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Simple Summary: In this study, we aim to shed light on a fascinating new aspect of cellular commu-
nication involving extracellular vesicles (EVs) and their cargo of microRNAs (EV-miRNAs). These
EVs were once thought of as cellular waste but are now known to play a crucial role in transferring
vital information between cells. We investigated how EV-miRNAs respond to various environmental
and lifestyle factors and how this might be linked to the development and progression of cancer. By
analyzing the associations between these factors and specific miRNAs related to common cancers
(oncomiRs), we aim to better understand the complex regulatory networks of miRNAs in response to
exogenous influences. The findings could revolutionize our understanding of cancer development
and have important implications for future exposome studies in the research community.

Abstract: Intercellular communication has been transformed by the discovery of extracellular vesicles
(EVs) and their cargo, including microRNAs (miRNAs), which play crucial roles in intercellular
signaling. These EVs were previously disregarded as cellular debris but are now recognized as vital
mediators of biological information transfer between cells. Furthermore, they respond not only to
internal stimuli but also to environmental and lifestyle factors. Identifying EV-borne oncomiRs, a
subset of miRNAs implicated in cancer development, could revolutionize our understanding of how
environmental and lifestyle exposures contribute to oncogenesis. To investigate this, we studied
the plasma levels of EV-borne oncomiRs in a population of 673 women and 238 men with a body
mass index > 25 kg/m2 (SPHERE population). The top fifty oncomiRs associated with the three most
common cancers in women (breast, colorectal, and lung carcinomas) and men (lung, prostate, and
colorectal carcinomas) were selected from the OncomiR database. Only oncomiRs expressed in more
than 20% of the population were considered for statistical analysis. Using a Multivariate Adaptive
Regression Splines (MARS) model, we explored the interactions between environmental/lifestyle
exposures and EV oncomiRs to develop optimized predictor combinations for each EV oncomiR.
This innovative approach allowed us to better understand miRNA regulation in response to multiple
environmental and lifestyle influences. By uncovering non-linear relationships among variables,
we gained valuable insights into the complexity of miRNA regulatory networks. Ultimately, this
research paves the way for comprehensive exposome studies in the future.

Keywords: oncomiR; exposome; lifestyle factors; environmental exposures; SPHERE population;
MARS models
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1. Introduction

Environmental and lifestyle factors exert a profound influence on chronic diseases,
particularly in the context of cancer development and related clinical outcomes [1,2].
These factors encompass diverse elements [3,4], ranging from exposure to environmental
carcinogens and dietary habits [5] to physical activity levels [6], adiposity [7], smoking,
alcohol consumption [8], and socioeconomic status [9]. The intricate interplay between
these factors and cancer etiology underscores the necessity for a comprehensive approach
to cancer prevention and management. By addressing the environmental and lifestyle
determinants of cancer, we can implement targeted interventions and promote healthier
behaviors [10], aiming to reduce non-intrinsic cancer risks and enhance clinical outcomes
in a personalized way.

Individuals with pre-existing hypersusceptibility conditions, such as those associated
with adiposity (excessive body fat), might experience an amplified influence from the expo-
some, i.e., an accumulation of lifelong environmental exposures [11,12]. Adiposity-related
conditions, like being overweight/obesity and metabolic syndrome, foster a hormonally
dysregulated and pro-inflammatory environment both at systemic and tissue levels. This
inflamed host environment can synergize with external exposures, augmenting the vulner-
ability to cancer development and progression [11,13].

Extracellular vesicles (EVs), encompassing exosomes and microvesicles, are small
membrane-bound structures released by various cell types [14]. Once considered cellular
debris, EVs are now recognized as sophisticated carriers of cellular cargo, including pro-
teins, lipids, and nucleic acids [15]. Owing to their ability to traverse biological barriers, EVs
serve as conduits for intercellular communication and facilitate information exchanges be-
tween cells, even across distant locations within the body [14]. These distinctive attributes
render EVs versatile entities with significant roles in diverse physiological processes and
disease contexts, including cancer [16,17].

MicroRNAs (miRNAs) are pivotal regulators of gene expression among the myriad
of molecules transported by EVs. MiRNAs, short non-coding RNA molecules, play a
critical role in post-transcriptional gene regulation by targeting messenger RNAs (mRNAs)
for degradation or translational inhibition [18]. Within this group, oncomiRs, a subset
of miRNAs, have garnered attention for their involvement in cancer-related processes,
including tumor initiation, growth, metastasis, and therapy resistance [19,20].

Understanding the mechanisms driving the selective packaging of oncomiRs into
EVs and their subsequent release into the extracellular space has become central in cancer
research. EVs enriched with oncomiRs can engage in cell-to-cell communication, delivering
functional oncomiRs to recipient cells—ranging from neighboring cancer cells to fibroblasts,
adipocytes, and immune cells. This transfer reshapes the gene expression profiles and
behavior of recipient cells, contributing to the ability of cancer cells to shape both local
and distant microenvironments. EVs containing miRNAs thus dynamically orchestrate
multidirectional communication, serving as the hubs of the intercellular network, ultimately
transforming the microenvironment in a pro-tumoral manner. This intriguing phenomenon
fuels interest in cancer biology as it may hold substantial implications for innovative
diagnostics and therapeutic strategies.

The SPHERE project [21], with its unique attributes, has enabled the investigation
of EVs and their miRNA content’s role in mediating the impact of air particulate matter
(PM) on cardiovascular health. The SPHERE study offers comprehensive insights into the
microRNA content of EVs within a population of over 2000 individuals characterized by a
body mass index (BMI) exceeding 25 and a well-defined exposome.

In this paper, we delve into the captivating domain of EVs and oncomiRs, probing
the oncomiRs associated with specific cancer types based on their dependency on major
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exposome factors in the SPHERE screening subpopulation of 911 non-oncological subjects
with assessed miRNome.

Given the complexity of analyzing these data, it is essential to consider the applica-
tion of inductive inference methods rooted in machine learning, extending multivariate
analysis and regression approaches. In this context, adopting automated methods for
variable selection and their preferably non-linear/non-additive effects on EV-contained
miRNA expression is pivotal. Within the realm of multiple regression models, the Mul-
tivariate Adaptive Regression Splines (MARS) methodology appears promising, given
its ability to automatically identify non-linear effects and interactions (effect modifiers)
among predictors.

2. Materials and Methods
2.1. Study Design and Participants

We recruited 911 subjects who were overweight/obese from the Center for Obesity
and Work at IRCCS Fondazione Ca’Granda—Ospedale Maggiore Policlinico, Milan, Italy,
between September 2010 and March 2015 (recruitment of the subset reported in the present
paper ended on January 2013). This was the screening subset of the cross-sectional study,
SPHERE (Susceptibility to Particle Health Effects, miRNAs, and Exosomes), funded by
the European Research Council (ERC); it focused on investigating the interplay between
particle health effects, miRNAs, and EVs [21,22]. Briefly, the eligibility criteria included
being over 18 years old, having a BMI ≥ 25 kg/m2, residing in the Lombardy region (Italy),
and providing informed consent and blood/urine samples. Exclusions were recent (i.e.,
in the last 5 years) cancer, heart disease, stroke, or other chronic conditions. This study
followed the Helsinki Declaration principles and received ethics committee approval from
the Fondazione IRCCS Ca’Granda Ospedale Maggiore Policlinico di Milano (approval
number 1425). The participation rate was 92%.

2.2. Isolation and Purification of EVs and miRNA-EVs from Plasma

EV preparation and miRNA analysis have been described elsewhere [22]. Briefly,
blood was collected in EDTA tubes in the morning and transported to the EPIGET Lab
(University of Milan) within 2 h. Blood was centrifuged at 1200× g for 15 min at room
temperature to obtain plasma, followed by additional centrifugation steps (1000, 2000, and
3000× g for 15 min at 4 ◦C) to remove debris. Plasma was ultracentrifuged (Beckman
Coulter Optima-MAX-XP, Brea, CA, USA) at 110,000× g for 75 min at 4 ◦C to obtain an
EV-rich pellet, which was resuspended in filtered PBS. MiRNAs were isolated from frozen
EV pellets using the miRNeasy Kit and RNeasy CleanUp Kit (Qiagen, Germantown, MD,
USA) and stored at −80 ◦C.

2.3. miRNA Analysis

For reverse transcription (RT), Megaplex™ RT Primers (Pool A v2.1 and Pool B v3.0)
and the TaqMan® Micro RNA Reverse Transcriptase Kit (Life Technologies, Foster City, CA,
USA) were used. Two reactions were performed to cover 754 target miRNAs, including
16 replicates of 4 internal controls (ath-miR159a, RNU48, RNU44, and U6). Each reaction
consisted of 0.75 µL of Megaplex RT Primers (Pool A or Pool B), 0.15 µL of dNTPs, 0.75 µL
of 10× RT Buffer, 0.90 µL of MgCl2, 0.1 µL of RNase Inhibitor, 1.5 µL of MultiScribe™
Reverse Transcriptase, and 3.3 µL of miRNAs. After incubation on ice for 5 min, the mixture
underwent a thermal protocol in a C1000 Thermal Cycler (Biorad, Hercules, CA, USA)
with specific temperature cycles. The resulting cDNA samples were stored at −20 ◦C
until further use. For preamplification, each cDNA requiring preamplification was loaded
onto a 96-well plate and combined with TaqMan® PreAmp Master Mix, nuclease-free
water, and Megaplex™ PreAmp Primers. The preamplification reaction involved specific
thermal conditions and the preamplified samples were stored at 4 ◦C until analysis with
the OpenArray® System. The preamplified cDNA was diluted and mixed with TaqMan
OpenArray® Real-Time PCR Master Mix. The reaction mix was aliquoted into the wells
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of a 384-well OpenArray® plate using the MicroLab STAR Let instrument (Hamilton
Robotics, Birmingham, UK). The plate was then loaded into a TaqMan™ OpenArray®

Human miRNA Panel using the QuantStudio™ AccuFill System Robot (Life Technologies,
Foster City, CA, USA). Finally, the mixture was analyzed with the QuantStudio™ 12K
Flex Real-Time PCR System and the OpenArray® Platform (QS12KFlex) following the
manufacturer’s instructions.

In total, 545 miRNAs were included in the analysis after the exclusion of non-amplified
miRNAs. The application of the global mean was identified as the optimal normalization
method; miRNA expression levels were quantified using relative quantification, repre-
sented as 2−∆Ct. Leveraging the OncomiR database [23], we extracted the top 50 oncomiRs
for each of the 3 most prevalent cancers in both women (breast, colorectal, and lung
carcinomas) and men (lung, prostate, and colorectal carcinomas) [24]. Notably, this se-
lection process was underpinned by stringent criteria, including a significance threshold
of a p-value < 0.0001 and a false discovery rate (FDR) < 0.0001. OncomiRs expressed
at detectable levels in more than 20% of our populations were considered for statistical
analysis. This threshold was chosen after looking at the distributions of the miRNA mea-
sures allowing for the best compromise between the number of selected miRNAs and their
detection prevalence in the population, thereby ensuring that our findings possess broader
applicability.

2.4. Statistical Analysis

The data consisted of 911 records, including information about 75 EV oncomiR expres-
sions and exposome factors. The latter consisted of numerical variables: age, BMI, residence
PM10 exposure (annual average), C-reactive protein (CRP), homocysteine, coffee consump-
tion (cup/week), alcohol consumption (glass/week), number of previous pregnancies; and
categorical variables: education (primary school or less, secondary school, high school,
university or more), occupation (employee, unemployed, retired, housewife), residence
traffic exposure (mild, moderate, high), lifestyle (sedentary, active, sportive), smoking habit
(never, former smoker, current smoker), passive smoker (no, yes), menopausal status (no,
yes), use of antidepressants (no, yes), use of oral contraceptives (no, yes).

The strategy of analysis sketched in the following section was applied separately for
female and male data. In the first step, multivariate relationships among miRNA expres-
sions and exposure variables were investigated via a multivariate analysis approach using
Factor Analysis of Mixed Data (FAMD) methods [25,26]. In this context, exposure variables
were considered active variables and miRNA expressions were considered supplementary
(or passive) variables. According to FAMD methods, the following strategy of analysis
was adopted: (1) the number of relevant principal axes that summarize the active variables
was chosen by evaluating the indices of the explained inertia; (2) the relationships among
the exposure variables and principal axes were evaluated by a plot of squared correlation
coefficients; (3) finally, the relationships among the miRNA expressions and exposure
variables were evaluated by the plotting the orthogonal projections of the former ones onto
the principal axes (passive projections plot).

The “ggstatsplot” package [27] was used to perform Spearman correlation analysis
on miRNA expression and “ggplot2” was used to visualize the results by generating
a heatmap.

Multivariate Adaptive Regression Spline (MARS) models [28] were fitted to explore
non-linear and non-additive relationships between single miRNA expressions and expo-
sure variables. According to MARS methods, a regression model is built by performing
two automatic selection steps. In the former one, called the forward step, additive and
interaction effects, also including the non-linear effects of numerical variables, are included
in the model according to the reduction of a sum-of-squares residual error. Non-linear
effects are represented using linear splines called “hinge functions”. In the latter step,
called the backward step, the aim is to improve the generalizability of the model deter-
mined at the end of the previous step. To such an end, the optimal number of variables
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is selected using the Generalized Cross-Validation (GCV) statistic and the model is then
pruned according to this choice. It is worth noting that the forward step can be customized.
First, by specifying the “degree” option, one can choose the maximum order of interactions:
degree = 1 means no interactions (in other terms, only additive effects can be included in the
model), degree = 2 means order one interaction and so on. Second, in an analogous fashion,
it is possible to avoid the specification of the non-linear effects of numerical variables
(linearity constraints).

In the current study, miRNA expressions were considered dependent variables and
exposure factors were considered candidate predictors. For each EV oncomiR, several
models were fitted according to the order of interactions (degree = 1 and degree = 2) and
the presence/absence of the constraints on non-linear effects. According to the bias vs.
variance trade-off, it is important to acknowledge that linear relationships between response
variables and predictors may oversimplify the complexity of real-world relationships; but,
they do so with a gain in interpretability. Therefore, in exploratory analyses, we decided to
evaluate models with hinge functions along with models with linear effects because the
former could be unstable and too complex to be interpreted, despite reducing the bias.

For each of the fitted models, the goodness of fit was evaluated using R2 and gen-
eralized R2 coefficients. The importance of each predictor (i.e., exposure variables) was
evaluated by the nsubset [29]. All of the analyses were performed using the R software re-
lease 4.2.3 [30], with the packages FactoMineR [31] and Earth [32], and the Knime Analytic
Platform release 4.7.0 [33].

3. Results
3.1. Characteristics of the Study Population

For a total of 911 subjects, 238 males and 673 females were included in this study. A
description of the study participants is reported in Table 1.

Table 1. Description of the study population.

Males Females
(N = 238) (N = 673)

Age years, mean ± SD 50.9 ± 13.3 51.6 ± 13.4

BMI kg/m2, mean ± SD 33.9 ± 4.7 33.6 ± 5.7

Education

Primary school or less 21 (8.8%) 85 (12.6%)
Secondary school 61 (25.6%) 178 (26.4%)

High school 117 (49.2%) 315 (46.8%)
University or more 39 (16.4%) 95 (14.1%)

Occupation

Employee 166 (69.8%) 375 (55.7%)
Unemployed 15 (6.3%) 55 (8.2%)

Retired 57 (23.95%) 160 (23.8%)
Housewife - 83 (12.3%)

Residence traffic
exposure

Mild 53 (22.2%) 148 (22.0%)
Moderate 117 (49.2%) 329 (48.9%)

Heavy 68 (28.6%) 196 (29.1%)

PM10 annual average
from the ARPA

monitoring station
µg/m3, mean ± SD

43.0 ± 4.4 42.7 ± 4.7

Physical activity
Sedentary 148 (62.2%) 433 (64.4%)

Active 66 (27.7%) 206 (30.6%)
Sportive 24 (10.1%) 34 (5.0%)

Antidepressants Yes 15 (6.3%) 100 (14.9%)
No 223 (93.7%) 573 (85.1%)
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Table 1. Cont.

Males Females
(N = 238) (N = 673)

Smoking
Never 88 (37.0%) 377 (56.0%)

Ex 108 (45.4%) 198 (29.4%)
Current 42 (17.6%) 98 (14.5%)

Passive smoke
exposure

Yes 110 (46.2%) 293 (43.5%)
No 128 (53.8%) 380 (56.5%)

Alcohol weekly consumption,
median [Q1, Q3] 2 [0; 7] 0 [0; 2]

Coffee weekly consumption,
median [Q1, Q3] 9 [5; 20] 7 [3; 16]

C-reactive protein mg/L, median
[Q1, Q3] 0.22 [0.11; 0.45] 0.31 [0.14; 0.6]

Homocysteine µmol/L, median
[Q1, Q3] 12 [10.2; 14.2] 9.8 [8.3; 12.1]

Birth control pill Yes - 26 (3.9%)
No 647 (96.1%)

Number of previous
pregnancies median [Q1, Q3] - 2 [1; 3]

Menopause Yes - 355 (55.1%)
No 287 (44.9%)

Briefly, the study participants had mean ages of 50.9± 13.3 years and 51.6± 13.4 years
in males and females, respectively. The mean BMIs were equal to 33.9 ± 4.7 kg/m2 (males)
and 33.6 ± 5.7 kg/m2 (females). Study subjects were, for a large percentage, employed
(males 69.8%; females 55.7%), sedentary (males 62.2%; females 64.4%), and non-current
smokers (males 82.4%; females 85.5%). The association between the different continuous
predictors was assessed by Spearman’s rank correlation coefficients and is reported in
Figure 1A (females) and Figure 1B (males) together with scatter plots with smoothing trend
lines for continuous predictors.

Concerning females, no major monotonic associations were observed; although, mod-
erate (r > 0.1) correlations involved age with homocysteine, age and number of pregnan-
cies, BMI and CRP, BMI and number of pregnancies, and CRP and alcohol consumption
(Figure 1A). Similarly, in males, moderate positive correlations involved age with the
PM10 annual average and alcohol consumption, BMI and CRP, BMI and alcohol consump-
tion, CRP and homocysteine, alcohol and homocysteine, coffee consumption, and alcohol
consumption(Figure 1B).

Concerning the FAMD, the plot showing the joint contributions of each variable is
reported in Figure 2. In females, the first principal component, Dim1, is primarily related
to age, menopausal status, and working status variables. Dim2 is predominantly related to
BMI and PCR, with physical activity variables also contributing to a lesser extent. Lastly,
the third principal component, Dim3, mainly comprises the PM10 annual average.

Conversely, for males, the first principal component, Dim1, is predominantly related
to age and working status variables, with smoking also contributing significantly. Dim2 is
mainly related to PCR and coffee consumption, where these variables show opposition in
their influence, along with traffic and physical activity variables playing a secondary role.
Finally, the third principal component, Dim3, is primarily composed of BMI.

6
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Figure 1. Correlation among numerical variables. (Panel A) Female data. (Panel B) Male data. On
the lower panels, scatterplots for each variable pair are reported. The red curves were obtained by the
non-parametric regression method (lowess smoother). On the upper panel are the reported Spearman
correlation coefficients for each variable pair.
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Figure 2. Multivariate analysis of miRNA expressions and exposure variables. Factor Analysis of
Mixed Data (FAMD) was used to investigate the joint contributions of various variables in females
and males. Continuous variables are reported in red and categorical variables are in black. Labels of
variables with minor contributions were omitted.

3.2. miRNA Selection and Expression Levels in the Study Subjects

Supplementary Table S1 presents a comprehensive list of miRNAs identified from
the OncomiR database that were ranked in the top 50 based on their association with
specific cancer types. Table S1 includes the percentage of expression in females and
males regarding the SPHERE study along with an indication of their recorded average
up-regulation/downregulation in cancer tissues. Spearman’s correlation coefficients were
calculated and presented in a correlation matrix heatmap, based on the average correlation
values for each column and row, and are displayed in Supplementary Figure S1 for females
(Panel A) and males (Panel B).

In Figure 3A, the overlapping miRNAs across various cancer types are displayed. In
Panel B, we present the miRNAs observed in female cancers, expressed in at least 20% of
the women included in this study. Similarly, Panel C reports the equivalent selection of
miRNAs for male cancers.

Additionally, Figures 4 and 5 report (in females and males, respectively) the relation-
ships of the miRNA subsets for each cancer type as supplementary (or passive) variables
and continuous predictors (active variables). Only major associations are reported because
the small observed correlations between the sets of active and passive variables lead to
most of the miRNA projections that tend to gather very close to the centroid of the axes.
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Figure 3. miRNA expression patterns in different cancer types. (Panel A) illustrates overlapping
miRNAs across various cancer types (females AND males). (Panel B) displays miRNAs observed
in female cancers, expressed in at least 20% of the women in this study. (Panel C) presents the
equivalent selection of miRNAs for male cancers.

3.3. Multivariate Adaptive Regression Splines

The MARS algorithm was applied to explore the non-linear and non-additive rela-
tionships between miRNA expression and the selected risk factors in order to evaluate the
importance of the explanatory variables we considered. Supplementary Table S2 reports
the results of the models we applied in the female group of subjects while the models for
the male group are reported in Supplementary Table S3. In addition, both of the above
tables include additional results obtained by fitting models with continuous predictors
constrained to linear effects. Finally, the goodness of fit of each model, evaluated using R2
and generalized R2 coefficients, is described in Supplementary Tables S4 (females) and S5
(males).

In females, as we considered MARS models with Degree 1 (i.e., MARS model using
only additive terms to fit the data), the higher R-squared value for the model was observed
for hsa-miR-136-5p, indicating that 25% of the variance in this miRNA expression could
be explained by the selected risk factors (PM10, BMI, passive smoke, working status, and
homocysteine). This association is coherent with the projections of continuous variables
from the FAMD analysis of Figure 5 showing the major role of hsa-miR-136-5p as a passive
variable. As we considered MARS models with Degree 2 (i.e., MARS model considering
also interactions among predictors to fit the data), the higher R-squared value for the model
was observed for hsa-miR-301a-3p, indicating that 29% of the variance in this miRNA
expression could be explained by a complex combination of selected risk factors (age:
alcohol, PM10 with antidepressants, PCR, working status and alcohol, antidepressants
with education, PCR, homocysteine, birth control, number of pregnancies, consumption of
coffee, PCR with smoking status and alcohol consumption, and alcohol consumption with
physical activity.
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As we considered MARS models with Degree 1 and hinges, in males, the higher
R-squared value for the model was observed for hsa-miR-136-5p, indicating that 37% of the
variance in this miRNA expression could be explained by the selected risk factors (PM10
annual average, age, and alcohol). As we considered MARS models with Degree 2, the
higher R-squared value for the model was observed for hsa-miR-338-5p, indicating that 61%
of the variance in this miRNA expression could be explained by a complex combination of
selected risk factors (AgexCoffee; BMIxCoffee, PM10xCoffee; EducationxHomocysteine;
PCRxCoffee; HomocysteinexCoffee; SmokingxCoffee; Physical ActivityxCoffee; Working
statusxCoffee; and AlcoholxCoffee).

Intriguingly, the PM10 annual average emerged as the top-ranked variable in terms
of its importance for numerous miRNAs, both in females (Supplementary Table S2) and
males (Supplementary Table S3).

Given the complexity of the results, we here provide detailed descriptions for the
associations involving predictors with a top-ranking priority (i.e., 1st). Individual raw
outputs are reported in the Supplementary File “Material S1” M1.

Age was identified as a robust predictor of miRNA expression in females with hsa-
miR-324-3p, hsa-miR-671-3p, hsa-miR-7-1-3p, and hsa-miR-9-5p, for which the predictor
showed maximum importance. In males, age was similarly found to be a key predic-
tor, correlating with hsa-miR-574-3p, hsa-miR-125a-5p, and hsa-miR-126-3p. Notably, a
distinctive link between age and hsa-miR-125a-5p was observed exclusively in males; mean-
while, in females, age ranked as the second most important factor influencing miR-125a-5p
expression.

Furthermore, BMI showed notable associations with miRNA expression, specifically
hsa-miR-378a-3p and hsa-miR-708-5p in females and hsa-miR-9-5p, hsa-miR-103a-3p, and
hsa-miR-140-5p in males. Interestingly, hsa-miR-378a-3p displayed a remarkable associa-
tion with BMI, ranking fourth among the associated predictors for males.

Regarding biochemical parameters, CRP emerged as the top factor associated with
the modulation of hsa-miR-338-5p in both females and males. In addition, homocysteine
exhibited significant associations with hsa-miR-590-5p, ranking as the primary predictor in
females and the secondary predictor in males.

The consumption of coffee demonstrated a significant correlation with miRNA expres-
sion in both females (hsa-miR-144-5p, hsa-miR-130b-3p, and hsa-miR-7-1-3p) and males
(hsa-miR-139-3p, hsa-miR-378a-3p, and hsa-miR-148a-3p).

Lastly, hsa-miR-26b-3p exhibited a strong association with physical activity in females
(as related to BRCA) but was not included in the male oncomiRNA list we selected a priori;
thus, it was not further investigated.

4. Discussion

The present study investigated the association between selected oncomiRNAs and
various factors, including age, BMI, biochemical parameters, and coffee consumption,
shedding light on potential regulatory mechanisms and their relevance in the context of
exposome research. Moreover, we investigated the gender-specific patterns observed in the
associations, emphasizing the importance of considering this variable in miRNA-related
research. Our objective is to enhance the comprehension of the complex association de-
pendence of miRNAs with diverse factors. This highlights the importance of developing
multivariable methodological approaches for overcoming the analysis of one exposure at a
time, as is conventionally performed in exposome research. Emphasizing the relevance of
considering non-linear relationships among variables, we seek to advance the understand-
ing of miRNA regulation in response to multiple environmental influences. By exploring
the broader context of miRNA regulation, our findings could offer valuable insights into
the complexity of molecular interactions and pave the way for more comprehensive and
robust exposome studies in the future.

In our investigation, age emerged as a robust and influential predictor of miRNA
expression in both female and male subjects. Specifically, we observed major associations

12



Cancers 2023, 15, 4317

between age and the expression levels of miR-324-3p, miR-671-3p, miR-7-1-3p, and miR-9-
5p in females and miR-574-3p, miR-125a-5p, and miR-126-3p in males.

An intriguing finding in our study was the gender-specific association of age with miR-
125a-5p. Age significantly influenced miR-125a-5p expression in both females and males,
providing robust evidence for the role of this association in two independent sets of subjects.
In males, however, age was the single selected predictor of miR-125a-5p while a more
complex pattern of modulation was observed in females. Namely, the hinge model showed
the role of PM10, age, BMI, and PCR ranked by importance; the same variables (plus coffee
consumption) were observed in Degree 2 models with interactions. Under linear constraint
age, PM10, menopause, and BMI were showing their ranked importance. Considering
linear interactions, the selected models showed the major role of being retired and post-
menopause. The difference between linear and hinge models could be related to underlying
non-linear and non-additive dependence relations on the considered continuous variables
possibly surrogated by the associated categorical factors of menopause and working status.

These results suggest that age plays a central role in shaping miRNA expression
profiles in both genders. Furthermore, the gender-specific associations underscore the
importance of considering sex as a biological variable in miRNA-related studies as it may
uncover unique regulatory patterns and provide insights into gender-specific molecular
mechanisms associated with age-related processes.

Additionally, miR-125a-5p has been extensively studied in the context of cancer [34,35].
It acts as a tumor suppressor in various cancers by targeting oncogenes or genes involved
in cell proliferation, invasion, and metastasis [36,37]. Its down-regulation in cancer cells
can contribute to tumor progression [38,39]. Our findings confirm the age-dependent
down-regulation in the expression of miR-125a-5p, which has been previously reported in
mouse models [40].

We further observed significant associations between BMI and miRNA expression,
with gender-specific patterns present. In females, miR-378a-3p and miR-708-5p showed
an association with BMI; meanwhile, in males, miR-9-5p, miR-103a-3p, and miR-140-5p
were found to be associated. These results suggest distinct miRNA regulatory patterns in
relation to BMI in females and males, reflecting potential gender-specific molecular mecha-
nisms linked to adiposity and metabolic processes. The SPHERE population consisted of
individuals with high BMIs and previous studies have emphasized the significant role of
BMI in modulating EV-miRNA expression [21]. Specifically, miR-378a has been implicated
in adipogenesis and obesity [41–44] while miR-708-5p was found to be up-regulated in
individuals with obesity and metabolic syndrome [45].

In the context of obesity, miR-9-5p has been frequently reported as dysregulated in
adipose tissue and serum, pointing to its potential involvement in the pathogenesis of
obesity [46]. It is known to influence adipocyte differentiation by targeting key genes
in adipogenesis [47]. Moreover, miR-9-5p has been associated with the regulation of
inflammatory processes [48,49]; given that obesity is characterized by chronic low-grade
inflammation in adipose tissue [50], the dysregulation of miR-9-5p in obesity may contribute
to adipose tissue inflammation and insulin resistance. Similarly, miR-103a-3p has been
found to be down-regulated in blood samples of individuals with obesity [51,52] and its
role in modulating insulin sensitivity is well-established [52]. Additionally, miR-140-5p has
been reported to be up-regulated in the plasma of obese or diabetic patients and its levels
can be influenced by treatment with metformin or bariatric surgery, indicating a potential
correlation with insulin sensitivity [52,53]. Moreover, miR-140-5p overexpression has been
positively correlated with BMI and waist-to-hip ratio [53].

In our investigation of biochemical parameters, we identified CRP as the most influ-
ential factor regulating miR-338-5p expression in both females and males. Furthermore,
homocysteine showed significant associations with miR-590-5p, ranking as the primary
predictor in females and the secondary predictor in males. To the best of our knowledge,
no previous studies have reported an association between CRP and miR-338-5p. However,
a recent paper demonstrated that overexpressed miR-338-5p effectively suppressed IL-6 ex-
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pression at both the mRNA and protein levels, both in vitro and in vivo, and vice versa [54].
Additionally, luciferase reporter assays confirmed that miR-338-5p directly regulated IL-6
expression by binding to its mRNA 3′ untranslated region [55]. Given that IL-6 is a known
inducer of hepatic C-reactive protein (CRP) synthesis, this discovery suggests a potential
link between miR-338-5p and CRP [54]. These findings shed light on a novel regulatory
mechanism that may have implications for our understanding of the interplay between
miRNAs and inflammatory pathways and could provide insights into the molecular basis
of miR-338-5p modulation by CRP.

MiR-590-5p plays a crucial role in cellular homeostasis, including cancer, with re-
cent evidence showing its dual function as both an oncogene and a tumor suppressor,
depending on the specific cancer context [56]. Although the link between miR-590-5p and
homocysteine is not clear, miR-590-5p has been implicated in processes related to vascular
endothelial function [57] and inflammation [58], which are pathways closely connected
to homocysteine metabolism. However, it is important to note that the relationship be-
tween miR-590-5p and homocysteine is likely to be influenced by various factors related to
the cellular context, including other molecular interactions. More comprehensive studies
are needed to elucidate the specific mechanisms underlying this potential link and its
functional consequences in health and disease.

The significant correlation we found between coffee consumption and miRNA ex-
pression in both females and males is a fascinating finding. Coffee contains numerous
bioactive compounds, such as caffeine and polyphenols, which have been shown to exert
protective effects against cancer by acting as antioxidants and modulating various cellular
pathways [59]. Numerous epidemiological studies have explored the association between
coffee consumption and cancer risk, revealing intriguing findings. Overall, the evidence
suggests that moderate coffee consumption is associated with a potentially reduced risk
of certain cancers. Some studies have shown an inverse relationship between coffee con-
sumption and the risk of developing cancers, such as liver, colorectal, and endometrial
cancer [60]. Moreover, coffee consumption has been linked to a lower risk of certain types
of hormone-related cancers, like estrogen-receptor-negative breast cancer [61]. In the lit-
erature, we have not found any possible associations between coffee consumption and
the expression of the microRNAs we identified (miR-144-5p, miR-130b-3p, miR-7-1-3p,
miR-139-3p, miR-378a-3p, and miR-148a-3p). This field of study is still in its very early
stages and further research is required to assess the effect of these dietary compounds.

The intriguing link between miR-26b-3p and physical activity sheds light on the com-
plex regulatory network of microRNAs in response to both exercise and everyday physical
behaviors. It emphasizes miR-26b-3p’s potential role as a significant player in processes re-
lated to physical activity. Notably, in this context, “physical activity” encompasses habitual
behaviors beyond structured exercise. However, to fully comprehend the functional signifi-
cance and implications of miR-26b-3p in relation to physical activity, further comprehensive
studies are warranted.

One of the major advantages of a machine learning method like MARS is its ability to
automatically select relevant variables from a large set of predictors and their interactions,
also considering non-linear relationships under their hinge function representation. This
provides an additional level of information with respect to multivariate projection tech-
niques like FAMD and simple univariable linear regression. Whereas the MARS method
can capture non-linear and non-additive relationships, the resulting models are still rel-
atively interpretable, providing relevant exploratory information for setting biological
hypotheses and building refined models with optimal control of the bias vs. variance
tradeoff and enhanced predictive capability. Therefore, we are aware of the limitations as
well as the advantages of the applied MARS method; more sophisticated modeling, rather
than multivariable regression, is requested by the integrative analysis of multi-omics data in
order to infer about regulatory/causal networks. This is outside of the scope of the present
paper but lays the ground for future developments of our analyses of the SPHERE data.

14



Cancers 2023, 15, 4317

5. Conclusions

This study not only enhances our understanding of miRNA regulation in response
to multiple environmental and lifestyle influences but also underscores the critical role
of methodology in unraveling the complexities of cancer risk factors. By uncovering
non-linear relationships among variables, we gain valuable insights into the complexity
of miRNA regulatory networks. Furthermore, our adoption of the MARS methodology,
with its inherent capacity to automatically identify non-linear and non-additive effects
(interactions) among predictors, exemplifies the power of computational techniques in
elucidating the interplay between multifaceted variables. This innovation approach not
only advances our comprehension of EV oncomiR network regulation but also serves as
a model for future studies seeking to decipher complex molecular systems. As we move
forward, we envisage a horizon of comprehensive exposome studies that will further define
the dynamic relationships between our environment, our genetic makeup, and the complex
landscape of cancer development.
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Simple Summary: Cell–cell communication mechanisms are gathering growing scientific interest,
particularly in the context of cancer cells and the tumor microenvironment. Extracellular vesicles are
gaining increased interest due to their relevance in tumor molecular characterization, classification,
diagnosis, prognosis evaluation, and response to treatment. Many advances have been made in the
clinical and therapeutic fields, exploiting increasingly precise biomolecular engineering strategies.
This review aims to focus on the role of extracellular vesicles (EVs) as diagnostic and therapeutic
tools in lung cancer.

Abstract: Lung cancer represents the leading cause of cancer-related mortality worldwide, with
around 1.8 million deaths in 2020. For this reason, there is an enormous interest in finding early
diagnostic tools and novel therapeutic approaches, one of which is extracellular vesicles (EVs). EVs
are nanoscale membranous particles that can carry proteins, lipids, and nucleic acids (DNA and
RNA), mediating various biological processes, especially in cell–cell communication. As such, they
represent an interesting biomarker for diagnostic analysis that can be performed easily by liquid
biopsy. Moreover, their growing dataset shows promising results as drug delivery cargo. The aim of
our work is to summarize the recent advances in and possible implications of EVs for early diagnosis
and innovative therapies for lung cancer.

Keywords: lung cancer; NSCLC; SCLC; EVs; BALF; liquid biopsy; personalized medicine; organ failure

1. Introduction

Cancer is the leading cause of mortality globally [1], and a massive effort is being
focused on finding novel therapeutic approaches and standardizing methods that can
contribute to early neoplastic detection. Non-invasive techniques that do not involve
radiation analysis represent a crucial goal. Among different tumors, the principal cause of
death is lung cancer [1]. Lung cancer can be classified into two main histological subtypes:
Small-Cell Lung Carcinoma (SCLC) and Non-Small Cell Lung Carcinoma (NSCLC), with
a higher prevalence of NSCLC (about 80–85%) [2]. In the last decade, the high level of
mortality due to lung cancer has prompted the onset of many multicenter studies seeking
to improve early tumor detection by consolidated analysis (imaging by X-ray, PET, and
PET/CT) and blood tests correlation. The 2004 COSMOS study (Continuous Observation
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of Smoking Subject) (ClinicalTrials.gov ID NCT01248806) enrolled more than 5000 asymp-
tomatic smoker volunteers from the population because of their higher risk of developing
lung cancer. Subjects were followed for 5 years with blood tests, spirometry, and annual
low-dose spiral CT radiological examinations for nodules, alongside an evaluation of the
correlation between COPD and lung cancer. Furthermore, many more studies comprising
thousands of healthy patients have evaluated circulating biomarkers and radiomic analy-
ses. For example, the CLEARLY study (Circulating and Imaging Biomarkers to Improve
Lung Cancer EARLY Detection) (ClinicalTrials.gov ID NCT04323579), which started in
2018, is a multifactorial “bio-radiomic” protocol designed to detect early lung cancer in
association with circulating biomarkers and radiomic data. Prognostic radiomic profiles
for early detection have been correlated with molecular and cellular biomarkers such as
microRNAs (miRNAs), proteins, circulating tumor cells (CTCs), and extracellular vesicles
(EVs). EVs are involved in various processes, such as cell proliferation, differentiation, and
the inflammatory response.

During the last ten years, circulating EVs have gained growing attention not only as
biomarkers, but also for their ability to mediate cell–cell regulation and be manipulated
for therapeutic purposes [3]. EV components have been implicated in many biological
processes, and among them, a clear involvement in cancer invasion and metastasis has
been observed [4]. Particularly noteworthy are the modulatory effects of EVs released from
tumors and non-tumor cells such as mesenchymal stromal cells (MSCs) [5,6]. Many studies
have been carried out to evaluate the effects and compositions of different EVs in tumor
progression. The presence of regulatory messenger RNA (mRNA), which can modulate
cancer cell proliferation, has been found within EVs [7]. Additionally, EV analysis has
revealed the presence of controller proteins from neighboring cells [8], such as from the
tumoral counterpart. Released EVs shuttle molecules involved in cell adhesion, migration,
aggressiveness, and resistance to chemotherapeutic treatments [9]. The most remarkable
molecules carried by EVs are miRNAs, which modulate multiple processes (growth, dif-
ferentiation, apoptosis, migration, and drug/radioresistance) by their interaction with
non-coding RNAs (ncRNAs), such as mRNAs, long non-coding RNAs (lncRNAs), and
circular RNAs (circRNAs) [10]. Through these interactions, a single miRNA strand can
control multiple genes, inhibiting their translation. This uniqueness gives relevance both to
regulation processes and diagnosis and therapy. Engineering EVs with specific ncRNAs
represents a promising outcome of the last few years, whereas the identification of an
miRNA-specific signature from onset tumors still represents a challenging target. This
review focuses on the role of EVs in diagnosis as components of liquid biopsy and in
therapies for lung cancer, exploiting their use as theranostic agents. Despite many groups
in the past describing the relationship between EVs and lung cancer, we hope that our
work can help to suggest future diagnostic and therapeutic directions, improving their
applications in fighting lung cancer [11–13].

2. Extracellular Vesicles

Extracellular vesicles (EVs) represent a crucial functional component of intercellular
communication, acting as important mediators in both physiological and pathological
processes in different organs and pathologies [14,15]. The classification of EVs reveals a
complex landscape characterized by several factors. EVs were originally isolated from
blood cells and showed significant variability in terms of their cellular origin, molecular con-
tent, size, and therapeutic efficacy [16,17]. Their classification based on size categorizes EVs
into apoptotic bodies (1–5 µm), microvesicles (0.1–1 µm), and exosomes (30–150 nm) [18].
However, alternative classifications have been proposed, introducing considerations such
as tissue of origin (e.g., prostasomes and oncosomes) and functional parameters [19]. EV
proteins constitute a key aspect of their classification, reflecting both the cellular origin
and the contents of the originating compartments. Exosomes (Exo) are generated by the
endocytic pathway through the interaction between the endocytic vesicles and the endo-
somal sorting complex required for transport (ESCRT) system, and afterwards, they are
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released by the fusion of multivesicular bodies (MVBs) with the plasma membrane [20].
ESCRTs are involved in Exo production regulation also through the autophagy system.
Autophagy-related genes (Atg) represent key factors for Exo release and their expression
has been found to be deregulated in cancer cells, promoting proliferation and metasta-
sis [21]. The complex network between autophagy and Exo trafficking includes many
regulatory proteins and was recently revised by Zubkova and coworkers [22]. Conversely,
microvesicles (MV) and apoptotic bodies arise directly from the plasma membrane [22]. In
particular, MVs derive from membrane budding, whereas apoptotic bodies form from the
blebbing of cells that undergo apoptosis. Cancer cells promote EV release to induce cancer
development, proliferation, and metastasis. Among the EVs derived from cancer cells are
oncosomes, which differ by size and composition from other EVs (Figure 1, Table 1).Cancers 2024, 16, x FOR PEER REVIEW 5 of 22 
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Table 1. EV classification.

Characteristics of Extracellular Vesicles (EVs) Subtypes

EV Subtypes Origin Markers Cargo Reference

Exosomes MVBs fuse with plasma
membrane

CD63, CD81, CD9,
HSP60, HSP70,
Alix, TSG101

Genomic DNA, mRNA,
miRNA, circRNA, lncRNA,

MHC class I and II
[23–25]

Microvesicles Outward budding of plasma
membrane

Anneximìn A1, Integrins,
CD62, CD40 ligand

mRNA, miRNA, circRNA,
lncRNA, Lipids,

Adesion proteins
[26–28]

Oncosomes
Exclusively shed by cancer
cells;Outward budding of

plasma membrane

CAV-1, Keratin 18, ARF6,
GAPDH

Genomic DNA, mRNA,
miRNA, circRNA, lncRNA,

MHC calss I and II
[29–32]

Apoptotic bodies Outward blebbing from cells
in apoptosis

Caspase 3, Annexin V,
CD63, CD81

miRNA, mRNA, Fragmented
DNA, Histones [33–35]

Integral membrane proteins, specifically tetraspanins like CD9, CD63, and CD81, stand
out as important markers. Furthermore, EVs may contain membrane and cytoskeletal
proteins, lysosomal enzymes, cytokines, chemokines, antigen presentation-related proteins
(MHC class I and II complexes), and nucleic acids such as DNA, mRNAs, and miRNAs,
all of which contribute significantly to EV classification [23,36]. The existence of DNA in
EVs demonstrated in the past decade adds an intriguing dimension to their molecular
composition. DNA in EVs, different in type (single- or double-stranded, mitochondrial)
and form (fragment or chromatin-bound), may aid in discriminating EVs based on their
cell of origin [37,38]. However, due to a lack of sufficient biomarkers and an overlap in size
range, it is difficult to discriminate between the various types of vesicles.

EVs function as messengers and can be involved in key physiological conditions
such as coagulation, pregnancy, metabolism, immunity, and apoptosis [39–43]. Under

21



Cancers 2024, 16, 1967

pathological or stress conditions induced by various stimuli, EVs show dynamic responses
by altering both their quantity and molecular composition [44–48]. These altered vesicles
hold promise as prospective biomarkers for various diseases, serving as reservoirs for
potentially dangerous molecules. The pivotal role of EVs extends to their involvement
in neurodegenerative diseases [47], blood disorders [49], metabolic processes [50], and
cancer progression [51], where they act as intercellular communicators between cells and
distant organs. EVs carry functional biomolecules, such as mRNA, proteins, miRNA, and
metabolites, and can deliver them to cells across short and long distances, using the blood
as a transport medium. The growing interest in EVs as disease biomarkers is reflected in
their detectability across various body fluids.

