;
• shaping sustainable healthcare through the use of evidence-based tools such as a

Health Technology Assessment for the omics technologies’ evaluation to introduce in
healthcare systems.

2.8. The Point of View of the Territorial Department of Prevention and the Community
Health District

The Departments of Prevention (DP) are parts of the Local Units of the Italian National
Health Service, which oversee public health activities. Their main duties are health promo-
tion, disease prevention, livestock and pet health, and food safety. They promote public
well-being by promoting healthy behaviors, preventing infectious and chronic diseases,
and improving work safety. They are involved in the strategic planning and evaluation of
preventive programs as essential ways to achieve health-related goals. The Direction of the
DP guarantees comprehensive governance and integration among the different activity
areas and is expected to coordinate and organize public health initiatives [197].

The National Prevention Plan (NPP) it subdivided into regional and local prevention
plans, which play a key role in the governance of public health programs. There are some
characteristics that public health programs have in common: they

1. are addressed to healthy people in large numbers;
2. represent “proactive” medicine;
3. provide cost-effective and evidence-based technologies;
4. deliver free or co-payment health care services;
5. consider individual as well as community health gain; and
6. are provided in all regions of Italy, as they are mandatory.

These programs are implemented in the following fields:

1. cancer screenings
2. vaccination campaigns
3. risk communication, counseling, health literacy, and empowerment of the

target population
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4. epidemiological evaluation of the health efficacy in the target population
5. health surveillance activity
6. infectious disease (nowadays, especially COVID-19)

In general, a public health intervention:

• must be efficacy- and value-based;
• needs dedicated resources (personnel, places, technology, software, etc.);
• needs a structured plan from prevention to treatment;
• must avoid inequalities; and
• requires people’s advocacy and involvement.

The same fundamental principles can also be applied to the field of “predictive
medicine”, which, in the public health sector, can be implemented by the DP [198]. Pre-
dictive medicine should become an integral part of the duties of the DP, as they have
the appropriate methodology, experience, attitudes, and trained personnel. The findings
of the basic research should be translated into public health programs. Practical written
evidence-based guidelines are essential, as well as an evaluation frame to assess the impact
on the population.

The integration of genomics into public health should achieve these results:

• generating more specific and cost-effective public prevention programs;
• enhancing the impact of prevention and risk-reduction campaigns;
• favoring the exchange of information between various branches of the public health

sector; and
• maintaining the importance of a central public health author even if the trend is

toward personalized medicine.

The NPP 2010–2012 underlined the importance of predictive medicine and its huge
potential to identify a population of healthy individuals who are at risk of developing
specific diseases [199]. This could provide effective interventions that are specific and per-
sonalized. This is in line with the new NPP 2020-2025, which aims to consolidate the focus
on the single individual [200]. This can be achieved by targeted interventions to improve
health literacy, enhancing the empowerment of individuals to trust and communicate with
the public health sector (engagement). The new NPP also claims that, for nontransmissible
chronic diseases, it is necessary to combine and integrate a community-based strategy
(such as by promoting healthy lifestyles) and personalized strategies (by identifying people
at risk or in the early stages of disease).

Therefore, it is necessary to enhance the understanding of predictive medicine and
how it can be developed by the DP. Discussion and implementation have just started. To
date, predictive medicine has only found a few applications in Italy. Genomic predictive
tests are used in public health settings only to investigate monogenic disorders. These
include screening for high-penetrance mutations such as breast, ovarian, and colorectal
cancer. Genetic screening for complex diseases has been applied to a very limited number of
conditions. For example, the NPP 2014-2018, based on the public health genomics approach,
aimed to develop organized paths of breast cancer prevention in women with BRCA1/2
mutations [201]. This screening is complementary to the ongoing cancer screening program.

On the other hand, large-scale prevention programs that target large population
groups (such as vaccination campaigns, cancer screenings, and cardiovascular disease
progression monitoring) are already part of the system and have been used for several
years. They can constitute essential background to the introduction of predictive medicine
in routine activities of DP [202].

There are many reasons to think that the role of the DP could be central and appropriate:

• consolidated and experienced activity of screening;
• an existing network with clinical disciplines;
• experience of risk communication and counseling;
• experience of follow-up management;
• an appropriate attitude toward the analysis and evaluation of prevention activities;

165



J. Pers. Med. 2021, 11, 135

• appropriate software in use.

In conclusion, predictive medicine in the context of cancer screening is already feasible,
but it would require an adaptive process to enhance the knowledge and practical organi-
zation. DP healthcare workers will have to increase their specific competences. However,
these are often already used in daily activities like screening and health promotion, but
should be updated with genomics knowledge. On the other hand, vaccine activities may
also profit from genomic screening by taking advantage of the stratification of populations
and the identification of nonresponders based on their genetic profile. Additionally, the
recent COVID-19 epidemic might open up new uses for predictive medicine to identify
individuals at high risk of developing a severe condition.

The “Plan for innovations in the health system based on omics sciences” (published in 2018)
defined ways to improve the health system through the application of omics science [203].
This innovation regards prevention, diagnosis, and care based on efficacy and value for
the improvement of individual health. The DP has the tendency to lead to changes in the
practical organization of all the units of the Italian NHS involved, helping to define policies
for the best use of genomics and omics sciences [204].

3. Conclusions

The omics sciences offer a wide range of tools to improve public health: from a single
polymorphism detection to the PGS approach, and including whole-genome and exosome
sequencing. The interaction between a gene and the environment can be defined by the
epigenetic end-point and also by the evaluation of the microbiome shift from eubiosis to
dysbiosis, highlighting several prevention opportunities, especially for the early detection
of diseases or at-risk conditions. However, the introduction and accessibility of such tools
are not yet guaranteed in Italy and they are provided by private bodies, individuals, and
sporadic ventures.

In the future, disease prevention and treatment should be formulated at the individual
level according to genomic features. However, a current major challenge is a lack or scarcity
of scientific evidence, as well as a lack of ethical, legal, and social regulations.

The implementation of omics advancements into clinical practice depends on countries’
ability to adopt relevant strategies and innovative approaches. The production, integration,
and use of genetic/genomic information in healthcare require significant changes in the
way such care is organized and provided to individuals. This is also evident in relation
to the COVID-19 pandemic. Therefore, new health policies and specific programs on the
omics sciences will be needed to respond to the needs of citizens and all health stakeholders.
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Abstract: Neuroblastoma (NB) accounts for about 8–10% of pediatric cancers, and the main causes of
death are the presence of metastases and the acquisition of chemoresistance. Metastatic NB is charac-
terized by MYCN amplification that correlates with changes in the expression of miRNAs, which are
small non-coding RNA sequences, playing a crucial role in NB development and chemoresistance. In
the present study, miRNA expression was analyzed in two human MYCN-amplified NB cell lines,
one sensitive (HTLA-230) and one resistant to Etoposide (ER-HTLA), by microarray and RT-qPCR
techniques. These analyses showed that miRNA-15a, -16-1, -19b, -218, and -338 were down-regulated
in ER-HTLA cells. In order to validate the presence of this down-regulation in vivo, the expression of
these miRNAs was analyzed in primary tumors, metastases, and bone marrow of therapy responder
and non-responder pediatric patients. Principal component analysis data showed that the expression
of miRNA-19b, -218, and -338 influenced metastases, and that the expression levels of all miRNAs
analyzed were higher in therapy responders in respect to non-responders. Collectively, these findings
suggest that these miRNAs might be involved in the regulation of the drug response, and could be
employed for therapeutic purposes.

Keywords: neuroblastoma; miRNA; MYCN amplification; metastases; chemoresistance

1. Introduction

Neuroblastoma (NB) is an extracranial pediatric tumor originating from the aberrant
development of neural crest-derived sympathoadrenal lineage [1], and is characterized by
a high clinical and biological heterogeneity [2]. In fact, NB can be classified as a low-risk
tumor, capable of spontaneously regressing, as well as a high-risk tumor, responsible for a
high mortality rate and characterized by the presence of metastases.

The therapy used in high-risk patients is multimodal, and although the response to
treatments is initially positive, subsequently, following the onset of chemoresistance, a
large number of patients die as a consequence of relapse and metastasis formation [3].
NB metastasizes in vascularized tissue, and bone marrow (BM) is the preferential site of
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recurrence, being considered as the “fertile soil” for tumor cells and, in particular, for the
chemoresistant cells [4,5]. In fact, BM spread is considered a negative prognostic factor [6].

Among the prognostic markers of poor patient outcome, the amplification of the
MYCN oncogene characterizes the most aggressive high-risk NB subtype [7,8]. More than
ten years ago, it was proposed that another approach to classifying the risk group of NB
patients could be to evaluate the expression levels of miRNAs [9]. Considering that MYCN
modulates the expression of several miRNAs [10], the evaluation of these small non-coding
RNA sequences has become an accurate predictor of NB outcome [11].

Furthermore, since miRNA expression is related to tumor grade, metastasis, and
chemoresistance, they could represent a new class of potential therapeutic targets. In
this context, we have recently demonstrated in an NB cell line-based model [12] that
Etoposide resistance is associated with miRNA-15a/16-1 down-regulation, highlighting
that miRNAs could have a role as both markers of chemoresistance and new possible
therapeutic targets [13]. Therefore, in the present study, the expression of these miRNAs,
amongst others, was analyzed in primary tumors, metastases, and bone marrow of therapy
responder and non-responder NB patients in order to identify the specific miRNAs involved
in NB progression and chemoresistance.

2. Materials and Methods

2.1. Cell Cultures

The MYCN-amplified human stage-IV NB cell line, HTLA-230, was obtained from
Dr. L. Raffaghello (G. Gaslini Institute, Genoa, Italy), while the Etoposide-resistant cell
line (ER-HTLA) was selected as previously reported [12,13]. Cells were periodically tested
for mycoplasma contamination (Mycoplasma Reagent Set, Aurogene s.p.a, Pavia, Italy).
Cells were cultured in RPMI 1640 (Euroclone SpA, Pavia, Italy) and supplemented with
10% fetal bovine serum (FBS; Euroclone SpA, Pavia, Italy), 2 mM of glutamine (Euroclone
SpA, Pavia, Italy), 1% penicillin/streptomycin (Euroclone SpA, Pavia, Italy), 1% sodium
pyruvate (Sigma-Aldrich, Saint Louis, MO, USA), and 1% amino acid solution (Sigma-
Aldrich, Saint Louis, MO, USA).

2.2. Patient Samples

The patients included in the study were diagnosed with NB stage M between Jan-
uary 2002 and December 2015. Written consent for the use of samples and clinical data
for research was obtained by their legal guardians. The study was approved by the
Gaslini Institute Ethical Committee, and all analyses were performed according to the
Helsinki declaration.

The samples used originated from two groups of patients. With regard to the first
group, whole bone marrow (BM) samples were collected in PAXgene™ Blood RNA tubes
originating from patients who, after diagnosis, were treated according to the high-risk
European protocol. The drugs used in the induction therapy were Cisplatin, Etoposide, Vin-
cristine, Cyclophosphamide, and either Carboplatin or Adriamycin. Patients were divided
into two subgroups, responders and non-responders: responders being the patients that
could proceed with high-dose chemotherapy and stem cell transplants, and non-responders
being the patients who could not proceed and were referred to second-line therapy.

With regards to the second group, the samples were represented by tumor specimens
containing more than 70% of neoplastic cells and immune-selected metastases from BM
samples, as described [14,15] and containing 95% tumor cells. All patient samples were
taken at diagnosis before starting with the treatment.

2.3. RNA Extraction

Total RNA was extracted from cultured cells using TRIZOL reagent (LifeTechnologies,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA (1 µg) was
reverse-transcribed into cDNA by a random hexamer primer and SuperScript™ II Reverse
Transcriptase (LifeTechnologies, Carlsbad, CA, USA).
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Total RNA and miRNA fractions were extracted from tumor cells and metastases
using the miRNeasyMini kit (Qiagen, Hilden, Germany), according to the manufacturer’s
protocols. Total RNA and miRNA fractions were extracted from whole BM samples using
the PAXgene extraction Kit (Qiagen, Hilden, Germany), according to manufacturer’s
protocol. The quality of the RNA fractions was evaluated in the BioAnalyzer 2100 system
(Agilent Technologies, Santa Clara, CA, USA).

2.4. MiRNA Microarray Analysis

MiRNA expression profiling was carried out by the Agilent platform following the
miRNA Microarray protocol v.3.1.1 (Agilent Technologies, Santa Clara, CA, USA). Briefly,
50 ng of total RNA, containing miRNAs and spike-in controls, underwent dephosphory-
lation and a labeling step with Cyanine 3-pCp. The Cy3-labeled RNA was then purified
using the Micro Bio-Spin P-6 Gel Column (Bio-Rad Laboratories, Inc., Hercules, CA, USA),
and hybridized on human miRNA microarray slides 8 × 60 K (Agilent Technologies; in-
cluding 2549 miRNAs, miRBase 21.0) at 55 ◦C for 20 hours. After washing, the slides
were scanned by a G2565CA scanner (Agilent Technologies, Santa Clara, CA, USA), and
the images were extracted by Feature Extraction software v.10 (Agilent Technologies,
Santa Clara, CA, USA). Tab-delimited text files were analyzed in R v.2.7.2 software envi-
ronment http://www.r-project.org using the limma package v.2.14.16 of Bioconductor
http://www.bioconductor.org. Only spots with a signal minus background flagged as
positive and significant were used in the following analysis as detected spots. Probes with
less than 50% of detected spots across all arrays and arrays with a number of detected spots
smaller than 50% of all spots on the array were removed. Background corrected intensities
of replicated spots on each array were averaged. Data were then log2-transformed and
normalized for between-array comparison using quantile normalization [16]. MicroRNAs
with p-values < 0.05 were selected for further analysis. Given the explorative nature of this
study, no correction for multiple testing was applied to the screening procedure aimed at
selecting multiple sets of microRNAs for subsequent hierarchical clustering analyses. The
agglomerative hierarchical clusters, used to detect similarity relationships in microRNA
log2-transformed expressions, were computed by the Euclidean distance between single
vectors and the Ward method [17].

2.5. Real Time PCR Analysis

Total RNA (10 ng) was reverse transcribed using miR-specific stem-loop RT primers
(TaqMan MicroRNA Assays; Applied Biosystems, Thermo-Fisher, Waltam, MA, USA) and
components of the High Capacity cDNA Reverse Transcription kit (Life Technologies,
Carlsbad, CA, USA), according to the manufacturer’s protocols. Expression levels of
individual miRNAs were detected by subsequent RQ-PCR using TaqMan MicroRNA
assays (Life Technologies, Carlsbad, CA, USA) and a Rotor Gene 3000 PCR System Corbett
(Qiagen, Hilden, Germany) with standard thermal cycling conditions, in accordance with
manufacturer recommendations. PCR reactions were performed in triplicate in final
volumes of 30µl, including inter-assay controls (IAC) to account for variations between
runs. RT-PCR (TaqMan MicroRNA Assays; Applied Biosystems, Thermo-Fisher) was
used to quantify the expression of has-miR-16, has-miR-15a, has-miR-19b, has-miR-26b,
has-miR-27b, has-miR-29c, has-miR-34c, has-miR-126, has-miR-218, has-miR-338, and
has-miR-497, according to the manufacturer’s instructions. To normalize the data for
quantifying miRNAs, the universal small nuclear RNU38B (RNU38B Assay ID 001004;
Applied Biosystems, Thermo-Fisher, Waltam, MA, USA) as an endogenous control was
used [18].

The delta–delta Ct method was employed to calculate the fold change. In brief,
each 15µL of the reaction system contained 0.15µL of 100 mM dNTPs with dTTP, 1µL of
MultiScribe Reverse Transcriptase (50 U/µL), 1.5µL of RT buffer (×10), 0.1 µL of RNase
inhibitor (20 U/µL), 6.25 µL of nuclease-free water, 5 µL of small RNA, and 3 µL of RT
primer. Small RNAs were quantified by a Qubit 3 fluorimeter (Life Technologies, Carlsbad,
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CA, USA). Thermal cycling conditions were 30 min at 16 ◦C, 30 min at 42 ◦C, and 5 min at
85 ◦C. Each 20 µL of the reaction system for real-time quantitative PCR contained 1 µL of
real-time primer, 1.33 µL of product from the RT reaction, 10 µL of TaqMan Universal PCR
Master Mix, and 7.67 µL of nuclease-free water. The reactions were performed in triplicate
on a Rotor Gene 3000 PCR System Corbett for 10 min at 95 ◦C, followed by 40 cycles of 15 s
at 95 ◦C and 1 min at 60 ◦C. Along with the Cq values calculated automatically by the SDS
software (threshold value = 0.2, baseline setting: cycles 3–15), raw fluorescence data (Rn
values) were exported for further analyses.

2.6. Comparative Genomic Hybridization (CGH) Analysis

Array CGH analyses were performed using the Human Genome array-CGH 8 × 60 K
Microarray (Agilent Technologies, Palo Alto, CA), with an average probe spacing of around
55 Kb.

The arrays were performed using Agilent Reference DNAs, analyzed with the Agi-
lent Microarray Scanner Feature Extraction Software version 11.5, and Agilent Genomic
Workbench 7.0.4.0 software using the ADM-2 algorithm. Genomic positions of the rear-
rangements refer to the public UCSC database GRCh37.

2.7. PCA Analysis

Principal components analysis (PCA) is a data display method for multivariate data.
Given a data set in which each sample is described by n variables, the PCA aims to

find new directions and linear combinations of the original ones [19,20].
The first component (PC1) corresponds to the direction explaining the maximum

variance, while PC2 is the direction, orthogonal to PC1, explaining the maximum variance
not explained by PC1, and so on. The result of such a transformation is that a limited
number of components is sufficient to explain the relevant part of the information.

The loadings are the coefficients of the linear combinations corresponding to the PCs.
By plotting them in a loading plot, it is possible to understand the relationships among the
variables in the multivariate space.

On the other side, the score plot (the scores being the coordinates of the samples in
the new space defined by the PCs) allows the visualization of the location of samples in the
space described by the PCs, making it possible to check similarities and differences among
the samples.

The elaborations and the plots were carried out through the software CAT (Chemo-
metric Agile Tool, www.gruppochemiometria.it) [21].

2.8. Statistical Analysis

Results were expressed as mean ± SEM from at least three independent experiments.
The statistical significance of the parametric differences among the sets of experimental
data was evaluated by one-way ANOVA and Dunnett’s test for multiple comparisons.
Statistical analysis of the mitotic index and reporter assays data was performed using the
Fisher’s exact test.

3. Results and Discussion

3.1. miRNA Expression Profiling of HTLA-230 and ER-HTLA Cells.

In order to identify the miRNAs involved in chemoresistance, miRNA microarray
analyses were performed on HTLA-230 and ER-HTLA cells.

As shown in Figure 1, miRNAs were differently expressed when comparing these two
cell populations. The scatter plot analysis showed that a total of 152 miRNAs changed their
expression more than 1.5 fold, 41 being up-regulated and 111 down-regulated (Figure 1).
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Figure 1. Scatter plot analysis reporting the variation of miRNA expression between HTLA-230
(horizontal axis) and ER-HTLA cells (vertical axis). Each dot represents one miRNA colored according
to its level of expression. Green diagonal lines indicate the 1.5-fold variation interval.

Volcano plot analyses, considering threshold values of five-fold for fold variation
and p < 0.01 for statistical significance, showed that a total of 35 miRNAs significantly
changed their expression, three being up-regulated and 32 down-regulated. The list of
these 35 miRNAs is available in the Supplementary Material (Table S1).

Given the mechanism of action of miRNAs in regulating gene expression, we focused
our attention on the down-regulated ones, and, in order to restrict the number of miRNAs
to be studied, from the literature we searched for miRNAs that had been specifically
involved in NB biology and/or chemoresistance. Using this criterion, 11 miRNAs were
selected (Table 1), and their expression was tested by RT-qPCR analysis.

Table 1. miRNAs differently expressed in HTLA-230 and ER-HTLA cell lines that are involved in NB biology and in general
cancer chemoresistance.

miRNA
HTLA-230/

ER-HTLA Ratio
Expression in

Neuroblastoma
Expression in Other Chemoresistant Cancers

miR-15a 11.38
Down-regulated in
MYCN-amplified

chemoresistant NB [13,22–24]

Down-regulated in Burkitt Lymphoma [25], pancreatic ductal
adenocarcinoma [26], colorectal [27], and ovarian cancer [28]

miR-16 7.89
Down-regulated in

MYCN-amplified NB [22,29]
and in chemoresistant NB [13]

Down-regulated in cervical [30], breast [31,32] gastric [32,33],
and lung [34] cancer, osteosarcoma [35], and

mesothelioma [36]

miR-19b 7.75
Up-regulated in

chemoresistant NB [37]
Down-regulated in breast [38] and colon [39] cancer and

leukemia [40]

miR-26b 47.87 Not evaluated
Down-regulated in chemoresistant colorectal [41], gastric [42],

laryngeal [43], and hepatocellular carcinoma [44,45] cancer
and in glioma [46]
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Table 1. Cont.

miRNA
HTLA-230/

ER-HTLA Ratio
Expression in

Neuroblastoma
Expression in Other Chemoresistant Cancers

miR-27b 8.29 Down-regulated in NB [47]
Down-regulated in lung [48], breast [49], and gastric

cancer [50]

miR-29c 9.27 Not evaluated
Down-regulated in ovarian [51], endometrial [52], gastric [53],

and small cell lung [54] cancer, glioma [55,56], and
leukemia [57,58]

miR-34c 7.49 Not evaluated
Down-regulated in colon [59], gastric [60,61], and

ovarian [62,63] cancer, and osteosarcoma [64]

miR-126a 9.66 Not evaluated
Down-regulated in colorectal [65] and breast cancer [66] and

in renal cell carcinoma [67]

miR-218 12.30
Up-regulated in

MYCN-amplified and in
metastatic NB [68–70]

Down-regulated in glioma cells [71], colorectal [72],
gallbladder [73], bladder [74], and lung cancer [75,76]

miR-338 15.99
Down-regulated in resistant

NB [77,78]
Down-regulated in esophageal squamous carcinoma cells [79]

miR-497 6.92
Down-regulated in

chemoresistant NB [24], in
MYCN-amplified NB [80]

Down-regulated in lung [81], colorectal [82], ovarian [83], and
pancreatic [84] cancer, and lymphoma [85]

As shown in Figure 2, only six miRNAs (i.e., miR-15a, -16-1, -19b, -27b, -126, and
-218) among the selected miRNAs were confirmed to be down-regulated in ER-HTLA
cells in respect to HTLA-230 parental ones. In detail, miR-27b and miR-16-1 expression
levels were found to be reduced by 33.1 and 23.5 fold, respectively, and miR-218 expression
was diminished by 9.09 fold, while miR-15a, miR-126, and miR-19b were down-regulated
(slightly, but significantly) by 2.8, 2.7, and 1.73 fold, respectively.

 

–

Figure 2. Evaluation of the expression level of the 11 selected miRNAs (Table 1) in HTLA-230 and ER-HTLA cell lines
by RT-qPCR analysis. Data is reported as % variation vs. the universal small nuclear RNU38B. * p < 0.05 vs. HTLA-230
** p < 0.01 vs. HTLA-230.

For the first time, to our knowledge, this data confers a possible role in NB chemore-
sistance to miR-27 and miR-218. In fact, despite their expression being found to be down-
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regulated in several chemoresistant cancers (see Table 1) [48–50,71–75], their involvement
in chemoresistance of NB has never been reported in the literature. Notably, although
miRNA-218 was found to be up-regulated in MYCN-amplified and metastatic NB [68–70],
this data is not in contradiction with the down-regulation of miRNA-218 that we have
observed after chronic Etoposide exposure of MYCN-amplified NB cells (ER-HTLA).

In addition, these results confirm the down-regulation of miR-15 and miR-16 in
ER-HTLA cells, as found in our previous study [13]. Moreover, for the first time, miR-
19b expression was found to be reduced in chemoresistant NB in conformity with other
malignancies (Table 1) [38–40]. In fact, only one study has reported an up-regulation of
miR-19b in chemoresistant NB cells [37]. This discrepancy could be due to the fact that, in
this same study, NB cells were exposed to the drug for only 24 hours while, in our present
study, the ER-HTLA cells were selected by chronically treating parental cells (HTLA-230)
with Etoposide for six months (i.e., a condition that better mimics in vivo treatment).

3.2. Comparative Genomic Hybridization (CGH) on HTLA-230 and ER-HTLA Cells

Since both genetic and epigenetic mechanisms have been demonstrated to influ-
ence NB biology [86], in order to better characterize the chemoresistant phenotype, CGH
analysis was performed. DNAs from HTLA-230 and ER-HTLA cells were hybridized
to obtain a comparison of gains and losses that could be connected to the acquisition of
chemoresistance. As reported in Table 2, an intriguing finding was the presence of several
alterations in chromosome 13, where miR-15a, miR-16-1, and miR-19b were mapped, and,
in chromosome 17, where miR-338 was localized.

Table 2. CGH analysis on HTLA-ER cells in comparison to HTLA-230 cells.

