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1 | INTRODUCTION

A healthy lifestyle is nowadays regarded as the best action
for disease prevention to decrease both chronic and acute
disease incidence in the general population. Among the
modifiable risk factors, traditional combustion cigarette
(TCC) tobacco smoking is the leading one against which
clinicians fight, with a demonstrated causative role in the
establishment and progression of cancer, lung diseases,
chronic obstructive pulmonary disease, diabetes and car-
diovascular diseases (CVDs).}™

Despite the efforts made worldwide in the last 15years
to reduce smoking through restrictions and higher tax-
ation on tobacco, TCC use is still one of the main risk
factors for premature mortality and morbidity, with the
absolute number of smokers still showing an increasing
trend in the world population.*

The mounting awareness of the harmful consequences
of TCC smoking have pushed towards the development
of alternative smoking devices, such as heat-not-burn
cigarettes (HNBCs), which have been initially presented
as safer than TCCs.” However, HNBCs still have harmful
consequences on health, despite at a lower extent, which
qualifies them as modified risk products. This definition
is mostly due to the lack of combustion-related specific
toxic compounds. Moreover, the number of HNBC users is
rising exponentially, already involving over 6% of the adult
population in Europe, with alarming projections for the
next decade.®’

TCC smoking can harm every organ of the body, and its
pathogenetic consequences have been long studied using
model systems and in vitro assays on specific cell types.
TCC smoke has been shown to affect the profile of circu-
lating molecules detected in serum as a consequence of
chronic, as well as occasional exposure to cigarette smoke.
These molecules include reactive oxygen species (ROS),
growth factors and microRNAs (miRNAs) which can af-
fect endothelial function, immune response and other

on circulating miRNAs.

groups. KEGG pathway analysis on target genes of the commonly modulated miR-
NAs returned cancer and cardiovascular disease associated pathways. Stringent
abundance and fold-change criteria nailed down our functional bioinformatic
analyses to a network where miR-25-3p and miR-221-3p are main hubs.

Conclusion: Our results define for the first time the miRNA profile in the serum
of exclusive chronic HNBC smokers and suggest a significant impact of HNBCs

biomarker, cancer, cardiovascular, heated tobacco product, microRNA, smoking

mechanisms which can trigger disease establishment in
multiple organs.**?

MiRNAs are a family of short single-stranded non-
coding RNA molecules that regulate post-transcriptional
gene silencing through base-pair binding on their target
mRNAs,'* thereby regulating virtually all cellular and bi-
ological processes."

Circulating miRNAs have been shown to play an ac-
tive part in mediating both physiological and pathological
mechanisms.'® In addition, they can function as biomark-
ers for disease progression in cancer and CVDs, as well as
for precision medicine applications and personalized risk
assessment.'”'®

Several transcriptomic studies have shown that TCC
smoke exposure globally changes the profile of circulating
miRNAs in both health and disease conditions.'*"* Both
chronic and acute exposure to cigarette smoke can affect
the presence of specific miRNAs in the bloodstream which
can induce consequences in multiple cell types, including
endothelial cells,'" or lung cells."”® Changes in the circu-
lating miRNAs can be reflected in specific organs, which
show a modified miRNA expression profile after exposure
to cigarette smoke."?

The effects of HNBCs on circulating miRNAs have
not been thoroughly investigated yet. Given the relatively
short time since their market launch, data on their long-
term health effects (e.g. cancer or chronic diseases inci-
dence) are still unavailable. Some evidence on the effects
on miRNAs has been collected in one animal study reveal-
ing a global downregulation of miRNAs in rats exposed
for 90days to mainstream smoke from a modified risk
smoking device®® corresponding to the HNBCs used for
our study.

In this paper, we aimed at profiling by next generation
sequencing the circulating miRNAs in serum samples col-
lected from young healthy individuals previously enrolled
in the SUR-VAPES chronic clinical study, stratified based
on chronic use of either TCCs or a specific HNBC device
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(mean exclusive use of HNBC=1.5+.5years), and com-
pared them to matched nonsmoker subjects.*!

2 | METHODS

2.1 | Study approval

The samples used were collected for the SUR-VAPES
Chronic clinical study. Subject recruitment, participant
characteristics and experimental procedures were previ-
ously reported by Loffredo et al.! All the recruited sub-
jects provided written informed consent to participate in
the study which was granted approval by the Policlinico
Umberto I Ethics Committee (protocol number 813/14)
and conducted in compliance with the Declaration of
Helsinki.

2.2 | Samples collection and
experimental design

The serum samples had been previously collected from
60 healthy young subjects recruited for SUR-VAPES
Chronic study, stratified in three experimental groups
of 20: chronic HNBC smokers (mean exclusive use of
HNBC=1.5+.5years), TCC smokers and nonsmokers
(NS) (M/F ratio and average age: 55% — 28 years in NS, 50%
- 27years in TCC, and 60% - 33years in HNBC smokers).
All HNBC smokers had been smoking traditional ciga-
rettes before switching to HNBC, and the exclusive use
of either smoking device was self-reported by both TCC
and HNBC smokers. The nonsmokers have never smoked
using any device.

The SUR-VAPES CHRONIC study design included
only young and disease-free subjects, in order to limit
the confounding variables in the correlation analy-
ses performed. In particular, the subjects enrolled in
the study were considered healthy as per the absence
of any chronic pathological condition (metabolic, in-
flammatory or organ disease), allergies, symptoms of
cardiovascular alterations (alteration of blood pressure
and heart rhythm), and had no fever or infection in the
three months before blood drawing. In addition, the
subjects did not take either food supplements or drugs
in the 30days preceding the tests. Finally, at the time of
blood collection enrolled women were not menstruat-
ing. Blood drawing occurred at 8 AM in fasting condi-
tion and with smoke abstinence in both smoker groups
for at least 12h.

The sample size was estimated according to the mea-
surements collected in the SUR-VAPES Chronic study,
based on data from a previous study, considering a type I
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error probability @ =.05, power 1 — f=.90, and a specific
difference and standard deviation of the relevant param-
eters for the study.”’ The minimum estimated sample
size for each group was n=17 which was increased to
n=20.

Due to the lack of sufficient individual volumes of
sera for a high-quality RNA extraction, we generated
pooled samples following established guidelines in the
literature.*

According to the sample size calculation method for
RNAseq experiments,” given a type I error a=.05, a
power 1—/=.80 and an effect size of .4 (applicable for
human RNAseq datasets), the analysis of three samples at
a sequencing depth of 10 million reads per sample would
allow accurate detection of a log, fold change of at least
1.68. Thus, we pooled our sera in order to have three sam-
ples for sequencing and, and focused only on miRNAs
showing a log,FC of two for the functional analyses and
validation.