The innate targeting capacity of EVs has shown considerable potential in cancer ther-
apy [52–54], where, to mitigate challenges such as rapid clearance, low uptake rates, and
off-target effects, researchers have explored EV engineering strategies that involve the
modification of the EV surface and internal cargos [55]. Recent studies have demonstrated
that EV surface cargos significantly influence their uptake, providing a basis for engineer-
ing strategies. The surface markers, including integrins, CD63, and tetraspanin 8 [56,57],
contribute to EV tropism and are susceptible to engineering to improve their uptake effi-
ciency [58]. EVs’ potential in cancer therapy extends to artificial targeting strategies, where
specific surface molecules are designed to bind to molecules expressed on the surface of
the desired recipient cells. This approach includes receptor–ligand interactions, enzymatic
modifications, and antigen–antibody combinations [55]. In particular, engineered EVs with
ankyrin repeat proteins expressed on the surface of the cell membrane exhibited specific
binding to HER2-positive breast cancer cells, showing the potential of the receptor–ligand
interaction strategy [59]. Antibody-mediated strategies involve engineering EV surfaces
with anti-CD3 and anti-EGFR antibodies, leading to the T-cell-mediated elimination of
EGFR-positive cancer cells [60]. Enzymatic strategies using hyaluronidase on the EV sur-
face aim to increase EV uptake by degrading the tumor extracellular matrix, improving
permeability for both tumor-specific CD8 T cells and drugs in the tumor microenviron-
ment [61].

Upon uptake, the EV cargo modulates the activity of recipient cells [62,63], and, in this
context, EVs secreted by MSCs (MSC-EVs) are a promising therapeutic component of the
MSC secretome. Most preclinical studies involving MSC-EV therapy are based on vesicles
produced by MSCs [3,64,65]. Moreover, to potentiate the functional activity of MSC-EVs, the
strategy of priming/preconditioning their cells of origin was explored by using chemicals,
cytokines, and growth factors, as well as specific culture conditions [3,64,66–69]. For instance,
human MSC-EVs produced after stimulation with dimethyloxaloylglycine further stimulated
angiogenesis through the Akt/mTOR pathway to enhance bone healing [70]. Tumor necrosis
factor-alpha (TNF-α) was able to prime MSCs and improve the bone regenerative properties of
MSC-derived EVs, as evidenced by the increased proliferation and osteogenic differentiation of
osteoblastic cells in vitro [71]. Furthermore, several studies explored the effects of inflammatory
priming on MSC-EVs, revealing distinct EV functions compared to other priming conditions.
For instance, it was recently demonstrated that EVs derived from IFN-γ-primed MSCs have
improved immunomodulatory properties compared to the 3D culture priming of MSC-EVs,
which instead showed enhanced angiogenic properties [66]. In this scenario, the yield, size,
and surface marker composition of MSC-derived EVs exhibited substantial variations with
various priming treatments, and it is intriguing to understand how the EV content and their
beneficial properties can be modulated. These studies will no doubt lay the foundation for
potential advancements in MSC-EV therapeutics.

3. EVs in Diagnosis

While lung cancer represents, in most cases, a very inoperable disease with a low
response to radiation therapy or chemotherapy and a low survival rate (with <17% for
NSCLC and <7% for SCLC), the most important factor contributing to an increase in
survival rate is early diagnosis and the selection of specific targeted therapeutic procedures.
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The identification of tumor characteristics based on molecular markers plays a key role in
treatment effectiveness. Recently, a minimally invasive approach known as liquid biopsy
was introduced, which involves sampling a small portion of body fluids to search for
circulating tumor cells (CTCs), circulating proteins, and nucleic acids [72]. In this scenario,
EVs, and particularly Exo, contain mediators influencing tumor progression as components
of carcinogenesis that can help to identify and classify tumor onset and prevent its diffusion.

Several methods can be used to isolate EVs, such as differential ultracentrifugation,
size exclusion chromatography, gradient centrifugation, the co-precipitation method, and
microfluidic devices [73]. Yet, this represents a major challenge for EV application, since
the development of high-throughput methodologies to allow for the rapid isolation of EVs
from many samples would enhance their use in diagnosis [74].

EVs are known to participate in intercellular communication, immune responses,
metabolism, and tumor progression, as they are capable of horizontally transmitting a wide
range of biomolecules to target cells, making them important biomarkers for diagnosis,
as well as promising molecular carriers for targeted therapies. The information they
carry can influence the behavior of target cells in multiple ways. In particular, they can
act as indicators, transferring membrane proteins and receptors to target cells, or even
altering their phenotype through the horizontal transfer of genetic information. It has
been demonstrated that EVs can deliver not only proteins or lipids, but also miRNAs,
other ncRNAs, and mRNAs [75]. The analysis of EV miRNA levels in lung cancer patients
showed a significant difference compared to control samples, suggesting that circulating
EV miRNAs might represent a useful screening tool [76]. Compared to other circulating
biomarkers such as cell-free DNA (cfDNA) and CTC, EVs have the advantage of being
more abundant and more stable, given their lipid layer, which also protects the transported
cargo. These characteristics are very important in order to establish sensitive and easily
repeatable protocols for the early diagnosis of disease. Their role is central in certain
pathological phenomena; for instance, it is now widely demonstrated that a tumor cell can
release more than 20,000 of these vesicles in 48 h [77], with a role in conditioning the tumor
microenvironment (TME). The TME includes several components such as the extracellular
matrix (ECM), endothelial cells, cancer-associated fibroblasts (CAFs), and a strong immune
component such as tumor-associated macrophages (TAMs), natural killer cells (NK), and T
and B lymphocytes. Sanchez and coworkers examined the involvement of EVs and their
miRNA cargo in the TME, demonstrating how they stimulate the formation of the neointima
by activating macrophages within the TME, thus generating a niche for inflammation [78].
The analysis of EVs can represent a low-impact source for lung cancer characterization;
notably, it has been demonstrated that EVs derived from bronchoalveolar lavage fluid
(BALF) liquid biopsy can be used proficiently for epidermal growth factor receptor (EGFR)
genotyping and the evaluation of EGFR mutations [79]. This method, together with the
digital droplet PCR (ddPCR) and next-generation sequencing (NGS) techniques, can allow
for the stratification of patients for TKI treatment without invasive methods such as tissue
biopsy [79]. In this way, it is possible to quantify (copies/mL) and identify, if present, variants
relating to the mutated EGFR, perhaps due to targetable resistance mechanisms involved in
resistance to cancer therapy [80]. In this regard, a prospective phase 2 study was carried out
to promote EGFR genotyping for subsequent therapeutic interventions through the analysis
of EV-BALF liquid biopsy obtained from advanced NSCLC patients [81]. The study, for the
first time, established that this platform represents a valid tool for immediate genotyping and
allows for rapid results for therapeutic initiation in advanced NSCLC patients [81]. Moving
forward, genotyping the miRNA content in EVs has been widely investigated. A recent
study evaluated, with low-dose computed tomography (LDCT), the presence of indeterminate
pulmonary nodules (IPNs) in association with circulating EV miRNAs [82]. The NGS analysis
demonstrated a specific miRNA signature associated with the patient’s prognostic survival [82].
Similarly, another study described an miRNA signature (hsa-miR-106b-3p, hsa-miR-125a-5p,
hsa-miR-3615, and hsa-miR-450b-5p) from plasma-circulating EVs with the identification of
early-stage lung cancer [83]. An analogous result was obtained with the RT-PCR analysis of
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six miRNAs (miR-7, miR-21, miR-126, Let-7a, miR-17, and miR-19) in EV-BALF. Despite the
limited number of patients, the study suggested a correlation between the expression of the
analyzed miRNAs and early-stage lung cancer [84]. High-throughput transcriptomic analyses
allowed for the identification of circular RNAs (circRNAs), resulting from the back-splicing
of pre-mRNA, among numerous RNA strands. Although first described in the early 1970s,
circRNAs were, until very recently, regarded as byproducts of splicing without any important
biological function. The main function of circRNAs is the inhibition of miRNAs. They act
as miRNA sponges, establishing a complex and precise system in the interaction with RNA-
binding proteins and in the regulation of gene expression [85]. Recently, circRNAs were found
to be enriched and stable in cancer EVs, suggesting their potential use as cancer biomarkers or
therapeutic targets. It has been supposed that EVs could represent a mechanism for the release
of circRNAs [86,87].

Cancer patients show circRNA expression levels in the ratio of 2:1 vs healthy con-
trols [88]. A valid example of the role of EVs in prognosis is given by the Hongya et al.
study on circVMP1, which was found to be correlated with the progression of NSCLC and
resistance to cisplatin therapy [89].

Indeed, there is much evidence for circRNAs being involved in promoting tumor
migration, NSCLC development, resistance to therapies, and tumorigenesis, with different
pathways of molecular interaction. Through the miR377-5p/NOVA2 axis, circ_007288
promotes the development of NSCLC [90], while circ_0000376 stimulates tumorigenesis
and promotes drug resistance by positively modulating the action of KPNA4 and sponging
miR1298-5p [91].

Circ_0020123 is particularly interesting for the multiple interaction pathways in which
it is involved in lung cancer and appears to be capable of promoting cell proliferation and
migration on tumor growth in vivo, acting on the THBS2/miR590-5p axis [92] and favoring
cisplatin resistance in NSCLC cells by targeting miR-14-3p [93].

In the study conducted by Wei et al., circ_0020123 acts as a competitive endogenous
RNA (ceRNA) to interact with miR-1283, thus promoting the expression levels of PDZD8,
a cytoskeletal regulatory protein involved in tumor migration and proliferation [94], also
involved in the LARP1/miR-330-5p tumor axis mechanism with the homonymous CircRNA
(circ_PDZD8) [95] or suppressing tumor growth either if not expressed [96] or through
sponging miR-1299, regulating HMGB3 [97]. Many studies on circRNA in lung cancer
have demonstrated a repressive role in the disease. The relevance of circRNAs and their
RNA splice variants for tumor progression and therapy response has been demonstrated
in preclinical models [98]. Given the plethora of pathways in which circRNAs are involved,
the use of a specific database is fundamental to shed light on the many possible pathways,
and this is one of the objectives with which CircInteractome was born [99].

Recent studies have explored the role of circRNAs derived from the lung and carried
by EVs [100], and most of them are focused on their expression and role in lung cancer [101]
(Table 2).

In a pioneering work in this field, Zhu and coworkers identified the presence of
circHIPK3 in lung cancer released EVs [102]. This circRNA has been proposed as a novel EV-
derived biomarker for lung cancer, whose action is connected with miR-637 reduction and
acts as a tumor suppressor on cellular migration, invasion, and proliferation in NSLC [102].

Moreover, it was reported that the circRNAs contained in EVs act as novel genetic
information molecules, mediating the interactions between cancer cells and other cells of
the TME and regulating key steps in cancer progression [10,103,104]. Nowadays, the use of
EV-circRNAs as biomarkers for cancer diagnosis and prognosis shows various limitations
for sample sizes and a lack of standardized evaluation systems, so further analysis will
support their specific application as early diagnostic markers.

On the other side, engineering strategies for EV-circRNAs could solve the limitations
due to the size of circRNAs for efficient packaging and delivery systems, overcoming
pharmacodynamics, pharmacokinetics, and safety considerations [105].
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Table 2. circRNA effects on lung cancer.

CircRNA # Function Pathway Reference

Circ_0012673 Promote cell proliferation Sponge miR-22; upregulate ErbB3 [106]

Circ_0067934 Promote cell proliferation, migration, and
invasion

Modulate markers of
epithelial-to-mesenchymal transition

(EMT)
[107]

Circ_007288 Promote cell proliferation Sponge miR-377-5p/NOVA2 [90]

Circ_0000376 To induce resistance to cisplatin and
promote tumorigenesis Sponge miR-1298-5p/KPNA4 [91]

Circ_PDZD8 Promote cell proliferation Sponge miR330-5p/LARP1 [95]

Circ_0072309 To promote tumor progression and
invasion Sponge miR607/FTO [108]

Circ_ATAD1 Enhance cancer progression Sponge miR-191-5p [109]

Circ_0092887 Induce resistance to taxane Sponge miR490-5p/UBE2T [110]

Circ_0007385 Promote cell proliferation, migration,
tumourigenesis, and invasion Sponge miR-181 [111]

Circ_0013958 Promote cell proliferation and invasion
and prevent apoptosis Sponge miR-134/cyclin D1 [112]

Circ_0020123 Inhibit proliferation and invasion Sponge miR1299/HMGB3 [97]

Circ_008305 Inhibit tumor metastasis Sponge miR-429/miR-200b-3p/PTK2 [113]

Circ_CRIM1 Inhibit tumor metastasis and invasion Sponge miR-93 and miR-182; [114]

Circ_RNF13 Inhibit tumor proliferation and metastasis Sponge miR-93-5p [115]

CircSH3PXD2A Inhibit tumor chemoresistance miR-375-3p/YAP1 [116]

In addition to nucleic acid evaluation, recent progress in EV analysis has been im-
plemented by looking at the protein content by proteomic profiling. Lung cancer EVs
contain several tumor-associated proteins, such as EGFR, KRAS, inducer of extracellular
matrix metalloproteinase, claudins, and RAB family proteins. In NSCLC, other proteins
have been found such as exo markers like CD91, CD317, and EGFR. CD151, CD171, and
tetraspanin 8 represent very reliable markers for lung cancer characterization and identi-
fication. Furthermore, METTL1 and the HIST family of proteins have been found to be
overexpressed mostly in tumor samples [117]. Many studies are focusing on identifying
the protein profiles of EVs from different stages and histologies of lung cancer, which
is very important as a potential diagnostic tool [118,119]. A good example is given by
Hoshino et al., who were able to characterize the complete proteomic profile of EVs from
the plasma of 16 different cancer types and identified the proteins up- or down-regulated in
cancer-associated EVs. Notably, the study revealed that cancer-derived proteins were not
potential tumor tissue biomarkers and that approximately 50% of them arose from distant
organs. Tumor-specific proteins were detected only in plasma, supporting the systemic
nature of cancer and strengthening the potential use of EVs as liquid biopsy markers for
early cancer diagnosis [117]. It has been reported that NSCLC-EVs shuttle specific proteins
capable of inducing metastasis. Taverna et al. demonstrated that Amphiregulin, a ligand
of EGFR contained in NSCLC-EVs, could induce metastasis, activating the EGFR path-
way in pre-osteoclasts with an enhanced activity of proteolytic enzymes, leading to bone
metastasis formation [120]. NSCLC EVs show an increased expression of FAM3C, a gene
encoding for interleukin-like EMT inducer (ILEI). This results in an enhanced detection of
FAM3C from lung tumor patients vs healthy subjects [121]. Furthermore, Du and cowork-
ers identified that SCLC tumor-cell-derived EVs expressing PD-L1 play an important role
in EVs and immune system crosstalk, suggesting a potential use of EV PD-L1 in the design
of anticancer strategies [122]. From a prognostic point of view, the expression proteins of
the A549 cell line (NSCLC) were analyzed before and after cisplatin treatment [123] by
mass spectrometry (LC–MS/MS analysis). The results define a protein profile enriched
for cholesterol metabolism pathway activation, indicating the role of EVs in lipogenesis
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activation and cell proliferation after chemotherapeutic treatment [123]. Nonetheless, a
uniform consensus on protein markers from EVs is still missing for the restricted human
sample datasets to drive interpretations of data analyses. To date, various resources have
deposited the contents of EVs, especially regarding miRNAs, which can be consulted
online: EVpedia [124,125] and Exocarta [126]. While the observation of new diagnostic
information is strongly promoted, ctDNA represents an interesting target for liquid biopsy
investigations in lung cancer detection [127]. However, the study of EVs and their protein
cargo or CTCs has not yet entered clinical practice, and their application is limited to
research studies (Table 3).

Table 3. Diagnostic application of EVs from different body fluids in lung cancer.

Disease Body Fluid Samples Source Description Reference

Lung Cancer BALF
LC-MS analysis of proteome profile.

DNMT3B protein complex as potential
therapeutic target.

[128]

Early-Stage Lung
Adenocarcinoma BALF

Quantitative analysis of miRNAs with
diagnostic value.

miR-126 and Let-7a possible diagnostic
biomarkers: higher levels in lung

adenocarcinoma than in control subjects.

[84]

Early-Stage Lung
Adenocarcinoma/Invasive Stage

Lung Adenocarcinoma
Plasma

A signature drawn up with four miRNAs
(hsa-miR-106b-3p, hsa-miR-125a-5p,

hsa-miR-3615, and hsa-miR-450b-5p) for
early diagnosis.

[83]

Advanced-Stage Lung
Adenocarcinoma BALF

Next-Generation Sequencing (NGS) of EV DNA
content to identify genetic alterations, suitable

for a clinical approach.
[129]

(Advanced) NSCLC BALF
EGFR mutation analysis on BALF EVs as

method more accurate, specific and rapid than
cfDNA evaluation.

[79]

(Advanced) NSCLC Plasma and BALF

BALF EV DNA analysis as alternative diagnostic
method in accordance with tissue biopsy and
greater efficiency for detecting the p.T790 M

mutation in the patients resistant to EGFR-TKIs.

[130]

(Advanced) NSCLC BALF
A phase 2 study on BALF EV as platform for

EGFR genotyping and rapid
therapeutic intervention.

[81]

Adenocarcinoma,
Squamous Cell Carcinoma,

NSCLC
Bronchial Washing Detection of EGFR mutation and evaluation of

its prognostic value. [131]

Early-Stage Malignant Pleural
Mesothelioma (MPM)

vs Benign Conditions and
Metastatic Adenocarcinomas

Pleural Effusions Characterization of surface marker or proteins
differentially expressed as diagnostic markers. [132]

Indeterminate Pulmonary
Nodules (IPNs) Plasma

CircEV-miR profile as a molecular model to
distinguish the benign and malignant IPNs.

miR-30c-5p, miR-30e-5p, miR-500a-3p,
miR-125a-5p, and miR-99a-5p: five miRNAs
differentially expressed and associated to an

overall survival.

[82]
Chinese Clinical Trials:

ChiCTR1800019877

4. EVs in Lung Cancer Therapy

Until a few years ago, the most common lung cancer treatment was chemotherapy.
Recent progress in oncology has prompted the use of immune-checkpoint monoclonal
antibody blockades in association with chemotherapeutic treatment [133] or as a single
agent, depending on PD-1 IHC expression. On the other hand, next-generation sequencing
technologies allow for the identification of the most recurrent mutations in lung cancers,
providing a unique tool for evaluating oncogene addiction and the role of targeted therapy.
Some of the identified mutations include epidermal growth factor receptor (EGFR), where
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mutations occur in 15% of NSCLC adenocarcinoma cases [134]. This allows for the targeting
of these tumors by specific tyrosine kinase inhibitors (TKIs) and/or monoclonal antibodies,
as recommended by current guidelines [135]. Different TKIs have been employed in several
clinical trials, which have demonstrated a positive effect on progression-free survival (PFS)
and fewer side effects compared to standard chemotherapy (platinum) [136]. Unfortunately,
many patients have shown resistance to the specific EGFR inhibitor treatment. To overcome
this problem, TKI treatment can be associated with anti-EGFR monoclonal antibodies
(cetuximab, necitumumab, and panitumumab), as supported by numerous clinical trials
reviewed by Ciardiello and colleagues [137]. Another therapeutic target identified in lung
cancers is anaplastic lymphoma kinase (ALK), whose translocation with the EML4 gene
affects 5% of NSCLC patients [138]. Specific TKI inhibitors have been identified: crizotinib,
second-generation ceritinib and alectinib, and the new-generation lorlatinib, recently pre-
ferred for resistance mutations [139]. Interestingly, crizotinib has also been employed as a
treatment for NSCLC patients positive for ROS-1 chromosomal rearrangements with clini-
cal signs similar to ALK mutations [140,141]. Similar to NSCLC cancers, some mutations
have been identified in mainly SCLC patients. In particular, these alterations concern the
suppressor genes TP53 and RB1 [142]. Despite their identification, SCLC tumors do not
show targetable mutations, and recently, researchers have been focusing their attention on
RB1 as a potential therapy target, as demonstrated by in vivo studies [143,144]. Innovative
therapeutic approaches have been studied in the last few years, revealing that EVs play a
relevant role in physiological and pathological conditions, such as cancer and cardiovas-
cular and neurodegenerative diseases. Over the last ten years, EV research has focused
on their potential application as therapeutic agents. As already underlined, EVs can carry
molecules, particularly non-coding RNAs, influencing cancer growth, progression, metas-
tasis, or drug resistance [145]. Therefore, non-coding RNA has gained importance as a
therapeutic tool and has been employed in several clinical studies (Table 4). Among the
ncRNAs, a pivotal role is played by miRNA, which can be easily carried and delivered
by EVs or other vectors. Specifically, miR34 has been widely studied in different tumors.
Recently two different phase I multicenter trials were conducted to study by dose escala-
tion the safety, pharmacokinetics, and pharmacodynamics of an miR-34 mimic (MRX34),
administered by liposomal injection in patients with melanoma (NCT02862145) and other
selected solid tumors: primary liver cancer SCLC, NSCLC, lymphoma, melanoma, multiple
myeloma, and renal cell carcinoma (NCT01829971). The melanoma trial was withdrawn
due to high toxicity, and the other study on solid tumors showed stable disease (SD) in
6 out of 47 patients [146]. This study represented the first miRNA-based clinical trial on
cancer [147]. The capacity of miR-34 to inhibit tumor growth has been demonstrated by
various studies, and the ability of EVs to carry this miRNA and inhibit tumor growth
in a paracrine way has been assessed [148]. EVs can be considered a peculiar vector for
anti-cancer delivery systems due to their natural and advantageous properties, such as
their high biocompatibility and limited systemic toxicity. Specific nanocarrier-targeted
action can be improved by engineering and functionalizing their surface, for example, by
inducing the expression of specific proteins on the EV membrane or through the loading of
miRNA, which can be inserted exogenously on isolated EVs (electroporation, sonication,
and RNA cholesterol conjugation), or indirectly by genetic modification of the donor cells
before EV isolation (RNA transfection, RNA encoding plasmid transfection, and virus
transfection) [145]. For example, EVs isolated from mesenchymal stem cells have been
demonstrated to transfer miRNA efficiently in different kinds of tumors. This observa-
tion has raised the possibility of engineering cells such as MSCs for miR-34 delivery to
inhibit tumor growth by EV release [149]. Notable for their ability to migrate towards
inflammation or tumoral regions, MSCs have the peculiar characteristic of being able to
be genetically modified, and when employed for this purpose, they act as living delivery
vectors [150,151]. It was observed recently that engineered bone marrow MSCs (BMSCs)
can deliver miR-193a, reducing the cisplatin resistance of NSCLCs by targeting leucine-rich
repeat-containing protein 1 (LRRC1) [152]. In the same way, BMSC-derived EVs carrying
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miR-126-3p suppressed the viability, migration, and invasion of NSCLC cells by targeting
protein tyrosine phosphatase non-receptor type 9 (PTPN9) [153]. Similarly, another group
showed that engineered BMSCs with miR-598 inhibited cell proliferation, migration, and
invasion in NSCLC. They demonstrated that miR-598-loaded EVs acted in lung cells by
down-regulating Derlin-1, the zinc finger E-box-binding homeobox 2 (ZEB2), and also
Thrombospondin-2 (THBS2), in this way inhibiting growth and metastasis [154]. The same
effect was obtained with exosomal miR-338-3p through the inhibition of MAPK signaling,
reducing the cell adhesion molecule L1-like protein (CHL1) activity and the subsequent
down-regulation of NSCLC proliferation and apoptosis [155]. Engineered exosomes loaded
with miR-449a selectively inhibit the growth of homologous NSCLC [156]. Among them,
Zhou and colleagues focused their attention on miR-449-a, which affects the migration and
invasion of human NSCLC cells. They isolated exosomes from A549 cells and engineered
them (miR-449a exo) to allow for the transfer of this miRNA, thereby demonstrating its
anti-tumor activity both in in vitro and in vivo models [156]. Similarly, another group used
MDA-MB-231 breast cancer cells as a source of engineered lung-targeted exosomes with
miRNA-126, which reduced proliferation and migration through the PTEN/PI3K/AKT
pathway in A549 cells and an in vivo lung metastasis mouse model [157].

Besides their application as miRNA carriers, EVs have been used for tumor RNA
interference (RNAi) therapy through siRNA targeted against specific oncogenes. For
example, KRAS, whose mutations account for 90% of pancreatic cancers and 20–25% of
lung adenocarcinomas, represents an area of great interest for tumor-targeted gene therapy.
Recently, lipid nanoparticles carrying KRAS siRNAs reduced its expression in several lung
cancer cell lines, including human (A549 and H441) and mouse (CMT-167 and Lacun3)
cells, and proliferation was observed through colony-forming assays [158].

During the last few years, various approaches have been studied and pursued to employ
EVs as therapeutic applications or targets in lung cancer. It is well known that the EVs
released by tumor cells can promote the spread and diffusion of the tumor and also counteract
the immune response by inhibiting CD-positive T cells with anti-tumor functions [159] or
favoring immune escape, attenuating cytotoxic CD8+ T cells through the expression of PD-L1,
considered as a target for monoclonal therapy in NSCLC patients [160]. Because of these char-
acteristics, EVs have been considered as target therapeutic strategies. Some pharmacological
agents act on EV trafficking or lipid membrane metabolism and are extremely important for
membrane fluidity and, as a consequence, for EV shedding/release. For example, GW4869
inhibits the membrane-neutral sphingomyelinase (nSMase) and exosome/EV biogenesis; it
has been tested in PC9 lung adenocarcinoma cells, counteracting the antagonistic effects of
gefitinib and cisplatin, which are widely used for NSCLC patient treatment [161].

Among the numerous molecular partners involved in membrane trafficking is Rab27A,
a protein expressed in numerous cell types, including A549, which could regulate EV release.
One research group demonstrated that specific shRNA against Rab27A carries a lower release
of EVs and a reduction in tumor growth in an in vitro model of human lung adenocarcinoma
cells [162].

Considering the impact of EVs on immune escape, over the years, clinical trials have
been undertaken to apply them as a cancer vaccine [163–167] The EVs released by tumor
cells proficiently trigger anti-tumor immunity; for example, in a study focused on EVs in vitro
isolated from 3LL lung tumor cells, the activation of dendritic cells and T cells after being
subjected to heat stress was induced through EV inflammatory chemokine contents [163].
Similarly, dendritic cells release vesicles (termed dexosomes) that have been demonstrated
to prime T cells and present antigens to T CD8+ and CD4+ cells [168,169]. These cells and
their secretome are of great scientific interest; indeed, dendritic cells were tested as autologous
vaccinations in a clinical trial involving NSCLC patients, providing interesting immunologic
responses [164]. A phase I clinical trial demonstrated the tolerance of engineering dexosomes
with MAGE antigens in NSCLC patients’ MAGE+ [167]. These dexosomes were also used
in a phase II trial on NSCLC patients, resulting in the stabilization of 32% of the recruited
patients [166].
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In a similar way to miRNA delivery, researchers are attempting to use EVs for
drug/chemotherapy delivery. EVs loaded with paclitaxel were administered to a metastatic
mouse model of NSCLC [170]. In particular, this research group demonstrated that exo-
somes efficiently vehicle the paclitaxel [171] and subsequently improved the formulation
of these exosomes, demonstrating that this new delivery system exerts a higher ability to
reach cancer cells with a better therapeutic effect [170]. Recently, exosomes isolated from
M1 macrophages were evaluated as a drug vehicle for cisplatin, both in in vitro (Lewis
lung cancer cells) and in vivo mouse models. The study demonstrated that the exosomes
from M1 macrophages as chemotherapy carriers improved the anti-lung cancer effect of
cisplatin and induced tumor cell death; specifically, in vitro experiments demonstrated
the involvement of apoptosis through Bax and Caspase-3 [172]. In another in vitro study
with two NSCLC cell lines (H1299 and A549), researchers used exosomes loaded with gold
nanoparticles conjugated with doxorubicin, obtaining a greater particle uptake by target
cells and drug release and more specific cytotoxicity with fewer side effects [173].

Table 4. Therapeutic in vitro and in vivo application of EVs in lung cancers.

Target/Study Models Subject Description Reference

(Advanced) NSCLC
Vaccination trial with tumor

antigen-loaded dendritic
cell-derived exosomes

Maintenance immunotherapy in 47 patients with
dexosomes to improve their PFS. NCT01159288

Solid tumors: primary liver cancer,
SCLC, lymphoma,

melanoma, multiple myeloma, renal
cell carcinoma, NSCLC

Multicenter phase I study of MRX34,
microRNA miR-RX34

liposomal injection

Phase I, open-label, multicenter, dose escalation study
to investigate the safety, pharmacokinetics, and

pharmacodynamics of the micro ribonucleic acid
(microRNA) MRX34 in patients with unresectable

primary liver cancer or advanced or metastatic cancer
with or without liver involvement or

hematologic malignancies.

NCT01829971
[147]

(Advanced) NSCLC Phase I study of dexosome
immunotherapy

Phase I study to evaluate safety and efficacy of
autologous dexosomes loaded with tumor antigens

(MAGE-A3, -A4, -A10, and MAGE-3DPO4),
administered in 4 doses. Measurement of the

immunologic responses and monitoring the clinical
outcomes in 13 patients at different stages.

[167]

H1299 and A549 (NSCLC)
Nanosomes carrying doxorubicin
anticancer activity against human

lung cancer cells

In vitro analysis of gold nanoparticles (GNPs) loaded
with doxorubicin to evaluate the release kinetics and

the cytotoxic activity.
[173]

Mice injected with B16F10 cells to
produce lung metastasis

EVs melanoma gold conjugated
nanoparticle targeting lung tumors

The study provided an application system where
exosomes isolated from cancer cells incorporated gold

nanoparticles were tested in a mouse model to
improve targeting system in metastatic foci.

[174]

In vitro: murine carcinoma cell
line‘(3LL-M27);

in vivo: mouse model with
pulmonary metastases

Paclitaxel-loaded EVs against
cancer cells

In vitro and in vivo study aims to introduce a new
formulation for Paclitaxel distribution through
exosomes (PTX-exo, fom RAW 264.7 cell line),

providing high stability in tumor environment and a
better effectiveness in vivo murine model.

[171]

In vitro: A549 and H1299 (NSCLC);
In vivo: mouse model with lung

cancer xenograft

Celastrol EVs formulation against
lung cancer

Study focused on the effect of the natural compound
celastrol loaded into exosomes, a new delivery system

improved efficacy and reduced dose toxicity.
[175]

In vitro: A549 and H1299 (NSCLC);
In vivo: nude mice with xenograft

Anthocyanidins EVs against multiple
cancer types

The study aimed to obtain a nano-formulation of the
natural derived compound, anthos, with exosomes.

Exosomes enhanced the anti-proliferative and
anti-inflammatory activity of anthos (vs the free

compound) and the therapeutic affect toward
lung cancer.

[176]

Nude mice with lung
tumor xenografts

Milk-derived exosomes for oral
delivery of paclitaxel

A study on chemotherapeutic paclitaxel delivery
through exosomes in a formulation for oral

administration, which exhibited greater therapeutic
efficacy and lower systemic toxicity.

[177]

5. Conclusions and Remarks

The potential applications of EVs in therapeutic and diagnostic approaches are far
from being fully achieved. Over the last decade, the EV cancer field has experienced signif-
icant advancements that have fundamentally changed our understanding of intercellular
communication and cancer biology.
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However, a deeper knowledge of EV’s role in lung cancer is crucial in order to define
biomarkers for prognosis and diagnosis, as well as to develop new therapeutic strategies for
such deadly tumors [1]. So, to transfer this knowledge from bench to bedside, other studies
need to be conducted to clarify and confirm the potential role of EVs in lung cancer and
beyond. Tumor heterogeneity, in particular looking at EGFR mutations, is currently under
investigation to further correlate cellular modifications with therapeutic response [81].

Their utility as delivery vehicles for various drugs, proteins, and nucleic acids has
been evaluated by many laboratories. Their lipid composition contributes to their stability
in body fluids and provides, at the same time, valid support for their cellular delivery by
cell membrane fusion [178]. Moreover, the immunological properties of MSC offer a unique
tool for EV secretion, combining their specific transfer ability aptitude (drugs, nucleic acids,
and proteins) with immunomodulatory pharmacological effects [179] or new therapeutic
approaches in numerous diseases, including lung cancer (Table 4). Despite MSCs’ natural
tropism against tumors, which can represent a valid site-specific EV throughput tool,
dendritic cell-derived exosomes can support the targeted tumor delivery of EVs and
represent a promising example of vaccination due to their immunostimulatory capability
(NCT01159288). On the other hand, from a diagnostic point of view and given the important
role for cancer biology, the use of circulating EVs has gained a growing interest primarily
for their availability. Conversely, one of the main challenges is represented from EVs’ origin,
because their release is not exclusively related to the disease but can arise from any tissue.
A wider analysis of EVs’ composition can support fast stratification and early detection.
In this regard, a substantial analysis of EV circRNA signatures can identify lung-cancer-
regulated miRNA [100,102]. Furthermore, a proteomic analysis of EV content offers the
opportunity to acquire more information about EV biology and identify new biomarkers,
contributing to early diagnosis and the design of valid treatments [180] (Figure 2). There
are many difficulties and limitations, but the multi-omics approach has a very bright future
and will undoubtedly provide much more information on these nano-sized biological
entities. Despite numerous studies on experimental models and various pathologies, there
are still many points that can be improved, for example, identifying cellular sources safe
for immunogenicity and sources that can guarantee significant quantities, as well as trying
to introduce standardized procedures to improve the workflow throughput. We hope that
groundbreaking tests on the diagnostic and prognostic meaning of EV evaluation can draw
new routine procedures for dissecting tumor heterogeneity and narrowing therapeutic
intervention protocols.

Last, but not least, scientists must investigate EVs’ structure deeply to maximize their
engineering and applications as carrier systems (Figure 2). Another area to be further ex-
plored is related to their turnover. Studies have already focused on their release inhibition,
and, considering the importance of the uptake step, it could be interesting to try to selec-
tively reduce uptake mechanisms, although the pathways involved are numerous [181,182].
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Figure 2. EVs in lung cancer diagnosis and therapy. EVs are important players in intercellular com-
munication, released through the endosomal pathway by the plasma membrane as exosomes (30–
150 nm), microvesicles (0.1–1 μm), and apoptotic bodies (1–5 µm). Tumor-derived EVs are good 
candidates for liquid biopsy since they contain many components such as tumor-derived DNA, 
mRNA, miRNAs, and proteins. Their analysis from plasma or body fluids (BALF) offers significant 
information about tumor diagnosis through biomarkers crucial for early detection or prognosis and 
treatment response. The potential application of EV in therapy comprises their application in tar-
geted therapy through the delivery of specific miRNAs, drug delivery of chemotherapy agents, or 
their employment as anti-cancer vaccines. 
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Simple Summary: Hepatocellular carcinoma is a highly malignant tumor with increasing preva-
lence worldwide. Extracellular vesicles exert their biological functions via the delivery of different
biomolecules, including non-coding RNAs. In this review, the diverse roles of the non-coding RNA
cargo of hepatocellular carcinoma-derived extracellular vesicles will be discussed. Their function in
tumor progression, immune escape, and drug resistance, as well as their potentialvalue as biomarkers
of disease, will be summarized.

Abstract: Hepatocellular carcinoma (HCC) is the most common primary liver cancer. It is a major
public health problem worldwide, and it is often diagnosed at advanced stages, when no effec-
tive treatment options are available. Extracellular vesicles (EVs) are nanosized double-layer lipid
vesicles containing various biomolecule cargoes, such as lipids, proteins, and nucleic acids. EVs
are released from nearly all types of cells and have been shown to play an important role in cell-
to-cell communication. In recent years, many studies have investigated the role of EVs in cancer,
including HCC. Emerging studies have shown that EVs play primary roles in the development and
progression of cancer, modulating tumor growth and metastasis formation. Moreover, it has been
observed that non-coding RNAs (ncRNAs) carried by tumor cell-derived EVs promote tumorigenesis,
regulating the tumor microenvironment (TME) and playing critical roles in the progression, angio-
genesis, metastasis, immune escape, and drug resistance of HCC. EV-related ncRNAs can provide
information regarding disease status, thus encompassing a role as biomarkers. In this review, we
discuss the main roles of ncRNAs present in HCC-derived EVs, including micro(mi) RNAs, long
non-coding (lnc) RNAs, and circular (circ) RNAs, and their potential clinical value as biomarkers and
therapeutic targets.

Keywords: hepatocellular carcinoma (HCC); non-coding RNAs; extracellular vesicles (EV); micro(mi)
RNAs; long non-coding (lnc) RNAs; circular (circ) RNAs; tumor progression; immune escape; drug
resistance; biomarkers

1. Introduction

Hepatocellular carcinoma (HCC) is a tumor with a typically poor prognosis [1]. Cur-
rently, it is the fourth main cause for cancer-associated death and has the sixth highest
incidence of malignancy in the world, with 780,000 deaths and 1 million new cases per
year, as of 2021 [1–3]. HCC is treated via hepatic resection only in its early stage, and
patients with an early diagnosis often have a good prognosis, with a 5-year overall survival
(OS) rate of 60–80% [4]. However, the intrahepatic and extrahepatic recurrence rate within
5 years of surgical resection remains high [4]. HCC usually lacks obvious symptoms, and
70% of patients are diagnosed at a late stage, when tumor resection is not possible [5]. HCC
detection is based on abdominal ultrasonography (US) and elevated serum α-fetoprotein

Cancers 2024, 16, 1415. https://doi.org/10.3390/cancers16071415 https://www.mdpi.com/journal/cancers40



Cancers 2024, 16, 1415

(AFP) levels [6]. Although abdominal US is highly accurate, its ability to detect small
nodules is limited, and measuring AFP levels is suboptimal for early detection due its sensi-
tivity to early-stage tumors being very low [6]. Therefore, there is a need to discover novel
markers for liver cancer diagnosis. In patients with advanced stage HCC, the Food and
Drug Administration’s (FDA) approved systemic treatment options are sorafenib, lenva-
tinib, cabozantinib, and immunotherapy (pembrolizumab and nivolumab); however, these
treatments only partially improve the outcomes of these patients [7]. Indeed, long-term
outcomes are still poor, and therefore new treatment strategies are urgently needed [7].

Extracellular vesicles (EVs) are a heterogeneous population of lipid bilayer-delimited
particles naturally released from cells, and they are extensively distributed in various
biological fluids [8,9]. Based mainly on their size, EVs can be grouped into exosomes
(50–150 nm in diameter), ectosomes (100–1000 nm in diameter), apoptotic bodies (1–5 µm
in diameter), and large oncosomes (1–10 µm in diameter) [10]. Exosome formation happens
via the endocytosis of the cell membrane forming the early endosomes. Subsequently, early
endosomes integrate active molecules and other substances forming multiple intraluminal
vesicles (ILVs). Late endosomes mature into multivesicular bodies (MVBs), which can
encapsulate cargoes derived from various organelles, including the trans-Golgi network
(TGN) and endoplasmic reticulum (ER) compartments [11]. Subsequently, MVBs can fuse
with lysosomes [12], and their content becomes degraded; some degradation products,
such as amino acids, are made available for reuse by the cell. Furthermore, MVBs are
translocated to the membrane and, upon fusion, release vesicles into the extracellular
space [13]. In the extracellular space, small- (<200 nm) and medium-/large- (>200 nm)
sized vesicles are released, collectively termed “extracellular vesicles”. The EV membranes
consist of a variable mixture of lipids and proteins. Besides membrane-inserted proteins,
EVs can also contain biomolecules adsorbed onto their surface, also known as protein
coronas [14].

Wolf et al. demonstrated that the protein corona on the surface of EVs can also
promote normal angiogenesis in vivo [14]. Proteomic analysis highlighted an enrichment of
proangiogenic factors in EVs, and the removal of the protein corona from EVs significantly
reduced their angiogenic potential [15].

EVs are released by cells carrying a variety of biologically active molecules [16]. EVs
can carry lipids, RNA molecules, DNA, soluble proteins (enzymes, cytokines, chemokines,
growth factors), and other proteins, such as tumor suppressors, oncoproteins, and tran-
scriptional and splicing regulators [16]. Furthermore, they are also used as “garbage bags”
for discharging unwanted molecules [17].

EVs are natural transporters of various nutrients, as well as lipids and proteins, and
other components, such as mineral compounds, which are necessary for tissue generation
can be observed within them. In particular, osteoblasts shed EVs known as matrix vesi-
cles [18] with enhanced ASMTL-AS1 expression, containing phosphatases, calcium, and
inorganic phosphate, which are fundamental for hard tissue maturation [18]. These EVs
play an important role in matrix mineralization; however, on the other hand, ectopic matrix
vesicles pathologically promote undesirable calcification in vascular tissues [19].

EVs also carry a variety of regulatory proteins, such as proteins that remodel the
extracellular matrix (ECM) [20], as well as mediate the intercellular signal transmission [21].
EVs play an important role in controlling the tumor microenvironment (TME), and they
can control the development, immune escape, angiogenesis, invasion, and migration of
certain cancers [22].

The isolation of EVs is a critical process, with the chosen method significantly impact-
ing both the sample yield and purity [23,24]. The challenge in EV isolation stems not only
from their nano-size, but also from potential contaminants, such as cellular debris, lipopro-
teins, protein complexes, albumin, argonaute protein complexes, vault viral particles, and
aggregates carrying nucleic acids, which can be co-isolated with EVs [23–27].

Among the various protocols available, ultracentrifugation protocols, employing differ-
ential sequential cycles at 4 ◦C with forces up to 120,000 g, are widely used for EV isolation.
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However, EVs isolated through ultracentrifugation may exhibit impaired functionality or
form aggregates due to the forces exerted during high-speed centrifugation [28–30].

Another common method for EV isolation based on size is ultrafiltration, using mem-
brane filters with specific size-exclusion limits [31–34]. However, preparations obtained via
ultrafiltration often contain contaminants of similar diameters to EVs [31–34].

Size-exclusion chromatography is gaining popularity for EV isolation via fractionation,
which yields high-purity preparations. This method filters samples through a porous
stationary phase, based on hydrodynamic radii [29,35–38].

An alternative is precipitation methods, in which vesicle aggregates are formed by the
addition of water-excluding polymers like polyethylene glycol (PEG) [39,40]. However, there
is a risk of co-precipitating non-EV material. Commercial kits utilizing this method often
include pre-isolation and post-isolation steps in order to minimize contamination [41–44].

Immunoaffinity techniques, exploiting surface proteins and receptors, have been
developed to complement other isolation methods [45,46]. These techniques enhance
efficiency, specificity, and integrity in recovering EVs from complex fluids, although chal-
lenges may arise from the antibody availability and marker presence across the entire EV
population [47].

Recent advancements include isolation methods based on microfluidic technologies,
which introduce innovative approaches to EV isolation [48,49].

After isolation, the second step in the study of EVs is their characterization in terms
of physical and biochemical characteristics, as well as content [27]. The most common
approach to defining the physicochemical and molecular characteristics of EVs is single-
particle analysis [27,50]. The main single-particle analysis techniques used in the field
of EVs are nanoparticle tracking analysis (NTA), electron microscopy, cryo-electron mi-
croscopy, atomic force microscopy, high-resolution microscopy, high-resolution flow cy-
tometry, and Raman spectroscopy [50]. Such basic methods as protein quantification,
Western Blot, qPCR, and omics analysis, including proteomics, lipidomic analysis, and
RNA sequencing, are the main methodologies used to characterize EV cargoes [27].