CHR START STOP CYTO SIZE KB VALUE
Control

(HTLA-230)

1 152,079,488 155,154,990 q21.3–q22 3.075 1.5 Absent

3 73,792,065 75,028,724 p13–p12.3 1.236 −0.7 Absent

5 20,160,410 44,924,503 p14.3–p12 24.764 −0.7 Absent

8 112,697,432 146,280,020 q23.3–q24.3 33.582 −1/−0.4 Duplicated

9 204,193 38,815,475 p24.3–p13.1 38.611 −0.7/−3 Absent

10 43,020,732 60,914,512 q11.21–q21.1 17.893 −0.7/−1.2 Duplicated

12 38,805,636 48,103,580 q12–q13.11 9.297 0.7/0.4/1.4 Absent

13 20,412,619 39,841,779 q12.11–q13.3 19.429 0.3/0.6 Absent

13 39,900,189 86,110,407 q13.3–q31.1 46.210 −0.5 Absent

13 86,151,801 111,106,213 q31.1–q34 24.954 0.5 Absent

13 111,181,035 113,538,619 q34 2.357 −0.8 Absent

13 113,610,612 115,092,648 q34 1.482 0.4 Absent

17 44,684 625,475 p13.3 580 −0.7 Absent

17 25,654,874 40,109,636 q11.1–q21.2 14.454 −0.7/−1.2 Duplicated

19 32,783,771 36,293,337 q13.11–q13.12 3.509 −0.6 Duplicated

20 60,747 19,483,849 p13–p11.23 19.423 0.5 Deleted or mosaic

21 15,538,980 32,776,404 q11.2–q22.11 17.237 −0.6 Absent

Moreover, our data, identifying some chromosomal regions that are more frequently
altered in ER-HTLA cells, is in line with the results obtained in a previous paper reporting
a gain of 13q14.1-32 and a loss of 17q in other NB chemoresistant cell lines [87]. Since these
chromosome traits (e.g., chromosome 13) contain the locus in which miRNAs, involved in
the acquisition of Etoposide resistance, are mapped, it is possible to hypothesize that the
evaluation of these miRNAs in patient samples might be used as prognostic markers that
are able to early identify chemoresistant signatures.
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3.3. miRNA Expression Profiling of Therapy-Sensitive (Responder) and Therapy-Resistant
(Non-Responder) NB Patients

In order to evaluate in vivo the expression of miRNAs and their potential role in
NB chemoresistance, ten whole BM samples, taken at diagnosis from NB patients either
sensitive (responder) or resistant (non-responder) to induction therapy, were randomly
selected from our biobank, and six miRNAs from Table 1 (i.e., miR-15a, -16-1, 19b, -27b,
-126, and -218) were analyzed. NB patient characteristics are reported in Table 3.

Table 3. NB characteristics and patient clinical outcomes.

N MYCN Status
Age

(Months)
EFS

(Months)
OS

(Months)
INRG
Stage

Induction
Response

Relapse Follow-Up

2 Amplified 55 71.25 71.25 M Yes No Alive

3 Not evaluated 41 81.06 81.06 M Yes No Alive

4 Single copy 12 60.53 60.53 M Yes No Alive

6 Amplified 62 50.83 50.83 M Yes No Alive

9 Amplified 21 55.38 55.38 M Yes No Alive

1 Amplified 17 6.86 7.10 M No Yes Dead

5 Single copy 47 22.94 26.17 M No Yes Dead

7 Amplified 20 9.54 19.27 M No Yes Dead

8 Amplified 21 5.54 7.00 M No Yes Dead

10 Amplified 16 4.69 8.98 M No Yes Dead

EFS, event-free survival; OS, overall survival; INRG, International Neuroblastoma Risk Group.

By comparing the expression of miRNAs in therapy-sensitive and therapy-resistant
NB patients, only miR-16 was significantly down-regulated in the bone marrow of non-
responder patients (Figure 3), while the other miRNAs analyzed were not significantly
modified, even though a slight trend of reduction in non-responder patients was observed.

 

 
Figure 3. Evaluation of the expression levels of selected miRNAs in the bone marrow of patients
sensitive (responder) or resistant (non-responder) to therapy by RT-qPCR analysis. Data is reported
as % variation vs. the universal small nuclear RNU38B. * p < 0.05 vs. responder.

These findings, while confirming a potential role of miR-16 in delivering intrinsic
chemoresistance of NB, do not confirm the other results obtained from ER-HTLA cells.
However, this is not unusual when comparing in vitro with in vivo data, most likely due
to the variability found in individual patients. Nevertheless, it should be noted that
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the content of NB cells in the BM samples ranged from 5% to 35%, making the normal
hematopoietic cells prevalent, and thus potentially masking miRNA down-regulation
occurring in neoplastic cells.

3.4. miRNA Expression Profiling of NB Primary Tumors and Metastases

Therefore, in order to better understand the role that these miRNAs could possibly
have in NB biology, their expression was tested in ten primary tumors and ten immune-
magnetically-enriched NB metastases from stage M NB patients, randomly selected from
our biobank. The NB patients’ features of this new set of samples are reported in Table 4.
Since it has been recently reported [13] and herein confirmed that ER-HTLA cells have
a monoallelic deletion of the 13q14.3 locus, which maps for miR-15/16, particular atten-
tion was given to those miRNAs whose locus was found mutated. The analysis was
also extended to miR-338 and miR-218, even though the corresponding locus had not
been altered, because their expression has been demonstrated to be strictly related to NB
chemoresistance [77,78] and to Etoposide refractoriness [76].

Table 4. Features of NB primary tumors and metastases and patients’ clinical outcomes.

N MYCN Status Age (Years) EFS (Months) OS (Months)

Tumors

1 Amplified 1.99 46.2 84.8

2 Not amplified 3.18 5.3 9.3

3 Not amplified 1.27 187.2 187.2

4 Amplified 1.13 4.3 7.4

5 Amplified 3.88 70.0 114.5

6 Amplified 6.30 36.2 47.7

7 Amplified 2.07 3.2 10.3

8 Amplified 4.76 114,9 114,9

9 Amplified 4.57 21.7 22.4

10 Amplified 1.44 26.8 33.0

Metastases

11 Not amplified 1.68 58.88 58.88

12 Not amplified 3 24.52 35.98

13 Amplified 6.8 8.68 42.41

14 Amplified 0.9 11.06 11.06

15 Not amplified 2.55 70.73 70.73

16 Not amplified 3.34 13,3 21.22

17 Amplified 8.2 8.61 8.61

18 Amplified 1.67 9.6 14.98

19 Amplified 6.89 29.04 29.04

20 Amplified 1.7 13.3 23
EFS, event-free survival; OS, overall survival.

As reported in Figure 4, miRNA-19b, -218, and -338 were down-regulated in MYCN-
amplified metastases by about 30% as compared to MYCN-amplified tumors, while no
significant changes were observed in the expression of the other miRNAs. It is interesting
to note that the MYCN status did not influence the expression of these latter miRNAs,
neither in tumors nor in metastases (Figure 4).
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Figure 4. RT-qPCR analysis of the selected miRNA expression levels in tumors and metastases
samples of NB patients. Data is reported as % variation vs. the universal small nuclear RNU38B.
* p < 0.05 vs. MYCN-amplified tumors; ** p < 0.01 vs. MYCN-amplified tumors.

miR-338 down-regulation in NB metastases has been previously reported by Chen
et al., who demonstrated that this miRNA could exert an inhibitory role on the migra-
tion, proliferation, and invasion of NB cells through the modulation of the PTEN/Akt
pathway [77]. However, while miR-19b expression has been found to be reduced in
metastatic clear renal cell carcinoma [88] and miR-218 expression down-regulated in
metastatic prostate [89], breast [90], gastric [91], cervical [92], and lung [93] cancer, to
our knowledge, this is the first time that a down-regulation of miR-19b has been detected in
metastatic NB in vivo. In addition, miRNA-218 has also been found to be down-regulated
in NB metastases. This result obtained from analyses of patients’ tissues is in contrast
with previous studies reporting an up-regulation of this miRNA [70] in patients’ serum,
but this discrepancy could be due to the different nature of the analyzed samples. In fact,
it is conceivable that the increased levels of miRNA-218 in the serum might be due to a
response of peritumoral tissue, and not originating from the tumor.

3.5. Principal Component Analysis (PCA) of the Results Obtained in Patients’ Samples

In order to better extract the information from the dataset about NB biology and
chemoresistance, principal component analysis (PCA) was carried out by collecting miRNA
expression profiles analyzed in bone marrows infiltrates, tumors, and metastases. The first
PCA has been performed on responder (four) and non-responder (four) patients’ samples.
The loading plot showed that all of the variables had similar positive loadings on PC1,
meaning that the score on PC1 can be considered as a global quantitative index. On the
other hand, PC2 mainly explains the contrast between miR-15, miR-218, and -16 variables
(Figure 5, left panel). By analyzing the score plot, although only a few subjects were
available, it was possible to observe that all of the responder patients’ samples (red) were
well-separated from the non-responders (black) and located in a specific region in the PC
space: compared to the non-responders, all of the responders were mainly characterized
by higher values of the variables miR-218 and miR-16 (Figure 5, right panel).
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Figure 5. PCA performed on responder and non-responder patients’ samples. The loading (left panel) and the score plot
(right panel) were reported. In the score plot, the samples were indicated by the number reported in Table 3. + represents
the point with coordinates 0 and 0 for x and y axes, respectively. This points is the reference to define the multivariate space.

Furthermore, a second PCA was carried out on tumor and metastasized patients’
samples. The loading plot showed correlations between the variables miR-19b, -218, and
-338, all characterized by negative loadings on PC1 (group 1), and between miR-15 and
-16, which had positive loadings on PC2 (group 2). The two groups of correlated variables
were uncorrelated, since their directions from the origin were orthogonal (Figure 6, left
panel). The score plot showed that the metastasized patients’ samples were characterized
by intermediate values of the variables miR-15 and -16. On the other hand, the majority of
the non-metastasized patients’ samples had extreme values of both variables miR-15 and
-16 (Figure 6, right panel).

 

 

 

Figure 6. PCA performed on tumors and metastases samples. The loading (left panel) and the score plot (right panel) were
reported. In the score plot, the samples were indicated by the number reported in Table 4. + represents the point with
coordinates 0 and 0 for x and y axes, respectively. This points is the reference to define the multivariate space.
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4. Conclusions

The presence of chemoresistant cells in the primary tumor and within bone marrow
is the most powerful negative prognostic factor for patients with NB. The acquisition of
chemoresistance and the ability to metastasize are the results of genetic and epigenetic
mechanisms and, among them, miRNAs can play a crucial role [94]. In fact, their expression
is frequently de-regulated in several chemoresistant malignancies and, as supported by the
results herein, in NB. Indeed, the evaluation of miRNA expression could have a double
value. In fact, on the one hand, the modulation of a specific miRNA or of a cluster of
miRNAs could be used as a prognostic and predictive factor advantageous for monitoring
the acquisition of chemoresistance. On the other hand, miRNAs might also have therapeutic
potential, since many current studies are focused on discovering the best mechanism that
is able to restore the expression of miRNAs in oncologic patients [95]. In the present study,
our findings demonstrate, for the first time, that the down-regulation of miR-16-1 is strictly
related to the acquisition of NB chemoresistance. In fact, among the six miRNAs whose
expression is found down-regulated in our in vitro model of Etoposide resistance, only
miR-16-1 is significantly down-regulated in non-responder NB patients treated with the
induction therapy comprised of Etoposide (Figure 7). This data suggests that the restoration
of miR-16 could be a valid strategy to counteract chemoresistance (Figure 7).

 

 

Figure 7. Role of miR-16-1 in NB chemoresistance. The acquisition of chemoresistance in multidrug
resistant (MDR) cells and in high-risk (HR) patients is characterized by miR-16-1 down-regulation,
suggesting a potential role of miR-16-1 as a chemosensitizer.

In addition, miR-19b, miR-338, and partially miR-218, whose down-regulation correlates
with the metastatic process, could have prognostic value as biomarkers of NB progression.
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Abstract: Oral squamous cell carcinoma (OSCC) is a widespread malignancy with high mortality. In
particular, a delay in its diagnosis dramatically decreases the survival rate. The aim of this systematic
review was to investigate and summarize clinical results in the literature, regarding the potential
use of salivary microRNAs (miRNAs) as diagnostic and prognostic biomarkers for OSCC patients.
Twelve papers were selected, including both case–control and cohort studies, and all of them detected
significantly dysregulated miRNAs in OSCC patients compared to healthy controls. Based on our
results, salivary miRNAs might provide a non-invasive and cost-effective method in the diagnosis of
OSCC, and also to monitor more easily its evolution and therapeutic response and therefore aid in
the establishment of specific therapeutic strategies.

Keywords: oral squamous cell carcinoma; miRNAs; diagnosis; prognosis; saliva; biomarker

1. Introduction

Oral cavity cancer is the most frequent malignancy of the head and neck. It represents
the 16th most common malignancy and the 15th leading cause of death worldwide, with
an incidence of oral cancer (age adjusted) in the world of four cases per 100,000 people,
with a wide variation across the globe which depends on gender, age groups, countries,
races and ethnic groups and socio-economic conditions [1].

Roughly 90% of oral cancers histologically originate from squamous cells and are
classified as oral squamous cell carcinoma (OSCC). OSCC develops in the oral cavity and
oropharynx and can occur due to many etiological factors; smoking and alcohol remain the
most common risk factors especially in the western world. Other risk factors include diet,
immunodeficiency and high-risk HPV 16/18 [2]. There are also several genetic alterations
involved in oral carcinogenesis. Among these, alterations in oncosuppressors (APC, p53),
proto-oncogenes (Myc), oncogenes (Ras), and genes that control normal cellular processes
(EIF3E, GSTM1) play a fundamental role in cancer development [3].

Despite advances in therapies, the overall 5-year survival rate has remained un-
changed during the past decades. While at early stages the survival rate is approximately
89%, at late stages it decreases to 39%. Unfortunately, oral cancer patients are still frequently
diagnosed in advanced stages despite educational interventions for prevention and early
diagnosis, that is the most important prognostic factor for predicting survival [4].

To date, the gold standard for OSCC diagnosis is represented by a clinical oral exami-
nation integrated by a histological investigation on tissue biopsies of suspicious lesions [5].
However, cancer research is currently focusing on finding less invasive and cost-effective
methods to provide a more comprehensive view of the cancer profile, also to more easily
monitor its evolution and therapeutic response and therefore aid in the establishment of
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specific therapeutic strategies [6]. MicroRNAs (miRNAs) might provide a useful tool in
this regard.

MiRNAs are small noncoding RNAs (ncRNAs) of approximately 22 nucleotides re-
sponsible for specific regulation of gene expression in a post-transcriptional manner. They
are the main regulator of gene transcription and bear relevance in predicting clinical out-
comes. Indeed, only less than 5% of expressed genes producing messenger RNA is really
translated into proteins while miRNAs are fully functionally active in cell cytoplasm; they
are responsible for various cellular and metabolic pathways, including cell proliferation,
differentiation, and survival [7,8]. Deregulation of miRNAs has been reported in a number
of diseases. In Implant Dentistry miRNAs have been found to be predictors of dental
implants clinical outcomes and may be used as biomarkers for diagnostic and prognostic
purposes [9,10].

In recent years, researchers have found that miRNA expression is dysregulated in
human malignant tumor cells [11]. Due to their stability in human peripheral blood and
body fluids and disease specific expression, an increasing number of studies indicate that
miRNAs may represent an ideal set of biomarkers applied in early diagnosis and prognosis
of cancers [12]. Related to OSCC, a growing number of studies has demonstrated that
certain miRNAs are differentially expressed in oral cancer and analyses have indicated that
the differentially expressed miRNAs may help distinguishing patients with oral cancer
from healthy subjects [13]. In addition, dysregulation due to distinct polymorphisms in ma-
ture miRNAs, particularly miR-196a2 rs11614913 C>T, miR-146a rs2910164 G>C, miR-149
rs2292832 C>T, and miR-499 rs3746444 A>G, are associated with the risk of OSCC [14,15].
Several recent systematic reviews focused on the role of miRNAs in oral cancer. These
papers show that miRNAs may assist in the prognosis of head and neck cancer and they can
also predict resistance to chemotherapeutic agents, recurrence and metastasis [16–18]. Most
of the reviews focused on oral cancer in general [19,20] or the evaluation of circulating miR-
NAs from serum or plasma [17,18]. Repetitive blood sampling can often be time consuming
and physically intrusive, adding excessive stress and pain to patients, thereby leading to
poor patient compliance. In the last years, salivary diagnostics has attracted significant
attention among clinicians and scientists since the method of sample collection for disease
is cost-effective, accurate and noninvasive. Moreover, oral cancer cells are immersed in the
salivary milieu. Unlike other kinds of body fluid, oral tissues are continually immersed in
saliva. Therefore, saliva may provide direct information regarding the disease status of
oral mucosa. Saliva has been used as a diagnostic medium for OSCC, and saliva analytes
such as proteins and DNA have been used to detect OSCC [21]. Thousands of miRNAs are
present in saliva, and a panel of salivary miRNAs can be used for oral cancer detection [22].
Salivary miRNAs appear to enter the oral cavity through various sources, including the
three major saliva glands, gingival crevice fluid, and desquamated oral epithelial cells.
The majority of salivary miRNAs appear to be present as partially degraded forms. These
partially degraded miRNAs maintain their stability in saliva through their association with
unidentified macromolecules [23].

The aim of the present systematic review was to investigate and summarize results in
the literature, regarding the potential use of salivary miRNAs as diagnostic and prognostic
biomarkers for OSCC patients. In particular, the salivary miRNAs differently expressed in
the saliva of patients with OSCC compared to healthy subjects were investigated.

2. Materials and Methods

The present systematic review was conducted according to guidelines reported in the
indications of the Preferred Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) [24].

The focused question was: “What are the miRNAs differently expressed in the saliva of
patients with oral squamous cell carcinoma (OSCC) compared to patients without OSCC?”
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2.1. Search Strategy

The following Internet sources were used to search for papers that satisfied the study
purpose: the National Library of Medicine (MEDLINE—PubMed), Scopus and Cochrane
Library. In addition, a partial research of the gray literature was carried out through Google
Scholar. The last search was done on 8 December 2020. We used the following search
terms to search all databases: microRNA, microRNAs, miRNA, miRNAs, miR, mi-RNA
combined with “oral squamous cell carcinoma” or OSCC.

All the clinical studies investigating miRNAs in patients with OSCC were included if
they met the following inclusion criteria:

• Patients diagnosed with OSCC;
• Minimum of 10 patients included;
• Study subjects included cancer patients and healthy controls;
• Possibility to extrapolate data for patients with OSCC (data regarding oral cancer in

general or head and neck cancer were excluded).

Eligible articles included: cross-sectional, case–control and cohort studies. Publications
that did not report salivary miRNAs and their role as diagnostic/prognostic biomarkers in
OSCC and did not meet the above inclusion criteria were excluded. Papers that were not
dealing with original clinical cases (e.g., reviews, conference abstracts, personal opinions,
editorials, etc.) and multiple publications from the same pool of patients (redundant
publications) were also excluded. No restrictions in terms of year or language of publication
were applied. No publication status restrictions were imposed. In addition, full-text articles
of narrative and systematic reviews published between 2018 and 2020 and dealing with
miRNAs and oral cancer were obtained. A hand search was performed by screening these
reviews and the reference list of all included publications.

2.2. Screening and Selection

Titles and abstracts of the searches were screened by two independent reviewers
(EDG and MM) for possible inclusion. Disagreements between reviewers were resolved
by discussion between the two review authors; if no agreement could be reached, a third
author decided (PP). The full texts of all studies of possible relevance were then obtained
for independent assessment by the reviewers. If title and abstract did not provide sufficient
information to determine eligibility of the study, the full report was obtained as well.

2.3. Data Extraction

Data from the studies included in the final selection were extracted by one of the
authors using Microsoft Excel spreadsheet software (Excel 16.4, Microsoft CO, Redmond,
WA, USA) (EDG). The accuracy of data was verified independently by another coauthor
(FD). The following data were extracted: author(s), publication year, title, study design,
nation where the study was conducted, sample size of both cases and controls (individuals
with OSCC and healthy subjects respectively), diagnostic stage of disease, follow-up
period, miRNAs detection method, name of the miRNA(s) identified as dysregulated, type
of dysregulation recorded and main outcomes.

2.4. Quality Assessment

The risk of bias of included studies was assessed using the Newcastle Ottawa scale
(NOS). Two reviewers (EDG, FB) independently evaluated the quality of studies based
on the following parameters: Selection, Comparability, and Outcome/Exposure. A max-
imum of 4 stars in selection domain, 2 stars in comparability domain and 4 stars in
outcome/exposure domain were given. The included studies were qualified as “Good”,
“Fair” and “Poor” quality based on the total NOS score they achieved. Studies with a NOS
score ≥ 7 were considered good-quality studies.
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3. Results

3.1. Bibliographic Search and Study Selection

The initial database search yielded a total of 1880 entries; of which 977 were found in
PubMed®/MEDLINE, 898 in Scopus, and five in Cochrane library. In addition, a partial
research of the gray literature was carried out through Google Scholar. A flow chart that
depicts the screening process is displayed in Figure 1. After excluding all duplicates, the
total number of entries was reduced to 1021. A total of 974 articles were excluded after
review of title and abstract. Hence, full-text examination was conducted for 47 articles.
A total of 35 additional articles were excluded after full-text review and application of
the eligibility criteria. The final selection consisted of 12 articles. Detailed data for the 12
included studies are listed in Table 1.

 

Figure 1. Preferred reporting of systematic reviews and meta-analyses (PRISMA) flow diagram
related to bibliographic searching and study selection.
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Table 1. Main characteristics of the included studies.

Authors
(Year)

Cases (OSCC
Patients)

Controls
(Healthy
Subjects)

Tumor Histological
Stage or Grade

miRNAs
Detection
Method

Salivary
miRNAs—

Disregulation in
OSCC Patients

Application Follow-Up Main Outcomes

Park et al.
2009 [25].

50 OSCC 50

10 patients were at
tumor stage I, 14

were at stage II, 16
were at stage III, 10

were at stage IV

RT-PCR
preampqPCR
Saliva miRNA
stability assay

miR142-3p
miR200a
miR125a
miR-93

Downregulation

Diagnosis ND

miRNAs are present in both whole saliva
and supernatant saliva. miR-125a and
miR-200a, are downregulated in the
saliva of OSCC patients compared to

healthy controls

Wiklund et al.
2011 [26].

15 OSCC 7 ND
TaqManH low
density array

qRT-PCR

miR-34b
miR-137
miR-155

miR-200c-141
miR-203
mir-205
miR-375
mir-410

Aberrant
expression and

DNA
hypermethylation

Diagnosis ND

Compared to healthy subjects, OSCC
patients had deregulated miRNAs with
associated DNA methylation patterns.
Particularly, repression of miR-375 and
methylation on miR-137, miR-200c-141,
and miR-200 s/miR-205 loci were found

in OSCC patients vs. healthy patients,
being promising candidates to develop

OSCC-specific miRNA signatures.

Liu et al.
2012 [27].

45 OSCC 24
21 stage I-II

24 stage III-IV
qRT-PCR

miR-31
Upregulation

Diagnosis
and

follow-up

4–6 weeks
after surgery

Salivary miR-31 was significantly
increased in patients with OSCC at all

clinical stages, including very early
stages. In addition, it was shown to be

more abundant in saliva than in plasma,
and after tumor surgical removal its

expression was reduced.
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Table 1. Cont.

Authors
(Year)

Cases (OSCC
Patients)

Controls
(Healthy
Subjects)

Tumor Histological
Stage or Grade

miRNAs
Detection
Method

Salivary
miRNAs—

Disregulation in
OSCC Patients

Application Follow-Up Main Outcomes

Momen-
Heravi et al.

2014 [28].

9 OSCC
(before

treatment), 8
OSCC-r (in
remission)

9 ND RT-qPCR

miR136
miR147

miR1250
miR148a
miR632
miR646
miR668
miR877
miR503

miR220a
miR323-5p

underexpressed
miR-24
miR27b

overexpressed

Diagnosis ND

miRNA profiles derived from OSCC,
OSCC-r, and healthy controls were
distinctively different. In particular,
overexpression of miRNA-27b was

found in OSCC saliva samples and not in
the saliva of the other two groups

Zarhan et al.
2015 [29].

100 Oral
cancer (20

OSCC)
20

Grade III (high
grade) LN

involvement: 7
Grade II, LN

involvement (2
LN): 1

Grade II, no LN
involvement: 7

No record
available: 3

qRT-PCR

miR-21
upregulation

miR184
upregulation

miR145
downregulation

Diagnosis ND

Salivary miRNA-21, miRNA-145, and
miRNA-184 were differentially

expressed in OSCC and healthy saliva
samples, with miRNA-184 having the

best diagnostic value

Duz et al.
2016 [30].

25 OSCC 25

2 grade 1
16 grade 2
4 grade 3

3 ND

qRT-PCR
Microarray-based

miRNA

miR139-5p
downregulation

Diagnosis
and

follow-up

4–6 weeks
after surgery

Salivary miR-139-5p was significantly
reduced in TSCC patients compared to

controls, and its level turned back to
normal after surgery.

Seung-Ki
Min et al.
2017 [31].

18 OSCC ND ND
RT-qPCR
miRNA

Microarray

miR-146a-5p
upregulated

Diagnosis ND
miR-146a-5p expression was highly

upregulated in OSCC patients.
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Table 1. Cont.

Authors
(Year)

Cases (OSCC
Patients)

Controls
(Healthy
Subjects)

Tumor Histological
Stage or Grade

miRNAs
Detection
Method

Salivary
miRNAs—

Disregulation in
OSCC Patients

Application Follow-Up Main Outcomes

Yap T et al.
2018 [32].

30 OSCC 30

14 stage 1
3 stage 2
3 stage 3

10 stage 4

RT-qPCR

miR-24
miR-21
miR-31

upregulation
miR-99a

let-7c
miR-100

downregulation

Diagnosis ND

Upregulation of miR-31 and miR-21 and
downregulation of miR-99a, let-7c,

miR-125b, and miR-100 were found in
OSCC and controls in both FFPE and

fresh-frozen samples.
These miRNAs were studied in oral

swirls to develop a dysregulation score
with the classification tree identifying

100% (15/15) of OSCC and 67% (10/15)
of controls.

Mehdipour et al.
2018 [33].

