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Abstract: Lung cancer remains the leading cause of cancer related mortality worldwide. We aimed
to test whether a simple blood biomarker (extracellular vesicle miRNAs) can discriminate between
cases with and without lung cancer. Methods: plasma extracellular vesicles (EVs) were isolated from
four cohorts (n = 20 in each): healthy non-smokers, healthy smokers, lung cancer, and stable COPD
participants. EV miRNA expression was evaluated using the miRCURY LNA miRNA Serum/Plasma
assay for 179 specific targets. Significantly dysregulated miRNAs were assessed for discriminatory
power using ROC curve analysis. Results: 15 miRNAs were differentially expressed between lung
cancer and healthy non-smoking participants, with the greatest single miRNA being miR-205-5p
(AUC 0.850), improving to AUC 0.993 in combination with miR-199a-5p. Moreover, 26 miRNAs
were significantly dysregulated between lung cancer and healthy smoking participants, with the
greatest single miRNA being miR-497-5p (AUC 0.873), improving to AUC 0.953 in combination
with miR-22-5p; 14 miRNAs were significantly dysregulated between lung cancer and stable COPD
participants, with the greatest single miRNA being miR-27a-3p (AUC 0.803), with two other miRNAs
(miR-106b-3p and miR-361-5p) further improving discriminatory power (AUC 0.870). Conclusion:
this case control study suggests miRNAs in EVs from plasma holds key biological information
specific for lung cancer and warrants further prospective assessment.

Keywords: extracellular vesicles; miRNAs; plasma; lung cancer; chronic obstructive pulmonary dis-
ease

1. Introduction

Due to the lack of early diagnosis and effective treatments, lung cancer remains one
of the most fatal forms of cancer; therefore, diagnosis at an earlier, more curable stage
of disease, has been the focus of worldwide efforts to reduce associated mortality. There
is a large body of evidence describing the pathological link between chronic obstructive
pulmonary disease (COPD)—the third leading cause of death worldwide [1,2]—and lung
cancer—the leading cause of cancer-related mortality [3], beyond their common etiologies.
While tobacco smoking is the main risk factor for both lung cancer and COPD, only 10-20%
of smokers develop COPD [4], and conversely 10-15% of individuals with lung cancer are
non-smokers [5]. Additionally, lung cancer is five times more likely to occur in smokers
with airflow obstruction than in those with normal lung function [6], with the annual
incidence of lung cancer arising in individuals with COPD being reported as 0.8-1.2% [7].
Screening and monitoring of individuals with COPD to identify early stage lung cancer
has been suggested as a potential strategy to reduce lung cancer mortality [8]. As part of
this approach, the search for novel diagnostic biomarkers of serious lung diseases has been
under intense investigation.

microRNAs (miRNAs) are short non-coding RNAs (19-22 nucleotides) that regulate
gene expression post-transcriptionally through either degradation of target mRNA or
translation inhibition [9]. Due to the broad range of target genes, miRNAs are involved in
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regulating a number of key physiological processes including apoptosis, DNA repair, cell
metabolism, and the initiation and progression of pathogenic processes, leading to further
inflammation and tumourigenesis [10-12]. miRNAs have been shown to be highly stable
in a variety of body fluids, in particularly plasma [13-15]. Studies have shown that, in
cells, miRNAs have an estimated half-life of 8 hours [15], unlike mRNA which only have a
half-life of several minutes [16].

Nanosized lipid bilayer membrane vesicles, known as extracellular vesicles (EVs),
have been identified as an attractive source of biomarkers for lung disease. This is due to
their key role in intercellular communication, through bioactive cargo (e.g., DNA, RNA,
miRNA, proteins) exchange with recipient cells [17]. This bioactive cargo can contain dis-
ease specific molecular information, reflecting their cellular origin. Specific miRNAs have
been demonstrated to be selectively exported into EVs, while others are excluded [18], alter-
ing recipient cells biological processes and overall disease pathophysiology [19]. Given the
stability of plasma miRNAs and transportability of vesicles, their accessibility through mini-
mally invasive methods (i.e., blood tests) [17,20,21] makes them ideal for biomarker studies.

In this study, we aimed to identify potential diagnostic EV miRNA biomarkers that
can discriminate between cases of lung cancer and COPD, as well as separate these disease
states from healthy smokers and healthy non-smoking participants. Plasma EV miRNAs
with discriminatory power to distinguish lung cancer from COPD and from smokers
without lung disease could have significant translational application as a screening tool for
lung cancer case finding in populations at risk.