The subjects were subdivided in four subgroups of
five each per experimental group using a simple ran-
domization approach with the ‘split’ function in R. The
anthropometric and available clinical parameters from
the SUR-VAPES Chronic study were tested to be ho-
mogeneous within each group and checked against the
whole population, for each subgroup to be representa-
tive of the whole group of subjects. This was achieved
through statistical analysis of both continuous and cat-
egorical variables (see paragraph Section 2.5). The sera
of subjects in each subgroup were pooled in identical
volumes to generate the samples for RNA extraction.
Five serum samples per group were left un-pooled: RNA
from these samples was extracted separately to consti-
tute the validation set.

2.3 | RNA extraction and miRNAs
quantification

The pooled serum samples were centrifuged at 16,000 rcf
in order to remove debris, platelets or cells, and RNA was
extracted from 200pL, using the Qiagen miRNeasy kit
(Qiagen GmbH, Hilden, Germany), following the manu-
facturer's instructions. Syn-cel-miR-39 spike-in synthetic
RNA (Qiagen GmbH, Hilden, Germany) was added to
monitor extraction efficiency. RNA quality was assessed
using Agilent 2100 Bioanalyser (Agilent Technologies Inc,
Santa Clara, CA, USA) and the Eukariote total RNA Pico
kit (Agilent Technologies Inc, Santa Clara, CA, USA).
RNA samples (6 pL for each pool) were used for library
generation using the NEBNext Multiplex Small RNA
Prep (New England Biolabs, Ipswich, MA, USA) as previ-
ously described by Galluzzo et al.,** and sequenced on a
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single-read flow cell by bridge amplification and 75cycles
sequencing-by-synthesis on the Illumina NextSeq550 plat-
form (Illumina Inc., San Diego, CA, USA). The average
sequencing depth obtained was 9.57 million +2.15 raw
reads.

The levels of miR-221-3p and miR-25-3p were quanti-
fied by absolute quantification using Qiagen LNA based
SYBR green detection method (miRCURY LNA miRNA
PCR assay - Qiagen). Briefly, 2 pL of total RNA was used
to generate the cDNA according to the standard protocol
by the manufacturer. The qPCR reaction was performed
on the Applied Biosystems 7900HT machine, adding the
relevant ROX concentration to the qPCR mix. For copy
number determination, a standard curve was generated
using cDNA derived from defined amounts of synthetic
RNA for each miRNA. The miRNA amount was expressed
as ‘copy number per well’ of the qPCR plate as per the
standard curve.

2.4 | Bioinformatic analysis

The small RNA-sequencing analyses were performed
according to Tarallo et al.*> Briefly, reads were quality-
controlled and trimmed of adapter sequences using
Cutadapt v.3.7. Reads shorter than 14nt were removed.
Surviving reads were aligned on human miRBase v22.1
hairpin sequences using BWA v0.7.12. As described in
Tarallo et al.,” the pipeline quantifies mature miRNA se-
quences annotated in miRBase as well as ‘novel’ mature
miRNAs, identified based on the read mapping position
within the hairpin sequence. Read count normalization
and differential expression analysis was performed with
DESeq2 v1.38.3. A miRNA was defined as differentially
expressed (DE) if associated with a median number of
reads >15 in at least one study group and a Benjamini-
Hochberg (BH) adjusted p value (adj. p) <.05.

Functional enrichment analysis was performed using
RBiomirGS v0.2.12 considering only validated miRNA-
targets interactions from miRTarBase v7.0 and miRecords.
The analysis was performed with respect to MSigDB gene
sets (libraries: c2.cp.kegg.v7.4, c2.cp.reactome.v7.4, and
c5.go.bp.v7.4). Only terms associated with an adjusted
p<.05 in at least two gene targets were considered as
significant. Semantic similarity analysis was performed
using rrvgo v1.12 using the Resnik method and a similar-
ity threshold of .85.

2.5 | Statistical analysis

Samples were randomly assigned to each of the four
subgroups, and statistical difference in each variable

described was assessed by either Fisher's exact test for
categorical variables, or Wilcoxon rank-sum test for con-
tinuous variables. Correlation analyses were performed
using the Spearman'’s method. These analyses were per-
formed in R using the basic statistics package.”® Real-time
PCR data were analysed using ordinary one-way ANOVA
and Fisher LSD post-test on Prism8 Software (GraphPad
Software, Boston, MA, USA).

3 | RESULTS

3.1 | HNBCs change miRNA levels in
substantial overlap with TCCs

Serum samples were collected from three groups of
healthy young subjects, with homogeneous anthropomet-
ric features, and stratified according to smoking status
(Table S1): Nonsmokers (NS), TCC smokers and exclu-
sive HNBC smokers (mean exclusive use=1.5+.5years).
All smokers were considered chronic as they had been
using each device for at least 1 month. The abundance of
miRNAs was detected in pooled sera samples, and data
analysed using DESeq2 (Figure 1A). The principal com-
ponent analysis showed a neat separation between NS and
both smoker groups, and a less pronounced difference be-
tween TCC and HNBC smoker sera (Figure 1B). Head-to-
head comparison of the detected miRNAs showed that a
higher number of DE miRNAs had changed levels in sera
from TCC as compared to HNBC smokers (Figure 2A,B),
thus suggesting a globally lower impact of HNBCs on the
profile of circulating miRNAs in healthy subjects, com-
pared to TCC use.

Differential expression analysis identified 98 differen-
tially expressed (DE) miRNAs in TCC and 36 DE miR-
NAs in HNBC smokers, with an overlap for 26 miRNAs
(Table S2; Figure 2C). The comparison of the fold change
of DE miRNAs in TCC and HNBC versus NS control
shows a positive correlation (p=.61, p<.001), which in-
dicates that exposure to TCC or HNBC smoke implicates
changes in the circulating miRNA levels in the same di-
rection, but possibly to different extents (Figure 2E).