30 OLP
15 OSCC

15 ND qRT-PCR

miR-21
upregulation

miR-125a
downregulation

miR-31
upregulation

miR-200a
downregulation

Diagnosis ND

miR-21 levels were significantly
increased in saliva samples derived from
patients with OLP, dysplastic OLP and
OSCC, compared to those from healthy

controls. Conversely, significant
decreases in miR-125a levels were found

in the OLP, dysplastic OLP and OSCC
samples, compared to those from healthy
controls. Significant increases in miR-31

levels were found in samples derived
from dysplastic OLP and OSCC patients,
but not in nondysplastic OLP, compared
to healthy controls. miR-200a levels were
significantly decreased only in samples

derived from OSCC patients
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Table 1. Cont.

Authors
(Year)

Cases (OSCC
Patients)

Controls
(Healthy
Subjects)

Tumor Histological
Stage or Grade

miRNAs
Detection
Method

Salivary
miRNAs—

Disregulation in
OSCC Patients

Application Follow-Up Main Outcomes

Gai C et al.
2018 [34].

21 OSCC 11
T1 (n = 7), T2 (n = 8),
T3 (n = 3), T4 (n = 3)

qRT-PCR array
qRT-PCR

miR-412- 3p,
miR-489-3p,
miR-512-3p,

miR-597-5p, and
miR-603

upregulated
miR-193b-3p,
miR-30e3p,

miR-376c-3p,
miR-484, miR-720,

and miR-93-
3pdownregulated

Diagnosis ND

miR-302b-3p and miR-517b-3p were
expressed only in EVs from OSCC

patients and miR-512-3p and miR-412-3p
were up-regulated in salivary EVs from

OSCC patients compared to controls
with the ROC curve showing a good

discrimination power for OSCC
diagnosis

Yap T et al.
2019 [35].

53 OSCC 54

24 T1
10 T2
3 T3

15 T4a
1 not specified

RT-qPCR

miR-24-3p,
miR-21-5p,
let-7c-5p,

miR-99a-5p,
miR-100-5p

Diagnosis ND

MicroRNAs can be predictably isolated
from oral swirls. A high-risk

dysregulation signature was found to be
accurate in indicating the presence of

OSCC with 86.8% sensitivity and 81.5%
specificity

He L et al.
2020 [36].

49 OSCC 14 ND
Microarray

analysis
qRT-PCR

miR-7975,
miR-1246 and

miR-24-3p
upregulated

Diagnosis ND

The authors identified a significant
increase of miR-24-3p in the salivary

exosomes from 45 preoperative OSCC
patients compared to healthy individuals

OSCC—Oral squamous cell carcinoma; ND—Undeclared; OLP—Oral lichen planus; qRT-PCR—Quantitative reverse transcription polymerase chain reaction; RT-qPCR—Real-time quantitative polymerase chain
reaction; qPCR—Quantitative polymerase chain reaction; RT-preamp-qPCR—reverse transcriptase preamplification-quantitative; FFPE—formalin-fixed paraffin-embedded; EV—extracellular vesicle.
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3.2. Description of Included Studies

Detailed data for the 12 included studies are listed in Table 1. All studies included in
the present review are studies performed on humans.

Two studies were conducted in USA [25,28]; two in Australia [32,35]; one in Den-
mark [26]; one in Taiwan [27]; one in Turkey [30]; one in Iran [33]; one in Korea [31], one in
Italy [34] one in Egypt [29], and one in China [36].

All the studies utilized real time quantitative polymerase chain reaction (RTq-PCR) to
quantify salivary miRNAs. Three studies (Duz et al. 2016; Seung-Ki Min et al. 2017; He L
et al. 2020) also utilized microarray-based miRNA analysis.

All the papers included identified a set of significantly dysregulated miRNAs in
OSCC patients compared to healthy controls. Different types of miRNAs were found
to be upregulated and other downregulated in OSCC patients. In particular, mir21 was
identified as upregulated in OSCC patients compared to healthy controls in three studies
(Zahran et al. 2015; Yap T et al. 2018; Mehdipour et al. 2018); and mir31 was identified as
upregulated in OSCC patients compared to healthy controls in other three papers (Liu et al.
2012; Yap T et al. 2018; Mehdipour et al. 2018).

Two studies (Park et al. 2009; Mehdipour et al. 2018) identified mir200a and mir125a
as downregulated in OSCC patients compared to healthy controls.

The other studies did not report superimposable outcomes.

3.3. Excluded Studies

Out of 47 papers for which the full-text was analyzed, 35 articles [37–71]. were
excluded from the systematic review. (Table A1). The main reasons for exclusion were
the following: study type; miRNAs detected in samples different from saliva and data
regarding not OSCC but oral cancer in general or premalignant conditions.

3.4. Quality Assessment of Included Studies

The risk of bias of included studies was assessed using the Newcastle Ottawa scale
(NOS). Outcomes are reported in Table 2.

Table 2. Risk of bias of included studies.

Study Selection Comparability Outcome/Exposure NOS Score

Park et al. 2009        6

Wiklund et al. 2011        6

Liu et al. 2012        7

Momen-Heravi et al. 2014        6

Zarhan et al. 2015        6

Duz et al. 2016        7

Yap T et al. 2018        6

Mehdipour et al. 2018        6

Gai C et al. 2018        7

Yap T et al. 2019        6

He L et al. 2020        7

Seung-Ki Min et al. 2017        5

NOS-Newcastle Ottawa Scale.
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4. Discussion

The 5-year survival rates in OSCC depends on the stage at diagnosis. Patients have
better survival and favorable outcomes if detected early, as compared to those diagnosed
in advanced stages. There are several screening and awareness programs implemented,
but they have not been able to lower the incidence of OSCC.

Traditional diagnostics for malignant tumors such as tissue biopsy and mucosal scrap-
ing examination can often be time-consuming and physically intrusive, adding excessive
stress and pain to patients, thereby leading to poor patient compliance. In this context, the
addition of a non-invasive diagnostic test based on a liquid biopsy would be beneficial
in the early diagnosis and prognosis of such diseases as an alternative to solid biopsies.
Liquid biopsy is a novel approach that relies on the study of circulating cells, circulating
DNA, micro-RNA, microvesicles and exosomes in body fluids supporting the concept of
personalized medicine [72,73]. In recent decades, saliva has been widely investigated as a
promising source of OSCC biomarkers for liquid biopsy [74].

There are many advantages to employing saliva as a substrate for diagnostic analysis.
Its sampling is inexpensive and non-invasive. Aberrant expression profiles of salivary
miRNAs have been detected in different types of cancer, showing their power as a discrim-
inatory clinical method [75]. A recent systematic review and meta-analysis demonstrated
a high diagnostic accuracy of salivary and blood miRNAs to differentiate OSCC patients
from healthy individuals, with sensitivity, specificity, and AUC (area under the SROC
curve) values of 0.78, 0.82, and 0.91, respectively [43]. However, considerable heterogeneity
was detected among the included studies and the authors suggested the need for further
research on the topic.

A total of 12 papers were included in the present systematic review. Four of them
were considered of good quality (NOS score equal to 7), and the remaining eight studies
were considered at high risk of bias (NOS score 6 or 5), demonstrating the need for further
studies with a more rigorous design on the topic.

The studies included applied heterogeneous methodologies to investigate the role of
miRNAs in OSCC patients. In particular, the time of sampling (i.e., before and/or after
surgery/radiotherapy) was not reported in all the studies. The research protocols included
stimulated or unstimulated saliva for analysis of either whole saliva or salivary super-
natant. In addition, salivary samples were taken at different clinical stages of OSCC and
the studies differed regarding patients’ demographic characteristics (i.e., smoke, alcohol
consumption, positivity to HPV, patients’ age and sex, etc.) and possible comorbidities
possibly affecting the outcomes. Some of the studies included did not account for such
patients’ characteristics nor for the site of OSCC (buccal mucosa, gingiva, tongue, etc.). For
this reason, the realization of a metanalysis was contraindicated and it is difficult to draw
comprehensive conclusions on the topic. These heterogeneities might also explain why the
type of miRNAs identified and the dysregulations detected in the various studies were
mostly not superimposable.

Differently from the other investigations included, the study by He et al. analyzed
miRNAs in salivary exosomes. The lipid bilayer of exosomes can protect miRNAs from
degradation by RNase in body fluids. However, the use of salivary exosomal miRNAs
as biomarkers for human disease remains controversial. A critical limitation of using
salivary exosomes for cancer screening is that differences in isolation techniques may
alter the composition of purified subpopulations and the purity of the exosome pellets.
Gai et al. analyzed miRNAs in salivary extracellular vesicles (EVs, including exosomes,
microvesicles or ectosomes, and apoptotic bodies). A previous study [76]. showed that
most of the salivary RNA was associated with EVs. However, miRNAs can be differentially
represented in whole saliva and salivary EVs, as it has been previously described for total
plasma or plasma-derived EVs [77,78].

Despite the limitations listed above, our data overall demonstrate that there is strong
evidence for a role of miRNAs in OSCC behavior. In fact, all the 12 papers included detected
significantly dysregulated miRNAs in OSCC patients compared to healthy controls. In
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particular, some miRNAs were identified as differently expressed in OSCC patients in
different papers: mir21, mir31, mir200a and mir125a. This panel of four miRNAs appears
to have a significant predictive value in OSCC. Further longitudinal studies are needed in
order to confirm which specific salivary miRNAs are the most effective biomarkers for the
diagnosis and management of OSCC patients.

In conclusion, the present systematic review suggests that salivary miRNAs might
provide a non-invasive and cost-effective method in the diagnosis of OSCC, and also
to monitor more easily its evolution and therapeutic response and therefore aid in the
establishment of specific therapeutic strategies.
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Appendix A

Table A1. Table reporting the 35 excluded studies and reasons for exclusion.

Article Excluded Reason for Exclusion

Dumache R et al. 2017 Review article
Cristaldi M et al. 2019 Review article

Gaba et al. 2018 Review article
Salazar-Ruales et al. 2018 Oral cancer in general

Lay YH et al. 2018 In vitro study
Arantes et al. 2018 Review article

Rapado-Gonzalez et al. 2019 Review article
Wan Y et al. 2017 Oral cancer in general

Greither T et al. 2017 No control group
Fadhil et al. 2020 Oral cancer in general
Yeh LY et al. 2015 Oral cancer in general

Pentenero et al. 2019 Review article
Coon J et al. 2020 In vitro study

Brinkmann O et al. 2011 Review article
Langevin S et al. 2017 In vitro study
Shaidi M et al. 2017 Oral lichen planus

Dharmawardana N et al. 2019 Review article
Dumache R et al. 2015 Review article
Peacock B et al. 2018 Tissue sample

Patil S et al. 2019 Review article
Li et al. 2018 Tissue sample

Sun C et al. 2018 Tissue sample
Salazar C et al. 2014 Oral cancer in general
Gallo A et al. 2013 Descriptive article
Chen M et al. 2020 In vitro study

Yang et al. 2013 Oral premalignant lesion
Al Makey et al. 2015 Oral cancer in general

Hung et al. 2016 Oral premalignant lesion
Maheswari et al. 2020 Oral premalignant lesion
Petronacci et al. 2019 Tissue sample

Wang Y et al. 2018 Tissue sample
Pedersen et al. 2018 Tissue sample and plasma

Gissi et al. 2018 Tissue sample
Yang et al. 2017 Tissue sample

Moratin et al. 2016 Tissue sample
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Abstract: MicroRNAs are a class of small noncoding endogenous RNAs 19–25 nucleotides long,
which play an important role in the post-transcriptional regulation of gene expression by targeting
mRNA targets with subsequent repression of translation. MicroRNAs are involved in the patho-
genesis of numerous diseases, including cancer. Lung cancer is the leading cause of cancer death in
the world. Lung cancer is usually associated with tobacco smoking. However, about 25% of lung
cancer cases occur in people who have never smoked. According to the International Agency for
Research on Cancer, asbestos has been classified as one of the cancerogenic factors for lung cancer.
The mechanism of malignant transformation under the influence of asbestos is associated with the
genotoxic effect of reactive oxygen species, which initiate the processes of DNA damage in the cell.
However, epigenetic mechanisms such as changes in the microRNA expression profile may also be
implicated in the pathogenesis of asbestos-induced lung cancer. Numerous studies have shown that
microRNAs can serve as a biomarker of the effects of various adverse environmental factors on the
human body. This review examines the role of microRNAs, the expression profile of which changes
upon exposure to asbestos, in key processes of carcinogenesis, such as proliferation, cell survival,
metastasis, neo-angiogenesis, and immune response avoidance.

Keywords: carcinogenesis; lung cancer; microRNA; asbestos exposure

1. Introduction

Lung cancer is one of the most frequent forms of cancer and is one of the leading
causes of death from malignant neoplasms worldwide [1,2]. Approximately 1.8 million
new cases of lung cancer are diagnosed annually in the world, and more than 1.5 million
people die from this disease every year. According to experts, the number of deaths from
lung cancer will increase to 3 million in 2035 [3]. The five-year survival rate for lung cancer
ranges from 5% to 17% (average 15%), depending on the stage of the disease at the time of
its diagnosis. The American Cancer Society estimated that there were about 234,000 new
cases and about 154,000 deaths for lung cancer in the United States in 2018 [4].

Lung cancer is commonly associated with smoking and exposure to the carcinogenic
components of tobacco smoke. About 90% of lung cancers in men and 80% in women
are caused by tobacco smoking. Smoking causes about 25% of deaths among women and
men [5]. Research estimated that for men and women between the ages of 25 and 70,
the mortality rate among smokers was about three times higher than among those who had
never smoked [6]. The increased mortality of smokers is mainly associated with neoplasms
and respiratory diseases [7]. The life expectancy of smokers is more than 10 years shorter
than those who have never smoked [2].

Carcinogenic environmental factors, such as air pollution and air emissions from fuel
combustion as well as environmental exposure to radon, asbestos, certain metals (such
as chromium, cadmium, and arsenic), and some organic chemicals, also contribute to the
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development of lung cancer [8]. Environmental carcinogens can cause specific genetic and
epigenetic changes in lung tissue, leading to aberrant functions of lung cancer oncogenes
and tumor suppressor genes [9]. Research also found that about 25% of lung cancer cases
occur in people who have never smoked [7]. Thus, we can say that lung cancer today is an
important medical problem, and progress in the treatment of this group of cancers can be
achieved by improving our understanding of the molecular basis and biology of the tumor,
especially at the level of the cells that trigger the tumor process [9].

2. Asbestos as a Carcinogenic Factor of the Environment

One of the important environmental carcinogen associated with lung cancer is as-
bestos [10,11]. Asbestos fibers are naturally occurring silicate mineral fibers that have
long been used in industry due to their exceptional properties, such as tensile strength,
low thermal conductivity, and relative resistance to chemical attack. For these reasons,
asbestos has been used for insulation in buildings and as an ingredient in a variety of
products, such as roofing shingles, water pipes, and fire-retardant coatings, as well as
clutch and brake pads, density rings, and vehicle supports. Asbestos is used as an additive
for asphalt concrete to increase the stability of the road surface.

There are six types of asbestos mineral fibers: chrysotile (white asbestos), crocidolite
(blue asbestos), amosite (brown or gray asbestos), anthophyllite, tremolite, and actino-
lite [10]. The main types of asbestos are chrysotile (white asbestos), the spiral-shaped,
most common form of asbestos, and crocidolite (blue asbestos). Amphiboles (crocidolite,
amosite, anthophyllite, tremolite, and actinolite) are straight rod-shaped fibers that have a
needle-like appearance, while serpentines (for example, chrysotile) are curved fibers.

Numerous industrial workers are exposed to asbestos dust, as is a significant propor-
tion of the urban population associated with the extraction, processing, and industrial use
of asbestos. Exposure to asbestos fibers is strongly associated with the development of
malignant mesothelioma and lung cancer [12,13]. Asbestos-related lung disease is a major
health problem worldwide [13,14].

All identified forms of asbestos have been classified as human carcinogens by the
International Agency for Research on Cancer. According to World Health Organization
(WHO) estimates, 125 million people worldwide are exposed to asbestos, and the use of this
substance can cause the development of not only lung cancer but also ovarian and laryngeal
cancer as well as mesothelioma [15,16]. Exposure to asbestos also causes diseases such as
asbestosis (pulmonary fibrosis) and pleural plaques thickening and effusion. It is estimated
that around 110,000 people die annually from lung cancer, mesothelioma, and asbestosis as
a result of exposure to asbestos.

Between 5% and 7% of all lung cancer cases in the world have high levels of asbestos
as the cause of the disease, mainly due to occupational exposure [17]. Roughly half of the
deaths from occupational cancer in workers in the asbestos industry are due to asbestos [18].

There are many industries where workers deal with asbestos. Possible ways of contact
with this material are as follows: “Primary”, extraction, sorting, grinding; “Industrial”,
the production of asbestos itself and products from it; “Construction”, all kinds of con-
struction and installation work, for example, the installation of boiler equipment, laying
pipelines; and “Ecological”, the industrial emissions of asbestos industries, which are
dangerous for people living in the neighborhood; the destruction of buildings constructed
with the use of asbestos and asbestos-containing materials, without observing the relevant
standards; and uncontrolled removal, the release of asbestos waste and dust into the natural
environment [10,19].

In addition, it is estimated that several thousand deaths annually may be caused by
the use of asbestos and asbestos-containing materials in the home; for example, asbestos
was widely used at one time in the manufacture of ironing boards. It has also been shown
that simultaneous exposure to tobacco smoke and asbestos fibers significantly increases
the risk of lung cancer—the more a person smokes, the higher the risk [20,21].
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Respirable fibers are the main source of exposure to asbestos [17,21]. With prolonged
inhalation of asbestos dust, pneumoconiosis (silicatoses) and chronic dust bronchitis de-
velop, the clinical picture of which has features due to the physicochemical properties
of the corresponding types of dust. In industrial environments, exposure to mixed dust
containing silicates and free silica is possible. Due to the fibrous structure of asbestos,
dust, in addition to its fibrosing effect, causes more pronounced mechanical damage to the
mucous membrane of the respiratory tract and lung tissue than other types of industrial
dust [17].

The accumulation of asbestos fibers in the lungs leads to fibrosis, inflammation,
and carcinogenesis, although the specific effects depend on the dose and type of fiber
inhaled [20].

The mechanism of destruction that occurs in the lungs as a result of exposure to
asbestos is determined by the efficiency of removing fibers from the cells of the respiratory
tract. Longer fibers can penetrate deeper into the respiratory tract and are cleared more
slowly than short ones and are associated with a higher carcinogenic potential [11,13,21].
Other elements, such as iron (which can account for up to 30% of the weight of asbestos
fibers), embedded in the surface of the fibers can also enhance the pathogenic effects
associated with asbestos.

2.1. Asbestos and Lung Diseases

Asbestos causes asbestosis and malignant neoplasms through molecular mechanisms
that are not fully understood. The side effects of asbestos generally fall into three categories:
pleural disease, lung parenchymal disease, and neoplastic disease. Effects on the pleura
include pleural effusions, plaques, and diffuse pleural thickening. In the parenchyma,
rounded atelectasis, fibrous cords, and asbestosis are observed. Exposure to asbestos
can lead to neoplastic diseases, such as lung cancer pleural mesothelioma, peritoneal
mesothelioma, and bronchogenic carcinoma [20]. The mechanisms of action underlying
asbestosis, lung cancer, and mesothelioma appear to differ depending on the fiber type,
lung clearance, and genetics. The picture of asbestos-induced carcinogenesis is complex
with many types and results of molecular aberrations that can arise from exposure [22].

When asbestos dust interacts with human cells, asbestos silicates attract and bind
to cations; in the lungs, asbestos fibers hold ions on their surface, thereby contributing
to the leaching of the cellular environment [23]. These processes can generate reactive
oxygen species (ROS), which initiate the processes of cell and DNA damage and explain
the genotoxic effect of asbestos [24,25]. There are at least three sources of ROS production
when exposed to asbestos, including (a) fiber surface reactivity, (b) release from immune
cells, especially alveolar macrophages, and (c) mitochondrial ROS released from immune
and other target cells, such as lung epithelial cells and mesothelial cells [26].

The high iron content in some asbestos fibers and the tendency of asbestos to adsorb
iron in vivo have led to the assumption that iron-induced Fenton reactions also contribute
to an increase in ROS, inflammation, and carcinogenesis [20]. Likely, it is ROS and the
oxidative stress developing as a result of their action that underlie the damage to the
lung tissue [13]. Oxidative stress can promote apoptosis, gene mutations, chromosomal
aberrations, and, ultimately, cell transformation [17,20]. Inflammation, as mentioned above,
is another important source of ROS production, given that all forms of asbestos activate
the generation of ROS by neutrophils and alveolar macrophages of rodents and humans
during the so-called frustrated phagocytosis, a process that is accompanied by the release
of cytokines, chemokines, proteases, and growth factors contributing to the development
of an inflammatory response [14,21].

In addition, research demonstrated that oxidative stress caused by exposure to asbestos
dust can activate signaling pathways, including mitogen-activated protein kinases, nuclear
factor kB (NF-kB), and activator protein 1, which control cell proliferation, apoptosis,
and the inflammatory response [14]. The accumulated data strongly suggest that ROS
generated from the mitochondria of key target cells mediate pulmonary asbestos toxicity.

209



J. Pers. Med. 2021, 11, 97

Thus, Carter and colleagues demonstrated an important role in the production of H2O2 by
the mitochondria of alveolar macrophages using an animal model of asbestosis [27,28].

A high level of apoptosis, in turn, can trigger the development of inflammatory pro-
cesses in lung tissue due to another type of free-circulating nucleic acids—free-circulating
mitochondrial DNA (fc mtDNA). The fc mtDNA copy number changes in different types
of malignant neoplasias, including lung cancer [29]. Fc mtDNA, through TLR-9 receptors,
can also mediate the activation of the NF-kB signaling pathway and, as a consequence,
develop aseptic inflammation [28,29]. However, the role of fc mtDNA in the pathogenesis
of lung cancer induced by exposure to asbestos dust remains unexplored, despite the
fact that, as mentioned above, the mitochondria themselves are directly involved in the
development of the cellular and molecular effects of asbestos.

2.2. The Role of microRNAs in Lung Cancer Carcinogenesis

Another type of free-circulating nucleic acids involved in the process of carcinogenesis
is microRNA [30,31]. MicroRNAs are small noncoding RNAs that are involved in the
regulation of target genes at the posttranscriptional level. MicroRNAs can covalently bind
to complementary sequences in the 3′ UTR region of the mRNA and thereby inhibit trans-
lation. It is known that microRNAs control many cellular processes such as proliferation,
differentiation, and cell death (Figure 1).

 

Figure 1. Cellular aspects of lung carcinogenesis with microRNA regulations (microRNAs whose expression profile changed
under the influence of asbestos, are highlighted in red).

According to various estimates, microRNAs can control the expression of up to 50%
of human genes [32]. MicroRNAs are found in tissue cells, but they are also found in
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extracellular areas, in blood plasma, and in other body fluids. MicroRNAs have also been
found in platelets, erythrocytes, and nucleated blood cells. In the extracellular fluids of the
body, they are carried in small membrane vesicles (exosomes), forming complexes with
high density lipoproteins or carrier proteins.

At present, microRNAs are isolated into a separate class, most widely represented
today, of short noncoding RNAs. According to the latest revision (January 2019), the mir-
base.org database contains information on 38,589 hairpin precursors and 48,860 mature
microRNAs from 271 species [32].

To date, a large body of evidence has been accumulated on the involvement of microR-
NAs in the carcinogenesis of various malignant neoplasias: malignant pleura, mesothe-
lioma, prostate cancer, hematological malignant neoplasms, glioblastoma, and others.
Subsequently, many studies have shown that the expression of certain microRNAs closely
correlates with the development and progression of lung cancer. Research found that mi-
croRNAs are directly involved in many types of cancer, including lung cancer. MicroRNAs
can not only be regulators of oncogenes but can themselves be regulated by oncogenes or
suppressors of oncogenes [33,34].

Although microRNA is not tissue-specific, tumor cells develop a unique genetic profile
during oncogenesis. The profiles of circulating microRNAs are different for each microen-
vironment and stage of cancer progression. Analysis of these microRNA profiles provides
a better understanding of tumor pathogenesis and cancer origins. As tumors alter the
normal concentration of circulating microRNAs, research suggested that these nucleotides
can be used for early diagnosis, staging, follow-up, and the assessment of therapeutic
responses and therapy outcomes in certain types of human cancer, including lung can-
cer [30,33]. MicroRNAs playing the role of oncogenes (OncomiR) and oncosuppressors in
the development of lung cancer are shown in Tables 1 and 2.

2.2.1. MicroRNA and Cell Proliferation in Lung Cancer

MicroRNAs play an important role in the control of cell proliferation [35] (Figure 1).
An example is the human mir-17 cluster, consisting of six microRNAs: hsa-miRs-17-5p, -18,
-19a, -19b, -20, and -92. This cluster is located at 13q31, which is often amplified in several
types of lymphomas and solid tumors. Research demonstrated that the oncogenic protein
c-MYC binds directly to the genomic locus encoding these microRNAs to activate their
transcription. In addition, two microRNAs of this cluster, hsa-miR-17-5p and hsa-miR-20,
target the transcription factor E2F1, which regulates the expression of proapoptotic proteins
in the cell, thereby avoiding apoptosis and increasing cell proliferation [36].

An example of microRNA oncosuppressors is the let-7 family, whose members target
ras oncogenes (H-ras, K-ras, and N-ras) [37]. As ras overexpression is a key oncogenic
event in lung cancer, the involvement of let-7 in the pathogenesis of this disease is beyond
doubt. Indeed, let-7 expression in lung cancer cells is significantly reduced as compared to
normal tissue. In addition, the RAS protein levels in bronchial epithelial cells are inversely
proportional to the let-7 levels, which is consistent with microRNA-mediated translational
repression of the ras gene [37]. The expression of let-7 in the lung carcinoma cell line A549
directly suppresses the growth of cancer cells in vitro [37], illustrating the effectiveness of
targeted antitumor therapy using this microRNA.