2. Results
2.1. Clinical Characteristics of the Four Case Groups

EVs were isolated from plasma, extracted for RNA and assessed for miRNA expression
from 20 healthy participants who had never smoked, 20 healthy smokers, 20 participants
with a smoking history and diagnosis of non-small cell lung cancer, and 20 participants
with clinically stable COPD. Clinical characteristics are shown in Table 1. Each of the four
groups contained similar numbers of males and females, although the healthy controls
were on average 10 years younger than cases in the other three groups (p < 0.0001). The
majority of the “healthy” smoker group were current smokers, whereas most of the cases
of diagnosed lung disease (lung cancer or COPD) were former smokers (see Table 1), but
there was no significant difference in cumulative pack years between the three groups.
The majority of lung cancer cases were TNM stage I or II. Most of the COPD cases had
GOLD-classified moderate to severe disease.
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Table 1. Clinical characteristics of healthy non-smokers (n = 20), healthy smokers (n = 20), lung cancer (n = 20) and COPD

(stable, n = 20) participants.

Clinica_l ) Healthy Healthy Lung COPD Total Significance
Characteristic Non-Smokers Smokers Cancer (Stable)
Gender (n, %)
Males 7 (35) 13 (65) 10 (50) 12 (60) 42 (52.5) p=0240"1
Females 13 (65) 7 (35) 10 (50) 8 (40) 38 (47.5)
Age (mean, SD) 55.1 (7.0) 60.4 (4.2) 66.7 (7.3) 70.3 (7.6) 63.2 (8.6) p <0.0001 * "2
Smoking history (n, %)
Never 20 (100) 0 0 1(5) 21 (26.3)
Former - 8 (40) 14 (70) 15 (75) 37 (46.3) p=002*"2
Current - 12 (60) 5 (25) 4 (20) 22 (27.5)
Pack years (mean, SD) - 46.2 (15.8) 39.8 (23.2) 58.2 (23.2) 48.3 (21.8) p=0.058"2
TNM (n, %)
IAorB - - 9 (45) - - -
A or B - - 2 (10) - - -
IIIA or B - - 1(5) - - -
IVA or B - - 6 (30) - - -
NSCLC subtype
Adenocarcinoma 14 (70)
Squamous cell carcinoma 2 (10)
Non-small cell carcinoma 4(20)
GOLD stage
(n, %)
GOLD 0 - - - 3(15) - -
GOLD 1 - - - 0 - -
GOLD 2 - - - 8 (40) - -
GOLD 3 - - - 5 (25) - -
GOLD 4 - - - 4 (20) - -

1 Categorical data represented as n (population %); continuous data represented as mean (standard deviation); * p-value < 0.05; " non-normal

distribution; lChi-squalre test; 2 Kruskal-Wallis test.

2.2. Characterization of EVs from Healthy Non-Smoking, Healthy Smoking, Lung Cancer, and

Stable COPD Participants Plasma

An aliquot of EVs isolated from plasma of two healthy non-smokers, two healthy
smokers and two lung cancer participants were characterized using western blotting, while
one healthy non-smoker case underwent nanoparticle tracking analysis (NTA).

Established “EV-markers” Flotillin-1 and CD9 were identified by western blotting in
plasma EVs from the cases, but were absent from the corresponding raw plasma samples
(Figure 1). An exosome standard from human plasma used as a positive control was
positive for Flotillin-1 (but not CD9) in the EV samples. Albumin, the most abundant
protein in plasma [22], was present in the raw plasma samples on western blots as expected,
and showed a faint band in the exosome standard, but was also identified in plasma EVs,
so may not be a suitable “negative” control marker.
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Figure 1. Plasma derived EV characterization. (a) Western blot of negative control marker Albumin and EV markers
Flotillin-1 and CD9 presence or absence in participant groups (healthy smokers, lung cancer, healthy non-smokers), as well
as lyophilized exosome standard from plasma (EXS STD) and raw plasma (RAW). (b) Plasma EV particle concentration and
size from a healthy non-smoking participant using nanoparticle tracking analysis (NTA).

Characterization using NTA was performed on one healthy non-smoker participant’s
plasma EVs. The concentration of EV particles was 7.02 x 108 + 7.26 x 107 particles/mL
(mean £ 1SD), particle size was 96.6 = 1.6 nm (mean £ 1SD), and mode was 76 nm.