The profile of DE miRNAs revealed an overall down-
regulation of circulating miRNA abundance, with only
20 miRNAs upregulated in both groups of smokers versus
NS (Figure 3A), consistently with previous studies.'*?*”*
Clustering analyses showed the similarity between the
TCC and HNBC groups, with extensive overlap in the list
of miRNAs commonly affected by both smoking types
(Figure 3A). The detected level of DE miRNAs in HNBCs
as compared to NS tends to an intermediate level between
the NS and the TCC groups for both upregulated and
downregulated miRNAs (Figure 3B).
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FIGURE 1 Analysis of circulating miRNAs in the serum of smokers. (A) Experimental design of the study. Three pools of serum
composed of five subjects each were generated starting from a sample population of 20 subjects. The remainder five samples were not pooled
and used as single subjects for validation of differentially expressed miRNAs. (B) Principal component analysis of the small RNAseq dataset.
HNBC, heat-not-burn cigarette; NS, non-smokers; TCC, traditional combustion cigarette.
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Upset plot showing the number of DE miRNAs in each group and the intersection, which constitutes the class of common DE miRNAs. (D)

Correlation plot of the log,FC values in each comparison, showing the linear correlation of the changes observed in each group of smokers

compared to the nonsmokers. HNBC, heat-not-burn cigarette; NS, non-smokers; TCC, traditional combusiton cigarette.

3.2 | Functional analysis of commonly
deregulated miRNA targets points to
cancer and CVD

A miRNA selection strategy was designed to be increas-
ingly stringent and isolate a reliable subset of potentially
bioactive miRNAs. The first selection has included a list of
highly abundant DE miRNAs with a median normalized
count >500 reads in at least one group: this list included

the top 25% of the DE miRNAs in the analysis (Table 1).
Based on the comparison in which the miRNA was identi-
fied as significantly DE, the list was divided in three classes:
TCC-specific (TCC-var), HNBC-specific (HNBC-var) or
common to both categories (COMMON). The clustering of
samples using these miRNAs recapitulated that obtained
with the whole DE miRNA list (Figure 4A). Of note, the
HNBC-var class contained only one miRNA (miR-941);
thus, the effect of HNBC on circulating miRNAs in our
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datasets is almost completely included in that of TCC. All
the selected DE miRNAs were downregulated in smokers,
except for miR-200a-3p and miR-200b-3p, which were up-
regulated in the TCC group (Figure 4A).

The global downregulation observed suggests a de-
repression of molecular pathways regulated by these
miRNAs. The functional analysis was performed on the
target genes of the DE miRNAs commonly deregulated
in TCC and HNBC, only in one smoking group, and on a
fourth group containing the whole list of TCC deregulated
miRNAs (TCC-only=COMMON + TCC-var), to have a
reference for the pathways potentially affected by TCC
on its own. The Gene Ontology (GO) analysis highlighted
733 enriched biological processes that were clustered
to 191 parent terms based on their semantic similarity
(Tables S3 and S4). It also showed that the most signifi-
cantly enriched terms refer to miRNAs deregulated in
the COMMON class, which almost completely overlaps
with the HNBC-var class (Figure S1), suggesting that the
effects of both kinds of smoking on circulating miRNAs
affect similar biological processes. The GO terms enriched

in the targets of miRNAs in the COMMON category refer
to cell differentiation, cell cycle control and immune re-
sponse (Figure S1).

The molecular pathways regulated by the affected
miRNAs were further investigated using a KEGG analysis
approach, which retrieved a relevant number of cancer-
associated pathways enriched in targets of DE miRNAs,
followed by signalling and CVD pathways (Figure 4B;
Table S3). The comparison of KEGG terms between the
TCC-only and COMMON/HNBC-var categories showed
that the terms in the latter group are still enriched in
cancer-related pathways. This observation points to a de-
regulation of circulating miRNAs in chronic HNBC smok-
ers targeting pathways known to be altered in cancer and
overlapping with the deregulation observed in TCC smok-
ers. The KEGG analysis was in line with the GO analysis
where the enriched terms were related to neoplastic trans-
formation of cells and CVD emergence (Figure S1).

As a further selection criterion, the miRNAs with at
least two-fold change in the COMMON category (HNBC
and TCC) were filtered, among those with a minimum of
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TABLE 1 (Continued)

Adjusted p value

log,FC

Median levels

Class

TCCvs.NS HNBC vs. NS TCC vs. HNBC

TCC vs. HNBC

TCC vs. NS HNBC vs. NS

HNBC

TCC

NS

ID

TCC-var

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

.236
.168
.168
.168
128
.290
170
311
.248
292

.046
.044
.023
.044
.025
.025
.028

—.65
—.46
—.64
—.46
—.46
—.82

—1.24

—-1.89
-1.79
—1.87
=1.77
-1.74
-1.75
-1.57
—1.51

701
9914

246
4884
1149
5033

1207
15,782

miR-451b-3p
miR-451b

TCC-var

—-1.32
—1.23
—1.31
—1.28

=83
—1.06

—.83

PICCHIO ET AL.

TCC-var

3040
10,824

7175
16,998

miR-128-3p
miR-451a

TCC-var

TCC-var

728
446
388

1213

584
269
264
621

1812

miR-142-5p
miR-543

TCC-var

915

TCC-var

737
2033

miR-148b-3p
miR-328-3p

TCC-var

.035
.024
.046

—.68
1.5
141

TCC-var

1.98
2.04

3.48
3.44

221

1085

535
2101

68
257

miR-200a-3p
miR-200b-3p

TCC-var

Note: Table showing the list of miRNAs selected according to abundance in serum (counts >500). Significant adjusted p values are reported in bold. Bold character in the ID column shows the differentially expressed

miRNAs with a fold change greater than two in the common class.

500 normalized countsin atleast one group, thusrestricting
to nine DE miRNAs (Table 1—miRNAs in bold character).
This approach, aimed at identifying genes functionally af-
fected by the observed miRNA deregulation in blood and
possibly target organs, and restricted the analysis to 10%
of all the DE miRNAs in the dataset (Table 1; Figure S2).
For these selected miRNAs, a network was designed in-
cluding only miRNA-gene interactions experimentally
validated (Table S5). This set of stringent parameters
identified a core network composed of nine miRNAs and
203 genes organized in two main hubs (Figure 5A) where
the genes targeted by the most-connected miRNAs (i.e.
miR-25-3p and miR-221-3p) are involved in cancer and
CVD-related pathways. Specifically, miR-25-3p was con-
nected with cancer- and CVD-related genes, while miR-
221-3p prevalently with cancer-related genes (Figure 4A).
The expression of these two miRNA hubs was tested in
the independent validation set of five subjects per group
through quantitative real-time PCR, and data confirmed
the expression levels observed in the small RNA-Seq data-
set (Figure 5B).