Another oncosuppressive microRNA is miR-126. Studies have shown that miR-126 can
inhibit the proliferation of NSCLC through the suppression of EGFL7 and PTEN/PI3K/AKT
signaling pathways [38,39]. In addition, decreased expression of miR-126 was associated
with adhesion, migration, and invasion of NSCLC cells due to an increase in the Crk
protein [40]. Hence, miR-126 may function as an important regulatory gene in the develop-
ment of NSCLC. Research found that miR-145 is involved in the regulation of tumor cell
proliferation by disabling the signaling pathways RAS/ERK, PI3K/AKT, ERK5/c-MYC,
and p68/p72/β-catenin [41,42].

Recent meta-analysis demonstrated that miR-155 may be a potential biomarker for
lung cancer detection. Experiments on an animal model showed that mice that were
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artificially injected with miR-155 exhibited proliferation of lung tumors [43]. In addition,
it was found that overexpression of miR-155-5p significantly extended the malignant phe-
notype of lung cancer cells, including cell growth, colony formation, migration, invasion,
and antiapoptotic effects [44,45].

A recent study indicated that miR-222 overexpression was related to NSCLC risk [46].
It was shown that miR-222 promotes the growth of non-small cell cancer cell lines by
targeting oncosuppressor p27, which controls the cell cycle progression at G1 [47].

2.2.2. MicroRNA and Apoptosis in Lung Cancer

MicroRNAs can also have antiproliferative and proapoptotic activities (Figure 1).
These molecules function in the cell as tumor suppressors. The main regulator of apoptosis
in the cell is the p53 protein. Recent studies indicated the relationship between the profile
of certain microRNAs and the expression level of the TP53 gene. It was shown that the
change in the microRNA profile after p53 induction occurs in the direction of an increase
in the content of microRNA-34a, 34b, and 34c [48]. The level of these microRNAs increased
in response to genotoxic stress with the involvement of p53 both in vitro and in vivo.

The transcription of microRNA-34a, -34b, and -34c at both loci is directly activated by
p53. Studies have shown that members of the hsa-miR-34 family inhibit the expression of
several targets involved in cell cycle regulation, such as cyclin E2 and cyclin-dependent
kinases 4 and 6 (CDK4 and CDK6), and BCL2 [48]. Interestingly, some TP53 mutations,
which were previously associated with oncogenic progression, suppress the expression
of some microRNAs [48]. p53 can also serve as a target for some types of microRNAs.
Research showed that miR-504 can target the mRNA of p53. Ectopic expression of miR-504
decreases the p53 protein level, which inhibits p53-dependent apoptosis and arrest of the
cell cycle in the G1 phase [49]. hsa-miR-125b targets p53 and proapoptotic proteins Bak1
and Puma, which leads to the inhibition of apoptosis [50].

Studies demonstrated the radioprotective role of some types of microRNA. In vitro
studies using the WI-38 human fibroblast line showed that the mature form of hsa-miR-155
inhibited radiation-induced premature “cellular senescence” [51]. In this regard, scientists
assumed that some microRNAs can determine the resistance of tumor cells to radiation
therapy and be used as a predictive biomarker to monitor the effectiveness of cancer treatment.

The suppression of apoptosis may underlie this effect. Thus, the overexpression of
hsa-miR-622 in colon cancer cells inhibits the Rb protein, thus inactivating the Rb-E2F1-
P/CAF complex, whose participation is a key moment in the activation of proapoptotic
genes [52].

In the development and homeostasis process, apoptosis plays a significant role. There
are two ways of separating the apoptotic process: external and internal. A series of
cascading proteases are triggered by each pathway, and cell death occurs eventually.
Tumor cells have the capacity to inhibit apoptosis and thus support the survival of cells.
In response to a broad range of endogenous and exogenous signals, including DNA damage,
hypoxia, ribosome biogenesis inhibition, food starvation, ribonucleotide triphosphate
depletion, and oncogene activation (C-Mus, RAS, and E2F-1), p53 is activated. p53 causes
cell cycle arrest, apoptosis, or aging, depending on the cell type, environmental background,
and degree of stress, to avoid the spread of damaged cells that may potentially become
cancerous [53].

In tumorigenesis, microRNAs are important apoptosis regulators, and cancer cells
can control microRNAs in oncogenesis to regulate cell survival. miR-103 expression in
the carcinoma tissues of NSCLC patients was found to be increased. After knockdown of
miR-103, the number of apoptotic cells increased, the expression level of the proapoptotic
protein Bax increased, and the level of the antiapoptotic protein Bcl-2 decreased in A549
and H23 cell lines. In addition, the level of FBW7 protein was increased after the miR-103
knockdown. F-box and WD repeat domain-containing 7 (FBW7) is a tumor inhibiting
protein that can inhibit the emergence and development of numerous types of tumors by

212



J. Pers. Med. 2021, 11, 97

regulating the cycle, differentiation, apoptosis, proliferation, invasion, and migration of
tumor cells [54].

The induction of apoptosis in wild-type p53 cells is the responsibility of two BH3-only
NOXA and BMF proteins as new miR-197 targets, identifying miR-197 as a main survival
factor in NSCLC. The inhibition of miR-197 is, therefore, proposed as a new therapeutic
approach toward lung cancer [55]. The miR-197-3p profile was elevated in the tissues
of patients with lung adenocarcinoma. The inhibition of miR-197-3p expression led to
increased apoptosis through the activation of caspase-3/7 in lung adenocarcinoma cells.
The overexpression of miR-197-3p stimulated proliferation and did not block apoptosis
of human bronchial epithelial cells, thus suggesting that miR-197-3p expression has an
important role in malignant neoplasms [56].

The content of miR-17 was decreased in T2–T4 pathologic stage NSCLC tissues and SK-
MAS-1, A549, SPCA-1, H460, H1229, and HCC827 cell lines. Li et al. demonstrated that miR-
17-5p inhibited proliferation and caused apoptosis of H460 NSCLC cells, inhibiting TGFßR2,
which was significantly increased in NSCLC tissues and cell lines [57]. An experiment
was also conducted in paclitaxel-resistant lung cancer cells. Paclitaxel exerts a cytotoxic
effect, inducing apoptosis [58]. However, in drug-resistant cancer, tumor cells overcome
this cytotoxic effect of paclitaxel and become resistant to apoptosis. Increased miR-17-5p
expression and paclitaxel treatment induced apoptotic cell death in lung cancer cells [59].

An increased expression profile of miR-486 protected against PM2.5-induced cell
apoptosis in cell lines A549 [60]. Studies have shown that PM2.5 treatment can cause
cell apoptosis, cell necrosis, autophagy, DNA damage, mitochondrial damage, and gene
mutations in respiratory tract tissues [61]. Recently, the effect of propofol in the H1299 and
H1792 lung cancer cell lines and the role of miR-486 have been studied.

When treated with propofol in cell lines, the expression level of miR-486 increased,
and cell viability, when combined with propofol with an inhibitor of miR-486, was in-
creased compared to the control and propofol group. The authors indicated that increased
expression of miR-486 may contribute to the antitumor activity of propofol [62]. Increased
expression of the miR-486-5p profile blocked cell proliferation and invasion by repressing
GAB2 in non-small cell lung cancer [63].

The level of expression of miR-98 was reduced simultaneously in both tissues and cell
lines A549 and H12999 [63]. Tumor size, TNM level, lymph node metastasis, and survival
in pancreatic adenocarcinoma were associated with decreased miR-98 expression [64].
High miR-98 expression patients showed longer average survival than low miR-98 ex-
pression patients [65]. Inhibited miR-98 activated PAK1 (P21-activated protein kinase 1),
a biomarker of pulmonary cancer, which promotes NSCLC cell proliferation, migration,
and invasion [66].

2.2.3. MicroRNA and Angiogenesis in Lung Cancer

Different pro- or antiangiogenic factors manipulate angiogenesis, a key step in tumor
growth and metastasis. By modulating the expression of essential angiogenic factors,
microRNAs have recently been shown to modulate the angiogenic processes (Figure 1).
The function of microRNAs derived from tumors in controlling tumor vascularization
remains to be explained [67].

The targeting of PTEN and subsequent activation of the Akt/eNOS pathway mediates
the angiogenic effect of miR-494. Importantly, coculture experiments showed that, through
a microvesicle-mediated pathway, a lung cancer cell line, A549, secreted and delivered miR-
494 into endothelial cells. In addition, in response to hypoxia, the expression of miR-494
was induced in tumor cells, possibly through the HIF-1 alpha-mediated mechanism [68].

A mimic miR-128 significantly suppressed the expression of vascular endothelial
growth factor (VEGF)-C. The overexpression of miR-128 in NSCLC cells and human en-
dothelial vein umbilical cells caused a reduction expression of VEGF-A, vascular endothe-
lial growth factor receptor 2, and VEGFR-3, essential factors critical for cancer angiogenesis
and lymphangiogenesis, and slightly declined the phosphorylation of extracellular signal-
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regulated kinase, phosphatidylinositol 3-kinase, and p38 signaling pathways [69]. miR-206
decreased the angiogenic efficiency of NSCLC by inhibiting the 14-3-3ζ/STAT3/HIF-
1α/VEGF pathway [70]. miR-135a decreased angiogenesis-related factors VEGF, bFGF,
and IL-8 in A549 cells by inhibiting IGF-1 [71].

2.2.4. MicroRNA and Metastasis in Lung Cancer

A large percentage of cancer deaths are associated with the metastasis of primary
tumors [72]. The invasion of cancer cells and the formation of metastases is a clinically
significant process. The molecular genetics and epigenetic mechanisms of this process are
the least studied at the moment.

The spread of tumor metastasis is a complex multistage process that includes the
invasion of cancer cells into the lumen of a blood or lymphatic vessel, migration, localization
in a new place, the growth of metastases, and the formation of additional blood vessels to
feed the metastatic foci.

Lung cancer is often diagnosed at an advanced stage with the formation of metas-
tases [73]. Tumors of the lung have preferred organs for metastasis—the brain, bones, liver,
and adrenal glands. Other organs may be affected in the terminal stage of the disease. It has
been observed that various histological types of lung cancer typically metastasize to specific
organs. In SCLC, metastasis is found mainly in the liver and brain, and adenocarcinoma in
the brain and bones, [74,75], while NSCLC affects mainly the bones, brain, adrenal glands,
liver, and lymphatic vessels [76].

Molecular genetics and epigenetic changes during metastasis are associated with the
epithelial–mesenchymal transition, which is activated by the activity of internal factors—
KRAS, Her2, MET, and EGFR, [77–81] as well as external factors TGF-β, EGF, HGF, PDGF,
TNF-α, and IL-6 [81]. The role of microRNAs in metastasis was first reported by Ma et al.,
who found that the overexpression of miR-10b promotes the formation of lung metastases
in breast cancer [82]. miR-10b also exhibits oncogenic activity and is involved in the
metastasis of NSCLC (Figure 1). The expression of miR-10b in lymphatic vessel metastases
was significantly higher compared to the primary tumor in the lungs [83].

The role of miR-646 in the development of metastases in renal cancer [84] and gastric
cancer [85] is ambiguous. MiR-646 exhibits tumor suppressive properties in pancreatic
cancer [86]. TRIM44 activates the AKT/mTOR signal pathway to induce melanoma pro-
gression by stabilizing TLR4. Zhang et al. showed that miR-646 can inhibit proliferation
and invasion and can suppress the EMT of NSCLC cells in mice. The FGF2 and CCND2
genes are targets for miR-646. Overexpression of miR-646 significantly suppressed the
expression of mRNA and protein FGF2 and CCND2 in NSCLC cell lines [87].

Li et al. showed that overexpression of miR-182 promoted the expression of E-cadherin,
which led to the inhibition of EMT. MiR-182 also suppresses AKT phosphorylation and
accumulation of the Snail transcription factor, which initiates EMT in lung cancer cells.
As mentioned above, the hepatocyte growth factor HGF activates EMT by activating the
Met signaling pathway, which, as a result, increases the invasive and metastatic potential
of cells. It has been shown that miR-182 can directly bind to Met, thereby negatively
regulating Met expression and reducing lung tumor metastasis [88].

miR-7-5p inhibits the proliferation, migration, and invasion of tumor cells by regulat-
ing the expression of genes associated with EMT both in vitro and in vivo. miR-7-5p also
suppresses NSCLC metastasis by acting on NOVA2 [89], which presumably disrupts the
angiogenesis of the resulting metastases and inhibits their further growth [90].

Liao et al. found a decrease in the miR-206 levels in NSCLC. The oncosuppressive
mechanism of miR-206 is that this microRNA inhibits the development of NSCLC metas-
tases through the negative regulation of the actin-binding protein coronin 1C (CORO1C) [91].
CORO1C knockdown significantly reduced the ability of cells to grow and metastasize in
gastric [92] and breast cancer [93].

Decreased expression of miR-335-5p and increased expression of the ROCK1 oncogene
was observed in NSCLC metastases to lymphatic vessels. The overexpression of miR-335-
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5p led to inhibition of TGF-β1-mediated EMT in NSCLC as a result of downregulation
of ROCK1 [94]. ROCK1 is also known to reduce PTEN activation/phosphorylation and
then phosphorylate PI3K/AKT, which leads to the phosphorylation of FAK tyrosine kinase,
which plays a key role in cell adhesion and in stimulating cell migration and invasion [95].

2.2.5. MicroRNAs Participating in Epithelial–Mesenchymal Transition (EMT)

A significant decrease in the miR-126-3p expression in NSCLC cell lines and tissues
and an increase in the miR-126-3p levels suppressed the migration and invasion of cancer
cells (Figure 1). Studies demonstrated that miR-126-3p inhibited NSCLC cell growth and
metastasis by acting on chemokine receptor 1 (CCR1) [96]. miR-192-5p was significantly
reduced in patients with metastatic lung cancer [97]. This microRNA reduces the migration
and invasion of lung cancer by inhibiting TRIM44, which induces EMT by activating the
AKT/mTOR signaling pathway [98]. This mechanism of metastasis was also observed in
melanoma [99] and esophageal cancer [100].

miR-625 is a suppressor in NSCLC. There was a decrease in miR-625 expression found
in NSCLC tissues, which likely contributes to tumor progression and metastasis due to
EMT activation via the PI3K/AKT/Snail signaling pathway [101]. Overexpression of miR-
652-3p was found in tumor tissues of patients with NSCLC and was significantly higher in
patients with lymph node metastases. The probable mechanism of metastasis is the binding
of miR-652-3p mRNA of the Lgl1 protein, which promotes cell adhesion and inhibits
cell migration by suppressing the expression of MMP2 and MMP14 and re-expression of
E-cadherin [102].

Xia et al. noted that miR-143 suppressed NSCLC cell proliferation, induced apoptosis,
and suppressed migration and invasion in vitro. Limk1 has been identified as a direct
target for miR-143 [103]. Decreases in the Limk1 levels were also noted in prostate [104]
and breast [105] cancers. miR-98-5p inhibits translation of the messenger RNA encoding
TGFBR1, which is involved in the regulation of cellular processes, including motility, differ-
entiation, adhesion, division, and apoptosis. Decreased TGFBR1 levels led to proliferation,
migration, and invasion in A549 and H1299 cell lines [106].

2.2.6. MicroRNAs and DNA Repair in Lung Cancer

Asbestos-related lung cancer has been made of a result of various mutations, lesions
caused by DNA-damaging ROS [107]. Typically, DNA damage is recognized and repaired
by the DNA repair machinery. When DNA repair fails, the genomic integrity of the cell is
disrupted and this can lead to cancer. Recent studies have suggested that microRNAs take a
one of the important part in the regulation of the DNA repair network (Figure 1) [108–110].

An example miR-138 knockdown facilitates DNA damage repair, while miR-138
overexpression inhibits DNA damage repair in small-cell lung cancer (SCLC) cells due
to a decrease in the level of H2AX expression, and as a result of miR-138 overexpres-
sion, reduction of cell growth and a significant inhibition on cell-cycle progression was
detected [111].

hsa-miR-526b also suppressed double-stranded breaks (DSB) repair by inhibition of
the Ku80, thus significantly suppressing the NSCLC growth both in vitro and in vivo [112].
Another study demonstrated that inhibition of ATM transcript by miR-27a lead to cell
survival and cell cycle progression of A549 cell line [113].

It was shown miR-24-3p plays a role as regulator of the cellular response to DNA
damage in pathogenesis of Chronic Obstructive Pulmonary Disease (COPD) which is
considered one of the risk factors for lung cancer. Nouws et al. have shown that miR-24-3p
suppressed homology-directed DNA repair by inhibition of BRCA1 expression in the cells
of parenchymal lung tissue [109].

miR-346 suppressed nucleotide excision repair (NER) by inhibition of the XPC, thus
caused promotion tumor growth of A549 cells in xenografts mice [110].
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Oncomir miR-34a negatively regulates the process of recombinant repair in NSCLC
cells by binding to the 3′-untranslated region of RAD51 [114]. RAD51 expression was also
significantly reduced in cells overexpressing hsa-miR-96-5p [115].

Mairinger et all. have shown that miR-125b-5p, miR-21-5p and miR-222-3p expression
inversely correlates to PARP1 mRNA expression [108]. Lai et al. showed that miR-7-
5p expression levels were significantly reduced in Dox-resistant SCLC cells. miR-7-5p
inhibited Dox-induced homologous DSB repair by suppressing the expression of Rad51
and BRCA1 by inhibiting PARP1 [116]. It is interesting, that asbestos activates PARP1
which caused accumulation of single-stranded breaks (SSB) lesions in human mesothelial
cells [117].

Table 1. OncomiRs in lung cancer.

MicroRNA MicroRNA Targets and Mechanism
Role in Car-
cinogenesis

Ref.

1 2 3 4 5

1

cluster of
microRNA
miR-17-92
(miR-18a,
miR-19a,
miR-19b,

miR-20a and
miR-92a)

miR-19a, miR-19b-1 hsa-miR-20a, and miR-92a inhibit
translation of the messenger RNA encoding the tumor

suppressor PTEN, enhancing cell proliferation and survival.
miR-20a targets RNA encoding the E2F2/E2F3 transcription
factors, which play a leading role in the regulation of the cell

cycle. Repression of the TGF-β antiproliferative signaling
pathway: miR-17 and miR-20a target TGF-β-receptor II

(TGFBRII), miR-18a targets the participants of this signaling
pathway Smad2 and Smad4; miR-18a and miR-19 directly

inhibit the antiangiogenic factor thrombospondin-1 (TSP-1).

Proliferation,
cell survival,
angiogenesis

[35]

2 miR-155

Inhibits translation of the messenger RNA encoding SHIP1
(negative regulator of proliferation) to promote cell growth;

C/EBPβ (transcriptional activator for mir-143, which targets one
of the main glycolysis enzymes—hk2); TP53INP1 (tumor

suppressor regulating autophagy and apoptosis) leads to the
inhibition of cell death; MSH2 and MSH6 (key misfit repair

proteins) lead to decreased repair; FOXO3 (a transcription factor
that regulates genes whose products are involved in

apoptosis—for example, Bim and PUMA) leads to avoidance of
apoptosis, SOCS1 (negative regulator of cytokine signal

transduction) leads to increased proliferation; increases TNF-α
levels by binding to the 3′ UTR region of mRNA and increasing

transcript stability;
with the participation of histone deacetylase HDAC2, represses

BRCA1 transcription, which leads to a decrease in repair

Inhibition of
apoptosis,

proliferation
metastases,

Warburg effect

[42–44]

3 miR-125b
Inhibits translation of the messenger RNAs encoding p53 and

proapoptotic proteins Bak1 and Puma; inhibits translation of the
messenger RNA encoding the oncosuppressor p14ARF

Avoidance of
apoptosis,

proliferation
[50]

4 miR-504 Inhibits translation of the messenger RNA encoding p53
Avoidance of

apoptosis,
proliferation

[49]

5 miR-622 Inhibits translation of the messenger RNA encoding Rb protein
Avoidance of

apoptosis
[52]

6 miR -103
Inhibits translation of the messenger RNA encoding

proapoptotic protein Bax
Avoidance of

apoptosis
[54]

7 miR-197
Inhibits translation of the messenger RNA encoding NOXA and

BMF
Avoidance of

apoptosis
[55,56]
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Table 1. Cont.

MicroRNA MicroRNA Targets and Mechanism
Role in Car-
cinogenesis

Ref.

1 2 3 4 5

8 miR-494
Inhibits translation of the messenger RNA encoding PTEN and

subsequent activation of the Akt/eNOS pathway
Angiogenic

effect
[68]

9 miR-222
Inhibits translation of the messenger RNA encoding

cyclin-dependent kinase inhibitor p27Kip1
Proliferation [46,47]

10 miR-10b
Inhibits translation of the messenger RNA encoding the

homeobox D10, which increases expression prometastatic gene
RHOC

Lung
metastases

[83]

11 miR-652-3p

Inhibits translation of the messenger RNA encoding the Lgl1
protein, which promotes cell adhesion and inhibits cell

migration by suppressing the expression of MMP2 and MMP14
and the re-expression of E-cadherin

Metastases [102]

12 miR-98-5p Inhibits translation of the messenger RNA encoding TGFBR1

Proliferation,
migration and

invasion of
A549 and
H1299 cell

lines

[64]

13 miR-27a Inhibits translation of the messenger RNA encoding ATM
Cell survival
and cell cycle
progression

[113]

14 miR-346 Inhibits translation of the messenger RNA encoding XPC
Promotion

tumor growth
[110]

Table 2. Oncosuppressive microRNAs in lung cancer.

MicroRNA MicroRNA Targets and Mechanism
Role in Car-
cinogenesis

Ref.

1 2 3 4 5

1 Let-7
Inhibits translation of the messenger RNAs encoding

oncogenes, such as KRAS, NRAS, MYC, HMGA2, and MCT

Inhibits
proliferation,

inhibits
PI3K-mTOR

signaling
pathway

[37]

2 miR-34

Inhibits translation of the messenger RNA encoding the
N-MUS oncogene; cyclin-dependent kinases CDK4 and

CDK6; transmembrane receptor protein NOTCH1, involved
in the signaling pathway of cancer stem cells; ubiquitin

ligase MDMX, involved in p53 degradation; antiapoptotic
protein BCL2; sirtuin 1 (SIRT1 gene) involved in p53

degradation; transcription factor E2F3; transcription factors
involved in self-renewal of undifferentiated embryonic stem
cells: NANOG and SOX2; an integral cellular glycoprotein

that plays an important role in cell–cell interactions, cell
adhesion, and CD44 migration

Inhibits
proliferation,
promotes cell

cycle arrest
and apoptosis

[48]
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Table 2. Cont.

MicroRNA MicroRNA Targets and Mechanism
Role in Car-
cinogenesis

Ref.

1 2 3 4 5

3 miR-126
Inhibits translation of the messenger RNA encoding S1PR2,
thereby inhibiting the PI3K/Akt signaling pathway; inhibits

tumor angiogenesis by targeting VEGF-A

Inhibits
proliferation

and
angiogenesis

[38,39]

4 miR-17-5p
Inhibits translation of the messenger RNA encoding

TGFßR2, which is significantly increased in NSCLC tissues
and cell lines

Inhibits
proliferation,

causes
apoptosis of

H460 NSCLC
cells

[59]

5 miR-98
Inhibits translation of the messenger RNA encoding PAK1,
which promotes NSCLC cell proliferation, migration, and

invasion

Inhibits
proliferation

[66]

6 miR-128
Inhibits translation of the messenger RNA encoding

VEGF-A, vascular endothelial growth factor receptor 2, and
VEGFR-3

Inhibits
angiogenesis

[69]

7 miR-206 Inhibits the 14-3-3ζ/STAT3/HIF-1α/VEGF pathway
Inhibits

angiogenesis
[70]

8 miR-135a Decreased angiogenesis-related factors VEGF, bFGF, and IL-8
Inhibits

angiogenesis
[71]

9 miR-145
Inhibits translation of the messenger RNA encoding

mTOR/p70S6K1
Inhibits

proliferation
[41,42]

10 miR-646
Inhibits translation of the messenger RNA encoding FGF2

and CCND2

Inhibits
proliferation,
invasion, and
suppress EMT

of NSCLC
cells in mice

[87]

11 miR-182

Suppresses AKT phosphorylation and accumulation of the
Snail transcription factor, which initiates EMT in lung cancer

cells.
Inhibits translation of the messenger RNA encoding the Met

Promotes the
expression of
E-cadherin,

which leads to
inhibition of

EMT

[88]

12 miR-7-5p
Inhibits translation of the messenger RNA encoding NOVA2,

which disrupts the angiogenesis

Inhibits
proliferation,

migration,
and invasion

of tumor

[89]

13 miR-206
Inhibits translation of the messenger RNA encoding the

actin-binding protein coronin 1C (CORO1C)

Reduces the
ability of cells
to grow and
metastasize

[91]

14 miR-335-5p Inhibits translation of the messenger RNA encoding ROCK1

Leads to
inhibition of

TGF-β1-
mediated

EMT

[94]
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Table 2. Cont.

MicroRNA MicroRNA Targets and Mechanism
Role in Car-
cinogenesis

Ref.