2.3. Plasma-Derived EV miRNA Profiling Identified Significantly Dysregulated miRNAs Specific
for Select Cohorts

Candidate plasma-derived EV miRNAs were investigated by qPCR to identify those
that could discriminate between lung disease cohorts (lung cancer and stable COPD),
healthy smokers, and healthy non-smokers. Testing for 179 miRNAs specific for human
serum and plasma (including internal controls) was performed using QIAGEN’s miRCURY
LNA miRNA Serum/Plasma Focus PCR panels. A clustergram of miRNA expression
across all cohorts is shown in Figure 2.

As detailed in Table 2, the miRNA expression from plasma EVs identified several
miRNAs whose expression differed between the four cohorts.

Two plasma EV miRNAs were expressed at significantly higher levels in lung cancer
participants than in healthy non-smokers and expression of 13 miRNAs was significantly
lower in the lung cancer participants.

Additionally, lung cancer participants compared to the healthy smoker’s cohort iden-
tified 14 significantly over- and 12 significantly under-expressed miRNAs.

Further, lung cancer participants compared to stable COPD patients identified 6
miRNAs that were significantly under-expressed and eight miRNAs that were significantly
over-expressed.

A total of five miRNAs were consistently identified as significantly dysregulated in
lung cancer participants compared to all three other cohorts (miR-197-3p, miR-223-3p, miR-
133b, miR-497-5p and miR-210-3p) (Figure 3). Six miRNAs were unique in discriminating
lung cancer participants from healthy non-smokers, 13 miRNAs from healthy smokers and
five miRNAs from stable COPD participants (Figure 3).



Int. . Mol. Sci. 2021, 22, 5803 50f19

hsa-miR-200a-3p.
hea-min-

hsa-miR-376a-3p|

hsa-miR-378a-3p|
hear

hsa-miR-374a-5p|
miR-27b-3p|
7b-3p

fregeqeeiassiy LITT 7998090080 11,1 H EEE T L EEEE R frpl qin i
H EEEETELES iiiait it i ; EERELEEERERRERFLLE! H i
?B; g ¥ T 19 : 3
JEEEEEHTEEE S £ yyy 38 S fEEETEYY 8 4 LR AR ¥

—  hsa-mi-25-3p|

hsa-miR-92a-3p
hsa-miR-151a-3p.
-30a-5p

3p)
3p)
3p)

hear
hsa-miR-93-3p

Figure 2. Clustergram indicating the magnitude of miRNA expression (green = minimal, red =
maximal). Clustering is grouped by cohort (control group = healthy non-smokers, group 1 = healthy
smokers, group 2 = lung cancer and group 3 = stable COPD).
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Table 2. Over-and under-expressed miRNA targets that were identified to be significantly (p < 0.05) dysregulated between

lung cancer participants and comparator cohorts (healthy non-smokers, healthy smokers and stable COPD participants).

Healthy
Non-Smokers

Healthy
Smokers

COPD
(Stable)

miRNAs underexpressed (fold regulation; significance)

hsa-miR-221-3p
(-2.2;p=0.001")
hsa-miR-200a-3p
(-343;p=0.013 1)
hsa-miR-133b
(-9.08; p < 0.0001 1)
hsa-miR-497-5p
(-4.76; p = 0.001 2)
hsa-miR-136-5p
(-3.6;p=0.012)
hsa-miR-326
(-4.47;p =0.0112)
hsa-miR-107
(-2.27; p < 0.0001 1)
hsa-miR-205-5p
(-4.45; p = 0.0001 2)
hsa-miR-339-5p
(-2.62;p=0.0021)
hsa-miR-122-5p
(-2.6; p =0.0322)
hsa-miR-103a-3p
(-2.14; p < 0.0001 2)
hsa-miR-210-3p
(-2.37; p = 0.0002 2)
hsa-miR-199a-5p
(-8.17; p = 0.0005 2)

hsa-miR-133b
(-6.69; p = 0.0001 1)
hsa-miR-133a-3p
(-4.9;p =0.0172)
hsa-miR-451a
(-2.18; p < 0.0001 2)
hsa-miR-497-5p
(-5.12; p = 0.0001 2)
hsa-miR-107
(-2.19; p < 0.0001 1)
hsa-miR-205-5p
(-3.74; p = 0.003 2)
hsa-miR-22-5p
(-2.07; p = 0.002 2)
hsa-miR-103a-3p
(-2.02; p <0.0001 1)
hsa-miR-210-3p
(-2.14; p = 0.001 2)
hsa-miR-199a-5p
(-4.56; p = 0.009 2)
hsa-miR-144-3p
(-2.17; p < 0.0001 1)
hsa-miR-7-5p
(-2.85;p=0.0142)

hsa-miR-133b
(-4.75; p = 0.001 2)
hsa-miR-130a-3p
(-2.09; p < 0.0001 1)
hsa-miR-497-5p
(-3.15; p = 0.008 2)
hsa-miR-1260a
(-2.53; p < 0.0001 1)
hsa-miR-210-3p
(-2.29; p = 0.0003 2)
hsa-miR-543
(-2.36; p = 0.027 2)