EV secretion is an emerging mechanism by which tumor cells communicate with
their surrounding environment [51]. Moreover, in cancer, EVs can transfer a variety of
molecular factors to the target organ, inducing the inflammation necessary to create pre-
metastatic niches [52]. In recent years, EVs have been increasingly recognized as important
cancer biomarkers because of their high concentration in blood and other body fluids, and
because of the bioinformation they carry from their cells of origin in the form of genes and
proteins [53]. Compared to normal cells, cancer cells produce more EVs, and the number in
the blood circulation of cancer patients is higher than the number in healthy people [53].

Non-coding RNA (ncRNA) is a nucleic acid that can be packaged within EVs and
transferred among tumor cells [54]. The peculiar structure of EVs, with bilayer membranes,
supports ncRNA transmission and protects them from degradation via circulatory nucle-
ases. The most common types of ncRNAs are microRNA (miRNA), long non-coding RNA
(lncRNA), and circular RNA (circRNA) [54]. In recent years, many reports have shown that
EV-related ncRNAs play a pivotal role in many biological and pathological processes [55].
Studies regarding EV-related ncRNAs derived from HCC cells have been increasing, indi-
cating that further knowledge of EV-related ncRNAs in liver cancer is significant for early
diagnosis and treatment. In this review, the latest studies on various EV-related ncRNAs in
HCC will be discussed, with a focus on their potential value as biomarkers of disease, as
well as in tumor progression, drug resistance, and immune escape (Figure 1).

Figure 1 demonstrates some of the potential roles and applications that, to date, have
been described in the literature following the analysis of the expression of different types
of ncRNAs (miRNAs, lncRNAs, and circRNAs) in patients with HCC, or also in cell and
animal models of this tumor.

42



Cancers 2024, 16, 1415
Cancers 2024, 16, 1415 4 of 22 
 

 

 

Figure 1. Extracellular vesicle-related non-coding RNAs in hepatocellular carcinoma. The illustra-

tion was created with BioRender.com, accessed on 9 January 2024. 

Figure 1 demonstrates some of the potential roles and applications that, to date, have 

been described in the literature following the analysis of the expression of different types 

of ncRNAs (miRNAs, lncRNAs, and circRNAs) in patients with HCC, or also in cell and 

animal models of this tumor. 

2. miRNA-Extracellular Vesicles 

miRNAs are small, non-coding, single-stranded RNA molecules, 19–25 nucleotides long, 

which have been implicated in the regulation of post-transcriptional gene expression via 

silencing messenger RNAs (mRNAs) [56]. miRNAs bind the 3′ untranslated region (3′ 

UTR) of the target mRNA, either blocking its translation or degrading it [56]. miRNAs 

play a crucial role in cell proliferation, differentiation, angiogenesis, metastasis, chemo-

resistance to anticancer drugs, malignancy, and apoptosis; however, the information re-

garding these small non-coding RNAs in HCC-derived EVs is still limited [56,57] (Table 

1). 

Furthermore, miRNAs contained in HCC-derived EVs are found in biological fluids, 

meaning they can also be considered cancer biomarker candidates [58]. Different EV car-

goes, including miRNAs, are associated with different tumor stages, allowing the early 

and late stages of the disease to be distinguished, highlighting their potentially important 

potential diagnostic and prognostic role [59]. 

2.1. miRNA-Extracellular Vesicles and Hepatocellular Carcinoma Progression 

EVs are crucial mediators of both autocrine and paracrine cell communications 

among different types of liver cells (stellate cells, hepatocytes, and immune cells, includ-

ing T and B cells, natural killer cells, and Kupffer cells), imperative for maintaining a phys-

iological state. In a pathological state such as cancer, aberrantly expressed miRNAs 
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2. miRNA-Extracellular Vesicles

miRNAs are small, non-coding, single-stranded RNA molecules, 19–25 nucleotides
long, which have been implicated in the regulation of post-transcriptional gene expres-
sion via silencing messenger RNAs (mRNAs) [56]. miRNAs bind the 3′ untranslated
region (3′ UTR) of the target mRNA, either blocking its translation or degrading it [56].
miRNAs play a crucial role in cell proliferation, differentiation, angiogenesis, metastasis,
chemo-resistance to anticancer drugs, malignancy, and apoptosis; however, the informa-
tion regarding these small non-coding RNAs in HCC-derived EVs is still limited [56,57]
(Table 1).

Furthermore, miRNAs contained in HCC-derived EVs are found in biological fluids,
meaning they can also be considered cancer biomarker candidates [58]. Different EV
cargoes, including miRNAs, are associated with different tumor stages, allowing the early
and late stages of the disease to be distinguished, highlighting their potentially important
potential diagnostic and prognostic role [59].

2.1. miRNA-Extracellular Vesicles and Hepatocellular Carcinoma Progression

EVs are crucial mediators of both autocrine and paracrine cell communications among
different types of liver cells (stellate cells, hepatocytes, and immune cells, including T and
B cells, natural killer cells, and Kupffer cells), imperative for maintaining a physiological
state. In a pathological state such as cancer, aberrantly expressed miRNAs contained in
EVs may act as oncogenes in the absence of cell cycle control, similarly to in HCC, or they
may act as tumor suppressors if miRNA blocks the expression of genes involved in cell
proliferation [60–62].

Tang et al. found lower levels of exosomal miR-9-3p in the serum of HCC patients
compared to control sera. Indeed, miR-9-3p binds and blocks HBGF-5 mRNA expression,
which has been implicated in cell proliferation, as demonstrated by their subsequent studies
in human HCC cell lines (SMMC-7721, HepG2, and QGY-7703). Furthermore, miR-9-3p
decreases the expression of the ERK1/2 regulating cell cycle, cell proliferation, and cell
development [62].

Conversely, as demonstrated by Cabiati et al. [57], EVs with high levels of miR-27a
are more secreted by human HCC HepG2 cells than non-tumor hepatocytes. miR-27a
promotes human HCC cell (HepG2, Bel-7402, and Bel-7404) proliferation through PPAR-γ
suppression; in fact, miRNA overexpression is closely related to PPAR-γ downregulation.
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PPAR-γ activation arrests the cell cycle via p21 and p53, as well as inducing apoptosis
activating Fas [61].

High exosomal miR-429 expression in human HCC cells is involved in HCC progres-
sion, targeting Rb binding protein 4 (RBBP4) and activating E2F1, thus promoting POU
class 5 homeobox 1 (POU5F1) expression [63,64].

SMMC-7721 cells secrete EVs containing miR-221, which targets the p27/Kip1 tumor
suppressor gene, thus promoting tumor cell proliferation and migration [65].

The expression levels of exosomal miR-665 in the sera of 30 HCC patients were
significantly increased when compared with a control group of healthy subjects. Indeed,
Qu et al. demonstrated in vitro that miR-665 contained in human MHCC-97H- and MHCC-
97L cell-derived EVs promotes cell proliferation and tumor growth via the activation of the
MAPK/ERK pathway [66].

Zhou et al. indicated that HCC-derived exosomal miR-21 isolated from 97H and LM3
human liver cancer cell lines could convert normal HSCs (hepatic stellate cells) into CAFs
(cancer-associated fibroblasts) by decreasing the PTEN expression, leading to the activation
of the PDK1/AKT pathway. CAFs also promoted cancer progression, increasing the
secretion of matrix metalloproteinase 2 (MMP2), MMP9, vascular endothelial growth factor
(VEGF), tumor growth factor-β (TGF-β), and basic fibroblast growth factor (bFGF) [67].

miR-93 from human SKHEP1 and HuH7 cell-derived EVs promotes HCC prolifera-
tion and invasion via directly inhibiting TIMP2/TP53INP1/CDKN1A. Furthermore, the
overexpression of miR-93 leads to poor prognosis in HCC patients [68].

Yang et al. demonstrated that human MHCC-97H cell-derived EVs with miR-3129
promoted HCC proliferation and epithelial-mesenchymal transition (EMT) in vitro, and
they also promoted HCC growth and metastasis formation in vivo [69].

2.2. miRNA-Extracellular Vesicles and Immune Escape in Hepatocellular Carcinoma

In addition to tumor progression, HCC-derived EVs modulate many immune cells,
thereby attenuating the anti-HCC immune response [60].

Macrophages play an important role in tumors because they participate in innate
immunity. Tumor-associated macrophages (TAMs) consist of two subgroups, M1 and
M2 [70]. M1 phenotype macrophages expressing pro-inflammatory cytokines inhibit cell
proliferation, whereas the M2 phenotype produces anti-inflammatory cytokines, including
TGF-β and IL-10, and demonstrates immunosuppressive and pro-tumoral effects [70,71].

In this context, Liu et al. found that human Hep3B and HepG2 cells transmit exosomal-
miR-23a-3p to M2 macrophages, inhibiting PTEN expression and activating the PI3K/AKT
signaling pathway; thus, PD-L1 expression increases, and T cell activities are inhibited.
Therefore, miR-23a-3p performs a key role in tumor cell escapes from immune cytotoxic-
ity [72].

miR-146a-5p, overexpressed in mouse Hepa1-6 cell-derived EVs, promotes the down-
regulation of TNF-α and the differentiation of CD206+ macrophages [73]. MiR-452-5p,
secreted by human SNU-182 or Huh-7 cell-derived EVs, induces the polarization of M2
macrophages, accelerating HCC growth and metastasis by targeting the tumor suppres-
sor TIMP3 [74]. Similarly, human HepG2 and HuH7 cell-derived exosomal miR-21-5p
promotes M2 polarization, enhancing the production of pro-tumorous cytokines. Indeed,
miR-21-5p is associated with poor prognosis in HCC [75].

Murine HCC H22 cells release EVs loaded with miRNA let-7b, which binds macrophages,
blocking IL-6 production. Thus, this miRNA attenuates tumor inflammation [76].

miR-92b loaded in Hep3B cell-derived EVs downregulates CD69 expression in NK92
cells, influencing its activity against Hep3B cells [77].

2.3. miRNA-Extracellular Vesicles and Hepatocellular Carcinoma Drug Resistance

Drug resistance, occurring when cancer cells develop resistance to drugs, is the pri-
mary cause of chemotherapy failure [78,79]. The main mechanisms of resistance are the
increased transport of efflux pumps, such as P-glycoprotein, the overexpression of mul-
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tidrug resistance proteins, decreased drug uptake, increased resistance to apoptosis, and
changes in drug target levels [78].

Sorafenib is an antineoplastic agent used to treat patients with advanced HCC [80].
It acts by inhibiting RAF kinases, the platelet-derived growth factor receptor (PDGFR-β),
the vascular endothelial growth factor (VEGFR), and several other kinases [80]. Moreover,
sorafenib may induce p53 expression, causing Forkhead box M1 (FOXM1) suppression.
miR-25 in HepG2- and Huh7 cell-derived EVs blocks p53 expression in cancer cells, induc-
ing the expression of FOXM1 and activating the HGF/Ras pathway. This results in the
ineffective treatment of HCC with sorafenib [81].

Wang et al. [82] found that exosome-carried miR-744 l was decreased in both HepG2
cells when compared to LO2 cells, and in exosomes from the serum of HCC patients when
compared with those derived from healthy individuals. These authors found that PAX2,
highly expressed in HCC tissues compared to normal tissues, is a target of miR-744. When
miR-744 is downregulated, the expression of PAX2 increases in HCC cells, promoting
proliferation and sorafenib chemoresistance [82].

Human HCC cells (CSQT-2 and HCC-LM3) secrete exosomal miR-1247-3p, which de-
creases β-1,4-galactosyltransferase III (B4GALT3) expression, activating the β1-integrin/NF-
κB pathway in fibroblasts that become CAFs [83]. CAFs activated by miR-1247-3p increase
their secretion of IL-6 and IL-8, and other pro-inflammatory cytokines, thus leading to
stemness, EMT, and chemoresistance to sorafenib [83,84].

2.4. miRNA-Extracellular Vesicles as Biomarkers in Hepatocellular Carcinoma

New non-invasive biomarkers, such as EV-loaded miRNAs, have been attracting the
attention of the scientific community for HCC diagnosis, prognosis, and the prediction of
therapy response [85,86].

There are several studies on EVs containing ncRNA as cancer biomarkers, but only
recently has research on miRNAs as HCC biomarkers increased [86]. Many miRNAs are
recognized for this role, such as miR-224, which is expressed at a significantly higher level
in HepG2 and SKHEP1 cells than in healthy liver cells [87]. Similarly, serum exosomal miR-
224 expression levels are higher in patients with HCC than in healthy controls. Furthermore,
high exosomal expression of miR-224 in the serum of HCC patients is linked to large and
advanced stage tumors [87].

miR-21-5p is upregulated more in plasma-derived exosomes from patients with HCC
compared to patients with liver cirrhosis; instead, miR-92a3p is downregulated [88]. More-
over, Sorop et al. proposed a statistical model that integrates these two miRNAs with AFP
as a novel screening tool to differentiate HCC from liver cirrhosis [88].

Cho et al. identified miR-4661-5p in HCC-derived EVs as a reliable biomarker of HCC
at all stages [89]. The authors found that exosomal miR-4661-5p is a more effective and
accurate serum biomarker for HCC diagnosis than serum AFP alone [89].

When analyzing the sera of 178 subjects, which included 28 healthy individuals,
27 patients with CHB (chronic hepatitis B), 33 patients with LC (liver cirrhosis), and
90 patients with HCC, exosomal miR-10b-5p was only present in high levels in HCC
patients; therefore, it is considered a potential serum biomarker specifically in the early
stages of HCC [90].

Exosomal miR-655, described above, may be considered a new biomarker for HCC
diagnosis and prognosis [66].

EV-carried miR-3129 is more highly expressed in the plasma of HCC patients than in
healthy subjects, and it is considered a potential new tool for HCC diagnosis [69].

Boonkawe et al. demonstrated that plasma-derived EV-miR-19-3p was significantly
elevated in patients with HCC when compared to healthy individuals [91]. Therefore,
this finding may allow exosomal miR-19-3p to be used as a valid biomarker for the early
diagnosis of HCC [91].

High levels of miR-23a are associated with poor HCC prognosis. In fact, decreased
levels of miR-23a block cell proliferation, as demonstrated by Bao et al. [92]. Cabiati et al.
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also demonstrated that exosomal miR-23a, secreted by human HepG2 cells, is increased
in HCC patients when compared to controls; therefore, it is used as a biomarker for the
diagnosis of the early stages of HCC [57].

Finding HCC-derived EV-loaded miRNAs for use as new biomarkers will improve
the performance of HCC surveillance systems and treatment in clinical practice. This is
because several studies have demonstrated the great potential role of EV-miRNAs in cancer
diagnosis, prognosis, tumor staging, and the prediction of therapy response [86].

Table 1. The biological functions and gene targets of exosomal miRNAs in HCC.

mRNA Gene Target Function Type of Extraction Reference

miR-9-3p HBGF-5 cell proliferation ultracentrifugation [62]

miR-27◦ PPAR-γ cell proliferation ultracentrifugation [61]

miR-429 RBBP4 cell formation/progression ultracentrifugation [63]

miR-221 p27/Kip1 cell proliferation/development ultracentrifugation [65]

miR-665 MAPK/ERK cell proliferation/biomarker precipitation [66]

miR-21 PTEN cell proliferation/progression ultracentrifugation [67]

miR-93 TIMP2/TP53INP1/
CDKN1A cell proliferation/invasion precipitation [68]

miR-3129 TXNIP cell proliferation/
EMT/biomarker ultracentrifugation [69]

miR-23a-3p PTEN immune escape - [72]

miR-146a-5p - immune escape ultracentrifugation [73]

miR-452-5p TIMP3 immune escape gradient
centrifugation [74]

miR-21-5p RhoB immune escape/biomarker
ultrafiltration/

ultracentrifugation/
precipitation

[75,88]

miRNA let-7b IL-6 immune escape ultracentrifugation [76]

miR-92b CD69 immune
escape/angiogenesis/metastasis precipitation [77]

miR-25 p53 drug resistance ultracentrifugation [81]

miR-744 PAX2 cell proliferation/drug resistance ultracentrifugation [82]

miR-1247-3p B4GALT3 cell proliferation/EMT/drug
resistance ultracentrifugation [83]

miR-224 GNMT cell proliferation/biomarker precipitation [87]

miR-92◦-3p PTEN cell proliferation/EMT/metastasis/
biomarker precipitation [88]

miR-4661-5p IL10 biomarker precipitation [89]

miR-10b-5p - biomarker ultracentrifugation [90]

miR-19-3-p - biomarker precipitation [91]

miR-23a - cell proliferation/biomarker ultracentrifugation [92]

3. lncRNA-Extracellular Vesicles

About 75% of the human genome is actively transcribed, but only 2% of this is
represented by protein-encoding sequences [93]; the other sequences left are ncRNAs,
which are RNAs that lack protein-coding capacity. Belonging to this latter group, lncRNAs
are ncRNAs with a length of more than 200 nucleotides [94]. It has been demonstrated
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that lncRNAs play a pivotal role in various physiological and pathological processes like
cancers, including HCC [95] (Table 2).

So far, more then 50,000 genes have been identified that transcribe lncRNAs [96].
The expression levels of lncRNAs vary depending on tissue type, and their expression is
deregulated in pathological conditions [97]. lncRNAs are important intracellular regulators
which can regulate gene expression via interacting with DNA binding promoters or distal
regulatory elements and recruiting epigenetic modifiers [94].

lncRNAs can regulate mRNA stability by binding it. In addition, lncRNAs can also
bind to miRNAs like molecular sponges, thus interfering with their activities.

lncRNAs have the ability to engage with proteins, contributing to the assembly of
protein complexes, where they serve as a scaffold. Additionally, some lncRNAs have the
capacity to encode small peptides, through which they exhibit their biological functions.
lncRNAs can be packaged into exosomes to protect them from degradation [98].

3.1. lncRNA-Extracellular Vesicles and Hepatocellular Carcinoma Tumor Progression

The analysis of the autocrine effects of the EV contents released by tumor cells has
highlighted the role of numerous EV-enriched lncRNAs.

lncRNA FAL1 improves liver cancer cell proliferation and migration by binding to miR-
1236, which is a regulator of hypoxia-induced EMT and a cell metastasis biomarker [99].

lncRNA FAM138B (linc-FAM138B) is downregulated in HCC, and its low expres-
sion correlates with a poor prognosis [100]. linc-FAM138B can be packaged in exosomes
(exo-FAM138B) and released by HCC cells. HCC cells treated with exo-FAM138B show
reduced proliferation, migration, and invasion due to the inhibition of miR-765 levels [100].
In vivo data from a xenograft model confirmed that linc-Fam138B-EV suppresses tumor
growth [100].

Plasma exosomal lncRNA RP11-85G21.1 (lnc85) stimulated HCC cellular proliferation
and migration by targeting miR-324-5p [101].

Serum exosomal LINC00161 has been recognized as a potential biomarker for HCC [102];
however, in vitro exosomes derived from human HCC cells were able to stimulate the pro-
liferation, migration, and angiogenesis of human umbilical vein endothelial (HUVEC) cells.
In vivo experiments in mice showed that LINC00161 induces tumorigenesis and metastasis
in HCC by targeting miR-590-3p and, consequently, activating its target, ROCK2 [102].

lncRNA ASMTL-AS1 is highly expressed in human HCC tissues and delivered by
exosomes [103]. Enhanced ASMTL-AS1 expression induces cell proliferation and migra-
tion, along with promoting invasion and EMT in Huh7 cells via ASMTL-AS1/miR-342-
3p/NLK/YAP axis [103].

Treatment with exosome-depleted lncH19 from human Huh7 cells inhibited prolifer-
ation, migration, and invasion, and induced apoptosis, in HCC cells, whereas exosomal
lncH19 from untreated Huh7 cells promoted the proliferation and metastasis, and inhibited
the apoptosis, of HCC cells [104]. Moreover, the authors found that the overexpression of
miR-520a-3p reversed the effects of treatment with H19-Propofol-Huh7-exo [104]. These
data, therefore, suggested that high levels of exosomal lncH19 enhanced tumor develop-
ment in HCC sponging miR-520a-3p [104].

The lncRNA muskelin 1 antisense RNA (MKLN1-AS) has been demonstrated to play
a growth-promoting role in HCC [105].

Special environmental conditions, such as hypoxia, can modulate the release of EVs
and define specific cargos [106]. This is the case for linc-ROR, which is induced and
enriched in exosomes produced by HCC cells under hypoxic stress [106]. Linc-ROR in
recipient cells is able to induce the expression of hypoxia-inducible factor 1 α (HIF1a) and
its downstream targets, such as pyruvate dehydrogenase kinase isozyme 1 (PDK1) [106].

lncRNA TUG1 presented in human CAF-secreted exosomes promoted migration,
invasion, and glycolysis in human HepG2 cells [107].

In a model of DEN-induced HCC in rats, treatment with hepatic cancer stem cell
(CSC)-derived exosomes upregulated the exosomal lncHEIH, lncHOTAIR, and lncTuc339
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in rat liver cancer cells [108]. Conversely, the expression of these three lncRNAs was
downregulated in livers treated with mesenchymal stem cell (MSC) exosomes derived
from rat bone marrow [108]. Therefore, exosomes released from the two different stem
cells have opposite effects on HCC: pro-tumoral for CSC-exosomes, and anti-tumoral for
MSC-exosomes [108]. All three lncRNAs are involved in the regulation of cell proliferation
and metastasis [109], and lncHOTAIR played a role in the transformation of normal liver
stem cells into CSCs [110].

3.2. lncRNA-Extracellular Vesicles as Biomarkers in Hepatocellular Carcinoma

Numerous exosome-contained lncRNAs have been the subject of extensive research for
their considerable diagnostic value as potential and promising liquid biopsy markers [98].

From the in silico analysis of human liver cancer tissue datasets, Su et al. identified
a predictive signature based on five upregulated exosome-related lncRNAs (AC099850.3,
LINC01138, MKLN1-AS, AL031985.3, and TMCC1-AS1) which have been associated with
poor prognosis in liver cancer patients [111]. In the risk model created by the authors, the
signature is correlated with the elevated expression of some crucial regulatory mechanisms
of the immune system, and is related to the tumor immune microenvironment [111].

Kim et al. identified four serum EV-derived lncRNAs, SNHG1, MALAT1, HOTTIP, and
DLEU2, which were significantly elevated in HCC patients when compared to non-HCC
patients, and which significantly discriminated between the two groups [112].

Exosomal LINC00161 has been found to be upregulated in serum exosomes of HCC
patients when compared to healthy subjects, and, as suggested by the authors, can be a
valuable marker for the diagnosis of HCC [113].

The exosomal lncSENP3-EIF4A1 exhibits reduced expression in HCC patients com-
pared to healthy controls [11]. Both in vitro and in vivo studies have demonstrated that the
introduction of SENP3-EIF4A1 functions as a tumor suppressor, inhibiting the proliferation
and migration of HCC cells and acting as a competitor of the miR-9-5p target [114].

Serum exosomal lncRNA CRNDE expression levels were shown to be higher in
patients with HCC when compared to normal controls [115]. In addition, high levels of
serum exosomal lncRNA CRNDE were reported to be correlated with poor prognosis in
HCC patients [115]. In vitro, the inhibition of CRNDE expression in human HCC cells was
associated with reduced cell proliferation, migration, and invasion [116].

Recently, Yao et al. demonstrated that plasmatic exosomal levels of PRKACA-202,
H19-204, and THEMIS2-211 were upregulated in HCC patients when compared to normal
controls [117]. In this study, the diagnostic value of the combination of exosomal levels of
THEMIS2-211 and PRKACA-202 exceeded that of AFP for the diagnosis of early-stage HCC
patients. Furthermore, at the molecular level, the authors demonstrated that THEMIS2-211,
through its interaction with miR-940, has an oncogenic role in HCC and regulates prolifera-
tion, migration, invasion, and EMT via the modulation of the proteoglycan SPOK1 [117].

The exosome-derived lncRNAs CTD-2116N20.1 and RP11-136I14.5 have been rec-
ognized as potential biomarkers for predicting the survival rate of HCC patients [118].
Their presence is associated with an unfavorable prognosis in individuals with HCC.
CTD-2116N20.1 is suggested to regulate proteins involved in cell proliferation and tumor
metastasis [118].

The exosomal lncRNA RP11-583F2.2 was first identified via bioinformatic analysis
and then validated in the serum of HCC patients [119]. Its expression is upregulated in
HCC patients compared to viral hepatitis C patients and healthy people [119].

Similarly, exosomal lncRNA-HEIH expression levels allowed researchers to distin-
guish between chronic hepatitis C and hepatitis C virus (HCV)-associated HCC patients, as
its expression only increased in exosomes from patients with HCV-related HCC [120].

Plasma exosomal lncRNA RP11-85G21.1 (lnc85) allowed AFP-negative HCC to be
distinguished from liver cirrhosis patients and healthy controls [101].

The exosomal lncRNAs ENST00000440688.1, ENST00000457302.2, and ENSG00000248932.1
are differentially expressed in patients with metastatic HCC when compared to those with
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non-metastatic HCC [121]. LINC00635 and lncRNA ENSG00000258332.1 (LINC02394) were
upregulated in HCC patients and, when combined with AFP, were able to distinguish HCC
patients in an independent test of validation [122].

The expression of serum exosomal lncRNA-ATB, associated with exosomal miRNA-21,
was inversely correlated with the overall survival and the progression-free survival rates of
HCC patients [123].

The analysis of EVs derived from the serum of healthy individuals and individuals
with hepatitis, cirrhosis, and HCC revealed the differential expressions of lncZEB2-19,
lnc-GPR89B-15, lnc-EPC1-4, and lnc-FAM72D-3 among groups [124]. This functional study
highlights that lnc-FAM72D-3 acts as an oncogene targeting hsa-miR-5787 expression,
while lnc-EPC1-4 functions as a tumor suppressor gene targeting the influx transporters
SLCO1B1v and miR-29b-1-5p [124].

3.3. lncRNA-Extracellular Vesicles and Immune Escape

Human PLC/PRF/5 and Hep3B HCC cell-derived exosomes were found to be en-
riched with lncTUC339, which is involved in modulating tumor cell growth and adhe-
sion [109]. Exosome-derived TUC339 serves as a mechanism by which tumor cells influence
and modify their surrounding environment; indeed, it can promote tumor growth [109]
and modulate macrophage activation [125]. This study demonstrated that exosomes from
HCC cells could be taken up by THP-1 cells, where TUC339 induced macrophage M1/M2
polarization, switching from a proinflammatory (M1) to an anti-inflammatory phenotype
(M2). In addition, elevated levels of TUC339 were found in M(IL-4) macrophages [125].

The immunomodulatory capacity of HCC-released exosomal lncRNA has been demon-
strated by other studies [126]. In HCC, the overexpression of PD ligands (PD-L1 and PD-L2)
was linked to poor prognosis in HCC patients [127]. Fan et al. demonstrated that human
HepG2 and Huh7 HCC cell lines released lncRNA PCED1B-AS1-containing exosomes,
which enhanced PD-L expression in receipt HCC cells. PCED1B-AS1 induced PD-L expres-
sion via sponging hsa-mir-194-5p, which inhibited PD-L expression [126].

3.4. lncRNA-Extracellular Vesicles and Drug Resistance in Hepatocellular Carcinoma

lncRNA-ROR was found to be enriched in human HepG2 and PLC/PRF/5 HCC cell-
derived exosomes, and seemed to be involved in the mechanisms of sorafenib resistance;
indeed, lncRNA-ROR levels increased during sorafenib treatment, and inhibited sorafenib-
induced cell death [128]. In the same way, lncRNA-VLDLR was involved in the resistance
to drugs, such as camptothecin and doxorubicin, as well as sorafenib [129].

Table 2. The biological functions and gene targets of exosomal long non-coding (lnc) RNAs in HCC.

lncRNA Gene Target Function Type of Extraction Reference

lncRNA FAL1 miR-1236 cell proliferation/migration precipitation [99]

lncRNA FAM138B miR-765 cell prolifera-
tion/migration/invasion gradient centrifugation [100]

lncRNA RP11-85G21.1
(lnc85) miR-324-5p cell proliferation/migration precipitation [101]

LINC00161 miR-590-3p tumorigenesis/metastasis precipitation [102]

lncRNA ASMTL-AS1 miR-342-3p
cell prolifera-

tion/migration/invasion
EMT

precipitation [103]
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Table 2. Cont.

lncRNA Gene Target Function Type of Extraction Reference

lncH19 miR-520a-3p tumor development precipitation [104]

lncRNA MKLN1-AS miR-22-3p cell growth/angiogenesis/
migration/ precipitation [105,120]

Linc-ROR HIF regulate hypoxia condition/
drug resistance ultracentrifugation [106]

lncRNA TUG1 PTEN migration/invasion/glycolysis ultracentrifugation [107]

lnc HEIH cell prolifera-
tion/metastasis/biomarker

ultracentrifugation and
density gradient separation [108,109,120]

lncTuc339 cell proliferation/metastasis
Immune escape

ultracentrifugation and
density gradient separation [108,109]

Lnc HOTAIR cell proliferation/metastasis ultracentrifugation and
density gradient separation [108,110]

TMCC1-AS1, AL031985.3,
LINC01138, AC099850.3 biomarkers precipitation [111]

DLEU2,
HOTTIP,
MALAT1,
SNHG1

biomarkers precipitation [112]

lncSENP3-EIF4A1 miR-9-5p immune escape precipitation [114]

lncRNA CRNDE
cell prolifera-

tion/migration/invasion
biomarker

precipitation [115]

THEMIS2-211
miR-940,

modulation of
proteoglycan SPOK1

proliferation/migration/
invasion/EMT/biomarker ultracentrifugation [117]

PRKACA-202 biomarker ultracentrifugation [117]

CTD-2116N20.1
biomarker

cell proliferation/tumor
metastasis

[118]

RP11-136I14.5 biomarker [118]

RP11-583F2.2 miR-1298 biomarker precipitation [119]

ENSG00000248932.1,
ENST00000440688.1,
ENST00000457302.2

biomarkers precipitation [121]

ENSG00000258332.1
(LINC02394), LINC00635 biomarkers precipitation [122]

lncRNA-ATB biomarkers precipitation [123]

lnc-FAM72D-3,
lnc-GPR89B-15,

lncZEB2-19
Has-miR-5787 biomarkers/oncogene ultracentrifugation [124]

lnc-EPC1-4 SLCO1B1v and
miR-29b-1-5p biomarker/tumor suppressor ultracentrifugation [124]

lncRNA-VLDLR drug resistance ultracentrifugation [129]

4. circRNA-Extracellular Vesicles

Circular RNAs (circRNAs) are endogenous non-coding products [130]. They were ini-
tially considered as a byproduct of splicing errors, but, thanks to a sequencing approach, it
has been found that circRNAs are related to numerous diseases, including tumors [130,131].
circRNA has a closed circular structure, which is more stable and not easily degradable
by exonuclease [132]. Moreover, being carried inside exosomes renders them difficult
to be degraded by enzymes [133]. In the last few years, the role of circRNAs has been
investigated; they play a vital role in biological functions, they are certainly known to func-
tion as competing endogenous RNA (ceRNA), and, together with miRNAs, they regulate

50



Cancers 2024, 16, 1415

the stability of target RNAs and gene expression [134,135]. Moreover, it was found that
circRNAs, by interacting with proteins, can also function as protein decoys, scaffolds, and
recruiters [136], with regulatory roles in different biological processes. Increasing evidence
has confirmed the roles of circRNAs in early diagnosis, tumor progression and invasion,
immune escape, and drug response in HCC (Table 3).

4.1. circRNA-Extracellular Vesicles and Hepatocellular Carcinoma Tumor Progression

Numerous studies have found that exosomal circRNAs may have a dual role, acting
as promoter or suppressor of HCC progression, invasion, angiogenesis, metastasis, and
EMT [137].

Dai et al. demonstrated that human normal hepatic epithelial (L02) cells exposed to
arsenite release circRNA_100284 contained in exosomes [138]. CircRNA_00284 is able to
activate the cell cycle and increase the proliferation of normal liver cells by interacting with
miR-217 [138].

Exosomal circRNA Cdr1 was reported to be important for HCC cell proliferation and
migration. Studies demonstrated that exosomes extracted from human HCC cells have
elevated levels of Cdr1, and they can induce the proliferative and migratory capabilities of
surrounding normal cells [139].

Yu et al. [140] found that Circ_0061395 induced HCC growth through the miR-877-
5p/PIK3R3 pathway. They indicated that Circ_0061395 silencing inhibited HCC cell pro-
gression and induced cell cycle arrest and cell death in HCC cells.

Exosomal circTTLL5 was found to be more highly expressed in HCC tissues [141].
At the molecular level, the knockdown of circTTLL5 suppressed HCC cell proliferation
in vitro, and, in vivo, inhibited tumor growth in mice [141]. Exosomal circRNAs also
mediated the crosstalk between normal and cancer cells, thus regulating human HCC
growth and metastasis [142].

EMT is a fundamental biological process for cancer cell invasion [143]. Exosome-
circRNAs mediate the EMT of HCC cells. Zhang and colleagues showed that, in human
cell lines and in mice xenograft models, circ_0003028, via an exosome pathway, controlled
E-cadherin, N-cadherin, and vimentin, and induced the EMT transition [144]. Mechanically,
circ_0003028 sponge miR-498, which controlled its downstream target ornithine decarboxy-
lase 1 (ODC1) as well as the knockdown of circ_0003028, inhibited cell proliferation and
metastasis, and also promoted apoptosis.

The exosome circWDR25 induced tumor progression and EMT through ALOX15
activation via the miR-4474-3p-sponge in SMMC-7721, Hep3B, and HCCLM3 human cell
lines [145].

The overexpression of circ-0004277 enhanced the proliferation, migration, and EMT of
HCC cells in nude mice and in human cell lines [146].

Higher levels of circ_002136 were shown to be contained in exosomes from HCC cell
lines (HA22T and Huh7) rather than in a normal human liver-derived cell line (THLE-3) [147].
In vitro and nude mice experiments showed that silencing circ_002136 inhibited the growth
of human HCC cells via the miR-19a-3p and RAB1A axis [147].

Lyu et al. found that circWHSC1, in addition to being associated with a worse overall
survival rate in HCC patients, contributed to HCC growth via the elevation of homeobox
A1 (HOXA1) expression through sponging miR-142-3p [148].

4.2. circRNA-Extracellular Vesicles and Immune Escape

Wang et al. have shown that circ_0074854 can be transferred from human HCC cells
to human macrophages (THP-1 cells) through exosomes [149]. The downregulation of
circ_0074854 in exosomes suppressed macrophage M2 polarization, then suppressing the
invasion of HCC cells in in vitro and in vivo experiments [149].

Recently, Hu and colleagues reported that a conditioned medium from cultured
HCC cells and plasma-exosomes from HCC patients showed high levels of circCCAR1
when compared to a normal human liver cell line and plasma-exosomes from healthy
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subjects [150]. The same authors have shown that exosomal circCCAR1 was adsorbed by
CD8+ T cells, which induced their alteration by inhibiting proliferation, enhancing cell
death, lowering cytokines secretion, and, in addition, stabilizing PD-1 protein expression
on the cell surface. Thus, circCCAR1 would appear to promote resistance to anti-PD1
immunotherapy [150].

circUHRF1 was overexpressed in HCC cell-derived exosomes and induced NK cell
exhaustion [151]. Exosomal circUHRF1 inhibited the secretion of IFN-γ and TNF-α via the
induction of TIM-3 expression on NK cells [151]. Furthermore, HCC cell-derived exosomal
circUHRF1 may promote the development of resistance to anti-PD1 therapy in a subgroup
of HCC patients.

circASAP1, in addition to promoting proliferation and invasion in HCC cells, mediated
macrophage infiltration via the miR-326 and miR-532-5p-CSF-1 axis [152].

A recent study found that human HCC cell-derived exosomal circGSE1 promoted the
tumor immune escape process by expanding human T cells (Tregs) via the regulation of
the miR-324-5p/TGFBR1/Smad3 axis [153]. As a result, the expansion of Tregs promoted
the progression of HCC [153].

The ATP-adenosine metabolic pathway regulated by CD39/CD73 is an important
immunosuppressive factor in HCC patients; in fact, it induces the culling of NK and T
cells [154]. It was demonstrated in both in vitro and in vivo mice models that human
macrophages absorb exosome circTMEM181, leading to the regulation of CD39 expres-
sion by sponging miR-488-3p [155]. CD39 expression, in synergy with CD73, activates
the ATP–adenosine pathway and promotes HCC progression and resistance to anti-PD1
therapy [155]. In contrast, it has recently been shown that circTMEM181 is downregulated
in HCC tissues, and decreased expression levels of circTMEM181 were associated with the
shorter overall survival of HCC patients [156].

4.3. circRNA-Extracellular Vesicles and Drug Resistance in Hepatocellular Carcinoma

circRNAs play a crucial role in the development of drug resistance and radioresis-
tance in different tumors, including HCC [157]. In human HCC, the cell-derived exosomal
circRNA-SORE, also named circ_0087293 or circRNA_104797, controlled sorafenib resis-
tance by stabilizing the oncoprotein YBX1 [158]. The research group’s in vitro and in vivo
results demonstrated that circRNA-SORE, by binding to YBX1, prevented proteasomal
degradation via E3 ubiquitin ligase PRP19 [158].

Hao et al. demonstrated that circPAK1 was overexpressed in the Lenvatinib-resistant
human cell lines, LM3 and Hep3B, and that exosomes from resistant cells can mediate
the circPAK1 transfer to sensitive cells, thus inducing the lenvatinib resistance of receipt
cells [159].

Other authors have demonstrated that circZFR was highly expressed in cisplatin-
resistant human HCC cell lines (Huh7 and MHCC97L) and in CAFs [160]. Furthermore,
human CAF-derived exosomes delivered circZFR to human HCC cells, inhibited the
STAT3/NF-κB axis, and induced cisplatin resistance [160].

Finally, all circRNAs previously described as being involved in immune evasion have
the potential to induce resistance to anti-PD1 therapy [156,160,161].

4.4. circRNA-Extracellular Vesicles as Biomarkers in Hepatocellular Carcinoma

In earlier works, Sun et al. found that three circRNAs, hsa_circ_0075792, hsa_circ_0004123,
and hsa_circ_0004001, were upregulated in the blood samples of HCC patients, and that
their expression was positively correlated with TNM stage and tumor size [161].

Other relevant evidence comes from the work of Lin et al., who found that circ_0072088
was highly expressed in human liver tumor tissues, as well as in exosomes isolated from
serum of human patients with HCC [162]. Furthermore, its expression was correlated with
unfavorable prognosis in HCC patients [162].

CircFBLIM1 has been shown to be upregulated in HCC serum exosomes [163]. Cir-
cFBLIM1 was shown to function as an miR-338 sponge [163]. In a mouse model of HCC
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tumorigenesis, its levels were correlated with HCC glycolysis and tumor progression
induced by the circFBLIM1/miR-338/LRP6 axis [163].

Exosomal hsa_circ_0028861 and hsa_circ_0070396 were detected at higher levels in the
serum of HCC patients when compared to sera from chronic HBV and cirrhosis individu-
als [164,165]. Of interest, the integration of hsa_circ_0028861 with AFP showed the best
diagnostic capacity in HBV-derived HCC patients than each parameter alone.

In addition, Zhang et al. found that the levels of serum exosomal circTMEM45A
were higher in HCC patients when compared to healthy controls, and its level was posi-
tively correlated with poor prognosis in patients [166]. In vitro and in vivo experiments
demonstrated that circTMEM45A promoted cell mobility and tumorigenesis through the
miR-665/IGF2 axis [166].

Recently, circANTXR1 was found at high levels in exosomes from the serum of HCC
patients, and showed diagnostic value in distinguishing HCC patients from healthy con-
trols [167]. Furthermore, circANTXR1, acting as an miR-532-5p sponge, promoted the
progression of HCC through the upregulation of the DNA double-strand break repair
gene XRCC5 [167]. Conversely, it was demonstrated that circ-0051443 contained in HCC
tissues was significantly lower when compared to peritumoral tissue and normal tissues,
suggesting that exosomal circ-0051443 is a potential biomarker and could be useful for dis-
tinguishing HCC tissue from adjacent normal tissues [168]. Furthermore, circ-0051443 was
transferred from normal cells to HCC cells, and inhibited tumor progression by blocking
the cell cycle and promoting the apoptosis of HCC cells [168].

Table 3. The biological functions, gene targets, and extraction types of exosomal circular RNAs
in HCC.

circRNA Gene Target Function Type of Extraction Reference

circRNA_100284 miR-217 cell proliferation precipitation [138]

circRNA Cdr1 miR-1270 cell proliferation/invasion precipitation [139]

circ_0061395 miR-877 cell proliferation precipitation [140]

circTTLL5 miR-136-5p cell proliferation precipitation [141]

circ_0003028 miR-498 cell proliferation/EMT precipitation [144]

circWDR25 miR-4474-3p cell proliferation/EMT ultracentrifugation [145]

circ-0004277 ZO-1 cell proliferation/EMT precipitation [146]

circ_002136 miR-19a-3p cell proliferation precipitation [147]

circWHSC1 miR-142-3p cell proliferation precipitation [148]

circ_0074854 HuR cell migration/immune escape ultracentrifugation [149]

circCCAR1 miR-127-5p immune escape precipitation [150]

circUHRF1 miR-449c-5p immune escape precipitation [151]

circASAP1 miR-326/
miR-532-5p

cell proliferation/
immune escape precipitation [152]

circGSE1 miR-324-5p cell proliferation/immune scape ultracentrifugation [153]

circTMEM181 miR-488-3p immune escape ultracentrifugation [155,156]

circRNA-SORE miR-660-3p drug resistance - [158]

circPAK1 14–3-3 ζ
cell proliferation/

drug resistance ultracentrifugation [159]

circ_0004001
circ_0004123
circ_0075792

- biomarkers - [161]

circ_0072088 - biomarkers gradient centrifugation [162]
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5. Conclusions

Many studies have confirmed the significant role played by EVs in the pathophysio-
logical processes of HCC. The cargo-based selection carried out in this review (Figure 2)
also offers an analysis of the increasingly important role that ncRNAs play in the biology
of HCC and the potential utility of these molecules in clinical applications.
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Figure 2. Overview of EV-related ncRNAs in HCC, displaying potential as biomarkers of disease, as
well as indicators of tumor progression, drug resistance, and immune escape. The illustration was
created with BioRender.com, accessed on 24 February 2024.

EVs and their ncRNA content perform an autocrine action, modulating the cell pro-
liferation and tumorigenicity of the same cell that releases them; they have a paracrine
action that conditions the entire tumor environment, modulating the behavior of other cell
types, such as stem and immune cells. Finally, they seem to be related to drug resistance,
although this aspect has not yet been extensively investigated.

The benefits of studying EVs come from the fact that exosomes originating from
tumors contain diverse molecules, including proteins and ncRNA inherited from their
parent cells. Consequently, they offer a precise representation of the characteristics exhibited
by the tumor cells from which they originated [169]. This makes them crucial players in
the fight against cancer, which we need to pay attention to as potential targets for future
anti-tumor therapies.

In addition, their presence in biological fluids and the potential for the long-term
storage of blood samples containing EVs in a biobank renders them good candidates as
biomarkers and a precious tool for the diagnosis and prognosis of the disease. However,
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the primary obstacle in this context regards the technical challenges associated with the
isolation of exosomes, which include a variety of different issues.