1 2 3 4 5

15 miR-126-3p
Inhibits translation of the messenger RNA encoding

chemokine receptor 1 (CCR1)

Inhibits
NSCLC cell
growth and
metastasis

[96]

16 miR-192-5p Inhibits translation of the messenger RNA encoding TRIM44
Reduces

migration and
invasion

[97]

17 miR-143 Inhibits translation of the messenger RNA encoding Limk1

Suppresses
NSCLC cell

proliferation,
induced

apoptosis, and
suppresses

migration and
invasion
in vitro

[103]

18 miR-138 Inhibits translation of the messenger RNA encoding H2AX

Inhibition on
cell-cycle

progression
and cell grow

[111]

19 hsa-miR-526b Inhibits translation of the messenger RNA encoding Ku80
Suppresses

NSCLC
growth

[112]

3. MicroRNAs as Biomarkers of Environmental Factors

As shown in several studies, the microRNA profile can change due to exposure to
both chemicals [118,119] and physical environmental factors [120–123]. Ionizing radiation
can cause changes in the microRNA expression profile in human fibroblasts [124] and
immortalized cell lines [125]. Changes in the expression of microRNAs under the influence
of radiation have a dose-dependent effect [126], which indicates the possibility of using
microRNAs as biomarkers of radiation exposure [127]. Cui and colleagues showed that
the expression profile of several microRNAs in BEAS2B cells changed upon exposure to
radon [128].

We examined 136 subjects, including 49 patients with lung cancer exposed to radon,
37 patients with lung cancer without radon exposure, and 50 volunteers as a control group.
The level of free-circulating microRNA hsa-miR-19b-3p was significantly higher in groups
of patients with lung cancer compared with healthy individuals. However, no differences
were found in the expression level of hsa-miR-19b-3p between patients with radon-induced
lung cancer and those who were not exposed to radon. These results indicate that the
detection of hsa-miR-19b-3p levels in blood plasma can potentially be used as a noninvasive
method for diagnosing lung cancer. However, this microRNA is not suitable as a biomarker
for radon exposure [129].

Considering that asbestos is one of the causes of lung cancer and that microRNAs are
involved in carcinogenesis, the study of the role of microRNAs in asbestos-induced lung
damage is relevant.

4. Asbestos and MicroRNA

Extensive research over the past several decades has identified many important
pathogenic mechanisms of asbestos fibers for lung cancer; however, the exact molecular
mechanisms involved and the cross-linkages between the pathways involved are not fully
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understood. The significant presence of asbestos in buildings, combined with a long
latency period of 30–40 years between exposure and pulmonary toxicity, suggests that
asbestos-related lung disease will continue to spread in all countries.

Many studies have examined microRNAs associated with asbestos-induced genetic
and epigenetic changes in mesothelioma (highly specific cancer induced by exposure
to asbestos) [17,20,130–132]. Thus, it was shown that asbestos causes the overexpres-
sion of seven microRNAs (miR-374a, miR-24-1, let-7d, Let-7e, miR-199b-5p, miR-331-3p,
and miR-96) in lung tumors (Figure 1), and five microRNAs (miR-939, miR-671-5p, miR-
605, miR-1224-5p, and miR-202) demonstrate reduced expression under the influence of
asbestos [17,21,131,132]. MicroRNAs whose expression profile changes under the influence
of asbestos are shown in Table 3.

Santarelli et al. [132] recently established that four microRNAs, namely, miR-126,
miR-205, miR-222, and miR-520g, are involved in asbestos-related malignant diseases.
Notably, increased expression of miR-126 and miR-222 has been found in asbestos-exposed
subjects, and both microRNAs are involved in major pathways associated with cancer
development. Epigenetic changes and cross-linking between cancer and stroma can induce
miR-126 repression to facilitate tumor formation, angiogenesis, and invasion.

The study included four patient groups, including patients with asbestos and non-
asbestos-related non-small cell lung cancer or malignant pleural mesothelioma, as well
as healthy subjects. Selected microRNAs were evaluated in the asbestos-exposed popu-
lation. This study indicated that microRNAs are potentially involved in asbestos-related
malignancies, and their expression describes the mechanisms by which microRNAs may
be involved in the asbestos-induced pathogenesis of bronchopulmonary diseases [132].

Nymark and coauthors [130] investigated 26 tumors from highly asbestos-exposed
and untreated patients and from normal lung tissue control samples that were analyzed
for microRNA expression data. They found thirteen microRNAs associated with asbestos,
and, among them, eight microRNAs were overexpressed: miR-148b, miR-374a, miR-24-1,
Let-7d, Let-7e, miR-199b-5p, miR-331-3p, and miR-96 and five were downregulated: miR-
939, miR-671-5p, miR-605, miR-1224-5p, and miR-202. New microRNAs associated with
asbestos and histology were identified.

In addition, an inverse correlation of specific target genes was found using an integra-
tive analysis of microRNA and mRNA data from the same patient samples.

A link between the hypermethylation of promotor DNA and inflammation has been
shown in many forms of cancer, including asbestos-related lung cancer [133,134]. Molecular
genetic analysis have shown changes in the number of DNA copies, changes in the profiles
of many microRNAs, and dysregulation of the expression of certain genes in asbestos-
associated lung cancer [130,133,134]. However, how asbestos fibers directly or indirectly
affect cells in lung cancer and how they interact with cells at the molecular level is currently
not known [17].

Asbestos causes pulmonary toxicity, and thus there are several molecular changes:
the generation of ROS, which causes tissue and cell damage, apoptosis of alveolar macrophages,
and the release of various cytokines and chemokines.

Transcription factors and the tumor suppressor protein p53 are involved in destroying
cellular response DNA, causing mitochondrial dysfunction and apoptosis. Activated
p53 affects various genes that inhibit cell growth and partially promote apoptosis due
to the mitochondrial-regulated pathway of death [135]. The TP53 oncosuppressor gene,
localized on chromosome 17p13, is expressed in all cell types and encodes the p53 protein,
which serves as a transcription factor [136]. Several studies have been performed on
the genotoxicity and function of TP53 in the pathogenesis of lung cancer and pleural
mesothelioma [136–138].

Mitochondrial dysfunction and apoptosis in p53-dependent transcription in an asbestos-
induced A549 cell line was determined. When the human papillomavirus E6 protein was
transfected to A549 cells, the E6 protein inhibited the function of the p53 gene and lost
checkpoint in G1 control. A549-empty vector cells exposed to asbestos revealed dose-
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dependent mitochondrial dysfunction and apoptosis. Panduri et al. demonstrated that
asbestos promoted p53 activity, mRNA levels, protein expression, and translocation of
Bax and p53 mitochondria. Inhibitors of p53-dependent transcriptional activation blocked
asbestos-induced A549 cell activation of caspase 9 and apoptosis [138].

miR-30d expression levels were decreased in plasma subjects exposed to asbestos,
the mesothelial cell line NCI-H2452, and the normal mesothelial cell line MeT-5A treated
with chrysotile. After transfection of miR-30d to the NCI-H2452 cell line, a percentage
difference in G1/S/G2 stages was not found; however, the overall rate of apoptosis in-
creased [139]. The expression of miR-30d was reduced in NSCLC tissue, and the NSCLC
stage I/II was upregulated compared with the NSCLC stage III. Hosseini et al. proposed
that this expression level could distinguish between different stages of malignancies [140].

In vitro experiments indicated that miR-30d could attenuate the proliferation and
viability of NSCLC cells [141]. The aberrant expression of miR-30a in lung cancer stimu-
lated the expression of myocyte enhancer factor 2D (MEF2D) protein [142]. The myocyte
enhancer factor 2 (MEF2) family of human transcription factors, consisting of four sub-
types, MEF2-A, -B, -C, and -D, has a diversity of functions in different tissues and has been
implicated in numerous diseases. MEF2s play an important role in the activation of the
genetic processes that control the cell differentiation, proliferation, and apoptosis in lung
cancer. miR-30a prevented the growth and formation of lung cancer cells in a colony by
inducing apoptosis [143,144].

Research demonstrated that c-Met, which triggers cell growth in tumor formation,
was activated through the suppression of p53-regulated miR-34a in mouse malignant
mesothelioma cells [145]. miR-34 also regulated the SNAIL1 gene in EMT in A549 cell lines
and targeted an essential p53 tumor suppressor [146].

Researchers found that aberrant methylation and silence of miR-34b and miR-34c
were observed in asbestos-induced pleural mesothelioma [147]. In lung cancer, the AXL
tyrosine kinase receptor is often overexpressed. Via the JNK pathway, the AXL tyrosine
kinase receptor activated the ELK1 transcription factor. ELK1, in turn, controlled miR-34a
expression by direct activation of the promoter, and miR-34a returned to suppress AXL
mRNA. JNK1 overexpression significantly decreased the expression of AXL and caused G1
arrest and apoptosis in lung cancer cells [148]. This allows us to conclude that miR-34 may
be involved in the pathogenesis of asbestos-induced lung cancer.

Weber et al. showed that, in the blood of malignant mesothelioma patients exposed
to asbestos, miR-20a and miR-103 were downregulated [149]. As we noted above, both of
these microRNAs play the role of oncomiRs in the development of lung cancer [35,53], which
suggests the presence of different mechanisms of carcinogenesis during the development
of asbestos-induced mesothelioma and asbestos-induced lung cancer with the participation
of microRNAs.

It is known that asbestos promotes the generation of ROS, which caused the formation
of DSB [150,151]. As a result of DSB, changes occur in the chromatin structure, which leads
to phosphorylation of the nucleosomal protein H2A and further damage repair. Msiska
et al. showed an increase in the amount of γ-H2AX in human lung cell lines (SAE) and
lung adenocarcinoma cells (A549) as a result of asbestos-induced DSB formation [152].
Accumulation of γ-H2AX in both cell lines suggests either impaired DSB repair or long-
term production of ROS due to asbestos exposure. It should be noted that the level of
γ-H2AX in normal cells was higher than in A549. Histone H2AX plays an important role
in apoptosis. Xu et al. showed that knockdown of H2AX in A549 cells affects miR-3196
expression. miR-3196 inhibits apoptosis in A549 cells by acting on the PUMA protein.
γH2AX binds to the miR-3196 promoter, inhibits the binding of RNA polymerase II to the
miR-3196 promoter, leading to inhibition of miR-3196 transcription [153]. Histone H2AX
has been identified as a target for miR-138 [111]. However, there is no information on the
change in the expression level of this microRNA due to asbestos exposure. Further research
is needed to determine the role of microRNAs involved in DNA repair network in the
pathogenesis of asbestos-related lung cancer.
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In total, we identified 20 microRNAs, whose expression changed upon exposure to
asbestos (Table 3).

Table 3. MicroRNAs whose expression profile changed under the influence of asbestos.

MicroRNA
Expression

Level
Type of
Cancer

Sample Ref.

1 miR-374a Overexpression Lung cancer Lung tissue [130]

2 miR-24-1 Overexpression Lung cancer Lung tissue [130]

3 let-7d Overexpression Lung cancer Lung tissue [130]

4 let-7e Overexpression Lung cancer Lung tissue [130]

5 miR-199b-5p Overexpression Lung cancer Lung tissue [130]

6 miR-331-3p Overexpression Lung cancer Lung tissue [130]

7 miR-96 Overexpression Lung cancer Lung tissue [130]

8 miR-148b Overexpression Lung cancer Lung tissue [130]

9 miR-126 Overexpression Lung cancer serum [132]

10 miR-222 Overexpression Lung cancer serum [132]

11 miR-939
down

regulation
Lung cancer Lung tissue [130]

12 miR-671-5p
down

regulation
Lung cancer Lung tissue [130]

13 miR-605
down

regulation
Lung cancer Lung tissue [130]

14 miR-1224-5p
down

regulation
Lung cancer Lung tissue [130]

15 miR-202
down

regulation
Lung cancer Lung tissue [130]

16 miR-30d
down

regulation
Lung cancer Lung tissue [140]

17 miR-34b
down

regulation
mesothelioma serum [147]

18 miR-34c
down

regulation
mesothelioma serum [147]

19 miR-20a
down

regulation
mesothelioma blood [149]

20 miR-103
down

regulation
mesothelioma blood [149]

Comparative analysis of the microRNAs involved in the development of lung cancer
and microRNAs whose expression profile changed upon exposure to asbestos made it
possible to identify three microRNAs as possible biomarkers of asbestos-induced lung
cancer: miR-222, miR-34b, and miR-34c (Figure 2).
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Figure 2. Asbestos-related lung cancer microRNAs.

Three microRNAs (let-7d, let-7e, and miR-126), which act as tumor suppressors
and reduce the risk of developing lung cancer, had an increased level of expression in
individuals exposed to asbestos. This indicates the need to study the role of microRNAs
in asbestos-induced lung cancer and possibly a different mechanism of carcinogenesis
in a malignant different mechanism of carcinogenesis in malignant mesothelioma and
lung cancer.

Most of the reviews, including systematic reviews [154], devoted to the issue of the
relationship of asbestos and microRNAs precisely highlight the changes in the microRNA
profile in mesothelioma; however, as we can see, this does not always correspond to lung
cancer induced by asbestos.

As this review has shown, further studies are needed to answer the question of
whether it is possible to use microRNAs as biomarkers of lung damage caused by asbestos
for the diagnosis of lung cancer.
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Abstract: Small non-coding RNA molecules (miRNAs) play an important role in the epigenetic
regulation of gene expression. As these molecules have been repeatedly implicated in human cancers,
they have been suggested as biomarkers of the disease. Additionally, miRNA levels have been
shown to be affected by environmental pollutants, including airborne contaminants. In this review,
we searched the current literature for miRNAs involved in lung cancer, as well as miRNAs dereg-
ulated as a result of exposure to air pollutants. We then performed a synthesis of the data and
identified those molecules commonly deregulated under both conditions. We detected a total of
25 miRNAs meeting the criteria, among them, miR-222, miR-21, miR-126-3p, miR-155 and miR-425
being the most prominent. We propose these miRNAs as biomarkers of choice for the identification
of human populations exposed to air pollution with a significant risk of developing lung cancer.

Keywords: air pollution; biomarker; exposure; human; lung cancer; miRNA

1. Introduction to miRNA

1.1. Basic Information on miRNA

Small non-coding microRNA molecules (miRNAs) were the most studied RNA

throughout the last decade. The history of their research started in 1993 in Victor R.
Ambros’ laboratory, during an investigation of the developmental pathways of the soil
nematode Caenorhabditis elegans, when lin-4 miRNA, the first miRNA, was described [1].
These single-strand, approximately 22 nucleotide long RNA molecules, which play a crucial
role in the epigenetic regulation of gene expression, represent a broad group of nucleic acids
described in various species including humans. Regarding miRNAs role in the process
of effectivity of translation, these molecules attract the interest of numerous researchers
from various fields of biomonitoring research. At the end of 2020, more than 27 years
after miRNA discovery, almost 112,000 research articles focused on miRNA molecules can
be identified in the PubMed database. This intensive research contributes to revealing
new miRNAs every year. Their database, including miRNA sequences, is updated in the
miRbase biological catalogue [2]. The latest version released in March 2018 (v22) con-
tains sequences from 48,860 mature miRNAs of various species including 2656 molecules
relevant to humans [3,4].

Besides mature miRNAs, many immature miRNA molecules are present in cells dur-
ing their development, as their maturation is a relatively complex process [5,6]. Their
biogenesis starts in the nucleus by transcription of the primary miRNA (pri-miRNA),
which is an approximately 500-3000 bases long molecule created by transcription of the
miRNA gene or intron by RNA polymerase II or III. This process is followed by cleavage
of pri-miRNA to an approximately 70 base long precursor miRNA (pre-miRNA) by the
Drosha-Pasha (DGCR8) complex. The steps that follow in cytoplasm are started by the

231



J. Pers. Med. 2021, 11, 60

export of pre-miRNA from the nucleus by the protein Exportin 5. The next step of matura-
tion; the cleavage of pre-miRNA hairpin to miRNA duplex form, is assisted by RNase III
enzyme Dicer, bound to the dsRNA-binding TRBP protein. Finally, this double stranded
RNA duplex is transformed into a functional, mature single stranded form of miRNA to-
gether with Argonaute proteins. Formation of the RNA-induced silencing complex (RISC)
with mature miRNA follows. It has a crucial role in miRNA function related to mRNA
degradation in the case of perfect complementarity, or inhibition of translation in the case
of non-complementarity of thereof.

miRNA nomenclature has evolved to distinguish mature sequences (denoted miR-XX)
from precursors (mir-XX), as well as mature identical sequences originating from different
genes (miR-XX-1; miR-XX-2). Adding a lower case letter (a, b . . . ) at the end of the molecule
name indicates a close relation among miRNAs with the same number differing only by
one or two nucleotides (miR-XXa/b). The -3p or -5p suffix at the miRNA name indicates
that miRNAs are excised on the 3′ or 5′ end of the same precursor, respectively (miR-XX-3p;
miR-XX-5p) [7].

1.2. Methodological Approaches for miRNA Investigation

Along with knowledge of the processes of miRNA maturation and expression, two
important aspects should be considered during the planning of human biomonitoring
studies. First, the selection of biological material used in the particular study is crucial,
as the expression machinery substantially differs between tissue and biological fluids,
as plasma or urine. Second, a selected methodological approach can impact the overall
interpretation of the results. To date, three major methodological strategies of miRNA
analysis have been used. They are based on amplification, hybridization, or sequencing
protocols [8–10]. Their choice for individual studies strongly depends on the aim of the
experiment, the quality and quantity of samples as well as on the budget of the researcher.

Among amplification-based approaches, quantitative real-time polymerase chain
reaction (qRT-PCR) is the most available method, which is still considered the gold standard
due to its specificity, accuracy, sensitivity, and relatively low price. This approach can be
used for individual miRNA detection, as well as for predefined sets of a few hundred
molecules in an array format. Two variants of qRT-PCR differing in cost, nucleotide
labeling and specificity are commonly used: CYBR Green or TaqMan. The CYBR Green
approach is cheaper but there is a possibility of non-specific dsDNA-fluorescent dye
binding which may negatively affect the results. In contrast, the TaqMan assays work
based on a dual labeled oligonucleotide and exonuclease activity of Taq polymerase enzyme
which increase the specificity [11]. However, to assure accuracy, for both qRT-PCR variants
normalization of the data to the expression of an internal reference gene is mandatory. The
reference gene, usually a housekeeping or another constitutively expressed gene, should
be stably expressed in different cell types and under various experimental and treatment
conditions [12].

The hybridization method represents a more advanced approach that is based on
binding of miRNAs in a sample to specific complementary probes immobilized on surface
of glass slides (microarrays). The current microarrays available on the market allow for the
detection of a relatively high number of human miRNAs included in the previous version
of miRNA release (v21 = 2549 miRNAs). However, this approach is limited to the already
described miRNAs only. Additionally, due to the risk of false-positive results, verification of
the data by qRT-PCR is required. The sequencing strategy by next generation sequencing
(NGS) allows for the analysis of a full set of small RNA including miRNAs presented in a
sample with the possibility to discover novel miRNAs, or other non-coding RNAs. The
relatively high cost and demanding data processing could be a limitation for application in
some studies.
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1.3. miRNA as a Biomarker

Specific miRNA pattern has been repeatedly used as a biomarker of various diseases,
including cardiovascular, neurodegenerative, or retinal disorders, as well as cancer [13–15].
The presence of specific miRNAs serves as an important diagnostic, prognostic, and
therapeutic marker especially in relation to various cancers. Even though this record only
started in 2002 when the deregulation of miR-15 and miR-16 was described in patients
with chronic lymphocytic leukemia (CLL) [16], more than 53,000 studies have already been
published according to a PubMed database search for keywords: “miRNA” and “cancer”.

Various environmental and chemical exposures affect humans on a daily basis. These
stressors are considered important risk factors for disease development. According to
the World Health Organization (WHO), air pollution exposure is considered the greatest
environmental risk factor of ill health [17]. The most recent data (related to year 2016)
estimates that 4.2 million premature deaths occur each year due to outdoor air pollu-
tion and 3.8 million deaths are related to household air pollution. Among them, the
majority were associated with ischemic heart disease and stroke, pneumonia, chronic
obstructive pulmonary disease, and lung cancer which are estimated to account for more
than half a million cases per year. These facts along with new methodology development,
resulted in investigation of the epigenetic markers, including DNA methylation, miRNA
expression or histone modification.

Similar to the research on diseases, many exposure studies linked to various envi-
ronmental stressors revealed a specific miRNA expression pattern. The number of these
studies has also increased during recent years. More than 3000 reports can be found using
PubMed database search for keywords “miRNA” and “exposure”.

Nowadays, links between environmental exposure and risk of cancer related to

deregulation of specific miRNAs have also been described. Even though a huge number
of publications related to miRNA, environmental exposure and cancer have been published
and reviewed [18–23], we attempted to go deeper into these topics and concentrated
in detail on the narrower part of this research. The main aim of this review was to
find an intersection of specific miRNAs expressed in relation to (i) lung cancer, as the
most common cancer related to air pollution exposure (see Section 2), (ii) air pollution
exposure which is relevant to human populations living in polluted areas (see Section 3)
and identify the specific miRNA expression changes related to air pollution and potentially
leading to lung cancer. To fulfil the aim, we focused on particular exposure conditions in
studied populations (chronic, acute, or seasonally changed) including the concentrations
of environmental stressors (e.g., particulate matter (PM) of various aerodynamic diameter),
the age of the studied human population, as well as the methodological approach used for
miRNA pattern investigation due to their different complexity.

2. Lung Cancer and miRNA

Since the discovery of the relationship between miRNA deregulation and CLL [16],
many research groups have focused their attention to investigation of the connection
between miRNA and various cancers (reviewed by [24]).

The mechanisms of miRNA deregulation in cancer are frequently linked with alter-
ations in genomic miRNA copy number and gene locations. There are also other processes,
which could influence miRNA expression, such as dysregulation of key transcription fac-
tors, epigenetic modulation, or mutation or aberrant expression of any component of the
miRNA biogenesis pathway (reviewed by [25]). In cancer, miRNAs can serve as oncogenes
or tumor suppressors. The miRNA-suppressors inhibit oncogenes and/or apoptosis- or cell
differentiation-controlling genes which results in tumor suppression. On the contrary, the
miRNA-oncogenes support tumor development usually by inhibiting tumor suppressor
genes and/or genes involved in cell differentiation or apoptosis (reviewed by [26]). The
role of miRNAs (e.g., miR-126, miR-221, miR-222) in angiogenesis, an important process
associated with progression of several diseases, including cancer has also been reported.
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During angiogenesis, endothelial cells are activated and proliferate resulting in formation
of tubular structures and supporting tumor growth [27].

In 2004, the role of miRNA in human lung cancer was highlighted and connected to
shortened postoperative survival [28]. WHO classified lung cancer into two clinicopatho-
logical categories–contentious and intermittently metastatic small cell lung cancer (SCLC)
and the more prevalent but less destructive non-small cell lung cancer (NSCLC) [29]. Even
if new detection and therapeutic methods are in progress, lung cancer is often diagnosed
in the later stage with survival rate around 20% [30].

In 2015, Feng et al. reviewed the role and importance of miRNA deregulation for
lung cancer diagnostics and possible treatment. From previously published papers, they
concluded, that several miRNAs are highly expressed in NSCLC patients when compared to
healthy individuals but, on the other hand, other miRNAs are specifically under-expressed
in lung cancer cases [31]. Based on that, miRNAs could serve as biomarkers for early
detection of NSCLC which in effect could decrease the high risks of lung cancer deaths.

The searching of PubMed database for keywords “miRNA AND lung cancer AND
human cases” produced 284 hits. In order not to repeat the previously summarized data,
from the review mentioned above [31] until the present time, the number of publications
was reduced to 158. From this amount, we further excluded review articles, meta-analyses,
non-human or cell-based-only studies or studies where only cancer patients (without
controls) were involved. After this specification, 54 papers met the conditions: miRNA
expression was compared between lung cancer patients and healthy subjects (or other than
tumor tissue from NSCLC patients).

Overall, four various input materials were used for miRNA detection: blood (4 studies),
plasma (6 studies), serum (10 studies), and, the most common, tumor tissue (34 studies).
Patniak et al. (2017) suggested, that whole blood is probably not suitable for the later
miRNA quantification due to a lack of differences in expression levels based on microarray
and qRT-PCR [32]. In disagreement with this finding, two studies observed deregulated
miRNA in LC patients [33,34]. In the majority of reports (47) researchers utilized qRT-PCR
for the quantification of miRNA levels, in the remaining studies, microarrays [35–37] or
the novel method of PCR-droplet digital PCR [38–40] were used. For one study, only the
abstract, without this information, was available [41].

In addition to being a biomarker, which could reveal the early stage of LC, in more than
twenty publications the role of miRNAs in lung cancer development has been proposed.
Some miRNAs have been described as oncogenes: miR-675 was associated with NSCLC
progression through activation of nuclear factor-κB signaling pathway [42], miR-198-5p
was downregulated in the early stage of lung squamous cell carcinoma and could play an
important role via its target genes [43]. The metastasis suppressor 1 was repressed by miR-
29a which resulted in tumor proliferation [44], leucine zipper putative tumor suppressor
3 was deregulated due to its connection to miR-1275 [45] and the level of miR-99a-5p
was connected to poor survival in surgically resected lung adenocarcinoma specimen [46].
In the pulmonary adenocarcinoma, miR-210 and miR-183 were upregulated and served as
oncogenes [47].

Alternatively, the onco-suppressor role has been described for miR-218-5p, miR-
497, miR-34c due to their inhibition of cancer cell proliferation and migration [47–49],
as well as for miR-451 and its link with macrophage migration inhibitory factor [50]. The
onco-suppression was further linked with miR-219 that targets the high mobility group
AT-hook 2 [51], and with miR-504 that is upregulated and inhibits cell invasion and pro-
liferation [52]. The signal transducer and activator of transcription-3 is the direct target
of miR-454 [53] and the transforming growth factor β receptor 2 is downregulated by
miR-107 [54], other onco-suppressors.