Lung cancer

miRNAs overexpressed (fold regulation; significance)

hsa-miR-197-3p
(2.45;p=0.0192)
hsa-miR-223-3p
(2.49;p =0.0172)

hsa-miR-505-3p
(2.27;p = 0.0222)
hsa-miR-23b-3p
(2.12; p = 0.0022)
hsa-miR-361-5p
(2.18; p = 0.001 2)
hsa-miR-27a-3p
(2.06; p = 0.0002 1)
hsa-miR-328-3p
(2.55; p = 0.007 2)
hsa-let-7b-3p
(2.05; p = 0.002 2)
hsa-miR-425-3p
(2.12;p=0.0212)
hsa-miR-197-3p
(3.31; p < 0.0001 1)
hsa-miR-223-5p
(3.75; p = 0.002 2)
hsa-miR-191-5p
(2.11; p < 0.0001 1)
hsa-miR-23a-3p
(2.01; p = 0.007 2)
hsa-miR-423-3p
(2.26; p =0.007 1)
hsa-miR-223-3p
(4.52; p < 0.0001 2)
hsa-miR-24-3p
(2.12;p =0.0002 1)

hsa-miR-361-5p
(2.08; p=0.002 1)
hsa-miR-27a-3p
(2.06; p = 0.0005 1)
hsa-miR-197-3p
(2.26; p=0.004 1)
hsa-miR-223-5p
(3;p=0.0422)
hsa-miR-193a-5p
(2.18; p = 0.007 2)
hsa-miR-423-3p
(2.23;p=0.01")
hsa-miR-223-3p
(3.54; p = 0.001 2)
hsa-miR-106b-3p
(3.37; p = 0.004 2)

! Independent t-test; > Mann-Whitney U test.



Int. . Mol. Sci. 2021, 22, 5803

7 of 19

Lung cancer Lung cancer
Vs. Vs. Groups Total #miRNAs List miRNAs
Healthy non-smokers Healthy smokers
Unique - hsa-miR-326, hsa-miR-221-3p, hsa-
lung cancer vs. 6 miR-200a-3p, hsa-miR-339-5p, hsa-
healthy non-smokers miR-122-5p, hsa-miR-136-5p
Shared between lung
cancer vs. 4 hsa-miR-199a-5p, hsa-miR-205-5p,
healthy non-smokers hsa-miR-103a-3p, hsa-miR-107
& healthy smokers
hsa-miR-7-5p, hsa-miR-22-5p, hsa-
Unigue — miR-133a-3p, hsa-miR-451a, hsa-miR-
g C':ncer v " 144-3p, hsa-miR-23a-3p, hsa-let-7b-
healthy smokers 3p, hsa-miR-505-3p, hsa-miR-328-3p,

hsa-miR-425-3p, hsa-miR-24-3p, hsa-
miR-23b-3p, hsa-miR-191-5p

Shared between lung
cancer vs.

hsa-miR-361-5p, hsa-miR-423-3p, hsa-

healthy smokers & miR-223-5p, hsa-miR-27a-3p
stable COPD
Unique - hsa-miR-1260a, hsa-miR-106b-3p,
lung cancer vs. 5 hsa-miR-130a-3p, hsa-miR-193a-5p,
stable COPD hsa-miR-543

Shared between lung

cancer s, hsa-miR-197-3p, hsa-miR-497-5p, hsa-
Lung cancer healthy non-smokers, 5 miR-133b, hsa-miR-210-3p, hsa-miR-
Vs. healthy smokers & 223-3p
stable COPD

Stable COPD

Figure 3. Venn diagram listing the dysregulated miRNAs unique and common for lung cancer participants and comparator
groups including healthy non-smokers, healthy smokers, and stable COPD participants. Venn diagram created using Venny
2.1 software [23].

Further, candidate miRNA-regulated genes were identified based on the miRNAs
expression in lung cancer participants compared to healthy non-smokers, healthy smokers,
and stable COPD patients (full list detailed in Table S1).

miRNA-regulated gene ZXDC was unique to lung cancer participants compared
to healthy non-smokers, targeted by two over-expressed miRNAs. NFIB was unique to
lung cancer participants compared to healthy smokers, targeted by five overexpressed
miRNAs. While CLCN5 was unique to lung cancer participants compared to stable COPD
participants, targeted by four under-expressed miRNAs.