4 | DISCUSSION

The use of extracellular miRNAs as biomarkers has been
proven effective as well as minimally invasive for the de-
tection and follow-up of many diseases. Indeed, changes
in circulating miRNAs have been associated with many
pathological conditions, such as (but not limited to) type 2
diabetes, obesity, CVD and cancer. Therefore, alterations
occurring in healthy individuals due to specific habits such
as smoking should be well described and considered when
assessing the reliability of specific miRNAs as disease bio-
markers. The miRNAs identified here as correlated with
the chronic and exclusive use of HNBC may be biomark-
ers of exposure to this specific alternative smoking device,
and may regulate gene expression in target organs.

The identification of a signature of miRNAs altered by
chronic smoking of both TCC and HNBC in healthy sub-
jects is relevant in the use of miRNAs as disease biomark-
ers. For example, it has been reported that TCC smoking
can affect the reliable identification of circulating miR-
NAs, including miR-25-3p, as diagnostic biomarkers in
lung cancer”; hence, the smoking status, including the
use of modified risk products such as HNBCs, might in-
terfere with the monitoring of the disease. The analysis
of circulating miRNAs may also serve as an indicator of
the physiological status of the subjects, and changes in
the circulating miRNAs have been correlated with differ-
ences in lifestyle activities, such as exercise or smoking,
in otherwise healthy people,'”*® as well as in physiolog-
ical ageing.’' In this unique and homogeneous group of
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FIGURE 4 Highly abundant circulating miRNAs and the functional pathways affected. (A) Heatmap with hierarchical clustering

showing the relative fold-change of the sub-list of differentially expressed miRNAs (DE miRNAs) selected according to abundance in serum

(counts >500). The code colour in the legend shows the sample groups, as well as the classification according to whether the miRNA level

changes are detected in either both types of smokers (Common) or only in one of the two (TCC_var and HNBC_var). (B) Bubble graph

showing the enriched terms in KEGG functional analysis of the targets of the DE miRNAs changing in both groups (Common), in the HNBC

group including the class Common (HNBC all), in the TCC group including the class Common (TCC all) and only in TCC group (TCC-var).

Bubble size is linearly correlated with the significance of the enrichment (—log,, adj. p value) and bubble colour is related to the coefficient,

which is the predicted up- (red) or down-regulation (blue) of each listed pathway. HNBC, heat-not-burn cigarette; NS, nonsmokers; TCC,

traditional combustion cigarette.

healthy young individuals smoking exclusively either
TCCs or HNBCs, enrolled in the SUR-VAPES Chronic
study, the effects of TCC smoke on circulating miRNAs
seem to be extensively recapitulated by the modified risk
product namely HNBCs. The changes detected in circulat-
ing miRNAs of young healthy smokers using TCC as well
as HNBC exclusively might predispose these subjects to
the development of diseases, or to have a weaker response
to organ injury or damage.32

Interestingly, we observed a common trend for the
abundance of circulating miRNAs modulated in HNBC
smokers to be positioned at intermediate values between
the NS and the TCC smokers. Despite with some limitations
due to the pooling of samples and the lack of a matched
control group of former smokers (many of the HNBC
smokers in our study are in fact former TCC smokers, with
abstinence from TCC since at least 1.5years®'), our data
cannot rule out a partial contribution of a wash-out effect

in the HNBC group. Nonetheless, it has been reported
that quitting smoking brings the profile of most plasma
miRNAs back to levels comparable to nonsmokers in 1
month," and the subjects enrolled in the present study in
the HNBC group have been exclusively smoking HNBCs
for 1.5years on average. Therefore, our data can indeed
point out that some fundamental alterations on circulat-
ing miRNAs are maintained when switching from TCC to
chronic exclusive HNBC smoke, albeit to a lower global
extent compared to chronic TCC use.

Many GO terms and pathways identified in our study
from the list of altered miRNAs are linked with leukocyte
biology and differentiation. One might speculate that po-
tential systemic effects of the observed circulating miRNA
depletion might contribute to disease development also
via altered inflammatory responses.*

Our final stringent network analysis evidenced two
main hubs, with interesting interactions and targets from
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FIGURE 5 Network for target analysis of selected DE miRNAs. (A) Network of the miR/mRNA connections of the most abundant

and highly changing miRNAs in both TCC and HNBC smokers (counts >500 and fold-change >2) compared to NS. The size of each gene

is proportional to the number of times the term occurs within the enriched pathways in our functional analysis. The edge thickness is
proportional to the number of evidence supporting the miR-mRNA interaction. The colouring of genes refers to the gene being present

in cardiovascular disease- (red) or cancer- (orange) related pathways. (B) Dot plot showing the copy number obtained by real-time qPCR
absolute quantification of the two hub miRNAs identified, that is miR-25-3p and miR-221-3p. Each dot shows the copy number/well

in the PCR reaction as obtained by the standard curve method. Error bars show SEM statistical analysis was performed using two-way
ANOVA with multiple comparison testing. *p <.05, **p <.01, ***p <.001. HNBC, heat-not-burn cigarette; NS, nonsmokers; TCC, traditional

combustion cigarette.

a pathological perspective. The precursor of miR-25-3p
is part of a genomic cluster, highly conserved in verte-
brates, which includes miR-106b and miR-93 pre-miRNA.
Three mature miRNAs of this cluster show downregula-
tion in the serum of smokers, with miR-25-3p being the
most abundant among the three members of the cluster
(9499 normalized reads for miR-25-3p, compared to 396
of miR-93-5p, and 797 of miR-106b-3p, as per the normal-
ized expression values in DE analysis, in the NS group).
Deranged expression of miR-25-3p has been associated
with multiple cardiovascular and respiratory insults and
diseases. This miRNA was shown to be regulated in a time-
dependent way in cardiac hypertrophy, fibrosis and heart
failure.** In many systems and after different pathological
stimuli, miR-25-3p decrease determines an increase in ox-
idative stress. This effect is mediated by the de-repression
of NOX4, as demonstrated in cardiac injury, as well as in
a kidney model of streptozotocin-induced type II diabe-
tes.”>*° This is also consistent with the general increase in
ROS and oxidative stress markers previously described in

our samples in the SUR-VAPES Chronic study.?' Thus, a
lower level of circulating miR-25-3p could predispose the
organism to oxidative stress in multiple organs. Moreover,
the miR-25 cluster has shown protective effects against
TGF-beta-induced epithelial-to-mesenchymal transition,
which is responsible for tissue fibrosis in different organs,
including the heart.’’* MiR-25-3p has also a protective
role against apoptosis in both heart and brain ischemia/
reperfusion injury, as demonstrated in rat ventricular my-
ocytes and in neuronal cell models.***! Finally, athero-
sclerosis development with intimal hyperplasia was also
linked to miR-25-3p repression in vascular smooth muscle
cells subjected to thrombospondin treatment.** In addi-
tion to CVD, miR-25-3p was demonstrated to be repressed
in human tracheal smooth muscle cells exposed to pro-
inflammatory cytokines, as a model of bronchial asthma.
The repression of miR-25-3p resulted in the increase of
its target gene Kriippel-like factor 4 (KLF4), a well-known
mediator of inflammation.** Tobacco smoking from both
TCC and HNBC is associated with asthma symptoms and
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with a faster development of lung disfunction.** Overall,
miR-25-3p could mediate disease mechanisms associ-
ated with smoke-induced increase in airway epithelia
inflammation.