Twelve miRNAs have been specifically proposed as possible therapeutic targets: miR-
34b-3p that targets cyclin-dependent kinase 4 [37]; miR-588 whose silencing causes the
increased expression of prostaglandin [55]; miR-103 that deregulates the programmed cell
death 10 [56]; miR-491-5p that might reduce the expression of matrix metallopeptidase 9 [57];
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miR-140-5p whose restoration may support the current LC therapies [58]; miR-12528 that
controls the insulin-like growth factor 1 receptor, which is overexpressed in most of the
cancer types [59]; miR-1260b that acts as onco-miRNA when inhibiting protein tyrosine
phosphatase receptor type kappa and therefore might serve as a novel target for treat-
ment [60]. The connection of p53 tumor-suppressor and miR-101 is important for tumor
suppression due to the link with nucleolar stress [61]. miR-196b-5p is involved in Quaking-
GATA binding protein 6-tetraspanin 12 pathway [62]. SRY-Box transcription factor 18 and
its mRNA levels are influenced by the deregulation of miR-7a and miR-24-3p [38,39] and the
expression of RUNX family transcription factor 2 is connected to miR23-b [63]. Therefore,
their deregulation is suggested as a potential therapeutic strategy.

Altogether, in the 28 remaining studies, 97 various miRNAs were suggested as being
biomarkers, which could help to reveal lung cancer in the early stages leading to a possible
survival rate increase. In the following paragraph, several studies with the most commonly
detected differentially expressed miRNAs are described. The total overview is summarized
in Table 1.

Table 1. An overview of studies focused on relationships between lung cancer and miRNA expression.

miRNA Tissue Patients Main Output Method Reference

let-7a-5p, miR-214-3p, miR-1291, miR-1-3p, miR-375 Serum 744 DB qRT-PCR [64]

miR-29a-5p, miR-4491, miR-542-3p, miR-135a-5p Blood 145 DB
Microarray
+ qRT-PCR

[33]

miR-2114, miR-2115, miR-449c Blood NS DB qRT-PCR [34]

miR-210-3p, miR-126-3p, miR-145, miR-205-5p Plasma 471 DB qRT-PCR [65]

miR-25 Plasma 114 DB qRT-PCR [66]

miR-26a-5p, miR-126-5p, miR-139-5p, miR-152-3p,
miR-200c-3p, miR-3135b, miR-151a-3p, miR-151a-5p,

miR-151b, miR-550a-3p
Plasma 437 DB qRT-PCR [67]

miR-339-5p, miR-21 Plasma 28 DB
Microarray
+ qRT-PCR

[68]

miR-532, miR-628-3p, miR-425 Plasma 201 DB qRT-PCR [69]

let-7c, miR-122, miR-182, miR-193a-5p, miR-200c,
miR-203, miR-218, miR-155, let-7b, miR-411,

miR-450b-5p, miR-485-3p, miR-519a, miR-642,
miR-517b, miR-520f, miR-206, miR-566, miR-661,
miR-340, miR-1243, miR-720, miR-543, miR-1267

Plasma 100 DB Microarray [35]

miR-107 Serum NS OS qRT-PCR [54]

miR-223 Serum 75 DB ddPCR [40]

miR-21-5p, miR-140-5p, miR-126-3p Serum 23 DB qRT-PCR [70]

miR-661 Serum 150 DB qRT-PCR [71]

miR-23b, miR-423-3p, miR-148b, miR-221 Serum 50 DB qRT-PCR [72]

miR-21 Serum 50 DB NS [41]

miR-22, miR-126 Serum 127 DB qRT-PCR [73]

miR-451, miR-1290, miR-636, miR-30c, miR-22-3p,
miR-19b, miR-486-5p, miR-20b, miR-93, miR-34b,

miR-185, miR-126-5p, miR-93-3p, miR-1274a,
miR-142-5p, miR-628-5p, miR-486-3p, miR-425, miR-645,

miR-24

Serum 253 DB Microarray [36]

miR-21 Serum 50 DB qRT-PCR [74]

miR-483-5p, miR-193a-3p, miR-25, miR-214, miR-7 Serum 221 DB
Microarray
+ RT-PCR

[75]
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Table 1. Cont.

miRNA Tissue Patients Main Output Method Reference

miR-196b-5p Tissue 713 PTT qRT-PCR [62]

miR-497 Tissue 15 OS qRT-PCR [49]

miR- 661-3p Tissue 12 DB qRT-PCR [76]

miR-99a-5p Tissue 50 OG qRT-PCR [46]

miR-29a Tissue 55 OG qRT-PCR [44]

miR-101 Tissue 200 PTT qRT-PCR [61]

miR-21 Tissue 89 DB qRT-PCR [77]

miR-1275 Tissue 70 OG qRT-PCR [45]

miR-12528 Tissue 20 PTT qRT-PCR [59]

miR-182-5p Tissue 23 DB qRT-PCR [78]

miR-491-5p Tissue 100 PTT qRT-PCR [57]

miR-1260b Tissue 26 PTT qRT-PCR [60]

miR-198-5p Tissue 23 OG
Microarray
+ qRT-PCR

[43]

miR-454 Tissue 67 OS qRT-PCR [53]

miR-504 Tissue 55 OS qRT-PCR [52]

miR-7a, miR-24-3p Tissue 25/50 PTT ddPCR [38,39]

miR-486-5p Tissue 262 DB qRT-PCR [79]

miR-140-5p Tissue 19 PTT qRT-PCR [58]

miR-103 Tissue 32 PTT qRT-PCR [56]

miR-219 Tissue 32 OS qRT-PCR [51]

miR-451 Tissue 72 OS qRT-PCR [50]

miR-375 Tissue 60 DB qRT-PCR [80]

miR-675 Tissue 92 OG qRT-PCR [42]

miR-34b, miR-34c Tissue 52 DB qRT-PCR [81]

miR-588 Tissue 85 PTT qRT-PCR [55]

miR-200a-3p, miR-200a-5p, miR-200b-3p, miR-200b-5p,
miR-429

Tissue 1341 DB qRT-PCR [82]

miR-663a Tissue 62 DB qRT-PCR [83]

miR-218-5p Tissue NS OS qRT-PCR [48]

miR-155 Tissue 1341 DB qRT-PCR [84]

miR-203 Tissue 125 DB qRT-PCR [85]

miR-34c, miR-183, miR-210 Tissue 103 OS, OG, OG qRT-PCR [47]

miR-23b Tissue NS PTT qRT-PCR [63]

miR-34b-3p Tissue 100 PTT Microarray [37]

This table summarizes studies focused on the connection between lung cancer and miRNA expression reported after the review by Feng
et al. was published [31]. Abbreviations: DB—diagnostic biomarker, OS—onco-suppressor, OG—oncogene, PTT—possible therapeutic
target, NS—not specified.

Wozniak et al. screened 754 miRNAs in 100 LC patients and a corresponding control
group and developed a 24-plasma miRNA panel, which was capable of distinguishing
these study groups based on differential miRNA expression [35]. A similar study was
performed by Wang et al., where levels of five miRNAs were elevated after comparison
of patients and healthy individuals [75]. Twenty miRNAs from plasma could be used
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as the diagnostic classifier for lung adenocarcinoma [36] and the combination of four
miRNAs was validated out of 21 molecules as the microRNA expression signature for the
LC patients [72]. Niu et al. (2018) detected ten differently expressed miRNAs when LC
patients and healthy subjects were compared. Based on their results, some of these miRNAs
were associated with adenocarcinoma or squamous cell carcinoma [67]. With more than
90% specificity and sensitivity, four plasma miRNAs combined together could serve as a
reliable tool for LC diagnostics even in the early stage of the disease [65]. By microarray,
338 differently expressed miRNAs were detected in blood from LC patients and later,
after evaluating in larger sample groups and using qRT-PCR, four of them were chosen
as promising diagnostic instruments [33]. The most recent study focused on searching for
the appropriate biomarkers for lung tumor detection was published in 2020. Thirty-five
miRNAs were indicated as biomarkers with different expression in LC patients, and, after
validation in three additional cohorts, a five miRNA panel was created [64].

As described in this review and shown previously [31], the miRNA-lung cancer link
is well established. Studying this relationship has revealed, that production of miRNA is
influenced by the lung tumor and the progression of the lung tumor is dependent on the
miRNA levels as well. Some miRNAs serve as oncogenes, others as tumor suppressors.
Some miRNA levels are upregulated and some downregulated, which influences the
protein translation and tumor progression/suppression. In conclusion, several miRNAs
could be used as an early diagnostic tool which might improve the lung cancer prognosis
and because of their connection to protein production, some of them have been proposed
as being a therapy target for individuals, who suffer from this disease.

3. Air Pollution and miRNA

In comparison with lung cancer, the link between miRNA expression and air pollu-
tion exposure has been less studied. The first reports focusing on this investigation were
published in 2012. In this section we aim to summarize the current knowledge on deregu-
lation of miRNA expression in human subjects exposed to various types of air pollutants.
In contrast to the miRNA-lung cancer link discussed above, we present the topic in more
detail, as the review literature on this topic is lacking. Although the latest review article on
miRNAs as biomarkers of exposure to environmental pollutants was published in 2019,
the authors focused specifically on the role of the environment without investigating the
miRNA-air pollution-lung cancer relationship [86].

To identify studies that have focused on the investigation of air pollutants on the
modulation of miRNA expression in humans, we searched the PubMed database for the
string “miRNA air pollution” and limited the output to “Humans” as a species. This query
yielded 97 results which were further checked to obtain the reports that analyzed miRNA
expression in human subjects exposed to any type of air pollutant. Only studies that
involved healthy subjects, or alternatively diseased participants not suffering from cancer
were further considered. We also excluded review articles from our search. As a result,
we identified 27 studies published between 2012 and 2020 focused on miRNA expression
in humans exposed to various air pollutants (Table 2).

A total of 18 reports focused on the investigation of the effects of particulate matter
(PM) of various aerodynamic diameter (PM10, PM2.5, ultrafine particles (UFP)), often along
with other traffic- or combustion-related pollutants (NOx, CO, CO2, black carbon (BC)).
In 5 studies, the effects of tobacco/cigarette smoke were investigated, while other pollu-
tants (e.g., liquid petroleum gas (LPG) and diesel exhaust, wood smoke, volatile organic
compounds, ozone) were evaluated in 4 publications. The analytical methods included
various variants of qRT-PCR (17 studies), microarrays and other hybridization-based ap-
proaches (8 studies) and NGS (2 reports). Most of the studies (21) investigated miRNA
expression in blood-derived material (whole blood, serum, plasma, extracellular vesicles),
other matrices included placenta (1×), saliva (1×), lung tissue (1×), spermatozoa (1×),
bronchoalveolar lavage (1×) and sputum (1×). The data were obtained for 4940 subjects,
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that mostly included healthy participants of various age, but some suffered from heart
disease, chronic obstructive pulmonary disease (COPD), or were atopic.

Table 2. An overview of studies focused on links between air pollution exposure and miRNA expression.

Pollutant miRNA Tissue Subjects/Characteristics Method Reference

Effects of Environmental Air Pollutants

PM2.5, UFP
(PM0.1), black
carbon, soot

miR-24-3p, miR-4454, miR-4763-3p,
miR-425-5p, let-7d-5p, miR-502-5p, and
miR-505-3p were associated with PM2.5

exposure

Blood 143, healthy Microarray [87]

PM10, PM2.5,
PM0.1, HCHO,

NO2

miR-155 was associated with PM2.5 and
HCHO exposure in the asthma group

Serum
180, healthy/180

asthmatic children
qRT-PCR [88]

PM10, PM2.5,
NO, NO2, CO,
CO2, BC and

UFP

miR-28-3p, miR-222-3p, miR-146-5p,
miR-30b-5p/30c-5p,

miR-320a-3p/320b/320c/320d/320e,
miR-532-5p, miR-192-5p/215-5p,

miR-144-3p, miR-425-5p were associated
with exposure to a mixture of pollutants;

no effect for PM10 or PM2.5 alone

Plasma 24, healthy NGS [89]

PM2.5

Negative link of miR-21,
miR-146a and miR-222 expression with
PM2.5 in 2nd trimester; positive link of

miR-20a and miR-21 in 1st trimester
exposure

Placenta 210 newborns qRT-PCR [90]

PM2.5
miR-199a/b and miR-223–3p modified
links between PM2.5 and systolic blood

pressure

Extracellular
vesicles

22 healthy elderly NanoStringnCounter®

platform
[91]

PM10, PM2.5,
black carbon,

ultrafine
particles and

NO2

54 miRNAs associated with exposure Plasma

24
healthy/ischemic

heart
disease/COPD

NGS [92]

PM10, PM2.5,
NO, NO2, CO,
CO2, BC and

UFP

miR-197-3p, miR-29a-3p, miR-15a-5p,
miR-16-5p and miR-92a-3p associated with

exposure to pollutants
Blood

50 healthy, 20
COPD, 19 ischemic

heart disease

Sureprint G3
Human V19

miRNA 8 x 60K
(Agilent)

[93]

PM2.5
The expression of miR-21-5p, miR-187-3p,
miR-146a-5p, miR-1-3p, miR-199a-5p was

associated with the exposure
Blood 55 healthy qRT-PCR [94]

PM10

The expression of let-7c-5p; miR-106a-5p;
miR-143-3p; miR-185-5p; miR-218-5p;
miR-331-3p; miR-642-5p; miR-652-3p;

miR-99b-5p was downregulated

Extracellular
vesicles

1630
overweight/obese

QuantStudio™
12 K Flex Real

Time PCR
[95]

PM2.5, UFP
miR-222 expression affected by UFP, but

not PM2.5; no effect was observed for
miR-146a

Saliva 80 healthy children qRT-PCR [96]

PM2.5

Expression of miR-126-3p, miR-19b-3p,
miR-93-5p, miR-223-3p, miR-142-3p,

miR-23a-3p, miR-150-5p, miR-15a-5p,
miR-191-5p, let-7a-5p affected by the

exposure

Serum 22 healthy NanoStringnCounter®

platform
[97]

PM and
associated

metals

17 miRNAs affected by the exposure,
including mir-196b, miR-302b, miR-200c,

miR-30d

Extracellular
vesicles

55 healthy steel
plant workers

qRT-PCR [98]

238



J. Pers. Med. 2021, 11, 60

Table 2. Cont.

Pollutant miRNA Tissue Subjects/Characteristics Method Reference

Effects of Environmental Air Pollutants

PM10
miR-145, miR-197, miR-30b, miR-345,

miR-26a, miR-425-5p, miR-331, miR-140-3p,
miR-101 associated with the exposure

Blood 90 obese subjects
TaqMan

Low-Density
Array

[99]

PM10
Negative link with miR-21,

miR-222, but not -miR-146a expression
Blood 50 healthy adults qRT-PCR [100]

PM2.5, metals Positive link with miR-4516 Serum
120 healthy

subjects
miRCURY

LNATM [101]

PM10, PM2.5,
elemental

carbon

No effect of PM2.5 exposure; PM10 affected
12 miRNAs; EC affected 28 miRNAs in the

controls and 29 in truck drivers;
miR-125a-5p, miR-1274a, miR-600,

miR-1283, miR-10a were common in both
groups

Blood

120 healthy
subjects (truck

drivers and
controls)

NanoStringnCounter®

platform
[102]

PM
Increased expression of miR-128 and

miR-302c
Extracellular
vesicles

63 healthy steel
plant workers

qRT-PCR [103]

PM2.5, black
carbon, organic
carbon, sulfates

Negative links with miR-1,
miR-126, miR-135a, miR-146a, miR-155,

miR-21, miR-222 and miR-9
Blood

153 elderly healthy
men

qRT-PCR [104]

Effects of Cigarette/Tobacco Smoke Exposure

Biomass smoke
(BS), tobacco

smoke

miR-22-3p downregulated after BS
exposure

Serum 50, COPD qRT-PCR [105]

Cigarette
smoke

Expression of miR-29a, miR-93, let-7a, and
let-7g affected

Serum
775, healthy,

smokers/non-
smokers

Low-density
PCR array

[106]

Cigarette
smoke

Modulation of miR-181c expression
Lung
tissue

34 COPD qRT-PCR [107]

Tobacco smoke
Positive link with miR-223, but not with

miR-155

Maternal
and cord

blood

441 mothers and
newborns

qRT-PCR [108]

Cigarette
smoke

28 miRNAs differentially expressed in
smokers when compared with

non-smokers
Spermatozoa

13 healthy smokers
and non-smokers

miRCURY
LNATM [109]

Effects of Other Pollutants

Wood and LPG
exhaust

miR-126 and miR-155 upregulated after
wood smoke exposure

Plasma 52, healthy qRT-PCR [110]

Diesel exhaust,
allergen

miR-183-5p, miR-324-5p and miR-132-3p
induced by allergen; no modulatory effect

of diesel exhaust

Bronchoalveolar
lavage

15 atopic subjects NanoStringnCounter®

platform
[111]

VOC
Specific miRNAs for exposure to

individual VOCs
Blood

50 healthy exposed
workers

Microarray [112]

Ozone

Increased expression of miR-132, miR-143,
miR-145, miR-199a, miR-199b-5p, miR-222,
miR-223, miR-25, miR-424, and miR-582-5p

after the exposure

Sputum
20 healthy
volunteers

Microarray [113]
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3.1. The Effect of Air Pollution on miRNA Expression in Healthy Adults

The majority of studies reported miRNA expression changes after exposure to air
pollutants in general adult populations. Thus, the effects of PM2.5, UFP, black carbon and
soot on miRNA expression were investigated in a multi-centric study among 143 healthy
volunteers living in Switzerland, United Kingdom, Italy, and the Netherlands. The authors
used the microarray technology to identify a total of seven microRNAs (miR-24-3p, miR-
4454, miR-4763-3p, miR-425-5p, let-7d-5p, miR-502-5p, miR-505-3p) extracted from whole
blood to be correlated with exposure to PM2.5. Interestingly, the effect of other pollutants
was not significant [87]. Another study that involved 24 healthy subjects exposed to
air pollutants during physical activity and the resting phase used NGS technology to
correlate miRNA present in blood plasma with exposure to PM10, PM2.5, NO, NO2,
CO, CO2, BC and UFP. Although the exposure to a mixture of the pollutants affected
expression of nine miRNAs (miR-28-3p, miR-222-3p, miR-146-5p, miR-30b-5p/30c-5p
and miR-320a-3p/320b/320c/320d/320e were positively associated; miR-532-5p, miR-
192-5p/215-5p, miR-144-3p and miR-425-5p showed a negative relationship), no specific
effects of PM2.5 and PM10 were detected. However, the effects of NO, NO2, CO, CO2,
BC and UFP were observed [89]. In another report, a total of 24 non-smoking subjects
(healthy, or suffering from ischemic heart disease (IHD), or COPD) were exposed to various
levels of ambient air pollution and miRNA expression in blood plasma was assessed
using NGS. The authors identified 54 circulating miRNAs associated with exposure to
PM10, PM2.5, black carbon, UFP and NO2 following only 2h exposure to air pollution.
These molecules have been described as being related to negative consequences of traffic
pollutants in the lung, heart, kidney and brain [92]. The effect of short (2h) PM10, PM2.5,
NO, NO2, CO, CO2, BC and UFP exposure on miRNA expression in whole blood was
further investigated using microarray technology among a total of 89 volunteers, including
healthy subjects and those with COPD and IHD. The investigated populations originated
from two cohorts with different levels of air pollution. The authors found miR-197-3p,
miR-29a-3p, miR-15a-5p, miR-16-5p and miR-92a-3p linked with the exposure scenarios,
although the expression of individual molecules was cohort-specific with little overlap
between both sets of samples. These miRNAs play a role in cancers and Alzheimer’s disease
indicating a health risk associated with exposure to air pollutants. An effect of COPD and
IHD on miRNA expression profiles was not found [93]. The potential role of PM2.5 on
cytokines associated with systemic inflammation was assessed in 55 healthy volunteers
exposed to different levels of the pollutant. A negative correlation of the exposure with
miR-21-5p, miR-187-3p, miR-146a-5p, miR-1-3p and miR-199a-5p expression in whole
blood confirmed the role of cytokines in response to exposure to air pollution [94]. Another
study in 22 healthy subjects focused on the long-term effects of ambient PM2.5 exposure
on miRNA expression in extracellular vesicles in serum involved in pathways related to
cardiovascular diseases. The authors detected increased levels of miR-126-3p, miR-19b-3p,
miR-93-5p, miR-223-3p, miR-142-3p, miR-23a-3p, miR-150-5p, miR-15a-5p and miR-191-5p
let-7a-5p that are linked to oxidative stress, inflammation and atherosclerosis [97]. Targeted
analysis of miR-21, miR-222 and miR-146a in the blood of 50 healthy subjects exposed to
environmental levels of PM10 was performed using qRT-PCR in another study. An increase
in PM10 concentrations was associated with a decrease of miR-21 and miR-222 expressions
that are involved in inflammatory and oxidative stress pathways [100]. The specific role
of metals in PM2.5 was studied in 120 healthy subjects exposed to moderate air pollution
by measuring the expression of miR-4516 in serum. The expression of this miRNA was
positively associated with Al, Pb and Cu levels suggesting an important role of miR-4516-
autophagy pathway in response to PM2.5 and PM-associated metals. In a study involving
60 truck drivers and 60 office workers living in the highly polluted city of Beijing, the
effect of PM2.5, PM10 and elemental carbon (EC) on miRNA expression in whole blood
was analyzed using a hybridization technology. Interestingly, no consistent significant
effects of either PM2.5, or PM10 exposure was observed. PM10 affected the expression of
12 miRNAs in office workers only, while short-term EC exposure had significant impacts
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on 28 miRNAs in office workers and 29 miRNAs in truck drivers, although only 5 miRNAs
were common in both groups (miR-125a-5p, miR-1274a, miR-600, miR-1283, miR-10a). The
deregulated miRNAs seem to play a role in the immune response [102].

3.2. The Effect of Air Pollution on miRNA Expression in Children

The effect of prenatal exposure to air pollutants on miRNA expression in placenta
tissue was investigated by qRT-PCR by Tsamou et al. [90]. In a group of 210 newborns
placenta tissue was collected upon delivery and mothers’ exposure to PM2.5 in individual
trimesters was correlated with expression levels of miRNA. The results showed an inverse
relationship of PM2.5 levels in the 2nd trimester with miR-21, miR-146a and miR-222
expression, while miR-20a and miR-21 levels were positively associated with air pollution in
the 1st trimester. The common putative target of these miRNAs is PTEN (tumor suppressor
phosphatase and tensin homolog) that is involved in the pathways regulating cell survival,
cell cycle, angiogenesis and metabolism suggesting the impact of PM2.5 exposure on
these processes.

Research on environmental exposure to PM and other air pollutants in children was
conducted by Liu et al. [88] and Vriens et al. [96]. The first study focused on a link
between air pollution and childhood asthma. In a group of 180 asthmatic and 180 healthy
children, the serum levels of miR-155 were analyzed by qRT-PCR and their correlation with
HCHO, NO2 and PM10, PM2.5 and PM1 was assessed. In asthmatic children the levels
of miR-155 were significantly higher and were associated with indoor PM2.5 and HCHO
concentrations. As this miRNA plays an important role in asthma progression, indoor air
pollution seems to be involved in aggravation of the disease in this study group [88]. In a
group of 80 healthy children, saliva was collected, expression of miR-222 and miR-146a
assessed by qRT-PCR and link with recent exposure to PM2.2 and UFP investigated. While
a positive correlation with UFP concentrations was detected for miR-222 levels, which was
reported to participate in cell cycle regulation, no such effects were found for miR-146a [96].

3.3. The Effect of Air Pollution on miRNA Expression in Elderly Subjects

Two studies focused on miRNA expression associated with air pollution in elderly
men originating from the Normative Aging Study [91,104]. In a small group of 22 subjects,
exposure to PM2.5 was linked with increased blood pressure and positively associated
with miR-199a/b and miR-223-3p expression in extracellular vesicles. The expression of
miR-199a/b was further affected by DNA methylation near the enhancer region of the gene
encoding this molecule. Both miRNAs seem to target proteins implicated in important
cardiovascular functions [91]. The potential effect of PM2.5, black carbon, organic carbon,
and sulphates on the expression of fourteen candidate miRNAs in blood leukocytes was
investigated among 153 subjects. A negative correlation between pollutant levels and
miR-1, miR-126, miR-135a, miR-146a, miR-155, miR-21, miR-222 and miR-9 was detected.
The strongest link was found for 7-day moving averages of PM2.5 and black carbon, and
48-h moving averages for organic carbon. The deregulated miRNAs most likely participate
in HMGB1/RAGE signaling pathway that is associated with the enhanced expression of
proinflammatory cytokines [104].

3.4. The Effect of Air Pollution on miRNA Expression in Overweight/Obese Subjects

The role of miRNA expression in the risk of cardiovascular disease modified by expo-
sure to PM10 in overweight/obese subjects was reported in two studies [95,99]. A larger
investigation of 1630 subjects showed downregulation of let-7c-5p, miR-106a-5p, miR-
143-3p, miR-185-5p, miR-218-5p, miR-331-3p, miR-642-5p, miR-652-3p and miR-99b-5p
expression in extracellular vesicles after short-term exposure to PM10. These miRNAs
exhibit a putative role in cardiovascular disease and mediate changes of fibrinogen levels
associated with PM10 exposure suggesting a role of PM in increased coagulation [95].
In another study, decreased miRNA expression in the peripheral blood of 90 obese subjects
was found after exposure to PM10 48 h before sample collection. These miRNAs included
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miR-145, miR-197, miR-30b, miR-345, miR-26a, miR-425-5p, miR-331, miR-140-3p and
miR-101. PM10 exposure was associated with a blood pressure increase further modulated
by miRNA-101 expression [99]. These reports indicate that miRNA expression represents a
molecular mechanism underlying the effects of air pollution on blood pressure.