Furthermore, although technical challenges currently limit their clinical application, the
data collected are promising, underscoring the need for further research in order to improve
our understanding of exosomes and their potential significance as cancer biomarkers.
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Simple Summary: Low-dose CT scan screening will be widely implemented on a large-scale base,
aiming to reduce lung cancer related mortality in the high risk smoking population as already
reported in multiple trials, in several countries. Recent evidence has suggested that the identification
of liquid biopsy biomarkers may improve its accuracy in lung cancer early detection, reducing
the false positive rate as well as overdiagnosis issues and potentially addressing one of the major
obstacles in the implementation of Low-dose CT scan alone in this context. RNAs, particularly
non-coding RNAs, are for sure the most studied and promising circulating biomarkers in this setting.

Abstract: Lung cancer represent the leading cause of cancer mortality, so several efforts have been
focused on the development of a screening program. To address the issue of high overdiagnosis and
false positive rates associated to LDCT-based screening, there is a need for new diagnostic biomarkers,
with liquid biopsy ncRNAs detection emerging as a promising approach. In this scenario, this work
provides an updated summary of the literature evidence about the role of non-coding RNAs in lung
cancer screening. A literature search on PubMed was performed including studies which investigated
liquid biopsy non-coding RNAs biomarker lung cancer patients and a control cohort. Micro RNAs
were the most widely studied biomarkers in this setting but some preliminary evidence was found
also for other non-coding RNAs, suggesting that a multi-biomarker based liquid biopsy approach
could enhance their efficacy in the screening context. However, further studies are needed in order to
optimize detection techniques as well as diagnostic accuracy before introducing novel biomarkers in
the early diagnosis setting.

Keywords: lung cancer; screening; liquid biopsy; non-coding RNA

1. Introduction

Lung cancer remains nowadays the leading cause of cancer mortality accounting for
12% of overall cancer deaths worldwide. This is certainly linked to the peculiar biological
behavior of this disease as well as to a significant diagnostic delay leading to advanced-
stage diagnoses in about 50% of cases. For this reason, several efforts over the last years
have been focused on the development of effective secondary prevention strategies, with
different studies and metanalysis [1] showing that low-dose computed tomography (LDCT)
is able to reduce lung cancer-related mortality in high-risk smoking subjects.

In detail, the National Lung Cancer Screening Trial (NLST) and The Dutch-Belgian
Randomized Lung Cancer Screening Trial (NELSON) randomized studies demonstrated a
significant reduction (around 20%) of lung cancer-related mortality in smoking populations
undergoing LDCT as compared to either thorax RX or clinical observation [2,3], leading
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to the introduction of lung cancer screening in the United States since 2013. Among
the different barriers limiting LDCT screening implementation in Europe, the high rate
of overdiagnosis and false positive cases represent a relevant unmet need significantly
impacting the subject management in real world scenarios. In addition to that, the potential
exposure to the imaging radiation and the risk of overtreatment for indolent lung nodules
further reduce subjects’ compliance to the LDCT screening. In this context, the integration
of tumor biomarkers through liquid biopsy could improve the diagnostic accuracy of
LDCT screening in a non-invasive manner aiming to identify the high-risk population
requiring further investigation, personalizing screening intervals and likely increasing
subjects’ compliance to the screening procedures. Furthermore, the possibility to perform
a liquid biopsy in the peripheral hospitals near rural areas could allow to reach a larger
smoking population who is usually recalcitrant to the LDCT, thus increasing the access rate
to lung cancer screening in a different way and promoting personalized approaches.

A liquid biopsy is able to identify circulating tumor biomarkers that can be considered
surrogates of the primary tumor as circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA), microRNA (miRNA), and exosomes. Liquid biopsies are already playing an
important role in the clinical management of metastatic lung cancer patients through the
evaluation of the tumor molecular profiling by ctDNA analysis, while also progressively
extending to the early-stage disease in terms of minimal residual disease monitoring as
well as cancer interception [4].

The role of CTCs in lung cancer screening has been investigated in several trials since
cell dissemination is a relatively early event in tumor progression. These trials showed that
CTCs detected in high-risk patients are able to anticipate the diagnosis of lung cancer, even
years earlier than CT scans [5]. One of the main problems with using CTCs as a biomarker
is represented by their rarity in peripheral blood.

Several studies have investigated the role of CtDNA and cell-free DNA (cfDNA) in
screening encountering a fundamental issue: the concentration of cfDNA correlates with
the disease burden of the tumor that is very low in early-stage disease, making it difficult
to isolate. Despite this limitation, different studies have investigated the role of cfDNA
in early diagnosis. To distinguish tumor from non-tumor cfDNA, they have looked at its
concentration, genetic changes, or methylation as possible biomarkers [6]. In 2020 a study
proposed the use of a cfDNA-based machine-learning method to improve the specificity of
LDCT screening with interesting results [7].

Another interesting finding is the development of a blood-based multi-cancer early
detection (MCED) test targeting a screening population. The test has been developed for the
early detection of more than 50 types of cancer. The MCED test analyzed the methylation
patterns of CtDNA and demonstrated high specificity (99.1%) and a positive predicted
value of approximately 40% [8].

Only a small fraction (approximately 3%) of the genetic transcript is able to encode
proteins, while the remaining part is defined as non-coding RNAs (ncRNAs). The definition
of “coding” encompasses RNAs that encode proteins from DNA-derived information, such
as mRNAs. Noncoding RNAs have a different role since they act as cellular regulators
of gene expression at different transcriptional, post-transcriptional, and epigenetic levels.
A few exceptions to this definition include some ncRNAs binding ribosomes encoding
peptides exerting a modulator function on cellular activities [9]. It has become clear that
ncRNAs also play an important role in the communication processes between cancer cells
and tumor microenvironment and are crucial for regulating tumor growth [9]. In recent
years the knowledge about ncRNAs roles in cancer process has exponentially grown [10],
including diagnostic, prognostic, predictive, and therapeutical applications across different
cancers and settings [11].

ncRNAs can be classified into two macro-categories: housekeeping ncRNAs and
regulatory ncRNAs. Housekeeping ncRNAs regulate basic cellular functions and are ubiq-
uitously expressed. Regulatory ncRNAs play a pivotal role in gene expression regulation
and protein translation both at transcriptional and post-transcriptional levels. Increasing
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evidence points out their role in cancer development, regulation, and growth, making them
a precious tool for cancer management at different stages [12,13].

Among the housekeeping ncRNAs, we encounter transfer RNA and ribosomal RNA.
Regulatory ncRNAs, instead, can be divided into three major groups: circular RNAs (cricR-
NAs), long noncoding RNAs (>200 nt, lncRNAs), and small noncoding RNAs (<200 nt,
sncRNAs) [13].

The ncRNAs can be found in different biofluids either as freely or encapsulated in
extracellular vesicles [12,14], making them potentially stable biomarkers for clinical use,
which have been explored also within LC screening clinical trials [13,15,16].

To date, among the different liquid biopsy biomarkers under clinical investigation in
the lung cancer early detection setting, ncRNAs are for sure one of the most promising
biomarkers to be implemented in the context of lung cancer screening. For this reason,
this review will specifically focus on ncRNA role, describing biological function, available
evidence, and clinical trials ongoing in this emerging setting.

2. Methods of Literature Search

An extensive literature search was performed on PubMed, using as cut-off date of
16 March 2023. Keywords included: noncoding RNA, lung cancer, screening. A total of
2538 articles were found and screened for eligibility, taking into account three major criteria
of inclusion: (1) Single ncRNAs or ncRNA-based genomic signature; (2) biomarker analysis
performed on blood or other biofluids; and (3) biomarker involvement in non-small cell
lung cancer (NSCLC) screening or early diagnosis.

Both prospective and retrospective studies were considered. Only studies performed
on humans were included, but they could include an in vitro/in vivo validation part. Only
studies that involved a control group were considered. The control group could also
have other pulmonary conditions or pulmonary nodules (PNs) that were retrospectively
prospectively identified as benign lesions. Published abstracts without associated full
articles were excluded from the analysis. Three independent reviewers collected data from
the included articles, and another one subsequently reviewed all of the information.

To draw a clear overview of all clinical trials concerning LC screening that included a
liquid biopsy part, we also performed research on clinicaltrials.gov using the following
keywords: lung cancer and screening. A total of 601 trials were found and, among them,
only those involving LDCT screening and encompassing biofluids collection for biomarkers
research were included.

3. Results
3.1. Micro RNAs (miRNAs)

MiRNAs are fragments of single-stranded non-coding RNA with a length of approx-
imately 20 ribonucleotides. Since they remain stable in biofluids, unlike other free RNA
molecules, they can be detected in both serum and plasma. They regulate gene expression
at the post-transcriptional level and are involved in the regulation of cell proliferation and
apoptosis. In fact, their targets include oncogenes and tumor suppressor genes and their
dysregulation can lead to malignant cell transformation across different tumor types [6,17].

miRNAs are one of the pivotal biomarkers explored in phase III trials of lung cancer
screening, and our literature search identified studies that used both multi-miRNA signa-
tures (>2 miRNA) and single miRNA approach for early NSCLC detection. In detail both
the miR-test, a serum-based 13 miRNA signature, and the micro-RNA signature classifier
(MSC), a plasma-based 24 miRNA risk score, showed very promising data for clinical
use [18].

Overall, 32 studies evaluating the expression of multi-miRNA in early-stage NSCLC
patients compared to healthy controls have been identified through our PubMed research.
The identified signatures ranged from 2 to 24 miRNAs and were all validated on biological
fluids that could be used for liquid biopsies purposes (Table 1). Almost all of the evaluated
studies used plasma or serum for miRNA detection and the most used sequencing tech-
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nique was quantitative real-time PCR (qRT-PCR). Among all of these studies matching our
inclusion criteria, only six included a CT scan integrated to a specific miRNA signature for
LC diagnosis.

Sozzi G. et al. [19] conducted a large retrospective analysis in this setting analyzing
plasma samples from 939 participants to the Italian randomized MILD LC screening
study (69 patients diagnosed with LC and 870 healthy individuals) using a 24-miRNA
classifier. They identified a higher sensitivity (87%) and a similar specificity (81%) for LC
detection, compared to LDCT alone (79% and 81%, respectively) with a false-positive rate
of 3.7% vs. 19.4% with and without MSC integration.

In another prospective analysis conducted in the BIOMILD study, patients were [16]
stratified into four different subgroups based on a miRNA signature classifier (MSC):
2 MSC+ with or without a positive CT scan and 2 MSC− with or without a positive CT
scan. Individuals with a positive CT scan and an MSC− had a lower incidence of LC and
individuals with both CT and MSC negative had a lower overall LC incidence at four years,
interval cancer, stage I, and advanced stages diagnosis, as well as the lowest LC mortality
rate at five years as compared to all other subgroups. So, the authors found out that the
combined use of LDCT and MSC at baseline was able to predict individual LC incidence
and mortality, with a major effect of MSC for LDCT-positive individuals.

Shun J et al. [20] applied a 3 miRNAs (miRs-21, 210, and 486-5p) plasma signature on
healthy subjects, patients with benign pulmonary nodules (PNs), and malignant PNs. This
approach achieved an area under the curve (AUC) of 0.855 for lung cancer detection in
the testing cohort. The panel of the three mi RNA was then validated in an independent
cohort of 156 patients who had solitary PNs, and this miRNAs signature produced a 76.32%
sensitivity and 85% specificity in differentiating malignant from benign solitary PNs.

The same group [21] screened 10 miRNA differently expressed by LC and healthy
smokers sputum and built a logistic regression model on a 2 miRNA combination (miR-31
and miR-210). This model generated an AUC of 0.83 in distinguishing LC patients from
healthy smokers, moreover, the combination of CT scans and the 2 miRNA combination
achieved an AUC of 0.95. In the validation cohort, the AUC dropped to 0.79, but the
combination of miRNA and CT scans improved the specificity and sensitivity compared to
CT scan alone.

Another plasma-based approach was conducted by Zheng D. et al. [22], who evaluated
circulating small extracellular vesicle (EV) microRNAs in 208 patients with CT-detected
PNs. Five miRNAs (let-7b-3p, miR-125b-5p, miR-150-5p, miR-101-3p, and miR-3168),
included within the CirsEV-miR model were firstly tested in a small training cohort of
47 patients and then validated in a testing-cohort of 62 patients achieving an AUC for lung
cancer detection of 0.920 and 0.760, respectively. This model was then validated in an
external cohort of 92 patients (20 patients with benign PNs and 79 with malignant PNs),
reaching an AUC of 0.781.

EVs and miRNAs were also tested in this setting by using NGS analysis [23]. They
analyzed plasma from patients who had Lung-RADS4 PNs then confirmed as LC, versus
over-diagnosed Lung-RADS4 PNs or high-risk Lung-RADS2 screening controls. They
identified different expression levels of let-7b-5p, miR-184, and miR-22-3p as biomarkers
for potentially discriminating cancer patients from high-risk controls. The multiple logistic
regression analyses of the 3 EV miRNAs showed a combined ROC AUC value of 92.4%.

Other pulmonary pathological conditions, such as chronic obstructive pulmonary
disease (COPD) and asthma, were included in some of the other studies and represent an
interesting approach to eliminate some biases that could be created by smoking-related
or pre-existing pulmonary conditions in the implementation of liquid biopsies within
lung screening programs. Halvorsen A.R. et al. [24] used serum also from 16 COPD
subjects to build their miRNA signature for their prediction model, showing a good
performance in discriminating lung cancer from the control groups (AUC 0.89). Yang
X et al. [25] used also serum of COPD, in their logistic regression model obtaining not
only good performance in discriminating lung cancer patients from controls, but also a
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higher accuracy for adenocarcinoma (AC) patients rather than squamous cell carcinoma
(SCC). Zaporozhchenko I.A. et al. [26] analyzed 179 miRNA in plasma samples obtained
from patients with a non-cancerous lung disease (hyper- or metaplastic endobronchitis
(EB)) and a cancer-free group of healthy volunteers. They found a 14 miRNA signature
discriminating LC group and controls, but interestingly the performance of the model
was largely unaffected by the presence of samples from patients with endobronchitis. A
similar approach was led by Nadal E. et al. [27] analyzing also serum samples of patients
with COPD and identifying a 4 miRNA signature for LC diagnosis, clustering also the
discovery set into 2 different groups, characterized by different metastasis-free survival
(MFS) and overall survival (OS). Fehlmann T. et al. [15], instead led a large multicenter
retrospective cohort study, analyzing 3046 samples of LC patients (including NSCLC and
small cell lung cancer, SCLC), and patients with other lung conditions (mostly COPD). A
14-miRNA signature derived from the training set was used to distinguish patients with
lung cancer from patients with nontumor lung diseases both in the testing set (accuracy of
92.5%, sensitivity of 96.4%, and specificity of 88.6%) and in the validation set (accuracy of
95.9%, sensitivity of 76.3%, and specificity of 97.5%).

Some of the studies listed in Table 1, tested another interesting use of LB-based
approach in the LC early-diagnosis setting which is LC histological subtype prediction. Lu
S. et al. [28] conducted a miRNA analysis on plasma samples of a large cohort of patients
(1132 samples, including healthy individuals and patients with NSCLC or SCLC) collected
from five medical centers, developing a plasma miRNA panel capable to discriminate
LC patients from healthy individuals, and SCLC from NSCLC (AUC 0.878 and 0.869 for
training and validation cohort, respectively). Instead, a study by Powrózek T [29], et al.,
showed that miR-944 had a high diagnostic accuracy for operable squamous cell carcinoma
detection (AUC 0.982), whereas miR-3662 for operable adenocarcinoma diagnosis (AUC
0.926). Jiang Y. et al. [30] used an NGS-based approach in analyzing plasma-derived EVs
from healthy individuals, patients with early-stage SCLC, and patients with early-stage
NSCLC, finding out that miRNA-483-3p derived from plasma EVs could be a potential
biomarker for early-stage SCLC diagnosis, while both miRNA-152-3p and miRNA-1277-5p
could be used for early-stage NSCLC diagnosis.

Other efforts of using miRNA-based liquid biopsy for lung cancer early detection were
made by using single miRNAs as biomarkers such as miR-17-19 [31], miR-20 [32], miRNA-
21 [33–42], miR-25 [43], miR-29 [44], miR-30 [45], miR-31 [46], miR-125, miR-126 [47–49],
miR-135 [50], miR-143 [51], miR-145 [32], miR-148/152 family [52], miR-153,
miR-155 [36,53,54], miR-182, miR-183 [47], miR-185 [55], miR-184 [56], miR-200 [57],
miRNA-210 [47,58], miR-221 [32], miR-223 [32,59], miR-328 [60], miR-339 [61], miR-411 [62],
miR-486 [63], miR-499 [64], miR-519 [65], miR-770 [66], mi-R762 [67], microRNA-2355 [68],
hsa-miR2116, hsa-miR449c and hsa-miR2117 [69]. These single biomarker-based ap-
proaches led to similar results, but the heterogeneity of the study and the lack of a validation
cohort make them likely less reliable for clinical implementation in the real-world setting.
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3.2. Long Non Coding RNAs (lnc-RNAs)

LncRNAs look quite promising since they have been demonstrated to be stable in
biofluids [88,89] and to be frequently dysregulated in NSCLC pathogenesis [90]. Accord-
ing to our literature search, a multi-lncRNA approach was conducted across 4 studies.
Gupta C et al. [91], analyzed lncRNAs in the sputum of LC patients and cancer-free indi-
viduals demonstrating a good ability in discriminating the two groups through a panel
containing SNHG1, H19, and HOTAIR (AUC 0.90). The second multi-lncRNA approach
was conducted by Yuan S. et al. [92], who collected 528 plasma samples of patients with
either LC, other lung conditions, or healthy volunteers. They identified a 4-lncRNA panel
(RMRP, NEAT1, TUG1, and MALAT1) with a high diagnostic value for NSCLC (AUC 0.85
for AC and 0.93 for SCC in the expansion cohort). An alternative approach conducted by
Li X et al. [93], aimed to search for lncRNAs in tumor-educated platelet (TEP), where a
combined use of linc-GTF2H2-1, RP3-466P17.2, and lnc-ST8SIA4-12 achieved an AUC of
0.895. Ultimately in the analysis by Kamel L.M. Et al [94], the combination of GAS5 and
SOX2OT showed an AUC of 0.95 for distinguishing LC patients from healthy controls.

Single lncRNA-based studies were conducted for different lncRNAs obtaining lower
performances similar to what has been observed with miRNAs until now [95–108], so
limiting any clinical implementation in the real word setting.

3.3. Circular-RNAs (Circ-RNAs)

Circ-RNAs can be freely detected in biofluids (plasma and saliva) as well as in exo-
somes [109], and are aberrantly expressed in early-stage lung adenocarcinoma, making
them a good biomarker for LC early detection [110]. Even though Yang X. et al. [111] meta-
analysis, comparing circRNAs’ expression in tissue and plasma/serum samples, showed
that the diagnostic accuracy of tissue was higher (AUC 0.85 vs. 0.79), other evidence points
out in the opposite direction. Falin C. et al. [112] validated a combination of circRNAs
(hsa_circ_0001492, hsa_circ_0001346, hsa_circ_0000690, and hsa_circ_0001439) that were
significantly upregulated in plasma exosomes of AC patients as compared to healthy con-
trols. Hang D. et al. [113] adopted RNA sequencing (RNA-seq) and qRT-PCR approaches
to explore cancer-related circRNAs expression, showing that circFARSA was increased
in cancerous tissues, and was more abundant in the plasma of LC patients than controls.
Other three circRNAs were tested as potential biomarkers for LC early detection with liquid
biopsy showing a good diagnostic accuracy: hsa_circ_0023179 [114], hsa_circ_0006423 [115]
and circFOXP1 [116].

3.4. Other Non-Coding RNAs and Combined Approaches

For what concerns small-nuclear RNAs we found three studies that tested the dif-
ferences between LC patients and controls. Köhler J. et al. [117], determined RNU2-1f
in the serum of patients with LC, chronic lung disease, and healthy controls, showing
the ability to discriminate the LC group from others (AUC of 0.91). Moreover, the two
isoforms of RNU2 (RNU2-1 and RNU2-2) were also tested in another study by Mazières J
et al. [118], who demonstrated that miR-U2-1 was able to discriminate between patients
with COPD and patients with COPD and lung cancer (AUC of 0.866). Dong et al. [119]
used a tumor-platelet educated approach, finding out that TEP U1, U2, U5 were decreased
in early-stage lung cancer patients compared with those in healthy subjects.

For what concerns piwiRNAs we found a study by Li J. et al. [120] demonstrating that
piR-hsa-26925 and piR-hsa-5444 had a significantly higher level in serum exosome samples
of AC patients than healthy controls.

No studies matching our inclusion criteria were found about ribosomal RNA (rRNA),
transfer RNA (tRNA), and small nucleolar- RNAs (sno-RNAs) in the context of lung
cancer screening.

Few studies were conducted using a combined ncRNAs approach, according to our
inclusion criteria. In detail Peng H et al. [121] constructed a miRNA and MALAT1 non-
coding RNA panel showing a good performance also in detecting stages I/II/III NSCLC.
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A panel of seven small ncRNA pair ratios was tested by Dou Y. et al. [122] and could
differentiate AC patients from other lung diseases of high-risk controls.

3.5. Ongoing Clinical Trials on Liquid Biopsy in Lung Cancer Screening

We also performed a study of ongoing clinical trials on clinicaltrials.gov using the
keywords “lung cancer” and “screening”. The data collection was completed on 16 March
2023 and identified a total of 601 ongoing trials related to lung cancer screening. Out of
the 601 clinical trials identified, we selected 55 trials incorporating liquid biopsy and the
analysis of biological samples for the detection of predictive biomarkers in the setting of
LC screening (Table 2). The selected trials did not exclusively include healthy individuals
at high risk of developing lung cancer, but also those with lung nodules, CT suspicion or
pathologically confirmed lung cancer, as well as other benign lung diseases. Furthermore,
a particularly noteworthy study included only never-smokers (defined as individuals with
a lifetime exposure of less than 100 cigarettes) and Asian women (NCT05164757).

Among the 55 clinical trials shortlisted based on our inclusion criteria, 25 of them
involved the use of chest CT or LDCT scans as a diagnostic tool for lung cancer screening.
The HANSE trial (NCT04913155) also investigated other indicators such as coronary cal-
cium score and emphysema score. One of the selected studies involved the use of chest
MRI to assess the concordance of imaging features of nodules between LDCT and MRI
in the study population (NCT05699213). Concluding, a small portion of these studies
incorporates pulmonary function testing within their research protocols.

These selected trials also involved the collection and analysis of various biological
samples to identify possible biomarkers for the early detection of lung cancer. Specifically,
they included blood samples, different airways samples (bronchoalveolar lavage, BAL,
bronchial biopsy and brushing samples, nasal swab, and brush samples), sputum samples,
buccal swab samples, urine samples, and feces samples.

Among the 55 clinical trials that met our inclusion criteria, blood samples were
collected in 52 trials, but only 33 of these explicitly state the specific biomarkers that
were intended to be analyzed, including miRNA, epigenetic biomarkers, circulating free
DNA (cfDNA), circulating tumor DNA (ctDNA), circulating tumor cells (CTC), Associated
Macrophage-Like cells (CAMLs), exosome antigens, methylation changes in peripheral
blood mononuclear cells (PBMC) and circulating tumor DNA, RNA integrity number
(RIN), protein signatures, DNA methylation, whole-genome methylation, tumor antibodies,
circulating nucleic acids, proteins, and genetic variation single nucleotide polymorphisms
(SNPs), as well as DNA and RNA for germline analysis and whole-exome sequencing
(WES). Specifically, only eight trials have a clear focus on the identification and analysis of
miRNA. Moreover, 3 out of these 52 clinical trials involve the storage of blood samples in
biobanks for potential future studies.

A small part of the clinical trials that met our inclusion criteria have already published
results. We have already discussed the results of The Multicentric Italian Lung Detection
(MILD) study, a prospective randomized controlled screening trial that compared the
diagnostic performance of two different LDCT screening intervals in high-risk smoking
populations. After a median active screening period of 6.2 years, the MILD trial concluded
that biennial LDCT screening for lung cancer in individuals with a negative baseline LDCT
can achieve a comparable clinical outcome to annual LDCT screening. The study, as already
said, highlights the potential of circulating miRNAs as biomarkers for cancer detection and
prognosis [19].
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In this scenario, we previously illustrated also the results of the BioMILD trial [16]
which is a large prospective study that aims to optimize the screening intensity for lung
cancer through a combination of LDCT and a blood-based microRNA assay (MSC). The
participants underwent baseline LDCT examination, spirometry, and miRNA profiling, and
were followed for a median duration of 5.3 years. The study discovered that participants
who were double-negative for LDCT and MSC had very low rates of lung cancer incidence
and mortality. As a result, they were recommended to undergo LDCT screening once every
three years. The results of the study confirmed that the combined use of LDCT and blood
miRNAs at baseline can predict individual lung cancer incidence and mortality.

The New York University Lung Cancer Biomarker Center (NYULCBC) enrolled high-
risk smokers and lung cancer patients into a screening cohort and a “rule-out lung cancer”
cohort with the aim of identifying and validating biomarkers for the early detection of
lung cancer. The participants completed a medical and respiratory symptom questionnaire,
underwent pulmonary function testing, blood sampling, chest CT, and were followed up
for nodule stability. Greenberg et al. [123] conducted a study to evaluate the levels of
serum S-Adenosylmethionine (AdoMet) in participants enrolled in the NYULCBC trial
from February to August 2004. The study found that patients with lung cancer had higher
levels of serum AdoMet compared to healthy non-smokers and high-risk smokers with
small noncalcified nodules. AdoMet level alone was able to differentiate patients with
lung cancer from smokers with benign nodules with high sensitivity and specificity. When
combined with nodule size, AdoMet level showed a sensitivity and specificity of 100% and
94%, respectively. The elevated AdoMet level in lung cancer patients may relate to the role
of AdoMet in DNA methylation, as hypermethylation of the promoter regions of tumor
suppressor genes in lung cancer and other malignancies has been reported. AdoMet could
be a promising marker for early-stage lung cancer detection, but further studies are needed
to confirm its efficacy in larger populations and its clinical utility for recurrence diagnosis.

Several clinical trials are investigating the effectiveness of incorporating new blood
tests along with LDCT for lung cancer screening. The NCT01925625 trial tested whether
using the EarlyCDT-Lung test and subsequent CT scanning to identify individuals at high
risk of lung cancer could reduce the incidence of patients with advanced-stage lung cancer
at diagnosis compared to standard clinical practice. The EarlyCDT-Lung test used an
enzyme-linked immunosorbent assay (ELISA) to measure seven distinct autoantibodies,
each having specificity for different tumor-associated antigens, including p53, NY-ESO-1,
CAGE, GBU4-5, HuD, MAGE A4 and SOX2. At 2 years, the test showed high specificity
(90.4%) and moderate sensitivity (32.1%) with a higher number of early-stage lung cancers
detected in the intervention arm. However, no significant differences were observed in
lung cancer and all-cause mortality between the intervention and control groups [124].
The study suggested that blood-based biomarkers followed by LDCT can detect early-
stage lung cancer, but more research is required to determine the long-term impact and
increase engagement.

Another test is Lung EpiCheck (Nucleix, Modi’in, Israel), which has been designed
to detect hypermethylation status across six markers that are associated with lung cancer,
by using cfDNA analysis. Recently, this test has been validated in European and Chinese
patients samples and has demonstrated high accuracy rates, as well as an independent
predictive capability for lung cancer detection, suggesting potential utility for improving
screening access and compliance among high-risk populations [125]. In this scenario,
the NCT04968548 trial is an observational study aimed at collecting blood samples and
clinical data from individuals undergoing LDCT for lung cancer screening and those with
confirmed lung cancer to determine and validate the Lung EpiCheck.

Furthermore, the NCT03452514 trial aims to validate the HMBDx microRNA Test by
collecting blood samples from 400 individuals who are undergoing LDCT screening. The
study plans to analyze microRNA signatures using a novel lung cancer test, compare the
results with those obtained through CT scan findings and follow-up tests, and maintain a
minimum follow-up period of 12 months post-enrollment.
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Lastly, the primary objective of the NCT05306288 clinical trial is to validate the DELFI-
based test for detecting lung cancer among individuals eligible for routine screening,
using a genome-wide analysis technique called “DNA evaluation of fragments for early
interception” (DELFI) to detect abnormalities in cfDNA [126]. Participants have blood
collected and undergo medical record review at baseline and two additional time points.
Presently, no conclusions are available as these last two clinical trials are still ongoing.

4. Discussion

Given the elevated incidence of overdiagnosis and false positive cases associated
with LDCT screening, the identification of reliable biomarkers capable of improving the
diagnostic accuracy, represents an unmet need. In this scenario, ncRNAs might be a
potential reliable tool to stratify populations into precise categories of lung cancer risk. To
date, microRNAs are those most investigated in large prospective trials for lung cancer
screening purposes. As reported in the bioMILD trial, the implementation of miRNAs in
NSCLC screening can reduce false positive rates and improve diagnostic accuracy of LDCT,
thus opening the way for personalized screening approaches.

Furthermore, what emerged from our literature research is an extreme heterogeneity
of the conducted studies using different methodologies of analyses and selecting various
risk populations. This inevitably can be seen as a positive aspect, as in most of the studies
presented, the results were consistent with the ability of ncRNAs to distinguish populations
with lung cancer from those that were negative or might face overdiagnosis if subjected
to LDCT. However, from a methodological point of view, it clearly constitutes a major
issue to be addressed with further research in order to standardize a potential application
of ncRNAs liquid biopsy in a real-world setting and safely implement them into our
clinical practice.

Methodological limitations of analysis also emerged from this wide literature search,
including the heterogeneity of ncRNA detection methods used across the different studies,
mostly based on q-RT-PCR, but also on NGS limited panels, digital-droplet PCR, and RNA-
seq, pointed out the issue of standardization methods to make ncRNAs part of clinical
practice. In fact, from a practical point of view, detecting and sequencing this genetic
material might be challenging for different reasons. Next-generation sequencing (NGS) is
one of the high-throughput screening methods that can be implemented more efficiently
into clinical research to validate panels of ncRNAs that can be used for LC screening
research programs [127].

Some limits need also to be considered once we propose ncRNAs as a biofluid-based
biomarker for LC screening but also in general for other purposes. First of all, the overall
quantity of ncRNAs is generally lower in the intracellular, extracellular ambient, as well
as in plasma or serum as compared to other genetic material, so it might be a challenge to
detect them in patient-derived blood samples [128]. Another potential issue is related to
the post-transcriptional modifications of ncRNA sequence making them similar to other
ncRNAs of the same family (such as for micro RNAs, miRNAs), as well as to mRNAs
sequence, making it difficult to distinguish each other. Another issue related to the use of
ncRNAs liquid biopsy in LC screening context is the cost-effectiveness benefit that the real-
world application of these techniques could imply. For now, large studies demonstrated
a clear clinical benefit of LDCT-based screening programs [1], but it is not clear if the
implementation of LB in this setting will be feasible from this point of view. In addition to
that, further clinical trials testing the role of LB ncRNAs detection in non and light-smokers
should be conducted.

Moreover, lung cancer heterogeneity is well-known and established across the
board [129–131], limiting the use of single-biomarker based approaches. Conversely, the
use of multiple biomarkers of the same class or multiple ncRNA class panels could improve
diagnostic accuracy within screening programs, since the genetic variability among differ-
ent tumors and individuals could be covered by different biomarkers working together at
the same time.
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5. Conclusions

In conclusion, the implementation of ncRNAs for LC screening purposes is one of
the most promising biomarkers to integrate LB in the prevention setting. For this reason,
standardization of protocols for LB ncRNAs detection and further prospective clinical
trials with larger cohorts are needed to validate and introduce these novel biomarkers in
the clinical arena. In addition, we believe that the use of ncRNAs belonging to multiple
subcategories can further improve the ability to discriminate between negative and positive
subjects, and therefore using expanded ncRNA panels for LC early detection should be
one of the next implementations for LB studies in this research context. To date, clinicians
should carefully interpret LB results coming from the early diagnosis studies and policy-
makers should push research to focus also on the implementation of liquid biopsy in the
real-world setting.
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Simple Summary: Cystic fibrosis (CF) is a genetic condition that affects the lungs, digestion, and
other body systems. People with CF have a higher chance of developing certain types of cancer. The
reason for this is related to a gene called CFTR, which is altered in CF patients. This gene normally
helps regulate the movement of substances in and out of cells. When it does not work properly, it
can lead to changes in cells that make them more likely to become cancerous. The cancers most
commonly associated with CF are colorectal, pancreatic, and respiratory cancers. By understanding
how CFTR and cancer are connected, doctors can develop better ways to screen for and treat these
cancers in people with CF. More research is needed to fully understand this link and improve care for
CF patients.

Abstract: Cystic fibrosis (CF) is a genetic disorder affecting multiple organs, primarily the lungs and
digestive system. Over the years, advancements in medical care and treatments have significantly
increased the life expectancy of individuals with CF. However, with this improved longevity, concerns
about the potential risk of developing certain types of cancers have arisen. This narrative review aims
to explore the relationship between CF, increased life expectancy, and the associated risk for cancers.
We discuss the potential mechanisms underlying this risk, including chronic inflammation, immune
system dysregulation, and genetic factors. Additionally, we review studies that have examined the
incidence and types of cancers seen in CF patients, with a focus on gastrointestinal, breast, and
respiratory malignancies. We also explore the impact of CFTR modulator therapies on cancer risk. In
the gastrointestinal tract, CF patients have an elevated risk of developing colorectal cancer, pancreatic
cancer, and possibly esophageal cancer. The underlying mechanisms contributing to these increased
risks are not fully understood, but chronic inflammation, altered gut microbiota, and genetic factors
are believed to play a role. Regular surveillance and colonoscopies are recommended for early detec-
tion and management of colorectal cancer in CF patients. Understanding the factors contributing to
cancer development in CF patients is crucial for implementing appropriate surveillance strategies and
improving long-term outcomes. Further research is needed to elucidate the molecular mechanisms
involved and develop targeted interventions to mitigate cancer risk in individuals with CF.

Keywords: cystic fibrosis; CFTR gene; cancer risk; life expectancy; genetic factors; colorectal cancer;
pancreatic cancer; breast cancer; respiratory cancers; CFTR modulator therapies

1. Introduction

Cystic fibrosis (CF) is a complex genetic disorder that primarily affects the respiratory
and digestive systems. It is caused by mutations in the cystic fibrosis transmembrane
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conductance regulator (CFTR) gene, resulting in dysfunctional CFTR protein [1,2]. CF’s
hallmark is its impact on the production of thick, sticky mucus, which obstructs airways,
leading to recurrent respiratory infections and impaired lung function. Additionally, the
digestive tract’s secretions are affected, causing challenges in nutrient absorption and
digestive processes [3].

While CF is well-known for its impact on lung function and digestive processes, the
increase in life expectancy with the introduction of new highly effective CFTR modulator
(HEMT) therapy and recent evidence suggests a potential association between CF and
an increased risk of developing certain types of cancers [4–9]. In recent years, research
efforts have focused on elucidating the underlying mechanisms and understanding the
implications of this relationship.

The genetic basis of CF lies in the CFTR gene, which regulates the flow of chloride
ions across cell membranes. Mutations in the CFTR gene lead to impaired ion transport,
resulting in the characteristic symptoms of CF. However, these mutations have also been
implicated in various cellular processes that influence cancer development and progres-
sion [10,11]. Recent studies have focused on the potential impact of CFTR dysfunction
on key pathways involved in carcinogenesis, such as cell proliferation, apoptosis, and
DNA repair mechanisms [7–9]. Understanding these molecular mechanisms is crucial for
unraveling the link between CF and cancer risk [12].

In addition to the genetic and molecular aspects, CF is characterized by chronic in-
flammation and dysregulated immune responses. The chronic inflammatory state in CF
is primarily driven by the dysfunctional CFTR protein and is evident in both the respira-
tory and digestive systems [13]. This chronic inflammation can create a pro-tumorigenic
microenvironment that promotes the initiation and progression of cancers [14]. Recent
research has shed light on the role of inflammatory mediators, immune cells, and altered im-
mune responses in the context of CF-related cancers [15,16]. Exploring the immunological
aspects of CF and their influence on cancer development is essential for a comprehensive
understanding of the disease.

Several specific types of cancer have been associated with CF, including colorectal,
pancreatic, breast, and respiratory malignancies [7–9]. Epidemiological studies have con-
sistently shown an increased incidence of some of these cancers in individuals with CF
compared to the general population [17]. The specific mechanisms underlying the increased
risk remain the subject of ongoing research. Factors such as chronic inflammation, altered
immune response, gut microbiota dysbiosis, and CFTR dysfunction likely contribute to the
development of these cancers in individuals with CF [18].

The implications of these findings extend beyond understanding the association
between CF and cancer risk. They have significant clinical implications for the management
of individuals with CF, including screening, surveillance, and treatment strategies. Tailored
screening protocols are necessary to facilitate early detection, while surveillance for specific
cancers should be incorporated into routine CF care. Furthermore, collaborations between
CF care teams and oncology specialists are vital for providing comprehensive care to
individuals with CF-related cancers [19].

This comprehensive review aims to accomplish the following objectives:

• Synthesize Current Knowledge: Summarize and consolidate the existing literature on
the relationship between CF, the CFTR gene, and cancer susceptibility.

• Examine Specific Cancer Associations: Investigate the associations between CFTR
gene mutations and the risk of specific cancer types, including pancreatic, respiratory,
colorectal, breast, liver, esophageal, and gastric cancers.

• Explore Underlying Mechanisms: Explore the molecular and cellular mechanisms
by which CFTR gene mutations may influence cancer susceptibility, encompassing
factors such as chronic inflammation, impaired DNA repair, hormonal imbalances,
and other cellular processes.
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• Highlight Emerging Research: Highlight recent advancements and emerging research
that shed light on the complex interplay between CF, CFTR gene mutations, and
cancer development.

• Identify Knowledge Gaps: Identify gaps in the current understanding of the CFTR–
cancer relationship, pinpointing areas that require further research and investigation.

• Clinical Implications: Discuss the potential clinical implications of the CFTR–cancer
connection, including its impact on cancer surveillance, early detection, and potential
therapeutic interventions.

• Inform Future Research Directions: Propose future research directions and methodolo-
gies that could elucidate the intricate mechanisms underlying the association between
CFTR gene mutations and cancer susceptibility.

2. Methods

This comprehensive review of the association between CF and cancers was conducted
using a narrative approach to gather and analyze relevant literature over the past decade.
A comprehensive search of electronic databases, including PubMed, Scopus, and Web
of Science, was conducted to identify relevant articles published in English. The search
strategy incorporated keywords related to cystic fibrosis, cancer, malignancy, CFTR, and
associated terms. The search was limited to articles published from 1990.

The initial search yielded a large number of articles (>500). Duplicate articles were
removed, and titles and abstracts were screened for relevance. Full-text articles of poten-
tially relevant studies were retrieved and assessed for eligibility. The inclusion criteria
encompassed studies that investigated the association between CF and cancers. Review
articles, original research papers, and case reports were considered.

Data from selected articles were extracted systematically. The following information
was collected: author(s), publication year, study design, study population, cancer type,
sample size, methods used for data collection, and key findings related to the association
between CF and cancers. Additionally, data on the genetic, molecular, and immunological
aspects of CF that contribute to cancer risk were extracted.

The extracted data were synthesized to provide a comprehensive overview of recent
findings. The information was organized thematically, focusing on the genetic, molecular,
and immunological aspects of CF, as well as specific types of cancer associated with CF,
such as colorectal, pancreatic, breast, and respiratory malignancies. Key findings were
summarized, and relevant concepts were discussed in detail.

The included studies were critically evaluated for their methodological quality and
potential biases. Any limitations or gaps in the current literature were identified and
discussed. The strengths and weaknesses of the studies were taken into account during the
interpretation of the results.

The information gathered from the data synthesis and critical analysis was used to
develop the manuscript. The review was structured to provide a comprehensive overview
of recent findings regarding the association between CF and cancers. The introduction,
methods, results, and discussion sections were written, highlighting the key aspects and
implications of the findings.

3. Role of CFTR in Cancers

The role of CFTR in cancer is an intriguing area of investigation that has gained
substantial interest in recent years. Initially recognized for its involvement in CF, CFTR has
emerged as a potential player in cancer development and progression [20].

One of the key aspects of CFTR’s role in cancer is its influence on ion transport and
cellular homeostasis. CFTR acts as a chloride channel, regulating the movement of chloride
ions and water across cell membranes. Dysregulation of CFTR can disrupt ion transport,
leading to altered cellular homeostasis. This disruption has been associated with changes in
cellular pH regulation and metabolism, both of which have significant implications for can-
cer cell growth and survival [21]. For example, CFTR dysfunction may disturb the balance
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of intracellular chloride and bicarbonate ions, affecting pH levels and influencing critical
metabolic processes in cancer cells [22]. Furthermore, CFTR has been implicated in the
regulation of epithelial-mesenchymal transition (EMT), a fundamental process involved in
cancer metastasis. EMT is characterized by the loss of epithelial cell characteristics and the
acquisition of a more mesenchymal-like phenotype, enabling cells to invade surrounding
tissues and metastasize to distant sites. CFTR has been shown to modulate EMT through
various mechanisms. CFTR dysfunction can lead to alterations in ion transport, calcium
signaling, and the activity of signaling pathways such as transforming growth factor-beta
(TGF-β) and Wnt/β-catenin, all of which play crucial roles in EMT regulation [23]. These
changes in EMT-related pathways can contribute to increased invasiveness and metastatic
potential of cancer cells.

Inflammation is a well-established driver of cancer development, and CFTR dysfunc-
tion has been associated with elevated levels of inflammation in various tissues. CFTR mu-
tations can result in increased production of pro-inflammatory cytokines and chemokines,
creating a pro-tumorigenic microenvironment [24]. Moreover, CFTR dysfunction may im-
pact immune responses, influencing the infiltration and activation of immune cells within
the tumor microenvironment. The dysregulated immune response in the presence of CFTR
dysfunction may further contribute to cancer progression [25].

CFTR also appears to be involved in cellular proliferation and survival pathways.
CFTR dysfunction can modulate the activity of signaling pathways such as phospho-
inositide 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK), which are
crucial for cell growth and survival [23,26]. Additionally, CFTR may interact with other
proteins involved in cell cycle regulation and apoptosis, influencing the behavior and
survival of cancer cells [27]. These molecular interactions and alterations in signaling
pathways can contribute to uncontrolled cellular proliferation and resistance to cell
death mechanisms.

Furthermore, CFTR has been implicated in drug resistance in certain cancers [28].
The activity of CFTR can affect the response of cancer cells to chemotherapeutic agents
by influencing drug uptake, efflux, and intracellular concentration. CFTR-mediated drug
resistance can impact the effectiveness of cancer treatment and pose challenges in achieving
successful outcomes.

In summary, CFTR plays a multifaceted role in cancer, influencing various aspects
of tumor biology, including ion transport, EMT, inflammation, cellular proliferation,
and drug response (Figure 1). Dysregulation of CFTR can have profound effects on
cancer development and progression, further elucidating the molecular mechanisms
underlying CF.
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Figure 1. CFTR dysfunction and mechanisms related to predisposition to cancers. CFTR dysfunction
in CF triggers chronic inflammation, impaired DNA repair, and hormonal imbalances. These mech-
anisms collectively predispose individuals to various cancers, highlighting the intricate interplay
between CF and cancer susceptibility.