MiR-221-3p is the second main hub identified by our
network analysis (Figure 4A), and it has been described as
both an oncogene and a tumour suppressor, depending on
the cellular context. In particular, miR-221-3p was found
to: (i) inhibit cell proliferation and induce apoptosis in
various cancers, such as erythroleukemia and gastrointes-
tinal stromal tumour pathogenesis*>*’; (ii) inhibit the pro-
liferation and migration of epithelial ovarian cancer cells
through downregulation of ARF4*; and (iii) to promote
cell cycle arrest and apoptosis, and inhibit proliferation in
medulloblastoma cells.*® Therefore, reduced miR-221-3p
levels point to several tumour-promoting pathways. The
circulating levels of miR-221-3p are also downregulated
in atherosclerosis and stroke, where they can be used as
a biomarker.***° Interestingly, the molecular mechanism
whereby low levels of miR-221-3p might accelerate ath-
erosclerosis has been linked with oxidative stress increase.
In fact, miR-221-3p was found to inhibit ox-LDL-induced
foam cell formation, to suppress ox-LDL-induced oxida-
tive stress and apoptosis in monocytes,51 thus opposing
to atherosclerotic plaque formation and progression.
Notably, the subjects included in the present study have
been previously assessed for vascular function, oxidative
stress and platelet activation, all of which were found im-
paired in the HNBC cohort of the SUR-VAPES Chronic
study.*! The increase in oxidative stress and platelet acti-
vation was assessed through the measurement of different
soluble markers; interestingly, the levels H,0, sSNOX2-dp
(soluble NOX2-derived peptide) both markers of oxida-
tive stress, and sCD40L (soluble CD40 Ligand) a marker
of platelet activation, were inversely correlated with those
of circulating miR-221-3p, with sCD40L also correlating
with miR-25-3p levels, in the 15 individual samples from
the validation set (Figure S3). It is worth noticing that
both miRNAs significantly correlated to the cotinine lev-
els in this same validation set.

We acknowledge several limitations of our study. The
number of subjects and the amount of available sample
were limited, and the sample pooling has not allowed
correlation analyses on the available blood parameters or
vascular function for all the subjects. This has not allowed
a thorough assessment of the validity of the detected DE
miRNAs as markers for exposure to smoke from TCCs or
HNBC devices. Also, working with human samples from
healthy subjects, we could not provide insights on the cor-
relation between circulating miRNA levels and their ex-
pression in organs and tissues. Nevertheless, to the best
of our knowledge the data collected here are the first ev-
idence of the effects of chronic exclusive HNBC smoking

on the circulating miRNAs in young healthy individuals.
Despite a wider and multi-cohort analysis being needed,
the results of this pilot study showed a promising role of
circulating miRNAs as biomarkers of an early molecular
alteration that might occur in HNBC users.

In conclusion, our findings will need to be further de-
veloped in future studies to provide insights on the effi-
cacy of circulating miRNAs as biomarkers for early-stage
diseases linked with smoke exposure from both sources,
as well as on the molecular mechanisms leading to cellu-
lar dysfunction through impaired miRNAs signalling due
to smoke exposure.

AUTHOR CONTRIBUTIONS

VP and FP conducted experiments and analysed data; GFe
designed and performed bioinformatic analyses; BP and
ST conducted experiments and provided reagents; CC and
EF conducted experiments; XD analysed data; CN, LL, RC
and GFr acquired clinical data and provided the serum
samples; GBZ statistical analysis; IC and FP designed the
study and wrote the manuscript.

FUNDING INFORMATION

This work is supported by the grant # 20222KETLS
from the Italian Ministry of University and Research
to IC and FP. This work was partially supported by
the grant # RG11916B8621D7FF to GBZ, and grant #
RM12117A5D7688BC to RC from Sapienza University of
Rome, and from the European Union-NextGenerationEU
program through the Italian Ministry of University and
Research under PNRR-Project PE0O6-HEAL ITALIA-
SPOKE 1-DSBMC to GFr. The views and opinions
expressed are those of the authors only and do not nec-
essarily reflect those of the European Union or the
European Commission. Neither the European Union nor
the European Commission can be held responsible for
them.

CONFLICT OF INTEREST STATEMENT
Giuseppe Biondi-Zoccai has consulted for Amarin,
Balmed, Cardionovum, Crannmedical, Endocore Lab,
Eukon, Guidotti, Innovheart, Meditrial, Microport, Opsens
Medical, Terumo and Translumina, outside the present
work. All other authors report no conflict of interest.

DATA AVAILABILITY STATEMENT

The raw and processed small RNA-Seq data were de-
posited in Gene Expression Omnibus with the identifier
GSE233237.

ORCID
Lorenzo Loffredo © https://orcid.
org/0000-0002-6542-6235

85UR017 SUOWWOD BA 81D 8|cedl|dde au3 Aq pauRA0h 818 Sajo e WO ‘88N JO 3N o} A%1q 1T 8UI|UO AB]1/M UO (SUOTHIPUOD-pUe-SWLB}L0D A8 | 1M AReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiB | 84} 88S *[£202/2T/S0] Uo AriqiTauliuO A8|IM elfelieueiyo0D Aq Oy THT 198/TTTT'OT/I0PAW00 A3 1M Afe.q 1 Bul|uo//SANY Wol4 papeojumoq ‘0 ‘Z9eZS9ET


https://orcid.org/0000-0002-6542-6235
https://orcid.org/0000-0002-6542-6235
https://orcid.org/0000-0002-6542-6235

120f 13
4|—Wl LEY

Francesca Pagano

PICCHIO ET AL.

https://orcid.

org/0000-0003-1956-5864

REFERENCES

1.

10.

11.

12.

13.

14.

Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020:
GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-
249. doi:10.3322/CAAC.21660

Roth GA, Mensah GA, Johnson CO, et al. Global burden of car-
diovascular diseases and risk factors, 1990-2019: update from
the GBD 2019 study. J Am Coll Cardiol. 2020;76:2982-3021.
doi:10.1016/J.JACC.2020.11.010

Nocella C, Biondi-Zoccai G, Sciarretta S, et al. Impact of tobacco
versus electronic cigarette smoking on platelet function. Am J
Cardiol.2018;122:1477-1481. d0i:10.1016/j.amjcard.2018.07.029
Reitsma MB, Kendrick PJ, Ababneh E, et al. Spatial, temporal,
and demographic patterns in prevalence of smoking tobacco
use and attributable disease burden in 204 countries and terri-
tories, 1990-2019: a systematic analysis from the global burden
of disease study 2019. Lancet. 2021;397:2337-2360. doi:10.1016/
S0140-6736(21)01169-7/ATTACHMENT/2E2348 A0-B9EC-
4DA4-9D00-3BA983A8C04C/MMC2.PDF

Gonzalez-Suarez I, Martin F, Marescotti D, et al. In vitro sys-
tems toxicology assessment of a candidate modified risk tobacco
product shows reduced toxicity compared to that of a conven-
tional cigarette. Chem Res Toxicol. 2016;29:3-18. doi:10.1021/
acs.chemrestox.5b00321

Ratajczak A, Jankowski P, Strus P, Feleszko W. Heat not burn
tobacco product—a new global trend: impact of heat-not-
burn tobacco products on public health, a systematic review.
Int J Environ Res Public Health. 2020;17:409. doi:10.3390/
ijerph17020409

Zoccai GB, Carnevale R, Sciarretta S, et al. Electronic cigarette.
Eur Heart J Suppl. 2020;22:25-29. doi:10.1093/EURHEARTJ/
SUAAO053

Carnevale R, Cammisotto V, Pagano F, et al. Effects of smok-
ing on oxidative stress and vascular function. In: Rajer M, ed.
Smoking Prevention and Cessation. IntechOpen; 2018:25-47.
doi:10.5772/intechopen.78319

Carnevale R, Sciarretta S, Violi F, et al. Acute impact of to-
bacco vs electronic cigarette smoking on oxidative stress and
vascular function. Chest. 2016;150:606-612. doi:10.1016/j.
chest.2016.04.012

Duncan MS, Freiberg MS, Greevy RA, et al. Association of
smoking cessation with subsequent risk of cardiovascular dis-
ease. JAMA. 2019;322:642-650. doi:10.1001/jama.2019.10298
Frati G, Forte M, Di Nonno F, et al. Inhibition of miR-155 atten-
uates detrimental vascular effects of tobacco cigarette smoking.
J Am Heart Assoc. 2020;9:17000. doi:10.1161/JAHA.120.017000
Huang J, Wu J, LiY, et al. Deregulation of serum microRNA ex-
pression is associated with cigarette smoking and lung cancer.
Biomed Res Int. 2014;2014:1-13. doi:10.1155/2014/364316
Izzotti A, Longobardi M, La Maestra S, et al. Release of microR-
NAs into body fluids from ten organs of mice exposed to cigarette
smoke. Theranostics. 2018;8:2147-2160. doi:10.7150/thno.22726
Bartel DP. MicroRNAs: target recognition and regulatory func-
tions. Cell. 2009;136:215-233. d0i:10.1016/j.cell.2009.01.002

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Gurtan AM, Sharp PA. The role of miRNAs in regulating
gene expression networks. J Mol Biol. 2013;425:3582-3600.
doi:10.1016/j.jmb.2013.03.007

Mori MA, Ludwig RG, Garcia-Martin R, Brandao BB, Kahn CR.
Extracellular miRNAs: from biomarkers to mediators of phys-
iology and disease. Cell Metab. 2019;30:656-673. d0i:10.1016/j.
cmet.2019.07.011

Mir R, Elfaki I, Khullar N, et al. Role of selected miRNAs as
diagnostic and prognostic biomarkers in cardiovascular dis-
eases, including coronary artery disease, myocardial infarction
and atherosclerosis. J Cardiovasc Dev Dis. 2021;8:8. doi:10.3390/
jcdd8020022

Filipéw S, Laczmanski L. Blood circulating miRNAs as can-
cer biomarkers for diagnosis and surgical treatment response.
Front Genet. 2019;10:10. doi:10.3389/fgene.2019.00169
Takahashi K, Yokota SI, Tatsumi N, Fukami T, Yokoi T,
Nakajima M. Cigarette smoking substantially alters plasma mi-
croRNA profiles in healthy subjects. Toxicol Appl Pharmacol.
2013;272:154-160. doi:10.1016/j.taap.2013.05.018

Sewer A, Kogel U, Talikka M, et al. Evaluation of the tobacco
heating system 2.2 (THS2.2). Part 5: microRNA expression from
a 90-day rat inhalation study indicates that exposure to THS2.2
aerosol causes reduced effects on lung tissue compared with
cigarette smoke. Regul Toxicol Pharmacol. 2016;81:S82-5S92.
doi:10.1016/j.yrtph.2016.11.018

Loffredo L, Carnevale R, Battaglia S, et al. Impact of chronic
use of heat-not-burn cigarettes on oxidative stress, endo-
thelial dysfunction and platelet activation: the SUR-VAPES
chronic study. Thorax. 2021;76:618-620. doi:10.1136/
thoraxjnl-2020-215900

Assefa AT, Vandesompele J, Thas O. On the utility of RNA
sample pooling to optimize cost and statistical power in
RNA sequencing experiments. BMC Genomics. 2020;21:1-14.
doi:10.1186/512864-020-6754-2

Hart SN, Therneau TM, Zhang Y, Poland GA, Kocher JP.
Calculating sample size estimates for RNA sequencing data. J
Comput Biol. 2013;20:970-978. d0i:10.1089/cmb.2012.0283
Galluzzo A, Gallo S, Pardini B, et al. Identification of novel
circulating microRNAs in advanced heart failure by next-
generation sequencing. ESC Heart Fail. 2021;8:2907-2919.
doi:10.1002/ehf2.13371

Tarallo S, Ferrero G, De Filippis F, et al. Stool microRNA pro-
files reflect different dietary and gut microbiome patterns
in healthy individuals. Gut. 2022;71:1302-1314. doi:10.1136/
gutjnl-2021-325168

R Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing; 2021.
https://ww.https://www.r-project.org