3.5. The Effect of Occupational Exposure to Polluted Air on miRNA Expression

miRNA expression was also assessed in occupationally exposed subjects. In extra-
cellular vesicles of healthy steel plant workers miRNA levels were measured by qRT-
PCR [98,103]. Among 55 subjects, 17 miRNAs were found to be affected, including mir-
196b, miR-302b, miR-200c, miR-30d. The pathway analysis revealed the role of mir-196b
in insulin biosynthesis; miR-302b, miR-200c, miR-30d were related to inflammatory and
coagulation markers. Thus, inhalation exposure to PM with metallic components may
have adverse cardiovascular and metabolic effects [98]. In a study of 63 workers, increased
expression of miR-128 and miR-302c after 3 days exposure to PM was detected. Pathway
analysis identified miR-128 as a part of coronary artery disease pathways, and miR-302c
to be involved in coronary artery disease, cardiac hypertrophy and heart failure path-
ways [103]. Both studies thus highlight the role of PM exposure in negative impacts on the
cardiovascular system.

3.6. The Effect of Tobacco Smoking on miRNA Expression

The effect of cigarette/tobacco smoke exposure on miRNA expression was studied
among healthy subjects, those suffering from COPD, as well as in mothers and newborns.
While COPD is a pulmonary disease linked with genetic and environmental factors, dys-
regulation of miRNAs has also been shown to play a role. The effect of tobacco smoke
exposure in miRNA deregulation was investigated in serum and lung tissue of a total
of 84 subjects [105,107]. Serum levels of miR-22-3p were upregulated in smoking COPD
subjects when compared with COPD subjects exposed to biomass smoke. Non-exposed or
healthy controls were not included in this study. miRNA-22-3p was suggested to activate
antigen-presenting cells in lungs in relation to tobacco smoke exposure [105]. Another
study revealed downregulation of miR-181c in lung tissues from smoking patients with
COPD when compared with subjects who had never smoked. Overexpression of this
miRNA decreases inflammatory response, neutrophil inflammation, ROS generation and
inflammatory cytokines production [107]. In 775 healthy subjects, cigarette smoking was
associated with expression of miR-29a, miR-93, let-7a, and let-7g using a machine learning
approach suggesting these molecules as potential serum biomarkers of environmental
tobacco smoke exposure [106]. In spermatozoa of 7 non-smokers and 6 smokers miRNA
profiling revealed differences in the expression of 28 miRNAs that were shown to be in-
volved in several pathways, including cellular proliferation, differentiation and death, as
well as reproductive system disease [109]. The effect of prenatal cigarette smoke exposure
on the expression of miR-155 and miR-223 was studied in the maternal and cord blood of
441 mothers/newborns pairs. A positive correlation was found between miR-223 expres-
sion and maternal urine cotinine levels, indoor concentrations of benzene and toluene. The
effects were not observed for miR-155. The results indicate a role of miR-223 expression on
regulatory T cell numbers in the cord blood with a subsequent allergy risk to children of
mothers exposed to tobacco smoke [108].

3.7. miRNA Expression in Subjects Exposed to Other Sources of Air Pollution

The next paragraph summarizes the results from populations that do not fit to the
above-reported groups. The effects of household air pollution on miRNAs associated
with inflammatory response was studied among 52 healthy women who used wood and
LPG for cooking. Specifically, the expression of miR-126 and miR-155 was assessed in
plasma by qRT-PCR and the results correlated with 1-hydroxypyrene levels, as a marker of
smoke exposure. The expression of both molecules was significantly higher in the subjects
exposed to wood smoke. As the analyzed miRNAs are important modulators involved in
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vascular dysfunction and atherosclerosis, the results indicate a greater health risk associated
with burning wood than using LPG [110]. In another study, fifteen atopic subjects were
exposed for 2 h to filtered air or diesel exhaust followed by bronchial allergen challenge in
a controlled study and the expression of miRNA was assessed in bronchoalveolar lavage.
Diesel exhaust induced expression of a greater number of miRNAs when compared with
the controls. The presence of allergen significantly modulated the expression of miR-183-5p,
miR-324-5p and miR-132-3p, while diesel exhaust alone did not have this effect. Negative
correlations were observed between miR-132-3p and CDKN1A, a regulator of cell cycle
progression in G1, as well as miR-183-5p and HLA-A, human leukocyte antigens [111].
The impacts of exposure to volatile organic compounds (VOC), including toluene, xylene
and ethylbenzene was investigated in 50 healthy occupationally exposed subjects and
controls. miRNA expression was assessed in whole blood using microarray technique.
Specific signature of exposure to individual compounds was found: expression of 467
miRNAs was associated with toluene exposure, 211 miRNAs with xylene exposure and
695 miRNAs with xylene inhalation. These signatures may serve as indicators of VOC
exposure. However, identification of the potential mechanisms underlying the exposure
was not performed in this study. The impacts of inhalation exposure to ozone on miRNA
expression in human bronchial airways were investigated by Fry et al. [113]. Twenty
healthy subjects were enrolled and exposed for 2 h. Sputum samples were collected 48 h
pre-exposure and 6 h post-exposure and miRNA expression was assessed by microarrays.
Ozone exposure increased the expression of 10 miRNAs (miR-132, miR-143, miR-145, miR-
199a, miR-199b-5p, miR-222, miR-223, miR-25, miR-424, and miR-582-5p). Pathway analysis
revealed, among other biological functions and properties, their link with inflammation
and immune-related diseases.

3.8. miRNAs Commonly Deregulated by Various Types of Air Pollutants

Due to the diversity of the biological material used for the detection of miRNA expres-
sion, various analytical methods, characteristics of human subjects and exposure conditions,
identification of commonly deregulated miRNA(s) that may serve as biomarker(s) of expo-
sure to air pollutants is rather difficult. From the studies discussed in this review, miR-222
was found to be affected by air pollutant exposure in six articles, followed by miR-223
family (mir-223 and miR-223-3p), miR-21 family (miR-21 and miR-21-5p) and miR-155, each
reported in four studies, and miR-126 family (miR-126 and miR-126–3p) and mir-425-5p,
each described in three publications. Other miRNAs commonly appeared in two studies
only or were unique for a single report.

4. miRNA Affected by Air Pollution Exposure and Implicated in Lung Cancer

In this section, we discuss the miRNAs that we identified to be commonly associated
with air pollution exposure and lung cancer risk. Such miRNAs deserve the most attention
as promising biomarkers that may inform of exposure to harmful pollutants potentially
contributing to lung cancer development. An overview of the commonly deregulated
miRNAs is provided in Table 3 and Figure 1; the most prominent molecules are discussed
further in this section.

Table 3. A summary of miRNAs identified to be deregulated in lung cancer, as well as in air pollution-exposed subjects.

miRNA Pollutant
References-Air

Pollutants
References-Lung Cancer

miR-222
mixture of pollutants; PM2.5; UFP;

PM10; black carbon, organic carbon,
sulphates; ozone

[89,90,96,100,104,113] [114]

let-7a-5p PM2.5; Cigarette smoke [87,97] [64]

miR-21
PM2.5; PM10; black carbon, organic

carbon, sulphates
[90,94,100,104] [41,68,74,77]
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Table 3. Cont.

miRNA Pollutant
References-Air

Pollutants
References-Lung Cancer

miR-29a family Cigarette smoke [93,106] [44]

miR-93 family PM2.5; Cigarette smoke [97,106] [36]

miR-126 family
PM2.5; black carbon, organic carbon,

sulphates; wood smoke
[97,104,110] [65,70]

miR-145 PM10; ozone [99,113] [65]

miR-155
PM2.5, HCHO; black carbon, organic

carbon, sulphates; wood smoke
[88,104,108,110] [35,84]

miR-223 PM2.5; tobacco smoke; ozone [91,97,108,113] [40]

miR-425 family PM2.5; mixture of pollutants; PM10 [87,89,99] [36,69]

miR-1-3p PM2.5 [94] [64]

miR-19bfamily PM2.5 [97] [36]

miR-22-3p Biomass smoke (BS), tobacco smoke [105] [36]

miR-24-3p PM2.5, UFP (PM0.1), black carbon, soot [87] [38,39]

miR-25 Ozone [113] [66,75]

miR-101 PM10 [99] [61]

miR-142 family PM2.5 [97] [36]

miR-183 family Diesel exhaust, allergen [111] [47]

miR-185 PM10 [95] [36]

miR-196b family PM and associated metals [98] [62]

miR-200c PM and associated metals [98] [35,67]

miR-218-5p PM10 [95] [48]

miR-532
PM10, PM2.5, NO, NO2, CO, CO2, BC

and UFP
[89] [69]

miR-642 family PM10 [35]

miR-1274a PM10, PM2.5, elemental carbon [102] [36]

Text in bold red: miRNA commonly deregulated in six air pollution studies; text in bold: miRNAs commonly deregulated in 2–4 air
pollution studies; regular font—miRNAs unique for a single air pollution study. See Figure 1 for graphical presentation. This overview
reflects lung cancer studies reported since the Feng et al. review [31].

miR-222 appears to be deregulated in many cancers [115], including NSCLC [114] in
which it targets tumor suppressors (PTEN, TIMP3) and enhances cellular migration by the
activation of the AKT pathway. The molecule is involved in several steps of carcinogenesis,
as e.g., tumor cell invasion and metastasis, regulation of apoptosis and drug resistance and
the induction of tumor angiogenesis. Our literature review indicates that its expression was
also associated with exposure to mixtures of air pollutants, specifically to PM10, PM2.5,
UFP, black carbon, organic carbon, sulphates, and ozone. This link was described in six
studies making miR-222 the molecule that is most commonly deregulated in the context of
air pollution exposure.

let-7a-5p is involved in lung cancer development, most likely by targeting BCL2L1,
IGF1R, MAPK8, and FAS genes thus affecting cell proliferation, growth arrest and apopto-
sis, as well as production and elimination of reactive oxygen species [116]. Its expression
was found to be affected in subjects exposed to cigarette smoke and PM2.5. A variety of
activities of miR-21 have been described, including functions as an oncogene, that inhibits
apoptosis, promotes cell differentiation and interstitial fibrosis. Its role in hypertension
and lung cancer has also been reported [117,118]. In addition, its expression is affected
by exposure to air pollutants (PM2.5 and PM10, black carbon, organic carbon, and sul-
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phates) as reported in four studies. miR-29a was detected to be overexpressed in NSCLC
tissues, where it was positively associated with malignancy of the disease and negatively
associated with survival. The miRNA targets the MTSS1 gene that encodes the protein
inhibiting cell migration and proliferation [44]. Exposure to PM of various sizes, as well
as to NOx, CO, CO2, and cigarette smoke were factors involved in the deregulation of
miR-29a expression in environmentally exposed subjects. miR-93 plays a role in several
human cancers, including lung cancer, although its effect can be inconsistent, as it may
act both as an oncogene and tumor-suppressor. The target genes of this miRNA were
reported to be closely related to transcription with MAPK1, RBBP7 and Smad7 being the
hub genes [119]. The expression of miR-93-5p was affected in human subjects exposed
to PM2.5 and cigarette smoke. Circulating miR-126-3p was associated with exposure to
asbestos and with malignant mesothelioma [120], although in another study it suppressed
the progression of NSCLC [121]. Low levels of miR-126-3p were associated with poor
pathological stage, large tumor diameter and lymph node metastasis in lung adenocarci-
noma. This miRNA was suggested to regulate the pathways involved in apoptosis and
cancer [122]. PM2.5, black carbon or wood smoke were prominent pollutants affecting
levels of this molecule. Expression of both strands of miR-145 is downregulated in lung
cancer where these molecules regulate cell cycle pathway genes and significantly reduce
patient survival [123]. In human exposure studies, PM10 and ozone exposure were associ-
ated with expression of this molecule. miR-155 is involved in a variety of processes linked
to immunity, inflammation, and hematopoiesis. Its aberrant expression was observed in
malignant and non-malignant diseases affecting the nervous, immune and cardiovascular
system [124]. This molecule is also deregulated in lung disorders, including asthma and
cystic fibrosis and lung cancer [125]. Similar to miR-126-3p, its expression was modified by
PM2.5, black and organic carbon, as well as wood smoke exposure. These pollutants further
affected the expression of miR-425-5p that appears to act as an oncogene in lung cancers,
including squamous cell carcinoma [126] and NSCLC [127] in which the overexpression of
the molecule was associated with poor prognosis.

 

Figure 1. Graphical presentation of miRNAs commonly deregulated in lung cancer and human subjects exposed to various
air pollutants. Factors affecting the results (types of air pollutants, methodological and other confounders) are also shown.
See Table 3 for more details.
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In contrast to previously mentioned miRNAs, miR-223-3p may have a function as
a tumor-suppressor. The molecule is involved in inflammatory processes, it targets in-
flammasome components affecting the development of autoimmune diseases [128]. It also
regulates the expression of GLUT4, a protein whose expression is altered in prediabetes
and diabetes [129]. miR223-3p was further detected to be overexpressed in neutrophils
of patients with asthma [130]. A recent study reported tumor-suppressing effects of this
miRNA in lung squamous cell carcinoma [131]. Considering these results, deregulation of
miR-223-3p following PM2.5 and ozone inhalation reflects the role of air pollutants in the
development of immune system-related disorders rather than cancer.

5. Conclusions

In this review we aimed to summarize the current state of knowledge on miRNAs
deregulated in lung cancer and miRNAs affected by exposure to air pollutants. As exposure
to air pollution represents a dominant factor in the development of lung cancer and other
respiratory system disorders, we further intended to identify the miRNAs commonly
affected by both conditions. Such molecules could serve as biomarkers of choice for
identification of human populations in greater risk of lung cancer resulting from exposure
to air pollution. Our literature search identified a total of 25 miRNAs that meet such criteria.
Among them, miR-222, miR-21, miR-126-3p, miR-155 and miR-425 may be considered the
prominent molecules, as they were identified to be deregulated in multiple studies. PM2.5
is an air pollutant commonly affecting the expression of molecules. Thus, our observation is
in agreement with the classification of air pollution as a human carcinogen [132]. It should
however be noted that the number of studies investigating the link between air pollution
and miRNA expression is limited when compared with the studies on cancer-miRNA
relationship, and the methods used for detection of miRNA expression widely differ.
Additionally, the effect of various confounders, including e.g., age of human subjects,
lenght of exposure, genetic variability associated single nucleotide polymorphisms (SNPs)
in genes encoding miRNAs, or the role of epigenetic adaptation should be considered.
In particular, the process of epigenetic adaptation, previously reported by us and other
authors (reviewed e.g., in [133–135]), significantly modifies the environment-organism
interactions potentially resulting in a reduction of negative impacts of pollutants on the
organism. These facts should be taken into account as they may potentially bias our
conclusions.
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Abbreviations

CLL Chronic lymphocytic leukemia
COPD Chronic obstructive pulmonary disease
ddPCR Droplet digital PCR
DNA Deoxyribonucleic acid
EC Elemental carbon
IHD Ischemic heart disease
LC Lung cancer
LPG Liquid petroleum gas
miRNA MicroRNA molecule
NGS Next generation sequencing
NSCLC Non-small cell lung cancer
PAH Polycyclic aromatic hydrocarbon
PM Particle matters
pre-miRNA Precursor miRNA
pri-miRNA Primary miRNA
qRT-PCR Quantitative real-time polymerase chain reaction
RISC RNA-induced silencing complex
RNA Ribonucleic acid
SCLC Small cell lung cancer
VOC Volatile organic compound
WHO World Health Organization
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Abstract: Detecting circulating microRNAs (miRNAs; miRs) by means of liquid biopsy is an impor-
tant tool for the early diagnosis and prognosis of breast cancer (BC). We aimed to identify and validate
miR-210 and miR-152 as non-invasive circulating biomarkers, for the diagnosis and staging of BC
patients, confirming their involvement in tumor angiogenesis. Methods: RT-qPCR was performed
and MiRNA expression analysis was obtained from plasma and fragments of BC and benign breast
condition (BBC) women patients, plus healthy subjects. Additionally, the immunohistochemistry tech-
nique was carried out to analyze the expression of target proteins. Results: Tumor fragments showed
increased expression of oncomiR-210 and decreased expression of miR-152 tumoral suppressor. Both
miRNAs were increased in plasma samples from BC patients. The receiver operating characteristic
(ROC) curve analysis revealed that only the expression of oncomiR-210 in tissue samples and only
the expression of the miR-152 suppressor in plasma have the appropriate sensitivity and specificity
for use as differential biomarkers between early/intermediate and advanced stages of BC patients.
In addition, there was an increase in the expression of hypoxia-inducible factor 1-alpha (HIF-1α),
insulin-like growth factor 1 receptor (IGF-1R), and vascular endothelial growth factor (VEGF) in BC
patients. On the contrary, a decrease in Von Hippel–Lindau (VHL) protein expression was observed.
Conclusions: This study showed that increased levels of miR-210 and decreased levels of miR152,
in addition to the expressions of their target proteins, could indicate, respectively, the oncogenic
and tumor suppressive role of these miRNAs in fragments. Both miRNAs are potential diagnostic
biomarkers for BC by liquid biopsy. In addition, miR-152 proved to be a promising biomarker for
disease staging.

Keywords: breast cancer; miRNAs; liquid biopsy; angiogenesis; biomarkers; early diagnosis

1. Introduction

The high mortality rate for breast cancer (BC) is mainly related to the development
of metastasis, a process that depends on angiogenesis [1]. Data show that this malignant
evolution is aggravated, in most cases, by the late diagnosis of the disease [2]. Therefore,
the identification of biomarkers that can diagnose cancer in the early stage and predict the
behavior of the tumor is of special interest to the patients.

As the tumor grows, there is a reduction in oxygen at the center of the tumor, creating
adverse conditions of hypoxia, which induces increased expression of numerous pro-
angiogenic factors, such as hypoxia-inducible factor 1-alpha (HIF-1α) and insulin-like
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growth factor type 1 receptor (IGF-1R) [3]. Increased levels of HIF-1α and IGF-1R stimulate
vascular endothelial growth factor (VEGF) expression [4]. On the contrary, anti-angiogenic
factors, such as Von Hippel–Lindau (VHL) protein act in the degradation of HIF-1α and,
consequently, decrease the expression of VEGF [5].

Currently, liquid biopsy has been gaining ground as a promising tool for the detection
of neoplasms, having the benefit of being less invasive and causing minimal discomfort and
risk to patients. This procedure consists of the collection of any bodily fluid for the purpose
of analyzing information from the tumor, including circulating nucleic acids—circulating
tumor DNA (ctDNA) and circulating tumor RNA (ctRNA) [6].

These circulating biomarkers have advantages over tissue biomarkers as they are
easily obtained and can also be monitored routinely, resulting in real-time detection, and
consequently effective diagnosis and prognosis. With the advancement of this technique,
a growing series of research studies have been developed for the purpose of discovering
new circulating biomarkers that are more sensitive, characterizing specific subtypes of each
tumor type [7].

Additionally, a class of small non-coding RNAs, called microRNAs (miRNAs; miRs),
has been studied as potential biomarkers in cancer. MiRNAs are small, non-coding en-
dogenous RNAs with approximately 22 nucleotides that control numerous cell pathways
through the regulation of gene expression in the post-transcriptional phase [8,9].

A broad review showed the most significant miRNAs for BC and which regulators
(hallmarks) they involved [10]. Among them, miR-210 is considered an oncogenic miRNA
which exhibits regulation mediated by HIF-1α and VHL. HIF-1α promotes increased
expression of miR-210 and this leads to stabilization of HIF-1α, suggesting that both
miRNA and its target gene are involved in a positive feedback loop. HIF-1α, in turn,
will stimulate the expression of genes that promote angiogenesis, such as VEGF [11–13].
In addition, studies have shown that miR-210 expression was significantly higher in
patients with BC in the preoperative phase compared to women who underwent tumor
removal surgery [14]. Moreover, a study showed that elevated levels of miR-210 lead to
increased tumor progression and migration and reduced cell cycle arrest in MCF-7 breast
tumor cells [15].

Another miRNA present in the review by Bertoli, Cava, and Castiglioni is miR-152,
which belongs to the miR-148/152 family. This miRNA is involved in the regulation of
angiogenesis, being considered a tumor suppressor in BC [10]. Studies investigated the
regulation of the IGF-1R receptor by miR-152. The high expression of this miR inhibits the
expression of IGF-1R through its binding to the 3′-UTR region, leading to the blocking of the
expression of HIF-1α and VEGF [16,17]. In BC, miR-152 showed low levels of expression
in tumor tissue compared to adjacent non-tumor tissue, as well as in a series of BC cell
lines [18,19].

In summary, on tumor progression, the high expression of oncomiR-210 and the low
expression of the miR-152 suppressor trigger the increase in VEGF. The mechanisms of
action of both miRNAs in the angiogenic pathway are summarized in Figure 1.

In recent years, studies have shown that miRNAs are not only detected in tissues,
but also in fluids [9]. The circulating miRNAs, that represent the miRNA population in
the free portion of body fluids, have attracted interest in the field of biomarker discovery
because they are involved in several gene regulation processes [20]. Therefore, it is of
great importance for patients to validate tumor biomarkers that are capable of diagnosing
and predicting the staging for BC and can still be detected by a non-invasive method
such as liquid biopsy. The aim of this study was to validate two miRNAs involved in the
angiogenic process, and to evaluate the potential of these as biomarkers of diagnosis and
staging in BC.
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Figure 1. Candidate microRNAs (miRNAs) and their target proteins. (a) High levels of miR-210 in women with breast
cancer (BC) leads to increased levels of hypoxia-inducible factor 1-alpha (HIF-1α) (activates a looping cascade) and, in
addition, there is no blocking of HIF-1α by Von Hippel–Lindau (VHL) protein. Elevated levels of HIF-1α lead to an increase
in vascular endothelial growth factor (VEGF). (b) With regard to miR-152, there is a low expression of this miRNA in women
with BC, which leads to the increase of the IGF-1R protein and, later, of the VEGF protein.

2. Materials and Methods

This study was approved by the Research Ethics Committee (CEP) of the Faculty of
Medicine of Sao Jose do Rio Preto (FAMERP), Sao Jose do Rio Preto, Brazil, #2.118.866/2017,
and it was elaborated following the national and international rules of ethics in experiments
with human samples.

2.1. Experimental Groups

The samples were collected from patients at their first medical appointment and
selected by BI-RADS™ that indicated a higher probability of BC (4C and 5). Of the total
samples, 30 women from the BC group and 5 from the benign breast condition (BBC) group
were selected, based on the inclusion criteria pre-established in this study. The experimental
groups of this study were as follows:

• Group Breast Cancer (BC): women with breast cancer (plasma/fragment: n = 30);
• Group Benign Breast Conditions (BBC): women with benign breast conditions

(plasma/fragment: n = 5);
• Control: women with no atypical breast, and no history of BC in the family (plasma:

n = 15; fragment: n = 5).

Inclusion criteria for BC: patients pathologically diagnosed with BC who had undergone
surgical treatment; exclusion criteria for BC: patients who had received radiotherapy and
chemotherapy before specimens were taken; exclusion criteria for all groups: women with
other severe organ diseases; patients with any inflammatory process at the time of collection.
All collections were performed at the Base Hospital, Sao Jose do Rio Preto, Brazil.

2.2. Collections

With respect to groups BC and BBC, the fragments were obtained by core biopsy
performed. For the control group, the mammary fragments were obtained in mammoplasty
reduction. Blood samples were collected by venipuncture (up to 5 mL per patient) and
processed within one hour of collection.

2.3. Determination of Diagnosis and Pathological Prognosis Staging

All BC and BBC women included in this study had their diagnoses confirmed by
the pathology team at the Base Hospital—Sao Jose do Rio Preto, SP/Brazil. To determine
the staging of each patient, the most recent version (8th edition/2018) published by the
American Joint Committee on Cancer (AJCC) was used.
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The present study divided the women with staging Ia, Ib, IIa, and IIb and considered
the respective patients to have an early/intermediatestage. Women with staging IIIa, IIIb,
IIIc, and IV were considered to have an advanced stage.

2.4. Analysis of miRNA Expression by RT-qPCR

Plasma RNA extraction was performed with the miRNeasy Serum/Plasma Advanced
kit (Qiagen, CA, USA) (200 µL plasma), and the Trizol™ reagent (Life Technologies,
Carlsbad, CA, USA) was used for the fragments. The RNA concentration and purity
was assessed using a spectrophotometer (NanoDrop™ 2000/2000c, Thermo Fisher Scien-
tific, Waltham, MA, USA). The status purity was verified using A260/A280 ratios (range:
1.8–2.0). The complementary DNA (cDNA) was obtained by reverse transcriptase tech-
nique from the RNA extracted from the samples (50 ng). cDNA was synthesized from
50 ng of total RNA with the TaqMan™ MicroRNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA, USA).

The quantitative real-time polymerase chain reaction (qPCR) was performed using
the StepOnePlus™ Real-Time PCR System (Applied Biosystems). Each sample were
normalized against U6 levels. Reactions for miRNA expression analysis (and the reference
gene, U6) were performed in triplicate (plasma) and duplicate (fragment) using 10 µL of
2 × TaqMan® Gene Expression Master Mix (Applied Biosystems), 1 µL of 20 × TaqMan
Gene Expression Assay (Applied Biosystems), 3 µL cDNA by volume, and 6 µL of H2O
DEPC, at a final volume of 20 µL.

The expression values of the miRNAs of interest were determined by the relative quan-
tification (RQ) method in relation to normalizing of the gene used as reference (2−∆∆Cq).
Details of the sequences of miRNAs (miR-210 and miR-152) are available in Table S1,
Supplementary Materials.