4. CF and Gastrointestinal Cancers

Gastrointestinal cancers encompass a range of malignancies affecting the digestive
tract, including the esophagus, stomach, small intestine, colon, rectum, pancreas, and
liver. Understanding the link between CF and gastrointestinal cancers is important for
improving patient care, implementing appropriate surveillance and screening measures,
and identifying potential therapeutic interventions.

4.1. Esophageal Cancer

Esophageal cancer is a relatively rare but aggressive malignancy that poses significant
challenges to patients and healthcare providers. While the exact molecular mechanisms
linking CF and esophageal cancers are not yet fully understood, several factors have been
proposed to contribute to this association [7].

One potential mechanism is chronic inflammation resulting from CFTR dysfunction.
The thickened mucus and impaired clearance in the respiratory and digestive systems of CF
patients create an environment conducive to chronic inflammation. Chronic inflammation
is known to play a key role in carcinogenesis, and it has been suggested that long-term
inflammation in the esophagus may increase the risk of developing esophageal cancer in
individuals with CF [29].

Additionally, CFTR mutations may impact the composition of the esophageal micro-
biota. Dysbiosis, an imbalance of bacterial species in the esophagus, has been associated
with an increased risk of esophageal diseases, including esophageal cancer. CF patients
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may have altered esophageal microbiota due to the effects of CFTR dysfunction, and this
dysbiosis could potentially contribute to the development of esophageal malignancies [30].

Moreover, CF patients often face nutritional challenges due to malabsorption and
malnutrition. These nutritional issues may lead to deficiencies in key vitamins and minerals,
which are essential for maintaining cellular health and DNA repair mechanisms. Such
deficiencies could increase the susceptibility to cellular damage and the risk of developing
esophageal cancers [31].

Furthermore, recent studies have implicated specific molecular pathways in the associ-
ation between CFTR dysfunction and esophageal cancer development. For example, it has
been suggested that CFTR mutations may lead to alterations in calcium signaling pathways,
which play a critical role in cell proliferation, differentiation, and apoptosis. Dysregulation
of calcium signaling can contribute to uncontrolled cell growth and the development of
cancer [32].

Another potential molecular mechanism involves the disruption of epithelial cell
homeostasis in the esophagus. CFTR dysfunction may impair the transport of bicarbonate
ions, which are important for maintaining the proper pH balance in the esophageal epithe-
lium. This disruption can lead to cellular stress, DNA damage, and increased susceptibility
to carcinogenesis [33,34].

Finally, adults with CF have a higher risk of developing Barret’s esophagus, which is
a precursor for esophageal cancer [35].

Despite these potential associations and molecular mechanisms, the exact link be-
tween CF and esophageal cancers remains an active area of research. The relative risk of
esophageal cancer in patients with CF is not well-established due to limited available data.
As of now, there is a lack of consensus on the specific relative risk values for esophageal
cancer in CF patients. The rarity of esophageal cancer in CF patients and the complexity
of its underlying mechanisms make it challenging to draw definitive conclusions. Fur-
ther studies are needed to elucidate the precise molecular pathways connecting CFTR
dysfunction and the development of esophageal malignancies.

4.2. Gastric Cancer

Gastric cancer, also known as stomach cancer, is a malignant tumor that develops in
the stomach lining. CFTR dysfunction in the stomach can lead to the accumulation of thick
mucus, impairing mucociliary clearance. The retained mucus creates a favorable environ-
ment for bacterial colonization, resulting in chronic gastritis and inflammation. Chronic
inflammation, characterized by the release of pro-inflammatory cytokines, chemokines,
and growth factors, can promote genetic mutations, stimulate cellular proliferation, and
enhance angiogenesis, ultimately contributing to the development and progression of
gastric cancer [36,37].

CFTR plays a role in regulating chloride and bicarbonate ion transport, which im-
pacts gastric acid secretion. CFTR dysfunction can lead to altered gastric acid production
and pH levels. Reduced gastric acid secretion may increase the risk of gastric cancer
by impairing microbial defense mechanisms and promoting the growth of Helicobacter
pylori, a bacterium implicated in gastric cancer development. Moreover, altered gastric
pH can affect the digestion and absorption of dietary factors that may modulate gastric
carcinogenesis [38,39].

In addition to CFTR mutations, CF-related genetic variations may contribute to the
increased risk of gastric cancer. Genome-wide association studies have identified certain
genetic variants associated with both CF and gastric cancer susceptibility. These genetic
variations may affect immune response, DNA repair mechanisms, or other processes
involved in gastric carcinogenesis, highlighting potential shared genetic pathways between
CF and gastric cancer [40,41].

Various other molecular pathways have been implicated in the association between
CFTR dysfunction and gastric cancer development. For instance, CFTR dysfunction may
lead to altered calcium signaling, affecting cell proliferation, differentiation, and apoptosis,
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which are critical processes in gastric carcinogenesis. Disruption of epithelial cell homeosta-
sis, impaired bicarbonate ion transport, and subsequent cellular stress and DNA damage
may also contribute to the development of gastric cancer in CF [42,43].

Therefore, the association between CF, CFTR, and gastric cancer involves complex
molecular mechanisms. Chronic inflammation, altered gastric acid secretion, CF-related
malnutrition, genetic variations, and disrupted cellular pathways collectively contribute to
the increased risk of gastric cancer in individuals with CF.

Similar to esophageal cancer, the relative risk of gastric cancer in patients with CF
is not well-defined. The available data on the association between CF and gastric cancer
are limited, making it challenging to estimate precise relative risk values for this specific
cancer type.

Further research is needed to fully elucidate these mechanisms and their interplay in
the development and progression of gastric cancer in CF patients.

4.3. Pancreatic Cancer

Pancreatic cancer is a devastating disease characterized by its aggressiveness and poor
prognosis. CF patients have an increased relative risk of developing pancreatic cancer.
Studies have reported relative risk values ranging from 5 to 10 times higher in CF patients
compared to the general population [17,19,44,45]. CFTR dysfunction caused by mutations
in the CFTR gene leads to abnormal ion transport across epithelial cells, including those
lining the pancreatic ducts. The resulting impaired CFTR function leads to altered fluid
secretion and increased viscosity of pancreatic secretions, ultimately leading to ductal ob-
struction. The accumulation of thickened secretions creates a microenvironment conducive
to inflammation, fibrosis, and cellular damage, potentially predisposing individuals with
CF to pancreatic cancer [44,45].

CFTR dysfunction and pancreatic duct obstruction trigger chronic inflammation in
the pancreas. Inflammatory processes involve the release of pro-inflammatory cytokines,
chemokines, and reactive oxygen species, leading to cellular damage and genetic mutations.
Prolonged inflammation can induce DNA damage, dysregulate cellular signaling pathways,
and disturb cell growth and survival mechanisms, all of which are implicated in pancreatic
cancer development [46].

CF-related pancreatic insufficiency often coexists with bile duct abnormalities and
impaired bile flow. These conditions can result in increased exposure of pancreatic tissue to
bile acids, digestive enzymes, and duodenal reflux. The duodenal refluxate, consisting of
bile acids and other duodenal contents, can cause cellular injury, inflammation, and oxida-
tive stress in the pancreas. Sustained exposure to these damaging factors may contribute to
the initiation and progression of pancreatic cancer [47,48].

In addition to CFTR mutations, CF-related genetic factors have been implicated in
pancreatic cancer development. Genome-wide association studies have identified specific
genetic variants associated with both CF and pancreatic cancer susceptibility. These variants
may affect immune response, cellular metabolism, or other pathways involved in pancreatic
carcinogenesis. Investigating these shared genetic factors can provide valuable insights
into the molecular mechanisms connecting CF and pancreatic cancer [49,50].

Growing evidence suggests that alterations in the gut microbiota, known as dysbiosis,
may play a role in pancreatic cancer development. CF-related pancreatic insufficiency,
altered bile flow, and impaired digestive processes can disrupt the gut microbial ecosystem.
Dysbiosis in CF patients may result in the production of harmful metabolites, chronic
inflammation, and perturbation of the host–microbiota interaction, which may contribute
to pancreatic carcinogenesis [51,52].

In conclusion, the association between CF, CFTR, and pancreatic cancer involves
intricate molecular mechanisms. CFTR dysfunction, pancreatic duct obstruction, chronic
inflammation, altered bile flow, CFTR-related genetic factors, impaired nutrient absorption,
and microbiota dysbiosis collectively contribute to the increased risk of pancreatic cancer
in individuals with CF. Further research is necessary to fully elucidate these molecular
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mechanisms and their interplay in the development and progression of pancreatic cancer
in CF patients.

4.4. Liver Cancer

CFTR dysfunction resulting from CF-associated mutations disrupts chloride and
bicarbonate transport, leading to impaired bile secretion and altered bile composition.
This disturbance in bile flow can cause cholestasis and subsequent hepatic fibrosis [53].
Prolonged fibrotic changes in the liver microenvironment create a pro-inflammatory milieu
and promote cellular proliferation, thereby increasing the risk of hepatocellular carcinoma
(HCC). Studies have shown that CF patients with liver cirrhosis have an increased risk of
developing HCC [54,55].

CFTR dysfunction contributes to chronic inflammation and oxidative stress in the liver.
Impaired CFTR function leads to the accumulation of bile acids, which can induce oxida-
tive damage and activate inflammatory pathways. Chronic inflammation and oxidative
stress create a favorable environment for the development of hepatic cancer by promoting
DNA damage, genomic instability, and cellular proliferation. Studies have demonstrated
increased levels of pro-inflammatory markers and oxidative stress in CF-related liver
disease [56,57].

CFTR has been shown to play a role in liver regeneration. During liver injury, CFTR
expression is upregulated, suggesting its involvement in the regenerative process. CFTR-
deficient mice exhibit impaired liver regeneration, suggesting that altered CFTR expression
and function may disrupt the regenerative capacity of liver cells. Impaired liver regenera-
tion can contribute to the development of hepatic cancer [58,59].

In addition to CFTR mutations, other CF-related genetic factors have been associated
with an increased risk of hepatic cancer. Genetic variations in CFTR modifier genes, such
as the Solute Carrier Organic Anion Transporter (SLCO) family, have been implicated in
hepatocarcinogenesis. These variations may affect drug metabolism, transport, and cellular
pathways involved in liver cancer development. Studies have identified associations
between CFTR-related genetic variations and increased susceptibility to liver cancer in CF
patients [60,61].

CF patients may have a slightly elevated risk of developing liver cancer, although the
relative risk values vary across studies. Relative risk values around 1.5 to 2.0 have been
suggested [17,19].

In summary, there has been growing evidence supporting a link between CF, CFTR
dysfunction, and the development of hepatic cancer. The molecular mechanisms under-
lying this association involve CFTR dysfunction-related hepatic fibrosis, chronic inflam-
mation, oxidative stress, impaired liver regeneration, CFTR-related genetic factors, and
nutritional deficiencies.

4.5. Intestinal Cancers
4.5.1. Colorectal Cancer

Colorectal cancer (CRC) is a malignant neoplasm that arises from the epithelial cells
lining the colon or rectum. Patients with CF are at a 6-fold higher risk for CRC [19,37,62].
The mechanisms underlying this association are not yet fully understood, but several
factors have been implicated.

CFTR dysfunction in the intestinal epithelium leads to persistent inflammation and
oxidative stress. The impaired CFTR function affects ion transport, mucus clearance, and
the integrity of the intestinal barrier [63,64]. These disruptions create an environment con-
ducive to chronic inflammation and oxidative stress, which can promote the development
of CRC. Inflammation and oxidative stress induce DNA damage, genomic instability, and
cellular proliferation, key factors in carcinogenesis.

Recent studies have highlighted the role of pro-inflammatory cytokines, such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), in CRC development. In-
creased expression of these cytokines has been observed in CF patients, indicating a
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potential link between CF-associated inflammation and CRC [65,66]. Additionally, oxida-
tive stress resulting from impaired CFTR function can lead to the accumulation of reactive
oxygen species (ROS), causing DNA damage and favoring the initiation and progression of
CRC [67,68].

CF patients often exhibit dysbiosis, an imbalance in the composition and function of
the gut microbiota. Dysbiosis in CF is characterized by a reduction in beneficial bacteria,
such as Bifidobacterium and Lactobacillus species, and an increase in potentially harmful
bacteria, including Enterobacteriaceae and Pseudomonas aeruginosa. Dysbiosis can con-
tribute to inflammation, impaired intestinal barrier function, and increased susceptibility
to CRC. The specific dysbiosis patterns associated with CRC in CF patients warrant further
investigation [69,70].

Recent studies have highlighted the potential role of specific bacterial species in CRC
development. For example, Fusobacterium nucleatum, a common member of the gut micro-
biota, has been associated with CRC progression by promoting inflammation and impairing
immune surveillance [71,72]. In CF patients, dysbiosis and altered microbial composition
may create a microenvironment conducive to the growth of pathogenic bacteria, further
contributing to the development of CRC.

In addition to CFTR mutations, CF-related genetic factors may influence the risk of
CRC development in CF patients. Modifier genes that interact with CFTR, such as those
involved in inflammation, immune response, and cellular proliferation, may play a role
in CRC susceptibility. Variations in these genes can modify the disease phenotype and
influence the development of CRC in CF patients [73,74].

Recent studies have identified genetic polymorphisms associated with both CF and
CRC, suggesting a potential genetic link between the two conditions. For example, the
TNF-α gene polymorphism has been implicated in both CF and CRC susceptibility [75].
These genetic factors may modulate the inflammatory response, alter immune cell function,
and contribute to the development of CRC in CF patients.

Current guidelines recommend CRC surveillance for CF patients starting at the age
of 40 or 10 years before the youngest affected relative’s diagnosis (whichever comes first).
The surveillance typically involves periodic colonoscopies with the aim of detecting pre-
cancerous polyps or early-stage CRC. Additionally, individuals with CF who present with
concerning symptoms such as unexplained gastrointestinal bleeding or persistent change
in bowel habits should undergo timely evaluation [76,77].

4.5.2. Small Bowel Adenocarcinoma

Small bowel adenocarcinoma (SBA) is a rare but aggressive form of intestinal cancer
that can occur in CF patients. The underlying mechanisms linking CF and SBA are not yet
fully elucidated, but several factors may contribute to its development.

Several tumor suppressor genes have been implicated in SBA development, including
TP53, APC, and SMAD4. TP53, commonly known as the “guardian of the genome”, plays
a crucial role in DNA repair and cell cycle regulation. CFTR dysfunction could potentially
affect TP53 function, compromising its ability to suppress tumor formation and progression
in the small intestine [78,79]. Further studies are needed to elucidate the specific molecular
interactions between CFTR and tumor suppressor genes in the context of SBA development.

5. Breast Cancer

The prevalence of breast cancer in CF patients is generally not higher than that in the
general population. However, with advancements in CF treatments, individuals with CF
are living longer, and there is a growing population of women with CF reaching the age at
which breast cancer becomes more common [9].

Estrogens play a significant role in both the pathophysiology of CF and breast cancer.
However, their effects on these two conditions are distinct and require separate consider-
ations. In the context of CF, estrogen has been shown to exert beneficial effects on lung
function and disease progression. CF is characterized by abnormal ion transport due to mu-
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tations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Estrogen
has been found to enhance CFTR function and increase chloride secretion in the airways,
leading to improved mucus clearance and lung function [80,81]. Estrogen’s protective
effects on lung function may be attributed to its ability to stimulate CFTR expression and
activity through various signaling pathways, including cyclic adenosine monophosphate
(cAMP)-dependent mechanisms [82].

In contrast, estrogen plays a complex role in the pathophysiology of breast cancer.
Estrogen receptor (ER) signaling is known to promote the growth and proliferation of
breast cancer cells. In hormone receptor-positive breast cancers, estrogen binds to ERs,
leading to the activation of downstream signaling pathways that drive tumor cell growth
and survival. Estrogen also promotes angiogenesis, the formation of new blood vessels,
which is crucial for tumor growth and metastasis [83–85].

It is worth noting that the use of hormone replacement therapy (HRT) in CF patients
needs careful consideration. While HRT may have potential benefits for improving lung
function and bone health in postmenopausal CF women, it also carries potential risks,
including the promotion of hormone-sensitive cancers such as breast cancer [86]. The
decision to use HRT should be made on an individual basis, taking into account the
patient’s overall health status and the potential benefits and risks.

While there is limited data on breast cancer risk specifically in CF, it is important to
consider appropriate screening strategies for CF patients. Following general breast cancer
screening guidelines is recommended, including regular clinical breast exams, mammog-
raphy, and breast self-examinations (American Cancer Society). Screening mammograms
typically begin at age 40 and continue annually for women at average risk of breast
cancer [87].

CF-related factors may present challenges in breast cancer screening and management.
CF-related lung disease can make it difficult for patients to undergo mammography due
to positioning and breathing difficulties. In such cases, alternative imaging modalities
such as breast ultrasound or magnetic resonance imaging (MRI) may be considered [88].
Collaborating with healthcare providers experienced in managing breast cancer screening
in individuals with CF can help develop appropriate and effective screening strategies.

Breast cancer screening and management should be integrated into the comprehensive
care of CF patients. A multidisciplinary approach involving CF specialists, oncologists,
genetic counselors, and other healthcare providers is crucial to address the unique needs
and challenges of CF patients regarding breast cancer. Close coordination and commu-
nication among the different healthcare professionals involved are important to ensure
comprehensive and coordinated care.

Psychosocial support should also be provided throughout the breast cancer screening
and management process. CF patients may already face significant physical and emotional
burdens related to their condition, and breast cancer screening and potential diagnosis
can add additional emotional challenges. Counseling services, support groups, and re-
sources can help CF patients navigate the emotional aspects of breast cancer screening and
potential diagnosis.

6. Lung Cancers

Lung cancer is one of the most common malignancies worldwide, and individuals
with CF have an increased, although still not quantifiable, risk of developing certain types
of lung cancers. The role of the CFTR in CF and its relationship to lung cancer have
been the focus of scientific investigation. Epidemiologic data reveal that individuals with
CF have an increased risk of developing certain types of lung cancers compared to the
general population [89,90]. One notable subtype of lung cancer that is more prevalent in CF
patients is bronchial gland carcinoma, which arises from the mucous glands in the airways.
While bronchial gland carcinomas are relatively rare in the general population, they occur
more frequently in CF patients [91,92]. The specific mechanisms underlying this increased
susceptibility to bronchial gland carcinomas in CF are still being investigated.
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In addition to bronchial gland carcinomas, CF patients also have a heightened risk of
other lung malignancies, such as squamous cell carcinoma and adenocarcinoma [17,93].
These types of lung cancers are commonly associated with smoking, and CF patients who
smoke face an even higher risk of developing lung cancer compared to non-smoking CF
patients. Therefore, smoking cessation is strongly encouraged in CF patients to reduce the
risk of lung cancer and other smoking-related health complications [94,95].

Several factors contribute to the increased risk of lung cancer in CF patients. Chronic
inflammation and tissue damage in the lungs, often caused by chronic bacterial infections
like Pseudomonas aeruginosa, play a crucial role. These infections lead to persistent inflam-
mation and oxidative stress, creating an environment that promotes tumor development.
Moreover, the genetic mutations in the CFTR gene, resulting in CFTR dysfunction, may
also contribute to an altered cellular environment that favors the development of lung
cancer [90,93].

It is important to note that despite the increased risk, the overall incidence of lung
cancer in CF patients remains relatively low compared to the general population. The
improved survival and enhanced quality of life in CF patients due to advancements in
CF treatments and therapies may contribute to the increased likelihood of reaching an
age where lung cancer becomes more common. Regular monitoring and screening for
lung cancer are crucial in CF patients, particularly those with additional risk factors like
smoking, as early detection can lead to improved outcomes.

7. Other Emerging Cancers

Although rare, cases of thyroid tumors, melanomas, ovarian cancers, and brain tumors
have been reported [17,62,90,96].

Other emerging cancers in CF, including bone cancer, soft tissue sarcoma, bladder
cancer, prostate cancer, and uterine cancer, have limited data available [91]. The potential
impact of CFTR dysfunction on these cancers requires more comprehensive studies to
establish a clearer association.

It is important to note that the epidemiologic data for emerging cancers in CF are
limited, and further research is necessary to better understand the prevalence and molecular
mechanisms involved. Advancements in research will contribute to improved screening,
prevention, and management strategies for cancer in patients with CF.

8. Highly Effective CFTR Modulator Therapy (HEMT) and Cancers

CFTR modulator therapy has revolutionized the treatment landscape for CF by tar-
geting the underlying defect in the CFTR gene [97,98]. However, little is known about the
possible long-term effects and their potential impact on cancer risk. At present, the avail-
able data on the long-term effects of modulator therapies on cancer risk in CF patients are
limited due to the relatively recent introduction of these drugs and the need for long-term
follow-up studies. However, based on the current knowledge and studies conducted thus
far, there is no conclusive evidence to suggest that modulator therapy increases the overall
risk of cancer in CF patients [99–104].

9. Conclusions

The role of the CFTR gene in the development and progression of cancers in patients
with CF is an emerging area of research (Table 1). Although CF primarily affects the
respiratory and gastrointestinal systems, evidence suggests that CFTR gene mutations may
also increase the risk of specific cancers in CF patients.
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Table 1. Main cancers associated with cystic fibrosis.

Cancer Type Molecular Mechanisms Relative Risk

Esophageal cancer

• Chronic inflammation
• Altered composition of esophageal

microbiota
• Alterations in calcium signaling pathways
• Disruption of epithelial cell homeostasis
• Higher risk of developing Barret’s

esophagus

not well-established

Gastric cancer

• Chronic inflammation
• Altered gastric acid production and pH

levels
• Alterations in calcium signaling pathways
• Disruption of epithelial cell homeostasis

not well-established

Pancreatic cancer

• Chronic inflammation
• Altered bile flow
• Oxidative stress

5–10

Liver cancer

• Chronic inflammation
• Altered bile flow
• Impaired liver regeneration
• Genetic variations in modifier genes, such

as the Solute Carrier Organic Anion
Transporter (SLCO) family

1.5–2

Intestinal cancers

• Chronic inflammation
• Oxidative stress
• Altered composition of intestinal

microbiota
• Genetic polymorphisms
• Implications of tumor suppressor genes

6

Breast cancer
• Hormonal imbalances, such as increased

estrogen levels not well-established

Lung cancer
• Chronic inflammation
• Altered mucociliary clearance not well-established

In the gastrointestinal tract, CF patients have an elevated risk of developing colorectal
cancer, pancreatic cancer, and possibly esophageal cancer. The underlying mechanisms
contributing to these increased risks are not fully understood, but chronic inflammation,
altered gut microbiota, and genetic factors are believed to play a role. Regular surveillance
and colonoscopies are recommended for early detection and management of colorectal
cancer in CF patients.

The advent of CFTR modulator therapies has significantly improved the clinical
outcomes of CF patients by correcting CFTR dysfunction. However, concerns have been
raised about the potential long-term effects of CFTR modulator therapy on cancer risk.
Further research is needed to clarify the relationship between CFTR modulator therapy
and cancer development in CF patients.

In conclusion, the CFTR gene, responsible for the pathogenesis of CF, may also play a
role in the development and progression of certain cancers in CF patients. Understanding
the molecular mechanisms underlying these associations and identifying effective surveil-
lance and management strategies are crucial for optimizing the care of CF patients and
mitigating cancer risks. Continued research in this field will contribute to the development
of personalized approaches to cancer prevention, screening, and treatment in individuals
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with CF. The possible clinical implications of these observations are profound, as they
pave the way for enhanced cancer surveillance, tailored early detection strategies, and
potential targeted therapies, ensuring comprehensive care for individuals with both CF and
cancer predisposition.
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Simple Summary: P-element-induced wimpy testis-interacting RNAs (piRNAs) are a novel class of
small regulatory RNAs that often bind to PIWI proteins. First identified in animal germ line cells,
piRNAs have key roles in germ line development. New insights into the functions of PIWI-piRNA
complexes demonstrate that they regulate protein-coding genes. Aberrant piRNA expression has
been also associated with different diseases, including cancer. Recently, piRNAs have been described
in extracellular vesicles. EVs are one of the components of liquid biopsy, a revolutionary technique
for detecting specific molecular biomarkers. This review focuses on piRNAs as potential biomarkers
in different cancer types. Furthermore, piRNAs contained in extracellular vesicles could represent a
new route for early diagnosis and therapies in a personalized medicine approach.

Abstract: P-element-induced wimpy testis (PIWI)-interacting RNAs (piRNAs) are a new class of
small noncoding RNAs (ncRNAs) that bind components of the PIWI protein family. piRNAs are
specifically expressed in different human tissues and regulate important signaling pathways. Aber-
rant expressions of piRNAs and PIWI proteins have been associated with tumorigenesis and cancer
progression. Recent studies reported that piRNAs are contained in extracellular vesicles (EVs),
nanosized lipid particles, with key roles in cell–cell communication. EVs contain several bioactive
molecules, such as proteins, lipids, and nucleic acids, including emerging ncRNAs. EVs are one
of the components of liquid biopsy (LB) a non-invasive method for detecting specific molecular
biomarkers in liquid samples. LB could become a crucial tool for cancer diagnosis with piRNAs as
biomarkers in a precision oncology approach. This review summarizes the current findings on the
roles of piRNAs in different cancer types, focusing on potential theranostic applications of piRNAs
contained in EVs (EV-piRNAs). Their roles as non-invasive diagnostic and prognostic biomarkers
and as new therapeutic options have been also discussed.

Keywords: piRNAs; PIWI proteins; ncRNAs; extracellular vesicles; biomarkers; epidrugs

1. Introduction

Only 1–2% of transcriptomes are protein encoding. The latest evidence proved that a
large scale of mammal genomes is transcribed to noncoding RNAs (ncRNAs). ncRNAs have
emerged as an important class of genetic regulators, and their value in human diseases is
becoming progressively more evident [1]. These molecules are often dysregulated in human
cancers and can affect cancer progression via different mechanisms such as transcriptional
and post-transcriptional modifications, epigenetics, and signal transduction [2]. The piv-
otal role of many ncRNAs in cancer is widely demonstrated, and they can be functionally
classified into oncogenes or tumor suppressors [3–5]. ncRNAs are a heterogeneous family
characterized by different lengths, biogenesis, and biological function, including (i) short
ncRNAs as microRNAs (miRNAs), piwi-interacting RNAs (piRNAs), small nuclear-RNAs
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(snRNAs), and small nucleolar-RNAs (snoRNAs), and (ii) long ncRNAs, including circular
RNAs (circRNAs) and long noncoding RNAs (lncRNAs) [4,6,7]. Among the short ncRNAs,
piRNAs have emerged as the newest members of this family that are being recognized as
important mediators of cell biology [8]. Several studies report that extracellular vesicles
(EVs) deliver several biologically active molecules with a key role in cell–cell communi-
cation. EVs carry a wide range of cargo, such as ncRNAs, including piRNAs, which are
selectively loaded into the vesicles [9]. Thus, strategies to specifically target ncRNAs con-
tained in EVs (EV-ncRNAs) are an attractive therapeutic option [10]. This review focuses on
piRNA functions in cancers and their potential clinical implications. Moreover, we discuss
the potential of EV-ncRNAs as non-invasive diagnostic and prognostic biomarkers and as
new therapeutic options.

2. Biogenesis of piRNAs

piRNAs were first found in germline cells and are considered critical regulators of
germline maintenance. These animal-specific short-chain RNAs have a size of 24–32 nu-
cleotides and a 2′-O-methylation at the 3′ end, a distinctive and exclusive feature of all
piRNAs, and are associated with PIWI proteins. These proteins belong to the Argonaute
protein family [9], which were discovered, for the first time, in Drosophila melanogaster ovar-
ian germ cells and follicular cells [10]. piRNAs can bind DNA sequences of specific genes
via complementary base pairing to silence transposons and regulate gene expression. The
human genome contains over 30,000 piRNA genes that are mainly derived from intergenic
regions. According to multiple origins, piRNAs are divided into three subclasses: mRNA-
derived, lncRNA-derived, and transposon-derived piRNAs [11]. piRNAs transcribed from
transposons are known as “piRNA clusters”. These clusters are mainly located in the peri-
centromeric and sub-telomeric parts of the chromosomes. piRNA clusters are transcribed
to form piRNA precursors via bidirectional or unidirectional transcription. Moreover,
piRNAs can be generated from mRNA 3′ untranslated region (3′ UTR) and some long
non-coding regions in the genome [12]. The mechanism of piRNA production includes two
steps: a primary and a secondary amplification cycle described as the “ping-pong cycle”,
in which piRNAs are bound to PIWI proteins [13]. In primary amplification, newly tran-
scribed piRNAs are exported through the nuclear envelope, processed, and matured. In the
cytoplasm, the secondary structures are resolved via RNA helicase Armitage (Armi). After,
piRNA precursors are cleaved by mitochondria-associated endonuclease Zucchini (Zuc)
and transformed into pre-piRNAs with a 5′ monophosphate. Then, pre-piRNAs are loaded
onto PIWI proteins and cut at the 3′ ends by a 3′ to 5′ exonuclease, Nibbler (Nbr) [12]. After,
3′ terminal ends are methylated at 2′ oxygen by RNA2′-O-methyltransferase Hen1 [13].
piRNAs produced in this way are named primary piRNAs. In secondary amplification, piR-
NAs’ generation is increased with the involvement of Argonauta 3 (Ago 3) and Aubergine
(Aub) proteins. Aub binds to antisense strand piRNAs and cleaves sense piRNA precur-
sors, giving rise to sense piRNAs bound by Ago3. In contrast, Ago3 binds to sense-strand
piRNAs and cleaves antisense piRNA precursors, producing antisense piRNAs that load
onto Aub [14]. The round of cleavage repeats and produces several piRNA molecules.
These piRNAs are then bound by PIWI proteins and transported back to the nucleus to
silence target genes. Two Tudor-domain containing piRNA factors, Krimper (Krimp) and
Qin/Kumo, play crucial roles in making Aub-AGO3 heterotypic ping-pong robust. This
maintains the levels of piRNAs loaded onto Piwi and Aub to efficiently repress transposons
at transcriptional and post-transcriptional levels, respectively [15].

To summarize, in the primary pathway, piRNA forms a complex with PIWI proteins
to mediate transposon silencing. In the secondary pathway, piRNA binds to Aub protein
to produce secondary piRNA, while secondary piRNA binds to Ago3 to produce primary
piRNA, and the cycle continues [9] (Figure 1). Although with some differences, the piRNA
ping-pong mechanism exists not only in germ cells but also in somatic cells [14]. Despite
increasing interest in the role of piRNAs in human diseases, their homeostasis in cells is
still a poorly understood process. RNAs’ cellular concentration is maintained by a balance
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of biogenesis and degradation. PIWI proteins protect piRNAs from this degradation.
However, when piRNAs are released from the PIWI complex, their 5′ end and 3′ end
become unprotected and can easily be accessed by exoribonucleases. The degradation of
human piRNAs is mainly dependent on the 5′-3′ exoribonuclease pathway mediated by
XRN1 and XRN2, the two major 5′-3′ exoribonucleases involved in piRNA degradation
in human somatic cells (Figure 2). It was also reported that the presence of 3′-end 2′-O-
methylation in piRNAs reduced their degradation through an exosome-mediated decay
pathway [16].
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3. Function of piRNAs and PIWI Proteins

Depending on the context, piRNAs can act in the following different ways: transposon
silencing, epigenetic regulation, germ stem cell maintenance, and genome rearrangement.
Recently, piRNAs have been described in tumorigenesis and in various steps of cancer
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progression, such as proliferation, invasion, metastasis, apoptosis, and drug resistance [17]
(Figure 3). piRNAs act in reproduction, in a PIWI-dependent manner, and in fertility
regulation by attaching to PIWI proteins and forming a silencing ribonucleoprotein com-
plex [9]. It seems likely their ancestral function was an adaptive mechanism to silence
active transposable elements (TEs). Through complementary sequences, piRNA cluster
transcripts recognize TEs, avoiding their expression, which might lead to a loss of genome
integrity. piRNAs can regulate cellular processes with different mechanisms, also indepen-
dently of PIWI proteins, such as increasing translation or stabilizing mRNA [18]. Recent
findings on piRNAs’ biological significance suggest that they can somatically regulate gene
expression also via epigenetic alterations [19]. Epigenetic global changes in cancer include
DNA methylation, DNA hypomethylation, CpG island methylation, and gene-specific
DNA hypermethylation, leading to oncogene activation (Ras, cyclin D2) [20] and tumor
suppressor silencing (RB1, p16) [21]. It was demonstrated that aberrant DNA methylation
in tumor cells is linked to PIWI/piRNA disorders. Therefore, piRNA deregulation may
influence the expression and stability of the genome, causing cell signaling alteration,
which, in turn, may induce disease onset and progression [22–28].
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progression, epigenetic regulation, transposon deregulation, DNA methylation, metastasis, genomic
integrity, drug resistance, and stem cell maintenance.

PIWI family proteins consist of four members crucial for the biogenesis and function
of small ncRNAs: PIWIL1, PIWIL2, PIWIL3, and PIWIL4. PIWIL proteins bind piRNAs, as
a unique type of small ncRNA, forming a PIWI/piRNA complex. This complex exerts the
gene regulation function, playing an important role in the stability and integrity mainte-
nance of the germ cell genome [8]. PIWI/piRNA acts as an epigenetic modulator recruiting
other epigenetic regulatory factors, such as DNA methylase, beyond its function of directly
cutting and degrading target RNA, acting like an Ago protein/miRNA complex. PIWI
family proteins have been considered prognostic markers for various malignancies [29]. Al-
though specific mechanisms need further investigation, various studies have demonstrated
that PIWI proteins, expressed in many cancers, affect multiple biological processes, also
without interacting with piRNAs, including different steps of cancer progression such as
cell proliferation, apoptosis, migration, invasion, cell cycle regulation, and self-renewal [30]
(Figure 4). Specific examples of PIWIL proteins involved in cancer are described below.
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PIWIL1 is the most studied PIWI protein that regulates gene expression, apoptosis, cell
cycle, and proliferation. PIWIL1 is a coactivator of adenomatous polyposis coli C-terminal
domain C complex that targets cell adhesion protein, Pinin, for proteolytic ubiquitination,
thus promoting metastasis in pancreatic cancer (PC) [31]. PIWIL2 overexpression functions
as an oncogene; its deregulation plays an important role in cancer progression and is
associated with poor survival and aggressive clinicopathological properties of patients [32].
The deregulation of PIWIL3 is reported in many cancer types; it is highly expressed in both
primary ovarian cancer (OC) and metastatic tissues [33]. PIWIL3 plays an important role in
melanoma, and its expression correlates with the tumor stage [34]. In gastric cancer (GC),
PIWIL3 upregulation increases cell proliferation, migration, and invasion [35]. Conversely,
PIWIL3 overexpression seems to have a protective effect in glioma cell lines and decreased
tumor size in vivo [36]. Moreover, PIWIL3 is considered a prognostic biomarker of breast
cancer (BC) since its upregulation is significantly associated with poor overall survival [37].
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Figure 4. Roles of the four members of PIWI protein family. PIWI1, PIWI2, PIWI3, and PIWI4
have several roles in the steps of cancer progression (such as proliferation, migration, invasion,
cell survival, tumor escape, chemoresistance, self-renewal properties, metastasis, apoptosis, EMT:
epithelial–mesenchymal transition) and epigenetic regulation (DNA methylation).

PIWIL4 is involved in chromatin modifications in human somatic cells [38], and it
can process precursor hairpins generating miRNAs in DICER independent manner [39].
PIWIL4 role in tumorigenesis is controversial; high expressions of PIWIL4 are found in
colorectal, cervical, gastric, and ovarian cancer [40,41]. However, other studies reported that
low PIWIL4 expression is associated with a poor prognosis in different cancer types [37].
Furthermore, the lack of PIWIL4 expression triggered by CpG island hypermethylation has
been found in testicular tumors [42] (Table 1).
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Table 1. PIWI protein expression and function in different cancers.

Piwi Protein Cancer type Expression Function References

PIWIL1

Gasric Upregulated Migration proliferation invasion [32]

Mieloma Multiple Upregulated Chemoresistance [30]

Lung Upregulated proliferation migration [31]

Breast Upregulated DNA methylation [33]

PIWIL2

Colon Rectal Uperegulation Chemoresistance Proliferation [19,22]

Gastric Downregulated Self renewal properties [19]

Ovarian Upregulated Apoptosis [20]

Breast Upregulated Chemoresistance [19]

PIWIL3

Breast Upregulated Proliferation Cell survival [24]

Ovarian Metastasis Metastasis [20]

Mieloma Multiple Upregulated Apoptosis [21]

Gastric Upregulated proliferation migration invasion [22]

Glioma Downregulated Tumor immune escape [23]

PIWIL4

Lung Upregulated Proliferation [39]

Liver Upregulated Metastasis [27]

Gastric Upregulated Apoptosis [28]

Testicular Downpregulated Proliferation [29]

Ovarian Upregulated Metastasis [20]

4. piRNAs in Cancer

Cancer and germ cells share important biological characteristics such as rapid prolifer-
ation and the ability for self-renewal. Recently, a growing number of studies have revealed
the role of piRNAs in cancers, launching a new biological concept in which piRNAs mediate
a gene regulation mechanism typical of germline cells in somatic cells [43]. It is plausible
that cancer cells with a high proliferation rate can adopt and utilize self-renewal machinery
like germ cells. In malignant cells, piRNAs are involved in epigenetic regulation and may
be crucial to sustaining cancer stemness [30].

4.1. Role of piRNAs in Cancer Initiation and Progression

Several piRNAs affect cancer stem cells (CSCs) and somatic cells by regulating gene
expression via epigenetic processes. CSCs are a small population of cancer cells with high
heterogeneity and a great capacity to renew tumors. Aberrant expressions of piRNAs and
PIWI proteins also in CSCs can regulate tumor initiation and progression. Examples of
specific piRNAs involved in cancer are described below. In non-small cell lung cancer
(NSCLC), piR-651 upregulation correlates with a significant increase in tumor growth and
metastasis, affecting cell cycle arrest and inducing cyclin D1 and CDK4 and suggesting
piR-651 as a potential oncogene. piR-651 overexpression promotes proliferation and in-
vasion and reduces cell apoptosis by inducing different oncogene (CDK4, Cyclin D1, and
MDM2) expressions [44]. In addition, piR-651 can increase phosphatase and tensin ho-
molog (PTEN) methylation via DNA (cytosine-5)-methyltransferase 1 (DNMT1) [45]. It was
also demonstrated that piR-651 is down-regulated in patients with Hodgkin lymphoma
(HL) with respect to healthy controls; low levels of piR-651 correlate with poor prognosis
in HL patients [46]. High expressions of piR-30473 support the aggressive phenotype of
diffuse large B-cell lymphoma, exerting its oncogenic role through a mechanism involving
the upregulation of Wilms Tumor-1 Associated Protein (WTAP), an m6A mRNA methylase,
that enhances the global m6A level. WTAP induces the expression of its critical target gene,
hexokinase 2 (HK2), by enhancing HK2 m6A level, thereby promoting lymphoma progres-
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sion [47]. An imbalance in piRNA regulatory processes modifies several levels of gene
regulation that control DNA damage repair, chromatin organization, and mitogenic sig-
nals, inducing uncontrolled cell proliferation [48]. piR-55490 expression is downregulated
in lung cancer (LC), restoring piR-55490 can reduce LC cell proliferation rates, whereas
suppressing piR-55490 increases cell proliferation rates. piR-55490 acts by inhibiting the
serine/threonine kinase 1 (AKT)/mTOR pathway, thereby suppressing cell growth [49].
piR-211106 binding to pyruvate carboxylase can inhibit the progression of LC-enhancing
chemotherapy sensitivity, suggesting that it is a potential therapeutic target [50]. In BC has
been described an aberrant expression of various piRNAs. piR-36712 is lowly expressed in
this cancer type compared with non-tumor tissues and acts as a possible tumor suppressor.
It was also reported that piR-36712 upregulation has a synergistic anticancer effect with
chemotherapy on BC cells via the Interaction with SEPW1 pseudogene SEPW1P RNA [51].
piR-36712 can be considered a novel tumor suppressor and a prognostic predictor of BC.
Moreover, piR-36712 modulates the expression levels of tumor suppressor genes p53 and
P21; its increase leads to cell cycle arrest in the G0/G1 phase of cancer cells [52]. piR-021285
induces methylation at cancer-relevant genes, and it is considered a potential modulator
of BC invasiveness by remodeling the cancer epigenome. The exogenous expression of
piR-021285 induces significant methylation differences at BC-related genes, including the
attenuated methylation of 5′ UTR first exon at the pro-invasive ARHGAP11A gene. There
is an increased ARHGAP11A mRNA expression and enhanced invasiveness in variant
versus WT piR-021285 mimic-transfected BC cell lines, supporting the role of this piRNA in
tumorigenesis via a piRNA-mediated epigenetic mechanism [53]. In clear cells renal carci-
noma (ccRC), by using piRNA microarray in a large cohort study, three piRNAs (piR-30924,
piR-57125, and piR-38756) have been identified as piRNAs significantly associated with
tumor recurrence and overall survival [54]. In cells and plasma of various cancer patients,
an altered expression of piR-823 has been observed, with a role in regulating tumor cell
growth. In GC, piR-823 acts as a tumor suppressor, and its expression is dramatically
decreased in GC tissues. The restoration of piR-823 in GC cells inhibits cancer cell growth
both in vitro and in vivo [55]. Also, in colorectal cancer (CRC), piR-823 downregulation
inhibits cell proliferation and increases cell apoptosis by inducing an apoptosis activator
gene, the transcription factor HSF1 [56]. Moreover, in CRC tissue and serum, piR-54265
is upregulated and induces cancer progression activating STAT3 signaling [57]. Further-
more, it was reported that piR-18 is involved and contributed to the tumorigenesis and
progression of CRC. The overexpression of piR-18 inhibits the cell proliferation, migration,
and invasion of CRC; thus, it could potentially be used as a new biomarker for diagnosis
and therapy [52]. In hepatocellular carcinoma (HCC), a new piRNA, piR-Hep1 has been
identified; it is upregulated in HCC with respect to non-tumoral liver cells. The silencing
of piR-Hep1 inhibits cell viability, migration, and invasion, with a concomitant decrease in
AKT phosphorylation [58,59] (Figure 5).

In BC, piR-2158 is downregulated in CSCs; it was demonstrated that the overex-
pression of piR-2158 prevents mammary gland tumorigenesis via regulating CSCs and
tumor angiogenesis. piR-2158 acts as a transcriptional repressor of Interleukin 11 (IL11)
by competing with AP-1 transcription factor subunit FOSL1 to bind the promoter of
IL11. piR-2158 can also provide a potential therapeutic strategy in BC treatment [60].
Moreover, the piRNA/PIWI complex can selectively control the phosphorylation of tar-
get proteins. It was reported that piR-54265-binding PIWIL2 promotes the formation of
PIWIL2/STAT3/phosphorylated SRC complex, inducing phosphorylated SRC-mediated
STAT3 phosphorylation that, in turn, causes the proliferation, metastasis, and chemotherapy
resistance of CRC cells [19]. The piR-823/PIWIL2 complex mediates STAT3 phosphoryla-
tion and the activation of the STAT3/BCL-xl/cyclin D1 pathway, inducing the expression
of cyclin-dependent kinase inhibitors and controlling G1 phase regulators Cyclin D1 and
CDK4, thus promoting CRC progression [39]. piRNA/PIWI complex can interact with
other ncRNAs, including miRNAs and lncRNAs, to regulate cancer progression. piR-
30188/PIWIL3 binds to OIP5-AS1, a cancer-associated lncRNA, a target of miR-367-3p in
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gliomas. miR-367-3p negatively regulates CEBPA mRNA expression and increases TRAF4
expression [36]. The combination of OIP5-AS1 knockdown with the over-expression of
PIWIL3 and miR-367-3p leads to tumor regression, identifying a novel molecular pathway
in glioma cells that may provide a potential innovative approach for cancer therapy [23].
Overall, these findings indicate that piRNAs can have several potential clinical applications
in diagnosis, prognosis, and therapy (Table 2).
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Table 2. piRNA localization and their potential clinical applications in different cancers.