Izzotti A, Calin GA, Arrigo P, Steele VE, Croce CM, de Flora
S. Downregulation of microRNA expression in the lungs of
rats exposed to cigarette smoke. FASEB J. 2009;23:23-812.
doi:10.1096/1j.08-121384

Schembri F, Sridhar S, Perdomo C, et al. MicroRNAs as modu-
lators of smoking-induced gene expression changes in human
airway epithelium. Proc Natl Acad Sci USA. 2009;106:2319-
2324. doi:10.1073/pnas.0806383106

Gustavo Ramirez-Salazar E, Vicente Gayosso-Gomez L, Baez-
Saldafia R, et al. Cigarette smoking alters the expression of
circulating microRNAs and its potential diagnostic value in

85UR017 SUOWWOD BA 81D 8|cedl|dde au3 Aq pauRA0h 818 Sajo e WO ‘88N JO 3N o} A%1q 1T 8UI|UO AB]1/M UO (SUOTHIPUOD-pUe-SWLB}L0D A8 | 1M AReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiB | 84} 88S *[£202/2T/S0] Uo AriqiTauliuO A8|IM elfelieueiyo0D Aq Oy THT 198/TTTT'OT/I0PAW00 A3 1M Afe.q 1 Bul|uo//SANY Wol4 papeojumoq ‘0 ‘Z9eZS9ET


https://orcid.org/0000-0003-1956-5864
https://orcid.org/0000-0003-1956-5864
https://orcid.org/0000-0003-1956-5864
https://doi.org//10.3322/CAAC.21660
https://doi.org//10.1016/J.JACC.2020.11.010
https://doi.org//10.1016/j.amjcard.2018.07.029
https://doi.org//10.1016/S0140-6736(21)01169-7/ATTACHMENT/2E2348A0-B9EC-4DA4-9D00-3BA983A8C04C/MMC2.PDF
https://doi.org//10.1016/S0140-6736(21)01169-7/ATTACHMENT/2E2348A0-B9EC-4DA4-9D00-3BA983A8C04C/MMC2.PDF
https://doi.org//10.1016/S0140-6736(21)01169-7/ATTACHMENT/2E2348A0-B9EC-4DA4-9D00-3BA983A8C04C/MMC2.PDF
https://doi.org//10.1021/acs.chemrestox.5b00321
https://doi.org//10.1021/acs.chemrestox.5b00321
https://doi.org//10.3390/ijerph17020409
https://doi.org//10.3390/ijerph17020409
https://doi.org//10.1093/EURHEARTJ/SUAA053
https://doi.org//10.1093/EURHEARTJ/SUAA053
https://doi.org//10.5772/intechopen.78319
https://doi.org//10.1016/j.chest.2016.04.012
https://doi.org//10.1016/j.chest.2016.04.012
https://doi.org//10.1001/jama.2019.10298
https://doi.org//10.1161/JAHA.120.017000
https://doi.org//10.1155/2014/364316
https://doi.org//10.7150/thno.22726
https://doi.org//10.1016/j.cell.2009.01.002
https://doi.org//10.1016/j.jmb.2013.03.007
https://doi.org//10.1016/j.cmet.2019.07.011
https://doi.org//10.1016/j.cmet.2019.07.011
https://doi.org//10.3390/jcdd8020022
https://doi.org//10.3390/jcdd8020022
https://doi.org//10.3389/fgene.2019.00169
https://doi.org//10.1016/j.taap.2013.05.018
https://doi.org//10.1016/j.yrtph.2016.11.018
https://doi.org//10.1136/thoraxjnl-2020-215900
https://doi.org//10.1136/thoraxjnl-2020-215900
https://doi.org//10.1186/s12864-020-6754-2
https://doi.org//10.1089/cmb.2012.0283
https://doi.org//10.1002/ehf2.13371
https://doi.org//10.1136/gutjnl-2021-325168
https://doi.org//10.1136/gutjnl-2021-325168
https://ww.https//www.r-project.org
https://doi.org//10.1096/fj.08-121384
https://doi.org//10.1073/pnas.0806383106

PICCHIO ET AL.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

female lung cancer patients. Biology. 2021;10:793. doi:10.3390/
biology10080793

Zhou Q, Shi C, Lv Y, Zhao C, Jiao Z, Wang T. Circulating mi-
croRNAs in response to exercise training in healthy adults.
Front Genet. 2020;11:256. doi:10.3389/FGENE.2020.00256
Fehlmann T, Lehallier B, Schaum N, et al. Common diseases
alter the physiological age-related blood microRNA profile. Nat
Commun. 2020;11:5958. doi:10.1038/s41467-020-19665-1

Haig C, Carrick D, Carberry J, et al. Current smoking and prog-
nosis after acute ST-segment elevation myocardial infarction:
new pathophysiological insights. JACC Cardiovasc Imaging.
2019;12:993-1003. doi:10.1016/j.jcmg.2018.05.022

Mi S, Zhang J, Zhang W, Huang RS. Circulating microRNAs as
biomarkers for inflammatory diseases. MicroRNA. 2013;2:64-
72. d0i:10.2174/2211536611302010007

Sarkozy M, Kahan Z, Csont T. A myriad of roles of miR-25 in
health and disease. Oncotarget. 2018;9:21580-21612.

Varga ZV, Kupai K, Szucs G, et al. MicroRNA-25-dependent
up-regulation of NADPH oxidase 4 (NOX4) mediates
hypercholesterolemia-induced  oxidative/nitrative
and subsequent dysfunction in the heart. J Mol Cell Cardiol.
2013;62:111-121. doi:10.1016/J.YIMCC.2013.05.009

Fu Y, Zhang Y, Wang Z, et al. Regulation of NADPH oxidase
activity is associated with miRNA-25-mediated NOX4 expres-
sion in experimental diabetic nephropathy. Am J Nephrol.
2010;32:581-589. doi:10.1159/000322105

Liu Q, Wang Y, Yang T, Wei W. Protective effects of miR-25
against hypoxia/reoxygenation-induced fibrosis and apoptosis
of H9c2 cells. Int J Mol Med. 2016;38:1225-1234. doi:10.3892/
1JMM.2016.2702

Dirkx E, Gladka MM, Philippen LE, et al. Nfat and miR-25 co-
operate to reactivate the transcription factor Hand2 in heart
failure. Nat Cell Biol. 2013;15:1282-1293. d0i:10.1038/ncb2866
Tang Q, Zhong H, Xie F, Xie J, Chen H, Yao G. Expression of
miR-106b-25 induced by salvianolic acid B inhibits epithelial-
to-mesenchymal transition in HK-2 cells. Eur J Pharmacol.
2014;741:97-103. doi:10.1016/j.ejphar.2014.07.051