2.5. Analysis of Target Protein Expression by Immunohistochemistry

The protein expression of the target genes HIF-1α, IGF-IR, VHL, and VEGF was
performed by immunohistochemistry assay, and their standardization followed the instruc-
tions provided by the manufacturer. Histological sections of 4 µm were obtained from
paraffin-embedded material and adhered to silanized slides. The deparaffinization was
performed on xylol followed by hydration, and subsequently incubated with hydrogen
peroxide with the blocking of proteins (blocking non-specific reactions). The material was
incubated with the primary antibody of each specific protein for 18 h at 4 ◦C. The Com-
plement and HRP Conjugate (REVEAL™ Biotin-Free Polyvalent DAB - Spring Bioscience,
Pleasanton, CA, USA) were applied, followed by the chromogenic substrate (DAB) and
Harris hematoxylin.

All immunoreactions were accompanied by a positive control and a negative control
(without primary antibody). The slides were observed under a 40× objective of the
Olympus BX60 light equipment (Olympus, Shinjuku, Tokyo, Japan) and analyzed by
optical densitometry. For each sample, 3 different fields were photographed only in the
immunoreactive areas, in which 20 points were quantified with ImageJ software, totaling
60 quantified points for each slide. The values were obtained in arbitrary units (a.u.)
and demonstrated the average optical density (DOM) for each sample. The details of the
antibodies and the photomicrographs of the positive and negative controls are presented
in Table S2 and Figure S1, respectively, Supplementary Materials.

2.6. Statistical Analysis

The results were submitted to descriptive analysis to determine normality. For each
group, the Gaussian distribution test or D’Agostino and Pearson omnibus normality test
was applied. The comparison of two parameters was performed using the Mann–Whitney
test, and for three or more parameters the Kruskal–Wallis test (posteriorly Dunn post
test) was performed. Data were presented as mean ± standard error of the mean (SEM).
Values of p < 0.05 were considered significant and all analyses were performed using
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GraphPad Prism 8 software (GraphPad Software, Inc., San Diego, CA, USA). In order
to measure the diagnostic accuracy of each miRNA, the receiver operating characteristic
(ROC) curve was used. In addition, the sensitivity and specificity of the optimum cutoff
point were defined as those values that maximized the area under the curve (AUC).

3. Results

3.1. Characterization of Study Population

For the BC group, the demographic characteristics analyzed were age, distant metas-
tasis, pathological prognosis staging, histological grade, and expression of hormonal
receptors (ER, RP, HER2). Regarding age, among the 30 women included in this study,
25 (83.33%) had an age greater than or equal to 50 years, the mean age being 59 years
(29–79 years). For the pathological prognosis staging, 14 samples (46.66%) were of the
early/intermediate stages (Ia, Ib, IIa, and IIb), and 16 samples (53.34%) were of the ad-
vanced stage (IIIa, IIIb, IIIc, and IV). The histological grade of the tumor showed that 3
(10%), 20 (66.67%), and 7 (23.33%) samples were tumors that were low differentiated (Grade
I), moderately differentiated (Grade II), and well differentiated (Grade III), respectively.
Distant metastasis was found in 6 (20%) women with metastatic BC at the time of this study.
For the expression of hormone receptors, the data show that 22 (73.33%), 19 (63.33%), and
14 (46.67%) samples were positive for ER, PR, and HER2, respectively. The mean age of the
BBC group was 52 years (40–70 years), and the mean age of the control group was 49 years
(23–70 years).

3.2. Expression Levels of miRNAs in Breast Cancer

Initially, we verified the expression of miR-210 and miR-152 in tumor fragments (BC),
benign (BBC), and control to test the different levels of expression of these miRNAs in BC.
MiR-210 showed increased expression in tumor fragments of BC compared to the BBC
(* p < 0.05) (Figure 2a). However, there was no significant difference between BC fragments
compared to the control group and between the BBC group and the control group. For miR-
152, relative quantification showed decreased expression in tumor fragments of BC when
compared to BBC fragments (** p < 0.01) and normal fragments (** p < 0.01) (Figure 2b).

Subsequently, we verified the expression levels of these miRNAs in plasma samples
for the three different groups. With respect to miR-210, the relative quantification showed
increased plasma expression for women with BC compared to the control group (** p < 0.01)
(Figure 3a). However, there was no significant difference in plasma samples from the BC
group compared to the BBC group or between the BBC group and the control group.

Surprisingly, we found that the tumor suppressor, miR-152, also had elevated levels
in plasma samples from BC patients compared to the control group (* p < 0.05), different
from the tumor fragments (Figure 3b). There was no significant difference in these miRs
when compared to the BC group and women with BBC.

After finding the expression levels in the BC, BBC, and control groups, the miRNA
expression levels were also analyzed in the staging groups. Our results show that miR-210
had increased expression in fragments of malignant neoplasms of advanced stage when
compared to samples of early/intermediate stage BC fragments (** p < 0.01). In addition,
there was increased expression in malignant neoplasms of advanced stage when compared
to samples of BBC fragments (** p < 0.01) (Figure 4a). Regarding miR-152, relative quan-
tification showed decreased expression in malignant neoplasm fragments of advanced
stage in relation to the control group (* p < 0.05). The difference was also significant among
women with early/intermediatestage malignant neoplasm vs. women with BBC (* p < 0.05)
and control women (* p < 0.05) (Figure 4b). However, there was no difference between the
different stages of BC for miR-152 in fragments.

For plasma samples, with respect to the miR-210, relative quantification showed
increased expression in women with advanced stage of BC in relation to women controls
(*** p < 0.001) (Figure 5a). However, there was no significant difference between the
different stages of BC. Surprisingly, in addition to the increased expression level of the
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tumor suppressor, miR-152, in plasma of women with BC, this was also able to differentiate
women with advanced stage from women with early/intermediate stage of BC and control
women (* p < 0.05) (Figure 5b).

 

 
Figure 2. Evaluation of miRNA expression in fragments as diagnostic biomarkers. (a) Relative
quantification showed that miR-210 exhibited increased expression in samples of tumor fragments
from patients with breast cancer (BC) vs. those with benign breast conditions (BBC). (b) Contrastingly,
miR-152 showed decreased expression in samples of BC fragments compared to the control group
and to the BBC group. Significant value in Kruskal–Wallis and Dunn’s post test (±SEM - standard
error of the mean; * p < 0.05; ** p < 0.01).

 

 
Figure 3. Evaluation of plasma miRNA expression as diagnostic biomarkers. (a) Relative quantifica-
tion revealed that miR-210 showed increased expression in plasma samples from breast cancer (BC)
patients vs. the control group. (b) The miR-152 also showed increased expression in plasma samples
from women with BC vs. the control group. No significant difference was observed between the BC
group and benign breast conditions (BBC) for any miRNA. Significant value in Kruskal–Wallis and
Dunn’s post test (±SEM - standard error of the mean; * p < 0.05, ** p < 0.01).
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Figure 4. Evaluation of miRNA expression in fragments as staging biomarkers. (a) Relative quan-
tification showed that there was increased expression of miR-210 in samples of breast cancer (BC)
fragments with advanced stage when compared to women with early/intermediatestage of BC.
Moreover, the increase was also significant with benign breast conditions (BBC). (b) miR-152 showed
a significant decrease of expression in fragments from women with advanced stage of BC vs. the
control group, and also decreased expression in early/intermediatestage malignant neoplasms when
compared to women with BBC and the control group. There was no significant difference between
the two stages’ groups. Significant value in Kruskal–Wallis and Dunn’s post test (±SEM - standard
error of the mean; * p < 0.05; ** p < 0.01).

 

Figure 5. Evaluation of plasma miRNA expression as staging biomarkers. (a) Relative quantification
showed that there was increased expression of miR-210 in plasma samples from women with breast
cancer (BC) of advanced stage vs. controls. (b) With regard to miR-152, this showed increased
expression in plasma samples from women with malignant neoplasms of advanced stage vs. women
with early/intermediate stage and controls. Significant value in Kruskal–Wallis and Dunn’s post test
(±SEM - standard error of the mean; * p < 0.05; *** p < 0.01). BBC: benign breast conditions.
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Finally, the miRNA expression levels were analyzed together to verify the strength
of their combined use in plasma samples. Our results showed the combined amount of
both miRNAs was able to differentiate patients with BC from control group (*** p < 0.001).
However, there was no significant difference between the BC and BBC group (Figure 6a).
In addition, the two miRNAs together were able to differentiate patients in advanced stage
of BC from patients with early/intermediate stage of BC (** p < 0.01), advanced stage
from BBC (* p < 0.05) and, lastly, advanced stage from control (*** p < 0.001). The other
peer-compared groups showed no significant differences (Figure 6b).

 

Figure 6. Evaluation of both miRNAs’ plasma expression as staging biomarkers. (a) Relative
quantification showed that there was increased expression of both miRNAs in plasma samples from
women with breast cancer (BC) vs. the control group. (b) Relative quantification showed that there
was increased expression of both miRNAs in plasma samples from women with advanced stage
vs. early/intermediate, benign breast conditions (BBC) group and controls. Significant value in
Kruskal–Wallis and Dunn’s post test (±SEM - standard error of the mean; ** p < 0.01; *** p < 0.01).

3.3. miR-210 and miR-152 Are Stable in Bloodstream

Subsequently, the differences in the miRNA expression in fragments and plasma
samples were analyzed for the BC group. The results reveal that miR-210 (** p < 0.01)
(Figure 7a) and miR-152 (*** p < 0.001) (Figure 7b) presented increased expression in
plasma samples compared to the fragments, indicating that oncomiR, and even the tumor
suppressor, have stabilizing mechanisms in the bloodstream. Although both miRNAs were
increased in plasma samples compared to the fragment, there was no significant difference
in circulating levels between them (Figure 7c).
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Figure 7. Both miR-210 and miR-152 are stable in blood. (a) For the breast cancer (BC) group, relative
quantification showed that there was increased expression of miR-210 in plasma samples when
compared with fragments. (b) The same occurred for miR-152; the relative quantification of this
miRNA was higher in plasma samples compared to fragments. (c) There was no significant difference
in circulating levels between miRNAs. Significant value in Kruskal–Wallis and Dunn’s post test
(±SEM - standard error of the mean; ** p < 0.01; *** p < 0.01).

3.4. Expression of miRNA Target Proteins by Immunohistochemistry

To confirm the action of miR-210 and miR-152 on the angiogenesis pathway, we
verified the expression of the target proteins of both miRNAs by immunohistochemistry.
All proteins showed cytoplasmic marking. Evaluation of protein expression by immunohis-
tochemistry revealed increased levels of HIF-1α (*** p < 0.0001), IGF-1R (*** p < 0.0001), and
VEGF (*** p < 0.0001) proteins in BC tissues compared to the control group. In addition,
the proteins also showed increased expression in BC samples compared to the BBC group
(HIF-1α *** p < 0.0001, IGF-1R *** p < 0.0001, and VEGF *** p < 0.0001). With respect to VHL,
this protein showed decreased expression in BC samples when compared to the control
group (*** p < 0.0001) and BBC group (*** p < 0.0001) (Figure 8).

3.5. Evaluation of miR-210 and miR-152 as Potential Diagnostic and Staging Biomarkers

Analysis of the ROC curve was used to determine miR-210 and miR-152 in plasma as a
diagnostic biomarker to differentiate patients with BC from healthy individuals. The AUC
for miR-210 for women with BC compared to the control group was 0.8427 (0.7174 to 0.9680)
(p = 0.0011) with optimal sensitivity and specificity values of 76.9% and 90.9%, respectively,
to the cut-off value of 1.690 as well as a positive predictive value of 95.24% and a negative
predictive value of 62.44% (Figure 9a).

The AUC for miR-152 in plasma expression for women with BC compared to the
control group was 0.7709 (0.6095 to 0.9324) (p = 0.0105) with optimal sensitivity and
specificity values of 80% and 72.7%, respectively, to the cut-off value of 0.252 as well as a
positive predictive value of 86.92% and a negative predictive value of 61.58%. (Figure 9b).
Therefore, miR-210 and miR-152 expression in plasma samples have appropriate sensitivity
and specificity to differentiate women without BC from women with BC (Figure 9).

ROC curve analysis was also performed to investigate the role of mir-152 in plasma as a
staging biomarker for distinguishing advanced stage of BC patients from early/intermediate
stage BC patient. On RT-qPCR, miR-210 did not show significantly different levels between
women with early/intermediate stage of BC and women with advanced stage. The miR-152
showed good results in ROC analysis for women with advanced BC compared to women
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with early/intermediate stages of BC. The AUC was 0.8917 (0.7598 to 1.0000) (p = 0.0019)
with optimal sensitivity and specificity values of 90% and 75%, respectively, to the cut-off
value of 2.573 as well as a positive predictive value of 73.03% and a negative predictive
value of 89.98% (Figure 9c).

Ultimately, the ROC curve was used with the combined amount of these two miRNAs
to determine whether together they could be diagnostic and prognostic biomarkers for
BC (Figure 10).

The AUC for both miRNAs in plasma expression for women with BC compared
to the control group was 0.7542 (0.6345 to 0.8739) (p = 0.0004) with optimal sensitivity
and specificity values of 83.33% and 68.0%, respectively, to the cut-off value of 0.9571 as
well as a positive predictive value of 89.47% and a negative predictive value of 55.51%
(Figure 10a). Thus, the combined amount expression in plasma samples has appropriate
sensitivity and specificity to differentiate the control group to women with BC.

ROC curve analysis was also performed to investigate the role of miR-210 with miR-
152 in plasma together as staging biomarkers for distinguishing advanced stage from
early/intermediate stage of BC. The AUC was 0.7733 (0.6382 to 0.9084) (p = 0.0016) with
optimal sensitivity and specificity values of 85.71% and 60%, respectively, to the cut-off
value of 2.660 as well as a positive predictive value of 83.29% and a negative predictive
value of 64.33% (Figure 10b). Therefore, miRNAs together showed good results in the
analysis of the ROC curve as prognostic biomarkers. However, the AUC showed that
miRNAs individually are better diagnostic and prognostic biomarkers for BC.

 

α

μ

Figure 8. (a) Photomicrographs of (a) control, (b) benign breast conditions (BBC), and (c) breast cancer (BC). (d) Evaluation
of protein expression in the three different groups. Hypoxia-inducible factor 1-alpha (HIF-1α), insulin-like growth factor 1
receptor (IGF-1R), and vascular endothelial growth factor (VEGF) showed a significant increase in the BC group compared
to the group with BBC and the control group. Contrastingly, Von Hippel-Lindau (VHL) showed a significant decrease in the
BC group compared to the group with BBC and the control group. Significant value in Kruskal–Wallis and Dunn’s post test
(±S.E.M - Standard Error of the Mean; *** p < 0.001 vs. the control group; *** p < 0.001 vs. the BBC group). Magnification of
40×. Bar: 20 µm.
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Figure 9. Receiver operating characteristic (ROC) curves investigate the diagnostic and staging power
of miRNAs. (a) Plasma levels of miR-210 and (b) miR-152 discriminate breast cancer (BC) patients
from healthy individuals—area under the curve (AUC) = 0.8427 and AUC = 0.709, respectively;
cut-off value of 1.690 and of 0.252, respectively. Plasma levels of miR-152 (c) discriminate advanced
stage of BC patients from early/intermediate stage of BC patients (AUC = 0.8917; cut-off value
of 2.573).
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Figure 10. Receiver operating characteristic (ROC) curves investigate the diagnostic and staging
power of amount combined of the miRNAs. (a) Plasma levels of miR-210 with miR-152 discriminate
breast cancer (BC) patients from healthy individuals—area under the curve (AUC) = 0.7542; cut-off
value of 0.9571. (b) Plasma levels of miR-210 with miR-152 discriminate advanced stage of BC
patients from early/intermediate stage of BC patients (AUC = 0.7733; cut-off value of 2.660).

4. Discussion

This study aimed to identify and validate two promising circulating miRNAs as
biomarkers for diagnosis and staging of BC. In the clinical routine, a useful biomarker
is still not available that is able to detect early malignant breast tumors and also predict
the clinical evolution of the disease, with the advantage of being minimally invasive and
routinely quantified [21]. In addition to the benefits of liquid biopsy, studies show that
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miRNAs are stable in biological fluids, and therefore have been investigated as potential
circulating biomarkers [9]. Thus, the well-consolidated miRNAs in BC were selected to
verify if they have good potential as circulating biomarkers.

miR-210 has been reported as one of the most consistent miRNAs for this neo-
plasm [22]. In this study, the results showed increased expression levels of miR-210 in
tumor fragment samples. Thakur et al. also observed increased expression of this miRNA
in tissue and cell lines of BC (MDA-MB-231 and MCF-10) [23]. Subsequently, the oncomiR-
210 target protein expressions involved in the angiogenesis pathway were validated. In BC
samples, this study found increased levels of HIF-1α expression and decreased levels of
VHL. In neuroblastoma tumors, Ognibene et al. also observed that most hypoxic tumors
present high expression of HIF-1α, which is a prognostic indicator to stratify high-risk
patients [24]. In renal carcinoma cells, densitometry analysis revealed that the protein
expression of VHL in cancerous tissue was lower when compared to normal adjacent tissue
of the patients [25].

Another miRNA addressed in this study was miR-152. This is considered a tumor
miRNA suppressor well validated in several types of neoplasms, including BC [16,26].
In this study, decreased levels of miR-152 expression were observed in tumor fragments.
In addition to these results, Wen et al. found that miR-152 expression levels were signif-
icantly lower in BC fragments than in non-cancerous tissues [27]. Furthermore, Ge et al.
investigated the role of this miRNA in the initiation and progression of BC and found
that miR-152 expression was significantly reduced in BC fragments and in cell lines [19].
MiR-152 acts on the angiogenesis pathway as a tumor suppressor, leading to IGF-1R block-
ade [16]. In agreement with our findings, studies have observed the overexpression of
IGF-1R in BC samples, and this may influence the heterogeneity of molecular subtypes [28].

Both cascades of miR-210 and miR-152 have a final interference on the VEGF protein,
which culminates in the development of new blood vessels for the tumor microenviron-
ment [29]. In this study, the expression of VEGF in BC samples was validated. As with our
results, previous studies have shown an increase of this protein in BC and also in other
neoplasms [30,31].

After verifying the expression of these miRNAs and their target proteins in BC frag-
ments, we questioned whether they could be potential circulating biomarkers for this
neoplasm. According to Chen et al. [32], the source of circulating miRNAs in cancer pa-
tients is controlled by the following three mechanisms: (i) passive miRNA leakage from
tumor cells, (ii) active secretion via microvesicles, and (iii) active secretion using an RNA-
binding protein-dependent pathway, without microvesicles. Nonetheless, according to
these authors, the miRNAs from sources (i) and (ii) have stability in the blood circulation,
despite the presence of ribonucleases.

In the specific case of miR-210, this study found increased levels in the plasma of
patients with BC, which coincides with the findings in the fragments. In agreement with
these results, Madhavan et al. observed that miR 210 presented high levels in plasma
samples from women with BC, and its expression was associated with the appearance
of metastasis for up to two years after confirmation of the diagnosis [33]. Markou et al.
also found significantly elevated plasma miR-210 levels in women with metastatic BC
compared to healthy women [34]. Moreover, Qattan et al., comparing the expression levels
of plasma miRNAs from women with BC and available RNASeq data from breast tumor
tissue, also found that miR-210 showed increased levels of expression in both samples [35].

Cancer cells secrete various types of humoral factors in their tumor microenviron-
ment and, among them, are extracellular vesicles (microvesicles and exosomes). Currently,
evidence suggests the importance of communication between cancer cells and their mi-
croenvironment by releasing membrane exosomes that can fuse with nearby cells [36].
According to Adouh et al., circulating blood exosomes are the main contributing factors
involved in the horizontal transfer of malignant characteristics to the target cells [37]. These
horizontal molecular transfers can modulate cell-signaling pathways, such as the miR-210
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pathway of angiogenesis. It is concluded, therefore, that the increased levels of miR-210 in
plasma may reflect molecular changes in the cells from which they are derived [38].

Our results showed increased expression of circulating miR-152 in the plasma of
women with BC. This was an interesting finding in this study because, as already described,
miR-152 has a suppressive action on fragments of breast neoplasms. In the literature, there
is only one study involving miR-152 and blood samples from patients with BC. The authors
also observed increased plasma levels of miR-152 in patients with the disease and in
patients with benign lesions compared to the control group. Furthermore, the increased
expression of plasma miR-152 levels was also observed in patients with lung and colon
cancer when compared to the control group [39]. Another study demonstrated that an
increased level of circulating miR-152 was found in patients with bladder cancer, which
was related to tumor recurrence of invasive bladder cancer [40]. In addition, Lin et al.
showed that the tumor suppressor miR-34a was upregulated in esophageal cancer and
concluded that this miRNA can serve as a potential biomarker in the detection of the early
stages of this neoplasia [41]. Moreover, Qattan et al. observed an inverse pattern between
plasma and tissue levels of patients with BC triple negative for let-7b, miR-29c, and miR-22.
In all cases, plasma miRNA levels were higher than tissue levels [35].

According to Kosaka et al., negatively regulated miRNAs in cancer tissues are supplied
during the initial stage of tumorigenesis by the surrounding cells that provide exosomes
containing the decreased miRNAs. However, if the surrounding cells fail to meet demand,
the cancer cells end up entering an advanced oncogenic stage. Thus, microRNAs secreted
by exosomes can be useful for the maintenance and surveillance system against cancer
progression [42].

In some cases, the exosomal mechanism can be used by metastatic cells to eliminate
miRNAs with suppressive functions. For example, one study showed that miRNAs in
the let-7 family, which preferentially act as a tumor suppressor, showed increased levels
of expression in metastatic gastric cancer cells compared to non-metastatic parental cells.
Therefore, the authors concluded that the let-7 miRNA family is rich in exosomes from a
metastatic gastric cancer [43]. Yet, another study showed that tumor suppressor miR-23b,
highly secreted by exosomes from metastatic cells, showed decreased levels in lymph node
metastasis compared to primary tumors. Thus, the exosome-mediated secretion of tumor
suppressor miRNA is selected during tumor progression as a mechanism to coordinate the
activation of a metastatic cascade [44].

Therefore, exosomes play an important role in communicating with the tumor mi-
croenvironment, since cancer cells can modulate the stromal environment in their favor, or
even surrounding cells can try to stop the evolution of malignancy by “delivering” protec-
tive miRNAs [45]. Many studies show that circulating miRNAs packaged by extracellular
vesicles are protected from the degradation action of ribonucleases and, therefore, present
high levels in the bloodstream. In this way, so as not to be degraded in the bloodstream,
secretory vesicles carry circulating miRNAs [46,47].

In summary, we hypothesized that the discrepancies in the expected miR-152 ex-
pression in plasma and tissue fragments occur because circulating miRNAs packaged by
extracellular vesicles are protected from the degradation action of ribonucleases and, thus,
present high levels in the bloodstream. Despite the advances made regarding miR-152,
further studies are needed to determine which regulatory mechanisms for miRNAs are
secreted by exosomes, especially with regard to tumor suppressor miRNAs present in
biological fluids. This will provide enormous opportunities for cancer-targeted therapies
in the near future.

In order to establish the value of miRNAs as circulating biomarkers of diagnosis and
staging, ROC curves were constructed and the AUC calculated. Hosmer and Lemeshow
defined a rule that studies follow to identify good results in the ROC curves, based on
respective AUC values: “0.5 = this suggests no discrimination, so we might as well flip
a coin; 0.5–0.7 = we consider this poor discrimination, not much better than a coin toss;
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0.7–0.8 = acceptable discrimination; 0.8–0.9 = excellent discrimination and >0.9 = outstand-
ing discrimination” [48].

In the present study, results showed that miR-210 in plasma samples have excellent
discrimination to be used as a biomarker of diagnosis, according to the AUC of the ROC
curve comparing the control group and BC. With the same objective, other studies obtained
similar results. Markou et al. evaluated miR-210 by ROC curve analysis and concluded
that it was a valuable biomarker for discriminating patients from healthy individuals, with
AUCs of 0.959 (95% Confidence Interval (CI) = 0.917–1.000, p < 0.0001) [34].

Despite the unexpected increased expression of miR-152 in women with BC, ROC
curve analysis demonstrated that miR-152 expression in plasma samples has an acceptable
discrimination to be used as a biomarker of diagnosis. Furthermore, miR-152 has shown
greater sensitivity compared to miR-210, which demonstrated its greater capacity in the
screening of BC. In contrast, miR-210 was shown to be the most specific in the analysis,
which could indicate a greater capacity, compared to the miR-152, to confirm the diagnosis
of BC, with lower false-positive results. In the same way, other authors obtained similar
results. Chen et al. observed significant upregulated miR-152 expression with a 2.91-fold
change in BC patients (p = 0.00275), when compared to normal controls. Furthermore, they
evaluated miR-152 by ROC curve analysis and concluded that it was a valuable plasma
biomarker for discriminating patients with BC and BBC from normal controls [39].

To investigate the role of miR-152 in plasma staging biomarkers, the values of AUC
showed that miR-152 plasma expression has an outstanding discrimination to differentiate
early/intermediate and advanced stage of BC patients. Furthermore, Dasari et al. evaluated
that the level of miR-152 in peripheral blood was higher in patients with high-grade
cervical intraepithelial neoplasia (CIN) compared with those with low-grade CIN, which
demonstrates the prognostic importance of this miRNA in the carcinogenic process [49].

5. Conclusions

In conclusion, analysis of miRNA expression in the fragments showed increased
miR-210 and decreased miR-152 in BC, also validated by the expression of their target
proteins involved in angiogenesis. Among miRNAs, miR-210 had a potential as a diag-
nostic biomarker and miR-152 presented a potential as diagnostic and staging biomarkers.
The combination of the two miRNAs has the potential to be used as diagnostic and prognos-
tic biomarkers in BC, but not better than the miRNAs used individually. These results may
contribute to the use of these miRNAs as promising circulating markers in addition to the
benefit of being detected by liquid biopsy. In the future, it is also expected that the miRNAs
may be potential therapeutic targets, contributing to advances in personalized medicine.
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