Cancer Type piRNA Expression Sample Type Target
Potential
Clinical

Application
References

Lung

piR-651 Upregulation Cell

CDK4
Cyclin D1

MDM2
PTEN

DNMT1

Diagnosis [34,51]

piR-211106 Upregulation Cell Pyruvate
carboxylase Therapy [56]

piR-55490 Downregulation Cell AKT
mTOR Therapy [55]

piR-5444 Upregulation EV
Diagnosis
Prognosis
Therapy

[61]

piR-26925 Upregulation EV
Diagnosis
Prognosis
Therapy

[61]

piR-164586 Upregulation EV Diagnosis [62]
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Table 2. Cont.

Cancer Type piRNA Expression Sample Type Target
Potential
Clinical

Application
References

Gastric

piR-823 Downregulation Cell
Plasma Diagnosis [63]

piR-019308 Upregulation EV Diagnosis [64]

piR-004918 Upregulation EV Diagnosis [64]

piR-018569 Upregulation EV Diagnosis [64]

Breast

piR-2158 Downregulation Stem cell IL11 Therapy [65]

piR-823 Upregulation Stem cell DNMT Therapy [66]

piR-36712 Upregulation Cell
SEPW1

p53
p21

Prognosis [57,58]

piR-021285 Upregulation Cell ARHGAP11A Therapy [53,61]

Colon Rectal

piR-823 Downregulation Cell HSF1 [67]

piR-54265 Upregulation Tissue Serum STAT3 Prognosis [35]

piR-5937 Upregulation Serum Diagnosis [68]

piR-28876 Upregulation Serum Diagnosis [68]

piR-18 Upregulation Tissue
Cell

Diagnosis
Therapy [58]

Liver piR-Hep1 Upregulation Tissue
Cell AKT Diagnosis [69,70]

Neuroblastoma piR-1089 Upregulation EV KEAP1 Prognosis [71]

Lymphoma piR-651 Downregulation Serum Prognosis [52]

Renal

piR-38756 Upregulation Tissue Prognosis [60]

piR-57125 Upregulation Tissue Prognosis [60]

piR-30924 Upregulation Tissue Prognosis [60]

B-cell
lymphoma piR-30473 Upregulation Serum WTAP

HK2 Prognosis [53]

Bladder piR-5936 Upregulation Plasma
EV Diagnosis [72,73]

Ovarian piR-25783 Upregulation Plasma
EV

Diagnosis
Prognosis [74]

Thyroid
piR-13643 Upregulation Tissue Diagnosis [75]

piR-21238 Upregulation Tissue Diagnosis [75]

Cholangio
Gallbladder

piR-2660989 Upregulation EV Diagnosis
Prognosis [76]

piR-10506469 Upregulation EV Diagnosis
Prognosis [76]

piR-20548188 Upregulation EV Diagnosis
Prognosis [76]

piR-10822895 Upregulation EV Diagnosis
Prognosis [76]

piR-23209 Upregulation EV Diagnosis
Prognosis [76]

piR-18044111 Upregulation EV Diagnosis
Prognosis [76]
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4.2. piRNAs as Cancer Biomarkers

ncRNAs have received a lot of attention as one factor contributing to genetic and
epigenetic instability. Clinically, ncRNA alterations have a relevant diagnostic and prog-
nostic significance [26]. Epigenetic biomarkers can be useful in predicting therapeutic drug
responses, and piRNAs are considered emerging biomarkers for therapy monitoring. A
biomarker is a significant indicator that can be used to assess a target’s diagnostic potential,
risk of recurrence, and clinical prognosis [63]. Aberrant expressions of piRNAs and their
correlation with cancer patient features suggest that these may have an important clinical
impact, not only as diagnostic biomarkers but also as druggable targets [67]. Alterated
piRNA levels may be considered good cancer biomarkers, with higher sensitivity and
specificity than miRNAs [69]. Nowadays, few studies investigate the role of piRNAs as
cancer biomarkers, but the field is in progress and updated [70]. Some studies indicate that
piRNAs have a better diagnostic ability than traditional biomarkers. It was reported that
piR-13643 and piR-21238 performed better than conventional biomarkers, such as hector
battifora mesothelial antigen-1 (HBME1), conventionally used to discriminate malignant
nodules from benign ones in papillary thyroid carcinoma [65]. Moreover, serum piR-5937
and piR-28876 were able to distinguish CRC from healthy controls with higher sensitivity
and specificity than traditional markers such as Carcinoembryonic Antigen (CEA) and
Carbohydrate antigen 19-9 (CA199) [61]. It was also suggested that piR-54265 can be used
as a biomarker for the early detection and clinical monitoring of CRC [77].

5. piRNAs and Liquid Biopsy

Liquid biopsy is considered an ideal tool for discovering new cancer biomarkers, and
in the current era of personalized medicine, LB has acquired high relevance in cancer patient
management [66]. LB serves as a safe alternative to solid biopsies; its main components are
circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), circulating tumor RNA
(ctRNA), tumor-associated platelets, and EVs [78]. Nowadays, clinical oncology adopts
next-generation sequencing (NGS)-based diagnostics; these high throughput technologies
allow for the identification of ncRNA profiles and significant genetic mutations across the
human genome. LB is increasingly being used for early diagnosis and to determine the
best therapeutic option for cancer patients [79].

5.1. piRNAs in Extracellular Vesicles

Extracellular vesicles (EVs) are nanoscale membrane particles released by all cytotypes
in physiological and pathological conditions. EVs are internalized by target cells through a
different mechanism and transport a plethora of bioactive molecules, including proteins,
lipids, and nucleic acids [68,75,80–82]. EVs have a key role in several steps of cancer
progression; they are involved in proliferation, migration, premetastatic niche formation,
and immune response [62,76]. EVs have been reported to contain an abundance of RNAs,
such as ncRNAs, including miRNAs, lncRNAs, circRNAs, and piRNAs [74]. The packaging
of different ncRNAs into EVs is selective and mirrors the status of parental cells. EV-
RNAs, with regulatory effects, have been implicated in many EV-mediated biological
functions [64,75]. EVs are widely present in biofluids, such as blood, urine, saliva, and
malignant effusions. Moreover, piRNAs can cross the plasma membrane, and EVs released
by cancer cells contained piRNAs that remain stable in body fluids. This feature suggests
that piRNAs can easily be detected in body fluids as accurate biomarkers [44]. Several
studies have focused on plasma EV’s role as an early and non-invasive diagnostic biomarker
for cancers. EV-cargo represents a valuable source of genetic materials, mainly ncRNA
biomarkers [83]. These findings indicate that LB can allow for the detection of piRNAs
that may become therapeutic and diagnostic tools for various cancer types. Differentially
expressed EV-piRNAs have been identified in patients with specific disease conditions
compared to healthy controls, suggesting an association between piRNA and progression in
various diseases [72]. Although we are currently lacking guidelines on piRNA bioinformatic
analysis, EV-piRNA can be considered a new research niche in human cancer pathology.
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piRNAs encapsulated in EVs are stable in body fluids and have the potential to be promising
markers for cancer diagnosis and prognosis and new tools for innovative therapies [73].
Examples of specific piRNAs shuttled by EVs are described below and summarized in
Table 3.

It was reported that piR-26925 and piR-5444 are upregulated In EVs isolated from
the serum of LC patients [84]. A high-throughput sequencing of small ncRNAs from EVs,
cancerous and adjacent noncancerous tissues in patients with NSCLC, was applied to
recognize candidate piRNAs as diagnostic biomarkers. This study reveals that piR-164586
was significantly upregulated in paracancerous tissues and EVs from serum samples of
healthy individuals [85].

Recently, it was demonstrated that EVs isolated from the plasma of neuroblastoma
(NB) patients contain high levels of piR-1089. In vitro, studies indicated that EV-piR-1089
promoted NB cell proliferation and migration by inhibiting Kelch-like ECH-associated pro-
tein 1 (KEAP1) expression. Low KEAP1 expressions were associated with NB progression in
clinical samples [86]. piRNAs are also involved in the crosstalk between multiple myeloma
(MM) cells and bone marrow microenvironment. In MM, piR-823 silencing causes cell
cycle dysregulation, reduction of apoptosis-related proteins, and de novo DNA methyl-
transferases, thus inhibiting the tumorigenicity of MM in vitro and in vivo [87]. piR-823
contained in EVs from peripheral blood of MM patients and cell lines plays an important
role in cell–cell communication between endothelial and myeloma cells in the tumor mi-
croenvironment. EV-piR-823 from MM cells can be effectively transferred to endothelial
cells and alter their biological characteristics, promoting anti-apoptotic and pro-angiogenic
activity and creating a favorable microenvironment for MM cell survival. The upregulation
of piR-823 can increase the expressions of IL-6, VEGF, and ICAM-1, promoting endothe-
lial cell proliferation, invasion, and tube formation [88]. Granulocytic myeloid-derived
suppressor cells (MDSCs) can trigger piR-823 expression, and silencing piR-823 can de-
crease the stemness of MM stem cells maintained by granulocytic MDSCs [89]. Moreover,
piR-823 expression has been correlated with the stage and prognosis of MM, indicating
its potential as a therapeutic target and prognostic stratification biomarker [88,90]. Gu
et al. reported that the EV-piRNA population is altered in the plasma of cholangiocarci-
noma (CCA) and gallbladder carcinoma (GBC) patients compared to healthy individuals.
EV-piRNA profiling revealed unique piRNA signatures of CCA and GBC. Small RNA
sequencing data, obtained by the NGS system, showed piR-2660989, piR-10506469, piR-
20548188, piR-10822895, piR-23209, and piR-18044111 in EVs isolated from CCA and GBC
plasma. Interestingly, expression level analyses of EV-piRNAs in plasma of CCA and GBC
patients, before and after surgeries, have demonstrated that piR-10506469 and piR-20548188
were significantly decreased in patients who underwent surgeries [91]. In OC, EVs drive
the crosstalk between cancer cells and omental fibroblasts. EV-piR-25783 activates TGF-
β/SMAD2/SMAD3 pathway in fibroblasts and promotes the fibroblast-to-myofibroblast
transition in the omentum, secretion of various cytokines, proliferation, migration, and
invasion, contributing to the premetastatic niche formation. piR-25783-induced myofibrob-
lasts improve tumor implantation and growth in the omentum. EV-piR-25783 upregulation
is thus associated with adverse clinicopathological characteristics and shorter survival [92].
Moreover, EV-piRNAs can be considered promising non-invasive diagnostic biomarkers
for GC, piR-019308, piR-004918, and piR-018569 contained in serum EVs were significantly
increased in GC patients compared to healthy controls [93].

In prostate cancer (PCa), piRNAs were involved in the proliferation, migration, and
invasion of PCa cells by activating different signal pathways, which may represent a new
marker of PCa diagnosis. It was reported that piRNAs contained in urinary EVs, isolated
from patients with PCa and detected using NGS technology, are useful for diagnosis.
The fraction of PCa-derived EVs in urine is larger than in plasma and allows for a better
detection and tracking of PCa-derived RNAs [94]. The expressions of piR-349843, piR-
382289, piR-158533, and piR-002468 in urinary EVs were significantly increased in PCa
patients compared with healthy controls [95]. Interestingly, it was also indicated that
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in plasma EVs of patients with bladder cancer (BCa), two small ncRNAs, miR-4508 and
piR-5936, were associated with the risk class: miR-4508 with a descendant trend going
from controls to high-risk BCa; piR-5936 with an ascending trend [96]. Taken together,
these reports indicate that EV-piRNAs have an important role in tumor–host crosstalk,
contributing to cancer progression and showing a great potential as theranostic biomarkers.

5.2. piRNA-Based Therapeutic Approaches in Cancer

On-target specificity is a significant difficulty to overcome for an RNA-based ther-
apeutic strategy that involves gene silencing. Moreover, RNAs are unstable molecules,
and the development of ways to enhance RNA stability and its uptake are crucial points.
Although siRNA molecules are structurally susceptible to RNases and degradation, some
advances to overcome these limits are ongoing, employing various chemical and struc-
tural modifications that make RNAi delivery more physiologically amenable. Synthetic
lipid nanoparticles have been developed and have enabled successful systemic delivery of
RNAi. Each of these RNA components can be modified to overcome their susceptibility to
degradation [94]. Stability and barriers to delivery were overcome thanks to the success
of the mRNA vaccine for COVID-19 in early 2021, opening new routes for targeted RNA
therapies [95]. siRNAs are double-stranded ncRNAs with similar biological functions to
miRNAs but are synthetically derived (exogenously) via the process of RNA interference
(RNAi). siRNAs, like miRNAs, degrade target mRNAs in a sequence-specific manner,
leading to gene silencing. RNAi machinery targets and can silence pathologic mRNA
sequences [94].

Some typical limitations of siRNAs and miRNAs can be overcome using piRNAs and
EVs as their shuttles. Nowadays, the potential role of piRNAs as therapeutic tools has
been reported; piRNA treatment is performed via the correction of pathological alteration
of piRNA expression, including the reactivation of endogenous piRNA as a pathological
inhibitor and functional blocking or reduction in piRNA expression as a pathological
driver [30]. Synthetic piRNAs are very intriguing as they could block the synthesis of
cancer-related proteins by binding to mRNAs. Different from miRNAs, which need to be
processed by enzymes and regulate several mRNAs, piRNAs have the advantage of not
requiring enzyme processing and better specificity than other ncRNAs to targets [97]. Since
epigenetic regulatory mechanisms are closely related to cancer progression, the epigenetic
reprogramming of cancer cells can be a potentially powerful therapeutic approach [43].
Epigenetic drugs (epidrugs) consist of small molecules targeting epigenetic key signaling
pathways, promoting transcriptional and post-transcriptional modifications and acting
mainly on tumor suppressor and DNA repair gene activation [44]. Since piRNAs regulate
protein-coding genes involved in the development of various diseases, they can be con-
sidered molecules useful as innovative epidrugs [45]. Although the studies on piRNAs
as new therapeutic methods are still in the early stage, understanding the mechanisms
and functions of piRNAs could enhance therapeutic alternatives in cancer. Recently, EV-
mediated ncRNA delivery systems have attracted tremendous attention in the research of
next-generation therapeutics for the treatment of several pathologies, including cancer [98].
EVs, thanks to their small size, low immunogenicity, and high biocompatibility due to their
natural origin [99,100], are more attractive than synthetic vehicles. Moreover, EV cargos
are protected from degradation in the bloodstream by a lipid bilayer membrane; they have
the potential to escape from immune system clearance and cross the physiological barri-
ers [101]. Despite these advantages, natural EVs show some pitfalls. The procedures for EV
isolation are time consuming, monitoring methods for cargo dosage are insufficient, and
EV stability after storage is not easy to monitor [102]. Currently, the yield of EVs isolated
from body fluids or culture media is insufficient to supply clinical demands, and EV-quality
control is a challenge that limits their clinical application [103]. To overcome this limit,
EVs collected from non-human sources such as plants, bacteria, and milk are considered
a potential alternative for cancer therapy. Since EV-mediated communication is involved
in all the domains of life and in several cellular physiological and pathological processes,
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EVs are involved in a universal, evolutionarily conserved mechanism for inter-kingdom
and intra-kingdom communication [104]. It was reported that plant EVs can be used as
nanoplatforms to transfer ncRNAs in inter-kingdom communication [28,71]. ncRNAs
contained in plant EVs are considered a new class of cross-kingdom modulators, capable of
mediating animal-plant interactions at the molecular level [105]. Applications of plant EVs
in nanomedicine and nutraceutics are based on their intrinsic biological properties, such as
anti-cancer, anti-inflammatory, and anti-aging, and on their use as shuttles of therapeutic
biomolecules [106]. It was also reported that bacterial EVs isolated from the host gut micro-
biome can enter the circulatory system to disseminate to distant organs and tissues and
be detected in human biofluids. Bacterial EVs in microbiome-based liquid biopsies might
be useful for cancer diagnostics and bioengineering strategies for cancer therapy [107].
Moreover, bovine milk-derived EVs have been shown to increase the oral bioavailability
of drugs and are optimal vehicles to transport bioactive compounds for nutritional and
therapeutic purposes [108]. In cancer therapy, milk EVs can be functionalized with ligands
such as folic acid to achieve cancer targeting [109]. In addition, milk-derived EVs have
shown several therapeutic effects, such as a selective interaction with macrophages and
an increase in intestinal stem cell proliferation as potential adjuvant therapy to standard
clinical management of malnourished children [110].

Table 3. piRNAs content in EVs collected from different cancer types.

Cancer Type piRNA EV Origin Target/Role References

Lung
piR-26925
piR-5444

piR-164586
Serum Biomarker [61,62]

Ovarian piR-25783 CM
TGF-β/SMAD2

/SMAD3
pathway

[74]

Gastric
piR-019308
piR-004918
piR-018569

Serum Biomarker [64]

Prostate

piR-349843
piR-382289
piR-158533
piR-002468

Urine Biomarker [72]

Neuroblastoma piR-1089 Plasma KEAP1 [71]

Multiple
Mieloma piR-823 CM, Plasma IL-6, VEGF

ICAM-1 [105]

Cholangio
Gallbladder
carcinoma

piR-2660989
piR-10506469
piR-20548188
piR-10822895

piR23209
piR-18044111

Plasma Biomarker [76]

Bladder piR-5936 Plasma Biomarker [73]

6. Conclusions and Outlook

Recently, significant advances in the piRNA field have been made, providing mech-
anistic insights into the transcription of piRNA clusters, piRNA biogenesis, and piRNA
function. Although the knowledge of piRNAs in cancers remains in its infancy, a grow-
ing number of studies have shown that piRNAs can be considered good diagnostic and
prognostic markers and new therapeutic tools. However, it needs to report a few studies
indicating that piRNAs could be fragments of other ncRNAs and could correspond to false
positives due to the use of noncurated piRNA databases [111,112]. Many studies have
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found aberrant piRNAs in biofluids of cancer patients; thus, LB is considered an ideal tool
for developing cancer biomarkers. Even if a single piRNA can be sufficient to distinguish
cancer patients from healthy controls, combined biomarkers may be more diagnostically
accurate than one. EVs can have a dual role in cancer management as a source of diagnostic
biomarkers with the identification of specific piRNAs and as a therapeutic tool consisting
of engineered EVs with piRNAs useful as potential and breakthrough epidrugs (Figure 6).
Future research efforts should concentrate on wide studies on piRNA profiles in different
cancer types and stages. This effort can allow for the identification of comprehensive
diagnostic panels able to compliant the heterogeneous landscape of cancer. Preclinical
studies show how smart EVs have the potential to expand into next-generation drugs to
address the current demand for precision cancer therapies. However, numerous milestones
on piRNAs contained in EVs are yet to be achieved. To date, the clinical trials with piRNAs
and EV-piRNAs are still a hard challenge, and only a few clinical studies on these emerging
ncRNAs are ongoing (www.clinical.trials.org, accessed on 20 April 2023). Further clinical
studies are needed to demonstrate that EV-piRNAs are smart tools useful for theranostic
applications in precision oncology.
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Simple Summary: Cancer cells generate exosomes (extracellular vesicles) to regulate many cell
functions for tumor progression. Many exosome-modulating clinical drugs have been developed
for effective cancer therapy, but the functions and exosome processing (secretion and assembly)
modulation by natural products are not well understood. In this review, we fill the gaps between
natural products-modulated miRNAs and exosome-processing by the target gene prediction of the
bioinformatics database. The cancer-derived exosomal miRNAs and their exosome processing and
modulated cell functions by natural products are well organized. Consequently, this review provides
a comprehensive and potential modulating mechanism and targets for exosome processing and
cancer cell functions for natural products.

Abstract: Cancer-derived exosomes exhibit sophisticated functions, such as proliferation, apoptosis,
migration, resistance, and tumor microenvironment changes. Several clinical drugs modulate these
exosome functions, but the impacts of natural products are not well understood. Exosome functions
are regulated by exosome processing, such as secretion and assembly. The modulation of these
exosome-processing genes can exert the anticancer and precancer effects of cancer-derived exosomes.
This review focuses on the cancer-derived exosomal miRNAs that regulate exosome processing, acting
on the natural-product-modulating cell functions of cancer cells. However, the role of exosomal
processing has been overlooked in several studies of exosomal miRNAs and natural products. In
this study, utilizing the bioinformatics database (miRDB), the exosome-processing genes of natural-
product-modulated exosomal miRNAs were predicted. Consequently, several natural drugs that
modulate exosome processing and exosomal miRNAs and regulate cancer cell functions are described
here. This review sheds light on and improves our understanding of the modulating effects of
exosomal miRNAs and their potential exosomal processing targets on anticancer treatments based on
the use of natural products.

Keywords: exosome; miRNA; cell function; natural product
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1. Introduction

Exosomes are extracellular vesicles of 30–100 nm in size that are secreted by both cancer
and normal cells [1,2]. Cancer cells secrete more abundant and complex compositions
in exosomes than normal cells. Cancer-derived exosomes exhibit diverse functions in
regulating proliferation, migration, invasion, metastasis, drug resistance, inflammation,
and immune responses [1,3,4].

The general structure and biogenesis of exosomes are shown in Figure 1 [5–13]. Many
proteins, lipids, DNAs, mRNAs, and non-coding RNAs (circular RNAs, long-noncoding
RNAs, and microRNAs (miRNAs)) exist in exosomes [1–3]. In general, the membrane
proteins of exosomes include major histocompatibility complex (MHC)-I, MHC-II, flotillin,
tetraspanins (CD9, CD82, CD81, and CD63), cell adhesion molecules (CAMs), integrins,
and transmembrane proteins. The soluble proteins of exosomes include TSG101, heat shock
protein 70 (Hsp70), Hsp90, and protein kinase B (AKT). The lipid rafts of exosomes include
ceramides, sphingolipids, and cholesterol [5–13]. The process of exosome biogenesis starts
with the initiation of endocytosis, early endosome, late endosome, and multivesicular body
(MVB) formation, plasma membrane fusion, and release by exocytosis [5–13]. Exosome
biogenesis consists of two stages, namely exosomal assembly and secretion. Many exosomal
components (DNA, RNA, and proteins) are uploaded during exosome biogenesis.
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Figure 1. General structure and biogenesis of exosomes. The basic steps of exosome biogenesis,
consisting of two main stages, are provided: exosome assembly and secretion. Exosomes generally
contain nucleic acids, membrane and soluble proteins, and lipids. Different cells or treatments may
have different compositions of exosomes. MVB, multivesicular body.

miRNAs are a group of small non-coding RNAs of 21–25 nucleotides in size. miRNAs
can modulate gene expression by inhibiting mRNA translation or improving the mRNA
degradation of target genes [14]. By binding to the 3′-untranslated regions (UTR) of target
genes, miRNAs can knock down target gene expressions to assess their diverse functions.

Among the non-coding RNAs, this review focuses only on miRNAs, particularly exoso-
mal miRNAs. miRNA uptake into exosomes is not a random but selective process involving
secretion and transportation between exosome donors and receptors [15]. Exosomes play
a vital role in regulating the development of oral [16,17], head/neck [18], breast [19],
prostate [20], pancreatic [21], colon [22], gynecologic [23], liver [24], and myeloma can-
cer cells. In preclinical applications, exosomes are applied in diagnosis as several cancer
biomarkers [25,26] and in cancer therapy using animal models [27–30]. Moreover, the exo-
somal miRNAs also function as modulators of drug resistance and cancer metastasis [25].
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As mentioned above, exosomes and miRNAs have a close relationship in regulating
cell functions. Recently, anticancer studies using natural products have shown progres-
sion in research involving exosomes and miRNAs. However, the potential impacts of
exosomes and miRNAs on natural-product-regulating cancer cell functions lack systemic
organization. The modulating effects of natural products on exosome biogenesis and
exosomal miRNAs are discussed later, particularly in regard to their capacity for regulating
exosomal processing (secretion and assembly). Moreover, some natural products and
exosomal miRNAs show anticancer effects but lack investigation regarding their impacts
on exosomal processing. This gap can be filled by utilizing the miRDB database [31], a
bioinformatic tool which can predict the target genes of exosome processing by inputting
natural-product-modulated exosomal miRNAs.

In the following review, we first explore the relationship between exosome processing
(secretion and assembly) and natural products (Section 2), because the impact of exosome
processing is rarely discussed in detail in the literature. Next, the prediction of the targeting
of exosome-processing and AKT-signaling genes of exosome miRNAs is assessed (Section 3),
because the contribution of exosome processing is rarely emphasized in the literature. The
modulating effects of exosome production by natural products and their exosome delivery
potential for cancer treatment (Section 4) are explored. Finally, the regulation of the
cancer cell functions of natural-product-modulating miRNAs and exosomes (Section 5) is
summarized (Figure 2). Consequently, this review sheds light on the organization of the
relationship between exosomal processing and its related genes, exosomal miRNAs, cell
functions, and natural products.
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Figure 2. Connections between different sections of this review. Connections between natural
products and exosomal processing are examined in Sections 2 and 4. The connection between
exosomal processing and exosomal miRNAs is examined in Section 3. Finally, connections between
cancer cell functions, exosomal miRNAs, and natural products are examined in Section 5.

2. Exosome Processing (Secretion and Assembly) and Natural-Product-Modulated
Cell Functions
2.1. Exosome Processing (Secretion and Assembly) Genes

Several extracellular biogenesis genes, including exosomal secretion and assembly, were
summarized using the Mouse Genome Database in Gene Oncology (GO) functions http://
www.informatics.jax.org/vocab/gene_ontology/GO:1990182 (retrieval date: 11 November
2022) [32]. Exosomal secretion begins with the fusion of the partial endosomal membrane of
a multivesicular body (MVB) with the plasma membrane, and it ends with the release of
membrane-bounded vesicles into the extracellular space (Figure 1). Three main functions
of exosomal secretion are classified: multiple vesicular body fusion into the apical plasma
membrane, the negative regulation of exosomal secretion, and the positive regulation of
exosomal secretion. Furthermore, exosomal assembly is the process in which a set of
components are incorporated, aggregated, and bonded to generate an extracellular vesicular
exosome. Three main functions of exosomal assembly are classified: extracellular exosome
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assembly, the positive regulation of extracellular exosome assembly, and the negative
regulation of extracellular exosome assembly.

For exosomal secretion, “multiple vesicular body fusion into the apical plasma mem-
brane” includes four genes, including COP9 signalosome subunit 5 (COPS5), RAB11A, a
member of the RAS oncogene family (RAB11A), RAB27A, a member of the RAS oncogene
family (RAB27A), and STEAP family member 3 (STEAP3). Five genes are listed as modu-
lators of “negative regulation of exosomal secretion”, including ATPase class II, type 9A
(ATP9A), parkin RBR E3 ubiquitin protein ligase (PRKN), RAB7A, a member of the RAS
oncogene family (RAB7A), RAB7B, a member of the RAS oncogene family (RAB7B), and
vacuolar protein sorting 4B (VPS4B).

For exosomal secretion, 14 genes are listed as modulators of the “positive regulation
of exosomal secretion”, including ATPase type 13A2 (ATP13A2), charged multivesicular
body protein 2A (CHMP2A), HGF-regulated tyrosine kinase substrate (HGS), myosin
VB (MYO5B), programmed cell death 6 interacting protein (PDCD6IP), RAB7A, RAB7B,
syndecan 1 (SDC1), syndecan 4 (SDC4), syndecan binding protein (SDCBP), sphingomyelin
phosphodiesterase 3, neutral (SMPD3), SNF8, the endosomal sorting complexes required for
transport (ESCRT)-II complex subunit, homolog (S. cerevisiae) (SNF8), signal-transducing
adaptor molecule (SH3 domain and ITAM motif) 1 (STAM), tumor susceptibility gene 101
(TSG101), vacuolar protein sorting 4A (VPS4A), and VPS4B. RAB7A, RAB7B, and VPS4B
also belong to the genes with a “negative regulation of exosomal secretion” function.

For exosomal assembly, the CD34 antigen (CD34) gene is listed among the cells that
affect “extracellular exosome assembly”. Four genes are listed as modulators of “positive
regulation of extracellular exosome assembly”, including PDCD6IP, SDC1, SDC4, and
SDCBP, which also belong to the group of genes with an exosomal secretion function.
Three genes are listed among the cells that affect the “regulation of extracellular exosome
assembly”, including PDCD6IP, STAM, and TSG101, which also belong to the group of
cells with an exosomal secretion function mentioned above.

2.2. Exosomal Secretion and Assembly Effects of Natural Products in Regulating Cell Functions

Some of the exosomal secretion (Section 2.2.1) and assembly (Section 2.2.2) genes have
been reported to be regulated by natural products (Table 1).

2.2.1. Exosomal Secretion Effects of Natural Products in Regulating Cell Functions

Natural-product-derived exosomes exhibit a capacity for the sophisticated regulation
of cell functions in non-cancer and cancer cells. The potential roles of exosome-processing
genes in natural product treatments can be predicted by target gene retrieval using the
miRDB database (Table 1).

For non-cancer cells, several natural products exhibit modulating effects on cell func-
tions in regard to exosome processing. Drug-triggered hepatic precancerous lesions upreg-
ulate exosomal RAB11A mRNA. Hesperidin downregulates exosomal RAB11A mRNA and
upregulates exosomal miR-1298, resulting in hepatoprotective effects on rats (Table 1) [33].
Several natural products, such as tenuifolin, schisandrin A, celastrol, salidroside, and
carnosic acid, were demonstrated to exhibit neuroprotection effects through PINK1 mod-
ulation [34]. Moreover, PINK1 and PRKN cooperate to regulate the mitophagy of renal
proximal tubular cells [35]. Hence, these natural products (tenuifolin, schisandrin A, celas-
trol, salidroside, and carnosic acid) may modulate PRKN expression. Salvianolic acid B, a
Salvia miltiorrhiza Bge-derived bioactive compound, suppresses renal interstitial fibrosis by
inducing SDC1/E-cadherin in angiotensin II-treated proximal tubular cells [36]. Combined,
Echinacea angustifolia DC. and Zingiber officinale lipophilic extracts show immunomodulatory
effects by downregulating SDCBP expression based on human studies [37]. Bavachinin, a
Fructus psoraleae-derived natural product, provides protection against the palmitic-acid-
induced death of hepatocytes by upregulating VPS4B expression (Table 1) [38].
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Table 1. Connecting natural products to exosomal secretion and assembly in the regulation of
cell functions.

Natural Products Genes Cell Functions Cancer References

Exosomal secretion
Methanolic extract of ↓COPS5 apoptosis cervical [39]

Moringa oleifera
Rutin ↓COPS5 apoptosis cervical [40]
Hesperidin ↓RAB11A hepatoprotective (rat) [33]
Heteronemin ↑STEAP3 ferroptosis pancreatic [41]
Dihydroartemisinin ↓STEAP3 anti-iron uptake liver [42]
Robustaflavone A ↓STEAP3 ferroptosis breast [43]
Tenuifolin, Schisandrin A, ↑PRKN mitophagy (renal tubular cells) [35]

Celastrol, Salidroside,
Carnosic acid

Liensinine ↑RAB7A anti-autophagy breast [44]
Sulfisoxazole ↓VPS4B antimetastatic breast [45]
Bavachinin ↑VPS4B pro-survival (hepatocyte) [38]

Squalamine ↑ATP13A2 α-synuclein
aggregation neuroblastoma [46]

7-α-Hydroxyfrullanolide ↑PDCD6IP apoptosis breast [47]
Salvianolic acid B ↓SDC1 renal interstitial fibrosis (proximal tubular cells) [36]
Rutaecarpine ↓SDC1 antimigration glioblastoma [48]
Echinacea angustifolia/ ↓SDCBP immunomodulation (human study) [37]

Zingiber officinale
extracts
Dioscin ↑SDCBP apoptosis, autophagy, liver ca [49]

DNA damage
Sulforaphane ↑SDCBP apoptosis leukemia [50]
Acetyl-11-keto-b-boswellic ↑SMPD3 antiproliferation colon [51]

acid
Withanolide D ↑/↓SMPD3 apoptosis leukemia [52]
Resveratrol ↑TSG101 antiproliferation intestinal tumor [53]

Exosomal assembly
Astragalus membranaceus ↑CD34 angiogenesis (myocardial infarction) [54]

extract
D Rhamnose bhederin ↓STAM chemoresistance breast [55]

↑, enhance or activate; ↓, inhibit or inactivate. Some are non-cancer studies, shown in parentheses. PDCD6IP,
SDC1, SDC4, SDCBP, STAM, and TSG101 exhibit the regulating functions of both exosomal secretion and assembly,
as described in Section 2.1.

For cancer cells, several natural products exhibit modulating effects on cell functions
in regard to exosome processing. The methanolic extract of Moringa oleifera leaves sup-
presses the proliferation and causes the G1 arrest and apoptosis of cervical cancer cells by
downregulating COPS5 (Table 1) [39]. Rutin, a bioflavonoid, induces the apoptosis of cervi-
cal cancer cells by downregulating COPS5 [40]. Heteronemin, a marine sesterterpenoid,
induces ferroptosis by upregulating the protein expression of divalent metal transporter-1
(DMT1) and STEAP3 in pancreatic cancer cells [41]. Dihydroartemisinin, a metabolite of
artemisinin, downregulates the DMT1 and STEAP3 genes controlling iron uptake in liver
cancer HepG2 cells (Table 1) [42].

Selaginella trichoclada-derived robustaflavone A induces ferroptosis by downregulating
the expressions of acyl-CoA synthetase long-chain family member 4 (ACSL4), ACSL5,
STEAP3, lysophosphatidylcholine acyltransferase (LPCAT3), and autophagy-related 7
(ATG7) genes in breast cancer cells (Table 1) [43]. Liensinine, a Nelumbo nucifera-derived
isoquinoline alkaloid, induces the expression of the small GTP-binding protein RAB7A
and suppresses autophagosome–lysosome fusion for the degradation of breast cancer
cells [44]. Squalamine inhibits the α-synuclein aggregation of neuroblastoma cells [56]. The
inhibition of ATP13A2 destroys lysosomal membrane integrity and induces the α-synuclein
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accumulation of neuroblastoma cells (Table 1) [46]. All this warrants a detailed assessment
of the role of ATP13A2 in squalamine treatment.

Sulfisoxazole shows antimetastatic effects on breast cancer cells by downregulat-
ing VPS4B mRNA expression (Table 1) [45]. 7-α-Hydroxyfrullanolide, an Asteraceae-
plant-derived natural product, upregulates PDCD6IP expression in breast cancer cells [47].
Rutaecarpine downregulates the mRNA expression of the SDC1 gene to suppress glioblas-
toma cell migration [48]. Dioscin, a steroid saponin, causes the apoptosis, autophagy,
and DNA damage of liver cancer cells by upregulating SDCBP expression [49]. Sul-
foraphane, a cruciferous-vegetable-derived compound, triggers apoptosis by upregulating
SDCBP expression in leukemia HL-60 cells [50]. Acetyl-11-keto-b-boswellic acid (AKBA), a
Boswellia serrata-derived natural product, inhibits the proliferation of colon cancer cells by
upregulating SMPD3 [51]. Withanolide D triggers the apoptosis of leukemia MOLT-4 cells
by upregulating SMPD3 expression after 15 min and downregulating after 45 min [52]. The
oral administration of resveratrol suppresses intestinal tumorigenesis in mice and upreg-
ulates TSG101 mRNA expression (Table 1) [53]. All this warrants a detailed assessment
exploring the roles of more natural-product-regulated cell functions in exosomal secretion
in the future.

2.2.2. Exosomal Assembly Effects of Natural Products in Regulating Cell Functions

Natural products also regulate exosomal assembly. Astragalus membranaceus extract
enhances angiogenesis in myocardial infarction rats by upregulating vascular endothelial
growth factor (VEGF), CD34, and endothelial nitric oxide synthase (eNOS) expression [54].
Moreover, D Rhamnose bhederin, a Clematis ganpiniana-derived bioactive component,
inhibits exosome secretion from docetaxel-resistant breast cancer cells and alleviates the
transmission of resistance [55]. D Rhamnose bhederin downregulates several miRNAs
(miR-16-5p, miR-23a-3p, miR-24-3p, miR-26a-5p, and miR-27a-3p), in which miR-24-3p
is predicted to target exosomal-assembly related genes, such as STAM, according to the
miRDB database [31]. This warrants a detailed assessment exploring the roles of more
natural-product-regulated cell functions in exosomal assembly in the future.

3. Prediction of the Targeting of Exosome-Processing and AKT-Signaling Genes of
Certain Exosome miRNAs

Several exosomal miRNAs have been reviewed previously [4,16,57]. However, their
potential impacts on exosomal processing (secretion and assembly) have rarely been inves-
tigated. In this study, utilizing the miRDB database [31], these exosomal miRNAs targeting
exosome-processing genes (Section 2) were retrieved (Table 2). miR-29a-3p is predicted to
target SMPD3. miR-101-3p and miR-21-5p/miR-30a-5p are predicted to target RAB27A and
RAB11A, respectively. miR-6887-5p is predicted to target RAB7A and RAB7B. miR-142-3p
and miR-24-3p are predicted to target HGS and ATP13A2/STAM, respectively. miR-106a-5p,
miR-106b-5p, miR-21-5p, miR-223-3p, miR-365a-3p, and miR-374a-5p are predicted to
target MYO5B. miR-522-3p and miR-8485 are predicted to target PDCD6IP (Table 2).

Additionally, miR-8485 is also predicted to target SDC1 and SDCBP. miR-128-3p,
miR-142-3p, miR-200c-3p, miR-223-3p, and miR-8485 are predicted to target STAM. miR-
106a-5p and miR-106b-5p are predicted to target TSG101. Finally, miR-128-3p, miR-32-5p,
and miR-92a-3p are predicted to target VPS4B (Table 2). Consequently, these examples
demonstrate that many of the reported exosomal miRNAs have the potential to target
exosomal processing genes. This warrants an advanced examination exploring the roles of
exosomal processing genes in several reported exosomal miRNA studies in the future.

Moreover, some exosomal miRNAs are reported to regulate AKT signaling [58–61].
Among the examples of exosomal miRNAs listed in Table 2, miR-29a-3p is predicted to
target AKT2 and AKT3 (Table 2). miR-374a-5p is predicted to target AKT1. miR-101-
3p, miR-106a-5p, miR-106b-5p, miR-365a-3p, miR-6887-5p, and miR-30a-3p are predicted
to target AKT1, ATK2, or AKT3. Those AKT1-, AKT2-, and AKT3-targeting exosomal
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miRNAs (miR-29a-3p, miR-374a-5p, miR-101-3p, miR-106a-5p, miR-106b-5p, miR-365a-3p,
miR-6887-5p, and miR-30a-3p) also target some exosomal processing genes (Table 2).

Exosomal proteins can activate AKT signaling in the regulation of metastasis. An-
nexin A5, one of the exosome proteins in prostate cancer tissues, activates AKT signal-
ing to stimulate the epithelial–mesenchymal transition (EMT) and upregulate matrix
metalloproteinase-2 (MMP2) and MMP9 expression [5]. The exosomal miRNAs involved
in AKT signaling have been applied in animal [59] and preclinical experiments [60]. Bone-
marrow—mesenchymal-stem-cell-derived exosomes, which are rich in miR-126-3p (miR-
126), enhance the migration and angiogenesis of human umbilical vein endothelial cells
(HUVECs) [59]. This exosomal miR-126-3p stimulates vascularization at wound sites
and improves cutaneous wound healing in mice models. Plasma exosomes isolated from
Graves ophthalmopathy with an effective response to intravenous glucocorticoid therapy
contain a high level of miR-885-3p, showing AKT inhibition and improving glucocorticoid
sensitivity [60]. Consequently, the exosomal miRNAs with AKT modulating ability are
potential tools for preclinical applications.

Table 2. Connecting some exosomal miRNAs to the predicted targets of exosome processing and
AKT genes.

ATP9A ATP13A2 HGS MYO5B RAB27A RAB11A RAB7A RAB7B PDCD6IP SDC1 SDCBP SMPD3 STAM TSG101 VPS4B AKT

miR-29a-3p [4,16] SMPD3 AKT2/3
miR-101-3p [4] RAB27A AKT3
miR-106a-5p [16,57] MYO5B TSG101 AKT3
miR-106b-5p [57] MYO5B TSG101 AKT3
miR-128-3p [57] STAM VPS4B
miR-142-3p [4,16] HGS STAM
miR-200c-3p [4,16] STAM
miR-21-5p [4,57] MYO5B RAB11A
miR-223-3p [16] MYO5B STAM
miR-24-3p [4,16] ATP13A2 STAM
miR-32-5p [57] VPS4B
miR-365a-3p [57] MYO5B AKT3
miR-374a-5p [57] MYO5B AKT1
miR-522-3p [57] PDCD6IP
miR-6887-5p [4] RAB7A RAB7B AKT3
miR-8485 [4] ATP9A PDCD6IP SDC1 SDCBP STAM
miR-92a-3p [57] VPS4B
miR-30a-3p [62] RAB11A AKT3

The predicted targets for exosomal processing and AKT genes of the exosomal miRNAs were retrieved from the
miRDB database (retrieval date: 12 November 2022).

4. Natural Products Modulate Exosome Production and Their Exosome Delivery for
the Purpose of Cancer Treatment

Many natural-product-derived exosomes have been demonstrated to exhibit thera-
nostic effects in cancer therapy [63–66]. The modulating results of exosome biogenesis and
delivery by natural products are discussed as follows below.

Some natural products improve exosome biogenesis. Sulforaphane suppresses the
fusion of early and late endosomes (GFP-Rab5a and GFP-Rab7a) with the lysosome, blocks
the autophagy flux, promotes exosome production, and triggers exosome-dependent
paracrine senescence by downregulating mTOR and transcription factor binding to IGHM
enhancer 3 (TFE3) [67]. Sulforaphane induces a high protein concentration of exosomes and
causes the accumulation of exosome marker CD63 in esophageal cancer cells. Moreover,
supernatants from sulforaphane-treated cancer cells show high CD63 expression [67].
Consequently, sulforaphane triggers exosome biogenesis and secretion in esophageal
cancer cells.

In contrast, some natural products suppress exosome biogenesis. Autophagy and
lysosome dysfunction enhance exosome secretion [68,69] and vice versa. Asteltoxin inhibits
mitochondrial ATP synthase and exosome generation by upregulating AMPK-dependent
mTORC1 inactivation and lysosome activation [70]. Transmission electron microscopy
analysis shows that asteltoxin induces lysosome–MVB fusion, causing the downregula-
tion of exosome generation. Berberine suppresses the proliferation of colon cancer cells
by downregulating acetyl-CoA carboxylase (ACC) for fatty acid synthesis and reducing
exosome biogenesis and the secretion of colon and cervical cancer cells [71], an observation
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which is supported by the finding that berberine downregulates syntenin and TSG101, as
intracellular vesicle markers.