Zhang JF, Shi LL, Zhang L, et al. MicroRNA-25 negatively regu-
lates cerebral ischemia/reperfusion injury-induced cell apopto-
sis through Fas/FasL pathway. J Mol Neurosci. 2016;58:507-516.
doi:10.1007/S12031-016-0712-0

Pan L, Huang BJ, Ma XE, et al. MiR-25 protects cardiomyocytes
against oxidative damage by targeting the mitochondrial cal-
cium uniporter. Int J Mol Sci. 2015;16:5420-5433. doi:10.3390/
1IMS16035420

Maier KG, Ruhle B, Stein JJ, Gentile KL, Middleton FA, Gahtan
V. Thrombospondin-1 differentially regulates microRNAs in
vascular smooth muscle cells. Mol Cell Biochem. 2016;412:111-
117. d0i:10.1007/S11010-015-2614-9

Kuhn AR, Schlauch K, Lao R, Halayko AJ, Gerthoffer WT,
Singer CA. MicroRNA expression in human airway smooth

stress

44,

45.

46.

47.

48.

49.

50.

51.

Wl LEY 13 of 13

muscle cells: role of miR-25 in regulation of airway smooth
muscle phenotype. Am J Respir Cell Mol Biol. 2010;42:506-513.
doi:10.1165/RCMB.2009-01230C

Pataka A, Kotoulas S, Chatzopoulos E, et al. Acute effects of a
heat-not-burn tobacco producton pulmonaryfunction. Medicina
(B Aires). 2020;56:1-11. doi:10.3390/MEDICINA 56060292

Gits CMM, Van Kuijk PF, Jonkers MBE, et al. MiR-17-92 and
miR-221/222 cluster members target KIT and ETV1 in human
gastrointestinal stromal tumours. Br J Cancer. 2013;109:1625-
1635. doi:10.1038/bjc.2013.483

Felli N, Fontana L, Pelosi E, et al. MicroRNAs 221 and 222 in-
hibit normal erythropoiesis and erythroleukemic cell growth
via kit receptor down-modulation. Proc Natl Acad Sci USA.
2005;102:18081-18086. doi:10.1073/pnas.0506216102

Wu Q, Ren X, Zhang Y, et al. MiR-221-3p targets ARF4 and in-
hibits the proliferation and migration of epithelial ovarian can-
cer cells. Biochem Biophys Res Commun. 2018;497:1162-1170.
doi:10.1016/j.bbrc.2017.01.002

Yang Y, Cui H, Wang X. Downregulation of EIF5A2 by miR-
221-3p inhibits cell proliferation, promotes cell cycle arrest and
apoptosis in medulloblastoma cells. Biosci Biotechnol Biochem.
2019;83:400-408. doi:10.1080/09168451.2018.1553604

Zhang X, Shao S, Geng H, et al. Expression profiles of six cir-
culating microRNAs critical to atherosclerosis in patients with
subclinical hypothyroidism: a clinical study. J Clin Endocrinol
Metab. 2014;99:E766-E774. d0i:10.1210/jc.2013-1629

Tsai PC, Liao YC, Wang YS, Lin HF, Lin RT, Juo SHH. Serum
microRNA-21 and microRNA-221 as potential biomark-
ers for cerebrovascular disease. J Vasc Res. 2013;50:346-354.
doi:10.1159/000351767

Zhuang X, Li R, Maimaitijiang A, et al. miR-221-3p inhibits
oxidized low-density lipoprotein induced oxidative stress and
apoptosis via targeting a disintegrin and metalloprotease-22. J
Cell Biochem. 2019;120:6304-6314. doi:10.1002/JCB.27917

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Picchio V, Ferrero G,
Cozzolino C, et al. Effect of traditional or heat-not-
burn cigarette smoking on circulating miRNAs in
healthy subjects. Eur J Clin Invest. 2023;00:e14140.
doi:10.1111/eci.14140

85UR017 SUOWWOD BA 81D 8|cedl|dde au3 Aq pauRA0h 818 Sajo e WO ‘88N JO 3N o} A%1q 1T 8UI|UO AB]1/M UO (SUOTHIPUOD-pUe-SWLB}L0D A8 | 1M AReIq 1 Ul UO//Sd1Y) SUORIPUOD PUe swiB | 84} 88S *[£202/2T/S0] Uo AriqiTauliuO A8|IM elfelieueiyo0D Aq Oy THT 198/TTTT'OT/I0PAW00 A3 1M Afe.q 1 Bul|uo//SANY Wol4 papeojumoq ‘0 ‘Z9eZS9ET


https://doi.org//10.3390/biology10080793
https://doi.org//10.3390/biology10080793
https://doi.org//10.3389/FGENE.2020.00256
https://doi.org//10.1038/s41467-020-19665-1
https://doi.org//10.1016/j.jcmg.2018.05.022
https://doi.org//10.2174/2211536611302010007
https://doi.org//10.1016/J.YJMCC.2013.05.009
https://doi.org//10.1159/000322105
https://doi.org//10.3892/IJMM.2016.2702
https://doi.org//10.3892/IJMM.2016.2702
https://doi.org//10.1038/ncb2866
https://doi.org//10.1016/j.ejphar.2014.07.051
https://doi.org//10.1007/S12031-016-0712-0
https://doi.org//10.3390/IJMS16035420
https://doi.org//10.3390/IJMS16035420
https://doi.org//10.1007/S11010-015-2614-9
https://doi.org//10.1165/RCMB.2009-0123OC
https://doi.org//10.3390/MEDICINA56060292
https://doi.org//10.1038/bjc.2013.483
https://doi.org//10.1073/pnas.0506216102
https://doi.org//10.1016/j.bbrc.2017.01.002
https://doi.org//10.1080/09168451.2018.1553604
https://doi.org//10.1210/jc.2013-1629
https://doi.org//10.1159/000351767
https://doi.org//10.1002/JCB.27917
https://doi.org/10.1111/eci.14140

	Effect of traditional or heat-­not-­burn cigarette smoking on circulating miRNAs in healthy subjects
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study approval
	2.2|Samples collection and experimental design
	2.3|RNA extraction and miRNAs quantification
	2.4|Bioinformatic analysis
	2.5|Statistical analysis

	3|RESULTS
	3.1|HNBCs change miRNA levels in substantial overlap with TCCs
	3.2|Functional analysis of commonly deregulated miRNA targets points to cancer and CVD

	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