Some natural-product-derived exosomes exhibit modulating effects on cell functions.
Exosomes used in phytoagent deoxyelephantopin treatment, a plant deoxyelephantopin
derivative, suppress the ROS-mediated proliferation of breast cancer cells, reversed by N-
acetylcysteine [72]. Phytoagent deoxyelephantopin also enhances calcium-dependent exo-
some secretion from breast cancer cells. Momordica charantia-derived exosome-like nanovesi-
cles suppress the proliferation and migration of glioma cells by downregulating phospho-
rylated PI3K/AKT [73]. Fusobacterium nucleatum is rich in colon cancer lesions associated
with colon cancer carcinogenesis and metastases. Exosomes from Fusobacterium nucleatum
enhance the invasion of colon cancer cells. This invasion is prevented by the bioactive
compounds of Paris polyphylla, such as pennogenin 3-O-beta-chacotrioside and polyphyllin
VI, which exhibit cell-killing effects on Fusobacterium nucleatum [74]. All this warrants an
advanced examination exploring the impacts of exosomal biogenesis by natural products
and natural-product-derived exosomes on cell functions in the future.

Moreover, exosomes are naturally generated, showing lower cytotoxicity and immuno-
genicity and higher biocompatibility than lipid-based nanoparticles [6,65,75]. Exosomes
were reported to effectively deliver several natural products that can be exploited for
preclinical anticancer therapy in vitro and in vivo [65]. The oral delivery of paclitaxel
using milk-derived exosomes results in less side effects of immunologic toxicity and higher
antitumor effects than i.v. in lung-tumor-xenograft nude mice [76]. Exosome-delivered
curcumin exhibits a high in vitro stability and in vivo bioavailability [77]. Celastrol-loaded
milk exosomes show a high degree of anti-lung tumor growth with in vivo biosafety [78].
This warrants the advanced testing of more natural products based on exosome delivery
strategies in the future.

5. The Role of Natural-Product-Modulating miRNAs and Exosomes in Regulating
Cancer Cell Functions

A mounting array of literature reports that natural products modulate many miRNAs
that regulate their target genes to affect several of the cell functions of cancer cells [79].
However, most of these studies did not investigate the impacts of exosomal miRNAs on
anticancer effects using natural products.

Recently, several natural-product-induced exosomal miRNA studies have been re-
ported. Aurea helianthus extract inhibits the migration and induces the senescence and
autophagy of endometrial cancer cells [80]. Several miRNAs derived from the induced exo-
somes in these extract-treated endometrial cancer cells were upregulated or downregulated.
However, there is a lack of systemic information on the modulating effects of drug-induced
exosomal miRNAs based on natural products. Most natural-product-modulating miRNA
studies have focused on impacts on cancer cell functions without considering the contribu-
tion of exosomes. Consequently, there are gaps between exosomal miRNAs and natural
products in terms of their anticancer effects.

A total of 26 natural-product-modulated exosomal miRNAs that regulate cancer cell
functions, such as antiproliferation (Section 5.1), apoptosis (Section 5.2), antimigration/anti-
invasion/anti-EMT/anti-angiogenesis (Section 5.3), the modulation of chemo- and radio-
resistance (Section 5.4), and others (Section 5.5), are summarized in Table 3. Many non-
exosomal miRNA studies have assessed the impacts of the anticancer effects of natural
products. In the future, a detailed examination of the roles of exosomes and investigations
of their anticancer effects related to miRNAs and natural products should be carried out.
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Table 3. Connecting natural products to exosomal miRNA-regulated cell functions.

Natural Products miRNAs Cell Functions Cancer References

Ursolic acid ↓miR-21-5p apoptosis glioblastoma [81]
↑miR-200c-3p apoptosis, anti-invasion colon [82]

Resveratrol ↓miR-21-5p apoptosis bladder [83]
↓miR-31-5p anticolitis (T cells) [84]
↑miR-424-5p antiproliferation breast [85]

Berberine ↓miR-21-5p antiproliferation myeloma [86]
↑miR-144-3p apoptosis, autophagy lung [87]

↑miR-101-3p antiproliferation,
antimigration endometrial [88]

Butylcycloheptyl prodiginine ↓miR-21-5p antiproliferation colon [89]
Honokiol ↓miR-21-5p apoptosis osteosarcoma [90]

↑miR-34a-5p anti-EMT breast [91]

Sophocarpine ↓miR-21-5p antiproliferation,
anti-EMT head/neck [92]

Tricin ↓miR-21-5p chemosensitization prostate [93]

Dihydromyricetin ↓miR-21-5p antiproliferation,
antimigration cholangiocarcinoma [94]

Curcumin ↓miR-21-5p antiproliferation,
antimigration liver [95]

↑miR-200c-3p anti-EMT colon [96]

↑miR-142-3p 20S proteasome
suppression breast [97]

↓miR-1246 antiproliferation bladder [98]
Curcumol ↓miR-21-5p antiproliferation colon [99]
PRP1 ↓miR-21-5p apoptosis liver [100]
Sinomenine ↓miR-21-5p antimigration lung [101]
Psoralen ↑miR-196a-5p apoptosis gastric [102]
Pinolenic acid ↑miR-3188 anti-inflammation (rheumatoid arthritis) [103]
Pachymic acid ↓miR-24-3p anti-heart failure (left ventricle) [104]
Genistein ↓miR-155-5p antiproliferation (cardiac) [105]
(−)-Epigallocatechin gallate ↓miR-155-5p chemosensitization colon [106]

↑miR-34a-5p radiosensitization liver [107]
Enoxolone, Magnolol, ↑miR-200c-3p anti-invasion breast [108]
Palmatine chloride
(−)-Sativan ↑miR-200c-3p apoptosis, antimigration breast [109]
Isoliquiritigenin ↑miR-200c-3p antimigration breast [110]
Thymoquinone ↑miR-30a-5p anti-liver fibrosis (liver) [111]
Nicotine ↑miR-30a-5p G1 arrest (periodontal ligament) [112]

Norcantharidin ↑miR-30a-5p antiproliferation,
antimigration giant cell tumor of bone [62]

1′S-1′-acetoxychavicol acetate ↓miR-210-3p apoptosis cervical [113]
Crocin ↓miR-365a-3p apoptosis cervical [114]

↓miR-34a-5p apoptosis papillary thyroid [115]
Isoliquiritigenin ↓miR-421 apoptosis, DNA damage oral [116]
Anisomycin ↑miR-421 anti-angiogenesis ovarian [117]
Asparanin A ↓miR-421 antimigration endometrial [118]

Rhamnetin, Cirsiliol ↑miR-34a-5p radiosensitization,
anti-EMT lung [119]

Dihydroartemisinin ↑miR-34a-5p apoptosis, antimigration prostate [120]
Isovitexin ↑miR-34a-5p apoptosis osteosarcoma [121]
Emodin ↑miR-34a-5p antiproliferation liver [122]
Kaempferol ↑miR-130a-3p cytokine reduction (chondrocyte) [123]
Chicoric acid ↓miR-130a-3p anti-inflammation lung [124]
Mitomycin C ↑miR-31-5p chemosensitization bladder [125]
Licochalcone A ↑miR-144-3p ER stress, apoptosis lung [126]
10-Hydroxycamptothecin ↑miR-23b-3p apoptosis (fibroblast) [127]
Astaxanthin ↓miR-382-5p anti-liver fibrosis (liver) [128]
Polydatin ↑miR-382-5p apoptosis colon [129]
Piperlongumine ↓miR-30d-5p antiproliferation osteosarcoma [130]

↑, enhance or activate; ↓, inhibit or inactivate. Non-cancer studies are shown in parentheses.

5.1. Antiproliferation by Natural-Product-Modulated Exosomal miRNAs

Natural products may regulate cell proliferation by modulating miR-424-5p, miR-21-
5p (miR-21), miR-101-3p, miR-1246, miR-155-5p (miR-155), miR-30a-5p, miR-34a-5p, and
miR-30d-5p (Table 3), as described in the following section.
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miR-424-5p is downregulated in breast cancer tissues. Resveratrol inhibits the prolifer-
ation of breast cancer cells by upregulating miR-424-5p and downregulating heterogeneous
nuclear ribonucleoprotein A1 (HNRNPA1) [85] (Table 3).

Berberine, a natural alkaloid, inhibits the proliferation of multiple myeloma cells by
downregulating miR-21-5p and upregulating its target, programmed cell death 4 (PDCD4) [86]
(Table 3). The natural product butylcycloheptyl prodiginine promotes the antiproliferation of
colon cancer cells by binding pre-miR-21-5p to inhibit the function of miR-21-5p [89]. Honokiol,
a Magnolia officinalis-derived natural product, promotes the antiproliferation of osteosarcoma
cells by downregulating miR-21-5p/AKT signaling [90]. Sophocarpine, a Sophora flavescens-
derived bioactive compound, suppresses the proliferation of head and neck cancer cells by
targeting miR-21-5p [92]. Dihydromyricetin, a natural flavonoid, suppresses the proliferation
of cholangiocarcinoma cells by downregulating miR-21-5p [94]. Curcumin decreases the
proliferation of liver cancer cells by downregulating miR-21-5p and upregulating its target,
SRY-box transcription factor 6 (SOX6) [95] (Table 3).

Exosomal miR-101-3p displays tumor-suppressive and oncogenic functions. Oral
cancer cells express low levels of miR-101-3p by targeting the collagen type X alpha
1 chain (COL10A1). In contrast, exosomes derived from bone marrow mesenchymal stem
cells overexpress miR-101-3p to suppress oral cancer proliferation and migration [131].
miR-101-3p mimics suppress the proliferation and migration and trigger the apoptosis
of medulloblastoma cells by targeting the enhancer of zeste homolog 2 (EZH2), a histone
methyltransferase [132]. In contrast, exosomal miR-101-3p exhibits an oncogenic function
to improve the proliferation and migration of colon cancer cells by downregulating its
target, the homeodomain-interacting protein kinase (HIPK3) [133]. Berberine, a plant-bark-
derived alkaloid, suppresses the proliferation of endometrial cancer cells by upregulating
miR-101-3p to downregulate cyclo-oxygenase-2 (COX-2) [88] (Table 3).

Exosomal miR-1246 is reported to regulate cell migration. Exosomal miR-1246 from
highly metastatic oral cancer cells promotes the migration and invasion of poorly metastatic
oral cancer cells by downregulating the DENN/MADD-domain-containing 2D
(DENND2D) [134]. In addition to antimigration, miR-1246 was reported to modulate
proliferation (Table 3). Bladder cancer T24 cells highly express miR-1246. Curcumin in-
hibits the proliferation of bladder cancer cells by downregulating miR-1246 [98]. Combined
treatment (curcumin and X-ray) synergistically suppresses its proliferation to a greater
extent than individual treatments by decreasing miR-1246 expression [98].

Moreover, natural products were reported to modulate miR-155-5p, miR-30a-5p, and
miR-34a-5p expression, regulating cancer cell proliferation (Table 3). Genistein, a soy
isoflavone phytoestrogen, suppresses the proliferation of breast cancer cells by downregu-
lating miR-155-5p [105]. Thymoquinone, a black-seed-oil-derived compound, suppresses
liver fibrosis by upregulating miR-30a-5p to inhibit its target, such as snail family transcrip-
tional repressor 1 (SNAI1), inhibiting EMT [111]. Norcantharidin, a cantharidin derivative,
inhibits the proliferation of giant-cell tumors of the bone by upregulating miR-30a-5p
and downregulating AKT, reversed by inhibiting miR-30a-5p [62]. Emodin, a natural
anthraquinone derivative, suppresses liver cancer cell proliferation by upregulating miR-
34a-5p [122].

Exosomal miR-30d-5p appears in higher levels in cervical cancer tissues than in
normal controls [135]. However, the miR-30d-5p-modulating cell function has rarely been
reported, particularly in regard to the antiproliferation of cancer cells. A recent study
of natural products reported the antiproliferation effect achieved by the modulation of
miR-30d-5p (Table 3). Piperlongumine, a long-pepper-derived amide alkaloid, suppresses
the proliferation of osteosarcoma cells by downregulating miR-30d-5p and upregulating its
target, the suppressor of cytokine signaling 3 (SOCS3) [130].

Furthermore, natural products may regulate cancer cell proliferation by modulating
miR-200c-3p (Table 3). (−)-Sativan, a Spatholobus suberectus-derived isoflavane, suppresses
the proliferation of breast cancer cells by upregulating miR-200c-3p to downregulate its
direct target, such as prickle planar cell polarity protein 2 (PRICKLE2; EPM5) [109].
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5.2. Apoptosis by Natural-Product-Modulated Exosomal miRNAs

Several natural products modulate apoptosis in cancer cells by downregulating miR-
21-5p, miR-196a-5p (miR-196a), miR-210-3p, miR-365a-3p (miR-365), miR-34a-5p (miR-
34a), miR-144-3p (miR-144), miR-23b-3p, and miR-382-5p (Table 3), as described in the
following section.

Several natural products promote apoptosis through miR-21-5p in cancer cells. Ursolic
acid triggers the apoptosis of glioblastoma cells by downregulating miR-21-5p [81] (Table 3).
Resveratrol triggers the apoptosis of bladder cancer cells by downregulating miR-21-5p and
AKT phosphorylation, reversed by miR-21-5p overexpression [83]. The downregulation of
miR-196a-5p enhances cisplatin resistance [102]. Psoralen, a natural photosensitizing drug,
triggers the apoptosis of gastric cancer cells to alleviate cisplatin resistance by upregulating
miR-196a-5p and downregulating homeobox B7 (HOXB7) and HER2 expression [102]. Hon-
okiol enhances the apoptosis of osteosarcoma cells by downregulating miR-21-5p/AKT
signaling [90]. Dihydromyricetin triggers the apoptosis of cholangiocarcinoma cells by
downregulating miR-21-5p [94]. PRP1, a Platycodonis-radix-derived polysaccharide, pro-
motes the apoptosis of liver cancer cells by reducing miR-21-5p expression and inactivating
AKT [100].

Exosomal miR-210-3p promotes the angiogenesis and tubulogenesis of endothelial
cells [136] and enhances the metastasis of lung cancer cells [137]. A recent study demon-
strated the novel function of the apoptosis-modulating effect of miR-210-3p, regulated by
natural products. In hypoxic conditions, colon cancer cells enhance tumor progression. The
transmission of hypoxic colon-cancer-cell-derived exosomal miR-210-3p to normoxic tumor
cells prevents apoptosis and induces a protumoral effect [138]. 1′S-1′-Acetoxychavicol
acetate (ACA), a wild ginger Alpinia conchigera-derived natural product, triggers the apop-
tosis of cervical cancer cells by downregulating miR-210-3p to upregulate its target, SMAD
family member 4 (SMAD4) [113] (Table 3).

Exosomal miR-365a-3p regulates the chemoresistance of cancer cells involved in apop-
tosis. Exosomal miR-365a-3p derived from imatinib-resistant chronic myeloid leukemia
(CML) cells provides drug resistance to, and prevents apoptosis in, sensitive CML cells [139].

Natural product studies showed that miR-365a-3p exhibits an apoptosis-modulating
effect (Table 3). Crocin, a carotenoid pigment of saffron, induces cervical cancer cell apopto-
sis by upregulating Bax and downregulating BCL2 and miR-365a-3p [114]. The combination
treatment of cervical cancer cells with crocin and cisplatin promotes antiproliferation and
apoptosis by downregulating miR-365a-3p, an upregulator of BAX and BCL2 [140].

Exosomal miR-421 regulates the chemoresistance of cancer cells. Exosomes from
cisplatin-resistant oral cancer patients enhance the proliferation and reduce the cisplatin
sensitivity of cisplatin-resistant cells by downregulating miR-421 expression [141]. The
hypermethylation of transcription-factor-activating-enhancer-binding protein 2e (TFAP2E)
enhances 5-fluorouracil chemoresistance in gastric cancer cells by upregulating exosomal
miR-421 [142]. However, the impact of apoptosis by exosomal miR-421 is unclear. A recent
natural product study reported the apoptosis function through the modulation of miR-421
(Table 3). Isoliquiritigenin induces the apoptosis and DNA damage of oral cancer cells by
downregulating miR-421 expression [116].

Exosomal miR-34a-5p regulates the proliferation of cancer cells. Normal fibroblasts ex-
hibit higher miR-34a-5p levels than cancer-associated fibroblasts from oral cancer patients.
miR-34a-5p overexpression in cancer-associated fibroblasts suppresses cancer cell prolifera-
tion and migration [143]. Exosomal miR-34a-5p induces the antiproliferation and apoptosis
of pancreatic cancer cells [144]. Several natural product studies have demonstrated the
apoptosis function of cancer cells through the modulation of miR-34a-5p (Table 3). Dihy-
droartemisinin triggers the apoptosis of prostate cancer cells by upregulating miR-34a-
5p [120]. Isovitexin, a flavonoid, triggers the apoptosis of osteosarcoma cells by upreg-
ulating miR-34a-5p and downregulating BCL2 [121]. Crocin, a saffron-derived pigment,
triggers the ROS-dependent apoptosis of papillary thyroid cancer cells by downregulating
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the miR-34a-5p and upregulating its target, protein tyrosine phosphatase non-receptor type
4 (PTPN4) [115].

miR-144-3p exhibits differential expressions in different cancer cells. miR-144-3p is
downregulated in lung cancer cells. Exosomal miR-144-3p from bone marrow-derived
mesenchymal stem cells suppresses the proliferation of lung cancer cells by downregu-
lating cyclin E1 (CCNE1) and CCNE2 [145]. In contrast, miR-144-3p is upregulated in
nasopharyngeal cancer cells. Exosomal miR-144-3p from nasopharyngeal cancer cells pro-
motes angiogenesis [146]. However, the apoptosis-inducing effect of exosomal miR-421 has
rarely been examined. Recent natural product studies demonstrated apoptosis induction
through the modulation of miR-144-3p (Table 3). Berberine induces the apoptosis of lung
cancer cells by upregulating miR-144-3p [87]. Licochalcone A, a Glycyrrhiza inflata-derived
natural product, induces ER stress and the apoptosis of lung cancer cells by upregulating
miR-144-3p [126].

miR-23b-3p suppresses the proliferation and migration of prostate [147] cancer cells,
while it enhances pancreatic cell migration [148] and salivary cancer cell angiogenesis
and metastasis [149]. However, the apoptosis function of exosomal miR-421 has rarely
been reported. A natural product investigation validated the fact that apoptosis induc-
tion results from the modulation of miR-23b-3p (Table 3). 10-Hydroxycamptothecin, a
Nothapodytes nimmoniana-derived natural product, causes the apoptosis of fibroblasts by
upregulating miR-23b-3p [127].

Exosomal miR-382-5p from cancer-associated fibroblasts enhances the migration of
oral cancer cells [150]. A recent natural product study demonstrated the novel function
of apoptosis induction through the modulation of miR-382-5p (Table 3). Polydatin, a
metabolite of trans-resveratrol, inhibits the proliferation and causes the apoptosis of colon
cancer cells by upregulating miR-382-5p and downregulating its target, programmed cell
death ligand 1 (PD-L1) [129].

5.3. Antimigration/Anti-Invasion/Anti-EMT/Anti-Angiogenesis by Natural-Product-Modulated
Exosomal miRNAs

Several natural products regulate the migration, invasion, and angiogenesis of cancer
cells by modulating miR-101-3p, miR-30a-5p, miR-34a-5p, miR-200c-3p, miR-21-5p, and
miR-421 (Table 3), as described in the following section.

Some miRNAs showing migration-suppressing effects are upregulated by several
natural products. Berberine suppresses the migration of endometrial cancer cells by up-
regulating miR-101-3p to downregulate cyclo-oxygenase-2 (COX-2) [88] (Table 3). Norcan-
tharidin inhibits the migration of giant-cell tumors of the bone by upregulating miR-30a-5p
and downregulating AKT, reversed by inhibiting miR-30a-5p [62]. Dihydroartemisinin
suppresses the migration of prostate cancer cells by upregulating miR-34a-5p [120]. Hon-
okiol, a Magnolia grandiflora-derived polyphenol, suppresses the leptin-promoted EMT of
breast cancer cells by upregulating miR-34a-5p [91]. Anisomycin suppresses angiogenesis
in ovarian cancer stem cells by upregulating miR-421 [117].

Similarly, exosomal miR-200c-3p suppresses the migration and invasion of lipopolysac-
charide (LPS)-treated colon cancer cells by targeting zinc finger E-box-binding homeobox-1
(ZEB-1) [151]. The natural compounds enoxolone, magnolol, and palmatine chloride sup-
press the invasion of breast cancer cells by upregulating miR-200c-3p [108]. (−)-Sativan
inhibits the migration of breast cancer cells by upregulating miR-200c-3p [109]. Similarly,
curcumin, acting on colon cancer cells, exhibits the downregulation of EMT-related gene
expression by upregulating miR-200c-3p and downregulating its target, PRICKLE2 [96].
Isoliquiritigenin, a Glycyrrhizae Rhizoma-derived bioactive component, inhibits migration,
metastasis, and breast tumor growth by inhibiting EMT and upregulating miR-200c-3p,
which is downregulated in breast cancer tissues [110]. Ursolic acid, a pentacyclic triter-
penoid, induces the apoptosis and inhibits the invasive ability of colon cancer cells by
upregulating miR-200c-3p [82].
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In contrast, some miRNAs showing migration-promoting effects are suppressed by
natural product treatments. The transfer of hypoxic oral cancer exosomes containing miR-
21-5p to normal cells improves their pro-metastatic effects [152]. Sophocarpine suppresses
the epithelial–mesenchymal transition (EMT) of head and neck cancer cells by targeting
miR-21-5p [92]. Dihydromyricetin inhibits the migration of cholangiocarcinoma cells by
downregulating miR-21-5p [94]. Curcumin decreases the migration of liver cancer cells by
downregulating miR-21-5p [95]. Sinomenine, a Sinomenium acutum-derived alkaloid, shows
antimigration effects on lung cancer cells by suppressing miR-21-5p and MMP2/9 [101].
Asparanin A, a vegetable- and Asparagus officinalis-derived natural product, suppresses the
migration of endometrial cancer cells by downregulating miR-421 [118].

5.4. Modulation of Chemo- and Radio-Resistance by Natural-Product-Modulated
Exosomal miRNAs

Several natural products regulate migration, invasion, and angiogenesis in cancer cells
by modulating miR-21-5p, miR-155-5p, miR-34a-5p, and miR-31-5p, as described in the
following section.

Some miRNAs showing resistance-promoting effects are downregulated by several
natural products. miR-21-5p has been identified in exosomes from hypoxic oral cancer
cells. miR-21-5p-containing hypoxic oral cancer exosomes also exhibit cisplatin resistance
in oral cancer cells, as evidenced by exosome transfer experiments [153]. Natural prod-
ucts may inhibit drug resistance in cancer cells by downregulating miR-21-5p. Tricin,
an Allium atroviolaceum-derived compound, sensitizes the docetaxel response to prostate
cancer cells by downregulating miR-21-5p [93] (Table 3).

Similarly, exosomal miR-155-5p enhances the migration or metastasis of gastric [154],
lung [155], renal [156], and colon [157] cancer cells. Recently, a resistance-modulating
function of exosome miR-155-5p was reported. Exosome miR-155-5p from oral cancer
cells improves cisplatin resistance to cisplatin-sensitive cells by upregulating EMT [158]. A
natural product study showed the resistance-modulating function of miR-155-5p (Table 3).
(−)-Epigallocatechin gallate (EGCG), a green- or red-tea-derived bioactive compound,
improves 5-fluorouracil (5-FU) sensitivity in colon cancer cells by suppressing miR-155-5p
expression [106].

In contrast, some miRNAs showing resistance-suppressing effects are upregulated
by several natural products. Rhamnetin and cirsiliol, the quercetin and flavonoid deriva-
tives, enhance radiosensitization and suppress lung cancer cell EMT by upregulating
miR-34a-5p [119]. miR-34a-5p is downregulated in liver cancer tissues. EGCG improves the
radiosensitization of liver cancer cells by upregulating miR-34a-5p [107]. Similarly, bladder
cancer tissues exhibit a low level of miR-31-5p. Mitomycin C sensitivity is enhanced in
bladder cancer cells by upregulating miR-31-5p to target integrin α5 (ITGA5) [125].

5.5. Potential Modulation Effects of Target Immunotherapy of Cancer by
Natural-Product-Modulated Exosomal miRNAs

The tumor immune microenvironment (TIME) comprises several types of immune
cells. Some miRNAs were identified in the tumor-associated macrophages (TAM), natural
killer (NK) cells, and myeloid-derived suppressor cells (MDSC) of TIME [159]. A compari-
son illustrated that some of them overlapped with the exosomal miRNAs modulated by
natural products (Table 3). Upon inspection, some of the exosomal miRNAs (miR-21-5p,
miR-200c-3p, miR-155-5p, miR-30a-5p, miR-34a-5p, miR-130a-3p, miR-101-3p, miR-142-3p,
and miR-24-3p) listed in Table 3 were reported in certain immune cells of TIME [159], such
as TAM, NK, and MDSC. However, the review in question [159] rarely mentioned the
impacts of natural products.

Here, we discuss the indirect connections of these exosomal miRNAs to natural
products (Table 4). TAM upregulates several exosomal miRNAs (miR-21-5p, miR-155-
5p, miR-30a-5p, miR-101-3p, and miR-142-3p) but downregulates miR-34a-5p [159]. NK
upregulates miR-155-5p, miR-130a-3p, miR-101-3p, and miR-24-3p. MDSC upregulates
miR-21-5p, miR-200c-3p, miR-155-5p, and miR-30a-5p. Since some of the miRNAs listed
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in Table 4 are downregulated or upregulated by several natural products, their potential
impacts in modulating the expressions of the TAM, NK, and MDSC of TIME are worthy of
attention. Notably, TIME miRNAs that are not included in Tables 3 and 4 may be modulated
by natural products and, thus, require detailed investigation.

Table 4. Connecting natural-product-modulated exosomal miRNAs to TIME.

miRNAs miRNAs Status in TIME miRNA Effects of Natural Products *

miR-21-5p ↑TAM [159] ↑MDSC [159]

↓ miR-21-5p (Ursolic acid [81], Resveratrol [83], Berberine [86],
Butylcycloheptyl prodiginine [89], Honokiol [90], Sophocarpine
[92], Tricin [93], Dihydromyricetin [94], Curcumin [95], Curcumol
[99], PRP1 [100], Sinomenine [101])

miR-200c-3p ↑MDSC [159]
↑ miR-200c-3p (Urolic acid [82], Curcumin [96], Enoxolone,
Magnolol, Palmatine chloride [108], (−)-Sativan [109],
Isoliquiritigenin [110])

miR-155-5p ↑TAM,↑MDSC,↑NK [159] ↓ miR-155-5p (Genistein [105], (−)-Epigallocatechin gallate [106])

miR-30a-5p ↑TAM,↑MDSC [159] ↑ miR-30a-5p (Thymoquinone [111], Nicotine [112],
Norcantharidin [62])

miR-34a-5p ↓TAM [159]
↑ miR-34a-5p (Honokiol [91], (−)-Epigallocatechin gallate [107],
Rhamnetin, Cirsiliol [119], Dihydroartemisinin [120], Isovitexin
[121], Emodin [122])
↓ miR-34a-5p (Crocin [115])

miR-130a-3p ↑NK [159] ↑ miR-130a-3p (Kaempferol [123])
↓ miR-130a-3p (Chicoric acid [124])

miR-101-3p ↑TAM [159] ↑ miR-101-3p (Berberine [88])

miR-142-3p ↑TAM [159] ↑ miR-142-3p (Curcumin [97])

miR-24-3p ↑NK [159] ↓ miR-24-3p (Pachymic acid [104])

* These natural products and their modulated exosomal miRNAs were collected from Table 3. The literature
[159] did not provide information on natural products. ↑, enhance; ↓, inhibit. Tumor immune microenvironment
(TIME); tumor-associated macrophages (TAM); natural killer (NK); myeloid-derived suppressor cells (MDSC).

All this warrants a detailed assessment of all the miRNA-modulating effects of these
natural products that are employed in cancer studies in the future.

5.6. Other Cell Functions Influenced by Natural-Product-Modulated Exosomal miRNAs

Several miRNAs, such as miR-31-5p, miR-3188, miR-24-3p, miR-30a-5p, miR-130a-3p,
miR-142-3p, miR-30a-5p, and miR-382-5p, exhibit diverse effects other than the modu-
lation of proliferation, apoptosis, migration, and resistance. Although these miRNAs
modulate many functions, only a few natural products were retrieved from Pubmed and
Google scholar.

Exosomal miR-31-5p regulates the proliferation and drug resistance of cancer cells.
Macrophage-derived exosomal miR-31-5p enhances oral cancer cell proliferation by down-
regulating large tumor suppressor 2 (LATS2) [160]. Exosomal miR-31-5p from hypoxic lung
cancer cells promotes metastasis [161]. Moreover, exosomal miR-31-5p is also involved in
the regulation of drug resistance. Exosomal miR-31-5p enhances sorafenib resistance in
renal cancer cells by targeting mutL homolog 1 (MLH1) [162]. Forkhead box C1 (FOXC1)
functions as a transcriptional factor to promote the transcription of miR-31-5p and downreg-
ulate LATS2, leading to oxaliplatin resistance in colon cancer cells [163]. A natural product
study showed that resveratrol alleviates 2,4,6-trinitrobenzenesulfonic-acid-solution (TNBS)-
induced colitis by suppressing miR-31-5p expression to increase the number of regulatory
T-cells [84] (Table 3).

Cancer-associated fibroblasts enhance the progression of head and neck cancer cells
by downregulating exosomal miR-3188 [164]. Without considering exosomes, other cancer
studies also reported the tumor suppressive function of miR-3188. miR-3188 inhibits the
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proliferation of nasopharyngeal [165] and lung [166] cancer cells by targeting mTOR. A
natural product study showed that pinolenic acid, a Pinus-species-derived natural product,
upregulates miR-3188 to target the pyruvate dehydrogenase Kinase 4 (PDK4) and the
mitochondrially encoded ATP synthase membrane subunit 6 (MT-ATP6) genes, showing
anti-inflammatory effects in rheumatoid arthritis patients [103] (Table 3).

Exosomal miR-24-3p modulates proliferation and drug resistance in cancer cells.
Salivary exosomal miR-24-3p promotes the proliferation of oral cancer cells by targeting
period circadian regulator 1 (PER1) [167]. Exosomal miR-24-3p from cancer-associated
fibroblasts enhances methotrexate resistance and inhibits the apoptosis of colon cancer cells
by suppressing caudal type homeobox 2 (CDX2) or hephaestin (HEPH) expression [168].
A natural product study showed that doxorubicin causes the miR-24-3p overexpression
of the left ventricle [104]. Pachymic acid, a Poria cocos-derived natural product, alleviates
doxorubicin-induced heart failure in rats by downregulating miR-24-3p [104] (Table 3).

Exosomal miR-30a-5p (miR-30a) regulates several cell functions, such as chemore-
sistance and migration. Cisplatin-sensitive oral cancer cells exhibit higher miR-30a and
lower Beclin 1 (BECN1) expression levels than cisplatin-resistant cells [169]. Exosomes
from miR-30a-mimic-transfected cisplatin-resistant cells downregulate BECN1 and BCL2
expression to sensitize the cells to cisplatin. Vascular endothelial cells express exosomes
containing higher miR-30a-5p levels than lung cancer cells. Exosomal miR-30a-5p derived
from vascular endothelial cells suppresses the proliferation and migration of lung can-
cer cells by targeting cyclin E2 (CCNE2) [170]. Colon cancer mesenchymal stem cells are
abundant in exosomal miR-30a-5p. This stem cell exosomal miR-30a-5p improves the
proliferation and migration of colon cancer cells by targeting the MIA SH3 domain ER
export factor 3 (MIA3) [171]. A natural product study showed that Nicotine causes the
G1 arrest of periodontal ligament cells by upregulating miR-30a-5p to target CCNE2 [95]
(Table 3).

Exosomal miR-130a-3p (miR-130a) regulates the proliferation and migration of cancer
cells. Breast cancer tissues and plasma exosomes exhibit low miR-130a-3p levels. The
overexpression of miR-130a-3p in breast cancer stem-cell-like cells suppresses proliferation
and migration by targeting RAB5B, member of the RAS oncogene family (RAB5B) [172]. The
serum of differentiated thyroid cancer patients shows low levels of exosomal miR-130a-3p,
which upregulates its target, insulin-like growth factor 1 (IGF-1) [173]. Some natural product
studies showed that miR-130a-3p possessed inflammation-related functions (Table 3).
Kaempferol, a dietary flavonoid, suppresses the cytokine production of chondrocytes
by upregulating miR-130a-3p and downregulating its targets, such as the signal transducer
and activator of transcription 3 (STAT3) [123]. Chicoric acid, an Echinacea-derived natural
product, reduces the LPS-induced inflammation of lung cancer cells by downregulating
miR-130a-3p and upregulating IGF-1 [124] (Table 3).

miR-142-3p exhibits differential patterns in regulating proliferation in different cancer
cells. An increase in miR-142-3p in oral cancer cells suppresses tumor-promoting changes
in the recipient endothelial cells [174]. Exosomal miR-142-3p from monocytes can be
transferred to retinoblastoma cells, inhibiting their proliferation [175]. In contrast, exosomal
miR-142-3p may exhibit a proliferation-promoting effect. Exosomal miR-142-3p from
HBV-infected liver cancer cells induces the ferroptosis of M1 macrophages to improve
the proliferation of liver cancer cells [176]. Some natural product studies showed that
miR-144-3p can modulate several cell functions, such as the regulation of proteasome, ER
stress, and autophagy. Curcumin suppresses 20S proteasome activity in breast cancer cells
by upregulating miR-142-3p and downregulating its target, such as the proteasome 20S
subunit beta 5 (PSMB5) [97]. Licochalcone A, a Glycyrrhiza inflata-derived natural product,
induces ER stress in lung cancer cells by upregulating miR-144-3p [126]. Berberine induces
the autophagy of lung cancer cells by upregulating miR-144-3p [87] (Table 3).

Some natural product studies showed that miRNAs can modulate liver fibrosis. Thy-
moquinone, a black-seed-oil-derived compound, suppresses liver fibrosis by upregulating
miR-30a-5p to inhibit its target, such as snail family transcriptional repressor 1 (SNAI1),
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suppressing EMT [111]. Astaxanthin, a xanthophyll carotenoid, inactivates liver-fibrosis-
associated hepatic stellate cells by downregulating miR-382-5p [128]. This warrants a
detailed evaluation of all the miRNA-modulating effects of the aforementioned natural
products employed in cancer studies.

Furthermore, several exosomal miRNAs have been identified in a number of cancer cells,
but no natural product studies have been reported to date. Some exosomal miRNAs show
proliferation-/invasion-promoting effects. Exosomal miR-626 enhances the proliferation
and migration of oral cancer cells by targeting nuclear factor I/B (NFIB) [177]. miR-10b-5p
shows a higher expression in metastatic breast cancer cells than in non-metastatic breast
cancer or normal cells. Exosomal miR-10b-5p transmission enhances the invasion capacity
of normal breast cancer [178]. The delivery of exosomal miR-10b-5p from gastric cancer
cells also improves the proliferation of fibroblasts [179].

In contrast, some exosomal miRNAs show proliferation-/invasion-suppressing ef-
fects. A vitamin D analog, eldecalcitol (ED-71)-induced exosomal miR-6887-5p, suppresses
oral cancer cell proliferation by targeting the 3′-UTR of heparin-binding protein 17/fi-
broblast growth-factor-binding protein-1 (HBp17/FGFBP-1) [180]. Exosomal miR-3180-
3p suppresses lung cancer proliferation and metastasis by targeting forkhead box P4
(FOXP4) [181].

5.7. Overview of the Natural Products and Their Modulating Exosomal miRNAs That Regulate
Exosomal Processing

The connections of natural products with their exosomal miRNA-regulated cell func-
tions are summarized in Table 3. However, the impacts of exosomal processing, their genes
related to these natural products, and their modulated exosomal miRNAs remain unclear.
Utilizing the miRDB database [31], the target prediction of the exosome-processing genes
for these natural-product-modulated exosomal miRNAs (Table 3) was performed. From
exosomal assembly to secretion, the exosomal processing genes targeted by natural-product-
modulated exosomal miRNAs were plotted (Figure 3). This warrants a careful investigation
of the predicted targets of these natural-product-modulated exosomal miRNAs based on
experiments in the future.
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Figure 3. Overview of natural products modulating exosomal miRNAs through exosomal processing
genes and exosomal assembly and secretion. The targets of exosomal processing genes with respect
to natural-product-modulated miRNAs (Table 3) were predicted using the miRDB database. Some
natural products (Table 3) are not shown here because the exosomal processing gene targets of their
modulated miRNAs could not be identified in miRDB.

6. Conclusions

Tumor-derived exosomes containing many biomolecules can regulate sophisticated
cell functions. This review focused on our understanding of the roles of exosomal miRNAs
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in controlling cancer cell functions. The impacts of the modulating effects of natural
products in regulating exosome processing and exosomal miRNAs were also summarized.

Many natural products exhibit diverse functions and affect the expression of many
genes, but they the impacts of natural products on exosome biogenesis have been over-
looked. By examining exosomal processing information derived from the GO database
and PubMed/Google scholar searches, we noted that some of the altered genes belong
to the classification of exosomal processing. Accordingly, this work represents a novel
contribution to the study of the exosomal processing of natural products.

Similarly, many exosomal miRNAs have been reported but lack detailed investigations
of their regulation of exosomal processing. By utilizing the miRDB database, the potential
impacts of exosomal processing genes were predicted to be targeted by exosomal miRNAs.
This prediction further provides a direction for future research, which should aim to assess
the detailed mechanisms of exosomal miRNAs, although further experiments are still
required to confirm them.

Finally, we collected and organized several natural products and their associated
modulations of exosomal miRNAs and cell functions, such as proliferation, apoptosis,
migration, the tumor immune microenvironment, and other diverse effects. The poten-
tial roles of exosomal processing in these natural product investigations were further
assessed using information retrieved from the miRDB database. Similarly, we demon-
strated that some natural-product-modulated exosomal miRNAs overlap with tumor-
immune-microenvironment-associated miRNAs. Although they are indirectly connected,
this information provides a future direction for research, which should aim to validate
whether these natural products can modulate exosomal miRNAs to regulate the tumor
immune microenvironment.

Consequently, we offer a clear conclusion that several exosome-processing genes in-
volved in exosomal secretion and assembly are organized in connection to natural products
based on our utilization of the miRDB database to retrieve the target predictions of exoso-
mal miRNAs. Accordingly, we filled the gaps in current knowledge between the exosomal
processing of exosomal miRNAs and natural products.

Notably, the miRDB-database-predicted targets of exosomal processing genes were
collected based on different cell types. Different cell types may show various miRNAs
and targeting responses. This warrants careful examination based on wet experiments
to validate the relationship between exosomal miRNAs and natural products in order to
explore their impacts on the modulation of cancer cell functions.

This review sheds light on the connections between exosomes, exosomal miRNAs,
natural products, and cancer cell functions, providing a clear direction for future research
on the modulation of exosomal miRNAs by natural products.
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Simple Summary: Nc-RNA are microRNA, long-coding RNA, and circulating-RNA. In this review
we report most recent data regarding the role of nc-RNA in airway diseases, with a particular
attention to microRNA. They are short, endogenously initiated non-coding RNAs involved in post-
transcriptionally control gene expression via either translational repression or mRNA degradation.
MiRNAs play significant roles in control of cell mechanisms involved in developmental timing and
host-pathogen interactions as well as cell differentiation, proliferation, apoptosis, and tumorigenesis.
Today the knowledge of the functions of the micro-RNA are of fundamental importance to define the
subtypes of inflammatory diseases of the lung and to understand the effectiveness of the treatment.

Abstract: Inflammation of the human lung is mediated in response to different stimuli (e.g., physical,
radioactive, infective, pro-allergenic, or toxic) such as cigarette smoke and environmental pollutants.
These stimuli often promote an increase in different inflammatory activities in the airways, manifest-
ing themselves as chronic diseases (e.g., allergic airway diseases, asthma chronic bronchitis/chronic
obstructive pulmonary disease, or even lung cancer). Non-coding RNA (ncRNAs) are single-stranded
RNA molecules of few nucleotides that regulate the gene expression involved in many cellular
processes. ncRNA are molecules typically involved in the reduction of translation and stability of
the genes of mRNAs s. They regulate many biological aspects such as cellular growth, proliferation,
differentiation, regulation of cell cycle, aging, apoptosis, metabolism, and neuronal patterning, and
influence a wide range of biologic processes essential for the maintenance of cellular homeostasis.
The relevance of ncRNAs in the pathogenetic mechanisms of respiratory diseases has been widely
established and in the last decade many papers were published. However, once their importance is
established in pathogenetic mechanisms, it becomes important to further deepen the research in this
direction. In this review we describe several of most recent knowledge concerning ncRNA (overall
miRNAs) expression and activities in the lung.

Keywords: microRNAs; asthma; COPD; lung cancer; pollutions; extracellular vesicles

1. Lung Diseases

Lung diseases are types of disorders affecting the normal pulmonary functions prevent-
ing the ability to breathe. Many respiratory diseases begin with the onset of inflammatory
reactions with a key role in the pathological conditions of the lung, as the reduced airflow
of asthmatic and Chronic Obstructive Pulmonary Disease (COPD) patients [1].

The causes of the asthma pathogenesis are genetic, immune, or associated with envi-
ronmental factors (pollutants, allergens, and pathogens). Asthma is characterized by airway
hyper-responsiveness (AHR) and leads to intermittent and usually reversible airway ob-
struction. The symptoms of asthma are generated by drugs, exercise, or intrinsic problems;
they can be repeated wheezing, chest tightness, cough, and other symptoms all related with
reversible airflow restriction. Asthma pathogenesis is regulated by the co-participation of
various immune cells and cytokines that are highly heterogeneous and affect numerous
aspects of asthma regarding pathologic processes and clinical manifestations. Airway
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inflammation is characterized by T-helper 2 cells (Th2 cells) immune response and type
2 cytokines (e.g., IL-4, IL-5 and IL-13) release, eliciting airway eosinophilia, bronchial
hyperresponsiveness, mucus overproduction, airway remodeling, and immunoglobulins
E (IgE) synthesis in asthma. In addition, subject with asthma show in the airway epithe-
lial cell exfoliation, fibrosis, vasodilation of the walls, and exudation of plasma [2]. The
World Health Organization described that people suffering from asthma are currently
235 million, worldwide, and children are a bigger and most vulnerable group of asthmatic
population [3]. Pharmacological treatment of asthma includes its action against allergens
and irritants, as well as the use of β-adrenergic receptor agonists such as bronchodilators,
glucocorticoids, and antileukotrienes to suppress inflammation or immunotherapy. These
conventional therapies of asthma patients keep under control the symptoms but are not
able to cure completely the disease [4].

Cigarette smokers are approximately 90% of the COPD patients. Smoke habits are the
first cause of risk factor for the development of COPD [5,6]. The inflammation in COPD
involves the innate and adaptive immune responses. It is one of the major public health
problems worldwide since it is the major cause of chronic morbidity and mortality. The
subjects with COPD are older than forty years of age and had a progressive and irreversible
airway obstruction, characterized by deterioration of pulmonary function time related [7],
causing the destruction of the lung parenchyma. This characterizes inflammation of central
and distal airways, pulmonary emphysema, respiratory bronchiolitis representing the
hallmarks of COPD [5,6]. The inflammation in COPD subjects includes the recruitment
of different cell types as neutrophils, macrophages, lymphocytes, and the activation of
epithelial cells in the airways [5,6]. To what extent central airways may mirror events,
occurring in distal lung is uncertain. β2-AR-agonist and anticholinergic drugs are as
concurrent therapy used in the treatment of COPD to maximize bronchodilation and have
a potential anti-inflammatory role [8]. The older compounds are modified to make novel
therapeutic agents more potent, long lasting, enclosed in new inhalation devices [9].

Asthma and COPD are diseases with similarities [10]. However, they are different
regarding etiology, type of inflammatory cells, mediators, consequences of inflammation,
response to therapy [8] (Figure 1). COPD can originate in smoker subjects aged over 40
and its incidence increases in over 60-year-olds. Aging accelerates the decline of normal
lung function in COPD patients showing a premature lung function loss.

The mechanisms of aging can be non-programmed or programmed. The first is related
to the failure of the repair of DNA in the organs due to the increase in oxidative stress. The
second is related to telomere shortening for a repeated cell division. Both aging defects
are present in COPD patients per se, as physiological conditions disease. They may be
involved in the progression of diseases toward lung cancer (LC). The premature aging of
the lung, genetic predispositions, common pathogenic factors as growth factors, activation
of intracellular pathways, or epigenetic modifications are common mechanisms that can be
a cause of high prevalence of LC in patients with COPD [11].

The major risk factor for lung cancer is cigarette smoking. The smoking habit, common
to COPD and LC alters the defense mechanisms regarding the antioxidant production
such as superoxide dismutase, anti-proteases, and DNA repair mechanisms. If the damage
to these mechanisms becomes too high in COPD patients, mutations leading to LC can
occur [12]. In LC, increasing oxidative stress, reduction of DNA repair mechanisms and the
resulting DNA damage, chronic exposure to pro-inflammatory cytokines, and increased
cellular proliferation are common to COPD. LC is also a leading cause of morbidity and
mortality in patients with COPD [13]. Mutations in oncogenes lead to an abnormal cell
proliferation causing LC. The benign tumor was transformed to an invasive cancer by
additional mutations that initiate spread invasiveness and anaplasia of the cells. It usually
originates from the basal epithelial cells and are classified into two types, non-small-cell
lung cancer (NSCLC) and small-cell lung cancer (SCLC) [14].
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regarding etiology, type of inflammatory cells, mediators, consequences of inflammation.

Understanding the cellular and molecular processes driving the modifications in
primary cells from patients, together with original and new models of disease is essential for
the development of new treatments in lung diseases. Today, knowledge on immunobiology
of inflammatory and structural cells of the lung is insufficient to explain the progression of
lung disease to cancer [15].

2. Nc-RNA Biogenesis

The nc-RNA are classified in two categories housekeeping and regulatory. The regula-
tory included two noteworthy ncRNA: miRNAs or miRs (transcripts of 19–25 nucleotides)
and long-ncRNAs (transcripts of 200 nucleotides) (lnc-RNAs) and circular RNAs (circ-
RNAs). MiRNAs generally regulate post-transcriptional gene expression in physiological
and pathological processes targeting the messenger RNA (mRNA) cleavage and degrada-
tion, and/or by inducing mechanism of translational repression or mRNA degradation [16].
lncRNAs, interacting with DNA, RNA, or protein through various mechanisms, positively
or negatively control the stage of gene expression [17–19]. Finally, circ-RNAs have multiple
biological functions as miRNA sponge, transcription regulator, protein translation, interac-
tion with protein, RNA maturation, and so on [20]. The biogenesis, characteristics, types,
and mechanism of action ncRNAs have a relevant role in developmental and homeostasis
of human tissues [17–19,21]. In this section we described the biogenesis of miRNA mainly
reported as nc-RNA in airway diseases in this review.

A conserved family of small endogenous noncoding RNA (nc-RNA) molecules
(18–22 nucleotides in length) named microRNAs (miRNAs) was found in eukaryotes and
have been extensively studied in human diseases and in cancer [22–24]. Many human
diseases show aberrant expression of miRNAs [25,26]. MiRNAs are critical for normal
animal development and are involved in a variety of biological processes such as prolifera-
tion, apoptosis, differentiation, and survival, playing an important role in gene expression
regulation [27,28], also in the biological processes of the lung diseases [29].
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MiRNA family are long transcripts called clusters, with repeated similar regions [30].
The discovery of new miRNAs and the description of their role in the pathogenesis of dis-
eases are constantly evolving [31,32]. MiRNA action often suppresses expression of target
gene interacting with the 3′ UTR of target mRNAs [33], or it has also been reported that miR-
NAs interact with 5′ UTR, coding sequence, and gene promoters. They shuttled between
different subcellular compartments to control the rate of translation transcription [34].

MiRNA biogenesis is classified as canonical and non-canonical. However, the dom-
inant pathway is the canonical miRNAs processing. The biogenesis of miRNAs starts
in the nucleus with the processing of RNA polymerase II/III transcripts post- or co-
transcriptionally. Pol II initiates the transcription of miRNA genes to produce pri-miRNA.
Then, DiGeorge Syndrome Critical Region 8 (DGCR8), a microprocessor complex with a
RNA binding protein ribonuclease III, transforms the pri-miRNA in pre-miRNA. Subse-
quently, DGCR8 targets N6-methyladenylated GGAC and other motifs into pri-miRNA,
Drosha cleaves the pri-miRNA duplex in the hairpin structure of pri-miRNA [35]. Sub-
sequently, by the exportin 5 (XPO5)/RanGTP complex action, pre-miRNA translocated
from the nucleus to the cytoplasm and was transformed in mature miRNA/miRNA duplex
by RNase III endonuclease Dicer and the RNA-binding protein TRBP the action. Then
helicases separate the duplex by Argonaute (AGO2), and the strand guide of miRNA
incorporates RISC to form a complex that recognizes specific mRNA by sequence comple-
mentarity leading to either mRNA degradation or translational inhibition [36,37] (Figure 2).

Cancers 2022, 14, x  5 of 20 
 

 

 

Figure 2. Schematic representation of the general steps of miRNA biogenesis. The biogenesis of 

miRNAs starts in the nucleus with the processing of RNA polymerase II/III transcripts post- or co-

transcriptionally into pri-miRNAs. Then, a ribonuclease III enzyme transforms the pri-miRNAs in 

pre-miRNAs, which are transported into the cytoplasm by Exportin 5 (XPO5)/RanGTP complex ac-

tion. Reaching the cytoplasm pre-miRNA is transformed in mature miRNA/miRNA* duplex by 

RNase III endonuclease Dicer and the RNA-binding protein TRBP the action. miRNA then forms a 

miRNA-mRNA RISC complex to induce mRNA degradation or translational repression. 

The multiple non-canonical pathways of miRNA biogenesis involved different com-

binations of proteins used in the canonical pathway as Drosha, Dicer, exportin 5, and 

AGO2. miRNA biogenesis is grouped into two principal pathways defined 

Drosha/DGCR8-independent and Dicer-independent. Drosha/DGCR8-independent path-

way produces pre-miRNAs like Dicer substrates. These pre-miRNA such as mirtrons nas-

cent through exportin 1 are exported to the cytoplasm without the need for Drosha cleav-

age [35]. 

3. Nc-RNAs in Asthma 

The throughput epigenetic analysis technologies, together with traditional biological 

function and clinical studies improved the genetic knowledge and finding epigenetic bi-

omarkers of asthma provided new frontiers in the precision medicine of the lung [38]. The 

knowledge of nc-RNA regulatory networks opens new perspectives for the understand-

ing the pathogenesis of asthma [39]. Asthma is a heterogeneous chronic inflammatory 

disorder in which different endotypes contribute to defining clinical inflammatory phe-

notypes. It is classified as mild, moderate, and severe. Nc-RNAs, in particular microRNA 

profiling in asthma is involved in the definition of subtyping asthma as potential bi-

omarkers and therapeutic targets [40]. Altered expression of nc-RNAs in blood, in exhaled 

breath condensate, or in induced sputum condensate of sputum indicate the progression 

of asthma and the immune response in the lung. 

Nc-RNAs regulate the gene expression at the post-transcriptional level and by tar-

geting mRNAs affect the synthesis of cytokines and signaling pathways in airway inflam-

mation [41,42]. mRNAs induce the activation of structural cells (bronchial epithelial cells, 

fibroblasts, endothelial cells, and smooth muscle cells) and immune cells playing an es-

sential role in cell proliferation, differentiation, signal transduction, stress response, cell 

apoptosis, and other cellular and molecular aspects of asthma diseases. 

Figure 2. Schematic representation of the general steps of miRNA biogenesis. The biogenesis of
miRNAs starts in the nucleus with the processing of RNA polymerase II/III transcripts post- or
co-transcriptionally into pri-miRNAs. Then, a ribonuclease III enzyme transforms the pri-miRNAs
in pre-miRNAs, which are transported into the cytoplasm by Exportin 5 (XPO5)/RanGTP complex
action. Reaching the cytoplasm pre-miRNA is transformed in mature miRNA/miRNA* duplex by
RNase III endonuclease Dicer and the RNA-binding protein TRBP the action. miRNA then forms a
miRNA-mRNA RISC complex to induce mRNA degradation or translational repression.
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The multiple non-canonical pathways of miRNA biogenesis involved different com-
binations of proteins used in the canonical pathway as Drosha, Dicer, exportin 5, and AGO2.
miRNA biogenesis is grouped into two principal pathways defined
Drosha/DGCR8-independent and Dicer-independent. Drosha/DGCR8-independent path-
way produces pre-miRNAs like Dicer substrates. These pre-miRNA such as mirtrons
nascent through exportin 1 are exported to the cytoplasm without the need for Drosha
cleavage [35].

3. Nc-RNAs in Asthma

The throughput epigenetic analysis technologies, together with traditional biologi-
cal function and clinical studies improved the genetic knowledge and finding epigenetic
biomarkers of asthma provided new frontiers in the precision medicine of the lung [38]. The
knowledge of nc-RNA regulatory networks opens new perspectives for the understanding
the pathogenesis of asthma [39]. Asthma is a heterogeneous chronic inflammatory disorder
in which different endotypes contribute to defining clinical inflammatory phenotypes. It is
classified as mild, moderate, and severe. Nc-RNAs, in particular microRNA profiling in
asthma is involved in the definition of subtyping asthma as potential biomarkers and ther-
apeutic targets [40]. Altered expression of nc-RNAs in blood, in exhaled breath condensate,
or in induced sputum condensate of sputum indicate the progression of asthma and the
immune response in the lung.

Nc-RNAs regulate the gene expression at the post-transcriptional level and by tar-
geting mRNAs affect the synthesis of cytokines and signaling pathways in airway in-
flammation [41,42]. mRNAs induce the activation of structural cells (bronchial epithelial
cells, fibroblasts, endothelial cells, and smooth muscle cells) and immune cells playing an
essential role in cell proliferation, differentiation, signal transduction, stress response, cell
apoptosis, and other cellular and molecular aspects of asthma diseases.

MiRNAs might be considered as novel biomarkers of disease [42]. For examples
miR-21 and miR-155 are important regulators of gene expression of many immunological
molecules. Higher levels of miR-21 and miR-155 are detected in the serum of asthmatic
patients compared to control subjects. Both miRNAs might be considered as potential non-
invasive biomarkers useful for the diagnosis and response to the therapy in eosinophilic
asthma [43].

The inflammatory processes of asthma are regulated by the activation and differ-
entiation of Th2 cells, secretion of cytokines, and functions of eosinophils. let-7 family,
miR-193b, miR-375 (downregulated), and miR-21, miR-223, miR-146a, miR-142-5p, miR-
142-3p, miR-146b and miR-155 (upregulated) represent a core set of nc-RNA involved in
asthma. Many of them are involved in T-cell differentiation increasing Th2 cell pheno-
type and Th2 cytokines secretions active in the origin of hyperplasia and hypertrophy of
bronchial smooth muscle cells [44–46]. miR-21 is involved in the switch of Th1 versus Th2
responses, and defines the mechanisms of immunoinflammatory responses, limiting in vivo
immune response-mediated activation of the IL-12/IFN-gamma pathway [47]. miR-146a is
a candidate molecule with an association with impact of genetic variation in asthma [48].
It together with miR-26a and miR-31 is increased in the lung tissues of asthma mice, and
in bronco alveolar lining fluid (BALF) of asthma children [49]. Furthermore, miR-146a
define endotypes of asthma in moderate asthma (MA) and severe asthma (SA). MiR-146a
and lower production of resolvin D1 create a dysregulation of inflammation in children,
promoting remodeling processes and leading to lung function impairment [50]. MiR-155
and miR-221 are associated with Th2 responses [51] and with cells involved in allergic
response (eosinophils, macrophages mast cells) in asthma and rhinitis [39,52–54].

Follicular helper (Th) and regulatory T (Treg) cells are involved in allergic asthma [55].
MiR-17 affects T-cell-like characteristics and via the de-repression of genes encoding effector
cytokines transform them in Treg cells. It modulates regulatory T-cell function through
targeting eosinophils and by targeting co-regulators of the Foxp3 transcription factor Foxp3
co-regulators [56]. PU.1 transcription factor is a negative regulator of Th2 cytokine release.
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It is upregulated in the airways of allergen-challenged miR-155 knockout mice. These
data underline that miR-155 regulates Th2 responses in allergic airway inflammation by
transcription factor PU.1 [53]. Furthermore, miR-155 regulates type 2 innate lymphoid cells
ILC2s and IL-33 signaling in allergic airway inflammation [57].

Remodeling and oxidative stress in asthma are regulated by many miRNAs. MiR-26,
−133a, −140, −206, and −221, are associated with an effect on smooth muscle cell function
and proliferation [39]. MiR-143-3p inhibits airway remodeling in asthma, suppressing
transforming growth factor (TGF)-β1-induced cell proliferation and protein deposition of
extracellular matrix (ECM) production proliferation via negative regulation of nuclear factor
of activated T cells 1 (NFATc1) signaling [58]. MiR-192-5p is down-regulated in asthmatics
and attenuates airway remodeling and autophagy in asthma by targeting MMP-16 and
ATG7 [59].

The action of miRNAs can favor the progression of asthma phenotype from mild to se-
vere stage [60]. However, despite the relevant role of miRNAs in asthma, few studies define
their immunological activity in severe asthma. It is observed that miR-221 downregulates
the action of TGF-β, on the aberrant airway smooth muscle proliferation and size, and con-
sequently proinflammatory effects [61]; miR-28–5p and miR-146a/b downregulation led to
circulating CD8+ T-cell activation in severe asthma [62]; and miR-223–3p, miR-142–3p, and
miR-629–3p are well correlated with neutrophils in severe asthma [63]. All these findings
facilitate the conclusions in this field [64] underlining that miRNA expression profiles
might represent a risk factor for the development of a severe stage of asthma disease [28].

MiR-1278 inhibited inflammation in asthmatic mice and counteracted the effect of TGF-
β1 in the cell proliferation and reduced apoptosis in airway smooth muscle cells (ASMCs).
In particular this study showed that miR1278/SHP-1/STAT3 pathway is involved in
airway smooth muscle cell proliferation in a model of severe asthma [28]. Recent overviews
underline the emerging role of ncRNAs in childhood asthma. For instance, lncRNA
CASC2 and BAZ2B are increased in the serum of childhood asthma [65,66]. CASC2 is
involved in childhood asthma through inhibiting ASMCs proliferation, migration, and
inflammation via miR-31-5p activity [65]. BAZ2B correlates with M2 macrophage activation
and inflammation in children with asthma, and positively correlates with the exacerbating
progression of diseases [66].

Circulating miRNAs such as miR-155-5p and miR-532-5p are predictive of asthma ICS
treatment response over time and are significantly associated with changes in dexamethasone-
induced trans-repression of NF-κB. Accordingly miR-155-5p and miR-532-5p might be
considered as predictive of ICS response in clinical trial [67]. MiRNA-155 and Let-7a are
differentially expressed in the plasma asthmatics than in control children, and levels well
correlate with the degree of asthma severity. MiRNA-155 and let-7a could be used as
serological non-invasive biomarkers for diagnosis of asthma and degree of severity [68].
Furthermore, it is underlined that circulating miR-146b, miR-206, and miR-720 are predic-
tive of clinical exacerbation in asthmatic children, representing diagnostic biomarkers and
therapeutic targets in childhood asthma [69] (Figure 3).

All these findings suggest that the regulatory networks of ncRNA provide new tools
for the diagnosis and treatment of asthmatic patients to control inflammation, remodeling,
and bronchial hyperresponsiveness in asthma controlling the activity of immune cells,
ASMCs, and bronchial epithelial cells.
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Figure 3. Schematic panel describing nc-RNAs involved in airway diseases and indicated in the
review. The miRNAs and lnc-RNAs are expressed in lung diseases such as asthma, COPD, LC, or in
lung diseases associated with environmental pollution.

4. ncRNAs in COPD

Many studies show that miRNAs production is increased in the pathogenesis of
COPD [70]. MiRNAs involved in the myogenesis (proliferation and differentiation of
satellite cells) alleviate the negative impact of skeletal muscle dysfunction and mass loss in
COPD regardless of the degree of the airway obstruction [71].

miRNA-mRNA regulatory network is identified by GEO2R tool in the circulating
plasma of COPD patients. Hub genes are potentially modulated by miR-497-5p,
miR-130b-5p, and miR-126-5p and among the top 12 hub genes, MYC and FOXO1 ex-
pressions are consistent with that in the GSE56768 dataset [72]. Recent studies describe
increased levels of miR-221-3p and miR-92a-3p in the serum of COPD patients than in
healthy subjects, suggesting that both miR-221-3p and miR-92a-3p might be considered
molecular markers to discriminate stable COPD and COPD with acute exacerbations. In
addition, the same authors underline that miR-221-3p and miR-92a-3p are involved in the
description of CSE-induced hyperinflammation of COPD [27].

Asthma-COPD overlap syndrome is an inflammatory disease of the airways that
describe a new phenotype including both asthma and COPD characteristics. miRNA
molecular pathways can help the scientists to better understand the pathophysiological
features in many diseases. MiRNA expression profile of serum and sputum supernatants
shows the increased expression of miRNA-338 in the sputum supernatants of patients with
different obstructive diseases than in peripheral blood, while miRNA-145 increases only in
the sputum supernatants of asthmatic subjects. However, both miRNAs are higher in the
sputum supernatants of patients with asthma and COPD compared with control subjects.
These data describe miRNAs as potential biomarkers in the discrimination of asthma-COPD
overlap syndrome, asthma, and COPD [73]. The expression of five miRNAs (miR-148a-3p,
miR-15b-5p, miR-223-3p, miR-23a-3p, and miR-26b-5p) is lower in patients with asthma-
COPD overlap syndrome. Moreover, these miRNAs might be able to discriminate patients
with asthma-COPD overlap and patients with either asthma or COPD. Between these
miRNAs, miR-15b-5p is the most accurate and associated with the levels of Periostin and
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chitinase-3-like protein 1 (YKL-40) in the serum of patients representing a potential marker
to identify asthma-COPD overlap patients [74].

The mechanism of cellular senescence is important to drive pathogenesis of COPD.
MiRNA-34a is involved in this cell mechanism and reduces sirtuin-1/6 as markers of
senescence through PI3K–mTOR signaling. In this manner its activity reduces secretory
phenotype associated with senescence, and reverses cell cycle arrest in epithelial cells from
peripheral airways of COPD patients [75].

MiRNA data analysis was performed using the TAC software, and reveals 148 miRNAs
that are differentially expressed in PBMCs from patients with COPD compared with
normal controls. Among the 148 miRNAs, 104 miRNAs are upregulated, and 44 miRNAs
are downregulated [76]. The data show that miRNAs differentially expressed might be
involved in the regulation of cell processes playing a fundamental role in the pathogenesis
of COPD. Accordingly, it is possible to think that future investigation in this direction might
provide further insight into the mechanism of COPD.

The miRNAs analyses show increased levels of miRNA-21 in airway epithelium and
lung macrophages of the lungs of mice with CS-induced experimental COPD. miRNA-21
inhibitor (Antago-miR21) reduces the miRNA-21 expression in CS-induced lung of mice,
suppressing the infiltration of inflammatory cells (macrophages, neutrophils, and lym-
phocytes). Furthermore, the treatment of with Antago-miR21 CS-induced mice decreases
hysteresis, transpulmonary resistance, and tissue damping improving lung function in the
mouse models of COPD [77]. Accordingly, it is observed that COPD patients with periodi-
cally experience acute exacerbation have increased levels of miR-21 inversely correlated
with FEV1. These data support the concept that systemic levels of miR-21 can be involved
in the pathogenesis of airway diseases and represent a therapeutic target to control the
physiology of the lung [78].

In a little cohort of subjects, classified as COPD, smokers, and non-smokers, joint
upregulation in miR-320c, miR-200c-3p, and miR-449c-5p levels in the miRNA profiling
of BAL samples is detected. These findings might suggest that 3-miRNA signature might
be potentially used as biomarkers useful to distinguish COPD patients from smokers and
non-smoker subjects [79].

The high-throughput RNA sequencing describes a differential expression of 282 mR-
NAs, 146 lncRNAs, 85 miRNAs, and 81 circRNAs in peripheral blood of COPD patients
compared with control. GSEA analysis shows that these differentially expressed RNAs
correlate with several critical biological processes such as “ncRNA metabolic process”,
“ncRNA processing”, “ribosome biogenesis”, “rRNAs metabolic process”, “tRNA metabolic
process”, and “tRNA processing”. All of them might participate in the progression of COPD.
These data determine the construction of the lncRNA-mRNA co-expression network, and
the constructed circRNA-miRNA-mRNA in COPD opens new perspective in the nc-RNA
involvement as potential regulatory roles in COPD [80]. lncRNA-proliferation, apoptosis,
inflammation, migration, and epithelial-mesenchymal transition (EMT) are cell processes
controlled by miRNA-mRNA network. Many lncRNA-miRNA-mRNA are biomarker
indicators of comorbidities and may be considered as therapeutic targets for chronic in-
flammatory diseases of the airways of both COPD and asthma [81]. Numerous biological
processes are due to the irreversible molecular changes caused by cigarette smoking in
COPD patients. Several studies show its direct correlation with the dysregulation of differ-
ent miRNAs suggesting the diagnostic/prognostic potential of miRNA-based biomarkers
and their efficacy as therapeutic targets [82] (Figure 3).

In conclusion a relevant number of recent studies support the concept about the
potential role of miRNAs network in the regulation of different cellular processes, such
as proliferation, apoptosis, inflammation, migration, and EMT in COPD patients. These
data support the concept of their biological activities in the relevant pathophysiological
processes of chronic inflammatory airway diseases. In this scenario, we comprehensively
underline the miRNA network activities in different cell types and their potential roles as
biomarkers, indicators of comorbidities, or therapeutic targets for COPD (Figure 3).
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5. ncRNAs in Lung Cancer

COPD and epigenetic events are involved in the development of LC [83]. miRNAs
(miR-21, miR-200b, miR-210, and miR-let7c) and DNA methylation have higher levels in
patients with LC showing a history of COPD than in patients with LC alone. Often, patients
with LC show a declared history of an underlying respiratory disease. The identification
of airway diseases in all patients with LC can represent a differential biological profile,
involved in the determination of tumor progression and therapeutic response. In these
patients, biomarkers of mechanisms involved in tumor growth, angiogenesis, migration,
and apoptosis are differentially expressed in tumors of patients with underlying respiratory
disease. Additionally, epigenetic events offer a niche for pharmacological therapeutic
targets [83].

Several miRNAs are linked to both inflammatory and proliferative processes both
observed in inflammatory and cancer diseases of the lung. For instance, miR-21 had a
role in both inflammation and cancer and is linked to cigarette smoking-related conditions
of both, patients with COPD and LC. MiR-21 is downregulated in skeletal muscle of
patients with COPD patients than in non-smoking controls and its levels of expression well
correlated with clinical features [83]. MiR-21 are highlighted for its critical role in LC, such
as adenocarcinoma, non-small cell lung cancer. Accordingly, miR-21 is involved in various
cell processes including cell death to cancer stemness. The expression of miR-21 is higher
in biofluids and tissues of cancer, representing valuable potential markers of diagnosis and
prognosis of LC [84]. Likewise, epidermal growth factor receptor (EGFR)-mutated lung had
considerably increased miR-21 expression compared to those without mutations. EGFR
can affect miRNA maturation by posttranslational modification of AGO2 highlighting the
relevant relationship between a LC mutation and miR-21 status [85]. MiR-21 is commonly
overexpressed in LC, where mutations are strongly related with miR-21 and its target
proteins. Non-small-cell lung cancer (NSCLC) is consistent of R175H- and R248Q-mutant
p53, and miR-21 is upregulated. Patients with elevated expression of p53 mutations and
higher levels of miR-21 had a lower overall survival rate [86].

miRNA-155 is a marker of early diagnosis and monitoring of cancer diseases. It is
highly expressed in tumor cells of LC. An electrochemical sensor propelled by exonucle-
ase III, which is coupled with multiple signal amplification strategies for highly efficient
microRNA-155 detection with a limit of detection of 0.035 fM. Overall, the strategy for
miRNA detection offers good prospects for early cancer screening [87]. miR-942 is indicated
as a prognostic marker for early discovery of tumor progression, metastasis, and devel-
opment. Dysregulation of miR-942 amounts is identified in patients with non-small-cell
LC, and they indicate as biomarkers in cancer discovery and assist in therapy control due
to their epigenetic involvement in gene expression and other biological cell processes. In
this manner, due to its involvement in cell proliferation, migration, and invasion through
cell cycle pathways, miRNA-942 is considered as a potential candidate for prediction of
LC [88].

miR-320a-3p, miR-210-3p, miR-92a-3p, miR-21-5p, and miR-140-3p are indicated in
the literature with a predictive performance in the identification and in the pre-diagnostic
setting of LC cases. They are increased in the serum of patients with LC in comparison with
control subjects. miR-320a-3p, miR-210-3p, miR-92a-3p, miR-21-5p, and miR-140-3p com-
pared to of surfactant protein B (Pro-SFTPB), cancer antigen 125 (CA125), carcinoembryonic
antigen (CEA), and cytokeratin-19 fragment (CYFRA21-1) precursor forms improved sensi-
tivity at statistical analysis to detect the condition of LC diseases. These data demonstrate
that miRNAs in combination with a panel of proteins might be considered as useful tools
for an early detection of LC [89] (Figure 3).

6. Environmental Pollution and ncRNAs in the Airways

Among the emerging biomarkers associated with the effects of environmental contam-
inants in the respiratory system, there are markers of oxidative stress (ROS, MDA, GSH,
etc.,), inflammation (interleukins, PHENO, CC16, etc.), DNA damage (8-OHdG, γH2AX,
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OGG1). In addition to these biomarkers, the action of pollutants on respiratory system is
indicated to indicators of epigenetic modulation (DNA methylation, histone modification,
miRNA) playing a fundamental role. However, studies that investigate miRNA expressions
and functions in lung diseases association with air pollution are scarce. Interventions in
public health requires the detection of specific biomarkers to define PM2.5-elicited inflam-
mation, fibrogenesis, and carcinogenesis. Some inconsistent findings may possibly relate to
the inter-study differentials in the airborne PM2.5 sample, exposure mode, and targeted
subjects, as well as methodological issues. The identification of novel, specific biomarkers
by a scientific approach obtained with omic-techniques might be useful to define the causal
relationship between PM2.5 pollution and deleterious lung outcomes by [90].

Exposure to airborne fine particulate matter as PM2.5 has short- and long-term ad-
verse effects on lung functions. However, early impairment of lung function is not easily
detectable in time. In particular, miRNAs are classified as novel biomarkers for PM-related
injury in lung diseases, and currently are widely used in epidemiological and toxicological
studies to understand the biological mechanisms underlying the adverse health outcomes
of PM2.5 [91]. MiR-146a and miR-146b are elevated remarkably in bronchoalveolar lavage
fluid (BALF) and lung tissue homogenate of BALB/c mice exposed to PM2.5. These data
suggest the relationship between MiR-146a and miR-146b and pulmonary dysfunction
after the exposure to the toxicants [92]. MiR-217-5p suppresses inflammation, oxidative
stress, and lung injury in macrophages and lung tissue in a mouse model, showing acti-
vated STAT1-signal after the exposure to PM2.5 [93]. The trigger with PM2.5 significantly
enhances the biological behaviors of A549 cells promoting EMT transformation. The knock-
down of miR-582-3p changes the effects of PM2.5 on malignant biological behavior in A549
cells reducing Wnt/β-catenin signaling pathway and EMT. These data suggest that the
over expression of miR-582-3p after the exposure to PM2.5 in the environment might be
involved in the mechanisms of LC [94]. PM2.5 and related epigenetic modifications are
involved in asthma pathogenesis; however, the mechanism remains unclear. The exposure
to traffic-related PM2.5 aggravated pulmonary inflammation in rats and increased the level
of miR146a while decreased the level of miR-31. These epigenetic modifications provide a
new target for asthma treatment and control, associated with their negative action on the
regulatory T (Treg) cells function and T-helper type 1 (Th1)/Th2 cells imbalance causing
exacerbation of inflammation [95]. Increased levels of miR-155 in the serum of asthmatic
children correlate with particulate matter level exposure. Recently, it is reported that
miRNA post-transcriptional regulation that involves RNA-based epigenetic mechanisms
represents a key epigenetic factor of asthma pathogenesis associated with air pollution [96].

The use of miRNAs as biomarkers and as preventive targets for childhood asthma
represent an attractive RNA hypothesis. In fact, children with severe bronchiolitis exposed
to higher levels of air pollution show higher risk of developing asthma than children
exposed to lower levels [97]. Air pollution aggravate type 2 responses, and lead to an
increase in neutrophils as a source of miRNAs in the airway [96]. However, studies on
adult asthma identify that numerous miRNAs may be involved in a better identification
and understanding of the effect of environmental pollution in airway disease. In bronchial
brushing, the exposure of atopic individuals to diesel exhaust and allergen shows miR-183,
-324, and -132 expression modulated by allergen but not by diesel exhaust [98]. Moreover,
diesel exhaust exposure increases expression of miR-21, miR-30e, miR-215, and miR-144
in the plasma of mild asthmatics enrolled in a randomized crossover study. Importantly,
miR-21 and miR-144 expression is associated with increased oxidative stress markers and
with a reduced antioxidant gene expression [99].

An increasing body of studies has focused on the effect of PM2.5 on lung adenocarci-
noma; however, also in this case the mechanism remains unclear. It is described that the
exposure in patient-derived xenograft (PDX) models to PM2.5 can generate tumorigenesis
and metastasis in lung adenocarcinoma of patient-derived xenograft (PDX) models, and
migration and invasion in lung adenocarcinoma cell lines. PM2.5 are involved in the
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regulation of miRNAs including miR-30A, miR-125A, miR-200A, miR-200C, miR-221, and
Let-7c of cancer stem cells (CSCs) pathway in lung adenocarcinoma cells [100] (Figure 3).

7. ncRNAs as Therapeutic Approach in Lung Diseases

Inflammatory diseases of the airways represent a relevant problem for lung health
often related to the activation of molecular mechanisms. For this reason, it is necessary
to define new pharmacological approaches to overcome the effectiveness of existing con-
ventional therapeutic therapies and to address fundamental issues concerning specific
molecular pathways [101]. The efficacy of therapy targeting pro-inflammatory miRNAs
in mouse models of mild/moderate and severe asthma is recently established [102]. The
suggested approaches are principally directed toward miRNAs and antagonists that mimics
or blocks the specific activities to be used in vivo. However, their use in the local tissue
of the lung might represent a limit for their use as therapeutic treatment limiting the ade-
quate clinical applications. The knowledge of chemically nature of miRNAs is useful to
understand the stability of themselves miRNA or antagomir in the blood, cell permeability,
and optimized its target specificity. The knowledge of the miRNA’s nature might guide
an adequate lung cell uptake, high target specificity, and efficacy with tolerable off-target
effects. Innovative approaches to enhance RNA stability, tissue targeting, cell penetration,
and intracellular endosomal escape are critical to realize the full potentials of RNA drugs.

It is observed that circulating miRNA would reveal candidate biomarkers related to
airway hyperresponsiveness (AHR) and provide biologic insights into asthma epigenetic
influences. Eight serum miRNAs, including miR-296–5p, are associated with PC20 in the
Childhood Asthma Management Program (CAMP) cohort [103]. In ovalbumin (OVA)-
induced asthma model established in female BALB/c mice, it is observed that targeting
miRNA-182-5p is a possible new strategy to treat asthma. In fact, the treatment of female
BALB/c mice with miRNA-182-5p agomir significantly reduces the levels of IL-4, IL-5,
OVA-induced IL-13, and eosinophil percentage in bronchoalveolar lavage fluid, including
Th2 inflammatory factors downregulation. Furthermore, miRNA-182-5p agomir reduces
the peribronchial inflammatory cell infiltration, goblet cell proliferation, and collagen depo-
sition [104]. To help with the concept of personalized medicine, it is necessary to identify
novel biomarkers involved in the disease. The objective is to improve the knowledge of
disease phenotype and its classification, to better identify the pharmacological treatment.
MiR-144-3p is increased in both lungs and serum of asthma patients. It was observed
that the levels of miR-144-3p in the lung correlated with blood eosinophilia and with the
expression of genes, strongly related to the pathophysiology of asthma, while the levels of
miR144-3p in serum is associated with higher doses of corticosteroids in severe asthmatic
patients. These data suggest that miR-144-3p reaches higher levels in severe diseases in
association to corticosteroid treatment [105].

MiRNAs operate as posttranscriptional regulators, providing another level of con-
trol of GC receptor levels. Many actual experimental data describe miRNAs as useful
biomarkers providing a promising approach to better characterize and treat patients with
airway diseases [106]. miR-21 play a significant role in the pathogenesis of asthma and
in steroid-insensitive experimental asthma steroid resistance via PI3K activation. These
findings propose that the development of miRNA-based drugs could constitute a promis-
ing therapy to improve treatment of GC-resistant asthma by amplifying phosphoinositide
3-kinase-mediated suppression of histone deacetylase 2 [107].

The emerging attention on ncRNAs in airway disease is focused on the use of siRNAs
as regulatory ncRNAs [108]. The therapeutic effects of synthetic siRNA are demonstrated
in allergen-induced asthma models [29]. These data suggest improving and to deepen
the knowledge of the role of the ncRNAs, to describe a new direction in the field of
targeted asthma in adult and children therapy and in COPD [29]. In asthma and COPD
GC resistance is controlled by many molecular and cellular pathobiological mechanisms.
Actually, patients with GC resistance are treated with broad-spectrum anti-inflammatory
drugs that often have major side effects [106]. Recently, the effect of ncRNAs on asthma

153



Cancers 2023, 15, 54

and COPD attracted the attention of researchers as a new molecular mechanism to target,
with the aim to contribute a better treatment of inflammatory airway diseases. Studies on
this field are lacking though. MiRNAs are non-coding molecules that act both as regulators
of the epigenetic landscape and as biomarkers for diseases, including asthma and COPD.
Numerous ncRNAs such as miRNAs, lncRNAs, and circRNAs, are linked to COPD, but
today only few nc-RNAs are functionally characterized. The use of nc-RNA including
miR-195, miR-181c, and TUG1 as therapeutic targets might be considered as promising
in the control of COPD in vivo. The development of innovative drugs includes siRNA
therapeutics targeting mRNAs critical for the pathogenesis of COPD. For instance, siRNAs
targeting RIP2, RPS3, MAP3K19, and CHST3 mRNAs are successfully validated in an
in vivo COPD model. Furthermore, it is described that the best route for the administration
of RNA therapeutics in the lungs of COPD patients is inhalation [109]. TLR2/4 signaling
are controlled by miR-27-3p expression, a nc-RNA involved in the production of pro-
inflammatory cytokines through targeting the 3/-UTR sequences of ppARγ, suppressing
ppARγ activation and miR-27-3p in alveolar macrophages (AMs). These data provide the
information that miR-27-3p might be considered as a therapeutic method able to control
the airway inflammation in COPD patients [110].

Fibroblasts from the lung of COPD patients show changes associated with an altered
production of growth factors, fibronectin, and inflammatory cytokines [111]. For instance,
vascular endothelial growth factors (VEGF) contribute to disturb vasculature in the lung.
It is observed that the levels of miR-503 expression are lower in fibroblasts compared to
the lung of a COPD [112] patient and show a positive correlation with increased levels
of VEGF release. These data suggest that miR-503 production is involved in the control
vascular homeostasis in COPD and helps to consider this miRNA as a therapeutic target in
COPD [113,114]. DNA-based gene therapy has a reversible alternative with RNA thera-
peutics that is highly specific and safer. Fomivirsen, mipomersen, defibrotide, eteplirsen,
nusinersen, inotersen, and patisiran are seven oligonucleotide-based drugs approved for a
variety of disease conditions. These RNA drugs along with many others are candidate to
be tested in clinical trials [115] and might also work in COPD [109].

Treatment of NSCL lung cancer is conditioned by NSCLC cell resistance to cisplatin.
This topic represents a very important therapeutic challenge. The lnc-miRNA LINC02389
regulates cell proliferation and promoted cell apoptosis in NSCLC. Cisplatin-resistant cells
is guided by an overexpression of oxidative stress biomarkers and regulated by LINC02389.
The lnc-miRNA is highly expressed in NSCLC tissues and is associated with poor prognosis
of NSCLC patients. Cisplatin-resistant NSCLC cells shows LINC02389 overexpressed,
while miR-7-5p is downregulated. In these cells, LINC02389 negatively correlates with the
expression of miR-7-5p. This last exerts an opposite effect and is as spongin for LINC02389
in NSCLC. These data might suggest therapeutic solution by regulating the expression of
miR-7-5p in cisplatin resistance in NSCLC [116].

MiRNAs can be explored in early diagnosis and treatment strategies to prevent LC.
Many of them have a relevant role in the specific cell cycle core regulation. These observa-
tions indicate the need to provide information with the aim to create new perspectives on
cell-cycle-associated miRNA studies as target and therapeutics in LC treatment. This last
consideration is well supported in the review of Fariha et al. [117]. The need to create more
and more new perspectives are dictated by the importance of miRNAs in the pathogenesis
of LC. For instance, miR-10b, miR-21, miR-150, miR-222, miR-96, miR-1290, miR-499 are
miRNAs overexpressed in LC. Many authors suggest the use of antagomir, better known as
anti-miRNAs, to block their negative action in LC. In fact, specific antagomirs are studied
to contrast the activities of miR-10b, miR-21, miR-150, miR-222, miR-96, miR-1290, miR-
499 blocking the interaction between the RISC complex and the target mRNA, thereby
preventing mRNA translation [118].
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8. Extracellular Vesicles and nc-RNA in Airway Diseases

Highest vascular density is a characteristic of the lung. In the lung cells as macrophages,
fibroblasts, epithelial cells, and endothelium are involved in the circulation of extracellular
vesicles (EVs), including exosomes, microvesicles, and apoptotic bodies [119]. Exosomes
are small vesicles with a lipidic nature, deputies to the transport of proteins, lipids, and
RNA molecules. Their immunological function is facilitated cell-to-cell communication
under normal and diseased conditions. miRNAs and proteins present in EVs are ideal
non-invasive predictive useful tools to contribute to an early diagnosis, prognosis, and
therapeutic targets in lung disease, since they are factors associated with important in-
formation on biological responses. EVs released from various cells serve as mediators
of information exchange between different cells to regulate a more accurate molecular
mechanism involved in the process of cell-to-cell communication. MiRNAs are shuttled by
EVs playing a pivotal role in the pathogenesis of respiratory diseases. EV miRNAs show
promise as diagnostic biomarkers and therapeutic targets in several lung diseases [120]
(Figure 4).
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Figure 4. Cells of the lung release EVs of different size containing proteins, lipids, and nucleic acid
involved in the mechanisms of cell–cell communication underlies the immunological response of
respiratory disease such as asthma, COPD, LC, and airway diseases related to pollutions. EVs content
show promise as diagnostic biomarkers and therapeutic targets in several lung diseases. BALF-
and lung-tissue-derived EVs of healthy non-smokers, smokers have a miRNA profile with three
differently expressed miRNAs in BALF, and one in the lung-derived EVs from COPD patients as
compared to healthy non-smokers. MiR-122-5p is three- or five-fold downregulated among the lung-
tissue-derived EVs of COPD patients as compared to healthy non-smokers and smokers, respectively.
These data strongly suggest that miRNAs in the lungs of subjects with chronic lung diseases might
be considered as potential biomarkers useful for therapeutic targets [121].

Nc-RNAs play critical roles in physiological and pathological processes of LC. EVs
contain nc-RNAs packaged and are transported between LC cells and stromal cells. In this
manner, EVs can regulate multiple activities of malignant cells of LC such as proliferation,
migration, invasion, epithelial-mesenchymal transition, metastasis, and treatment resis-
tance. In fact, it is possible to detect EVs in various body fluids associated with the stage,
grade, and metastasis of LC, and potentially serve as diagnostic and prognostic biomarkers
of disease playing a pivotal role in the clinical treatment of LC [122]. miR-153-3p-EVs are
involved in damaging respiratory functions and produce a mass of inflammatory cells
around the lung tissue of mice. It is observed that antagomir-153-3p treatment controls the
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deterioration of respiratory functions and inhibits the growth of lung tumors in mice. This
study suggests the potential molecular mechanism of miR-153-3p-EVs in the development
of metastasis of adenocarcinoma and provides a potential strategy for the treatment of
metastasis in the lung [123].

MiRNA EVs cargo is different between patients with small-cell lung cancer (SCLC) and
NSCLC. Particularly, miR-331-5p, miR-451a, miR-363-3p can distinguish SCLC and NSCLC
tumor with highest rates of specificity and sensitivity [124]. Furthermore, EVs cargo with
7 miRNAs (miR-451a, miR-486-5p, miR-363-3p, miR-660-5p, miR-15b-5p, miR-25-3p, and
miR-16-2-3p) differentiate NSCLC patients and healthy subjects [125].

Let-7i-5p is significantly overexpressed in PM2.5-EVs and asthmatic plasma; and
its levels of expression well correlated with PM2.5 exposure in children with asthma.
Mechanistically, let-7i-5p is packaged into PM2.5-EVs by interacting with ELAVL1 and
internalized by both “horizontal” recipient HBE cells and “longitudinal” recipient-sensitive
HBSMCs. The result is the activation of MAPK signaling pathway via suppression of
DUSP1 as its target. Furthermore, an injection of EV-packaged let-7i-5p into PM2.5-treated
juvenile mice aggravated asthma symptoms. The conclusion is that PM generates childhood
asthma attacks via extracellular vesicle-packaged let-7i-5p-mediated modulation of MAPK
pathway [126].

9. Conclusions

Lung diseases are a cause of morbidity and mortality in the world for all age groups.
However, the underlying molecular mechanisms involved in airway diseases are not fully
explored; overall, those associated with the epigenetic modification of ncRNAs differentially
expressed in diverse samples of tissue and blood. We reported here some data on the role of
ncRNAs in lung disease, to underline the most recent knowledge regarding their biological
and molecular functions. They might be known for their capability of being biomarkers or
for having a specific role in the pathogenesis of lung diseases.

ncRNA have recently attracted much attention for their roles in the regulation of a
variety of biological processes. Today few biomarkers and drugs targeting ncRNAs have
been identified as potential tools for clinical diagnosis and treatment, so that it becomes
more and more important to verify the applicability of ncRNAs in clinical management of
lung diseases. Researchers should combine innovative data-driven model elaboration and
model-driven experimental design to elucidate how all ncRNAs cooperate in the pathogen-
esis and diagnosis of lung diseases. Finally, it goes without saying the need to develop a
new approach aimed at the combination of bioinformatics, basic immunology, RNA biology,
genomics, and proteomics, to better understand the role of ncRNAs regulatory networks in
the pathogenesis of lung diseases. The final goal must be making a new direction in the
diagnostics and pharmacological therapeutics for the lung.
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