2.4. Correlations Identified between Significantly Dysrequlated miRNAs and Clinical
Characteristics

Significant differences and correlations were assessed between the identified miRNAs
and appropriate clinical characteristics between lung cancer participants compared to
comparator groups (healthy non-smokers, healthy smokers, and stable COPD).

Two plasma EV miRNAs differentially expressed between lung cancer participants
and healthy non-smokers were significantly associated with age (Table S2), while four
plasma EV miRNAs were significantly associated with gender (Table S3).

For lung cancer participants, compared to healthy smokers, five plasma EV miRNAs
were significantly associated with age (Table S4), while seven plasma EV miRNAs were
significantly associated with gender and three miRNAs with smoking history (Table S3).

For lung cancer participants compared to stable COPD participants, five plasma EV
miRNAs were significantly associated with age, two plasma EV miRNAs were associated
with pack years (Table S5), while three plasma EV miRNAs were significantly associated
with gender (Table S3).

2.5. Biomarker Potential of Plasma EV miRNAs Assessed by ROC Curve Analyses

To evaluate the discriminatory power of plasma EV miRNAs for distinguishing lung
cancer from healthy non-smoking, healthy smoking and stable COPD groups, ROC curve
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analysis was performed on select miRNAs that did not have significant associations with
clinical characteristics.

2.6. Lung Cancer Participants vs. Healthy Non-Smokers

A total of 15 miRNAs identified in the primary analyses were significantly dysreg-
ulated between lung cancer participants compared to healthy non-smoking participants.
From Table S2, the expression of six miRNAs was significantly associated with age and/or
gender (Table S3). ROC curve analysis was performed individually for the remaining nine
significantly over- or under-expressed miRNAs (Figure 4a). The highest AUC for a single
miRNA was achieved by miR-205-5p (AUC 0.850; standard error 0.061; 95% CI 0.731-0.969;
p = 0.0002) (Figure 4b).
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Figure 4. Discriminatory power assessed using ROC curves for the miRNAs that were significantly dysregulated in lung

cancer participants compared to healthy non-smoker participants. (a) Individual ROC curves for under- and overexpressed

miRNAs; (b) AUC values, including standard error (Std. Error), significance and 95% confidence intervals; (c) binary logistic

regression model for miR-205-5p, miR-199a-5p, and significant clinical characteristic (age); (d) ROC curve for the logistic

regression model.

The miRNAs that were not significantly correlated with each other or associated with
demographic parameters with the highest AUC values were miR-205-5p and miR-199a-5p.
These were included in a logistic regression model (Figure 4c) for which ROC curve analysis
showed the AUC improved to 0.993 (standard error 0.009; 95% CI 0.974-1.000; p < 0.0001)
(Figure 4d).

2.7. Lung Cancer Participants vs. Healthy Smokers

A total of 17 of the 26 miRNAs identified in the primary analyses as significantly
differentially expressed in plasma EVs between lung cancer participants and healthy
smokers were associated with age (Table S4), gender and/or smoking history (Table S3).
Individual ROC curve analyses of the remaining nine significantly over- or under-expressed
miRNAs are shown in Figure 5a. The highest AUC for a single miRNA was achieved by
miR-497-5p (AUC 0.873; standard error 0.057; 95% CI 0.761-0.984; p = 0.0001) (Figure 5b).
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Figure 5. Discriminatory p

ower assessed using ROC curves for the miRNAs that were significantly dysregulated in lung

cancer participants compared to healthy smokers. (a) Individual ROC curves for under- and overexpressed miRNAs;
(b) AUC values, including standard error (Std. Error), significance and 95% confidence intervals; (c) binary logistic
regression model for miR-497-5p, miR-22-5p and significant clinical characteristics (age); and (d) ROC curve for the logistic

regression model.

Based on the highest individual AUC values, and lack of associations with potential
confounding factors the combination of miR-497-5p and miR-22-5p was assessed in a
logistic regression model including age (Figure 5c). ROC curve analysis of the model
(Figure 5d), showed that AUC improved to 0.953 (standard error 0.031; CI 0.892-1.000;
p < 0.0001).

2.8. Lung Cancer Participants vs. Stable COPD Participants

A total of 14 miRNAs identified in the primary analyses were significantly dysreg-
ulated between lung cancer patients compared to stable COPD participants. From the
correlation analysis with clinical characteristics, seven miRNAs were significantly corre-
lated with age or significantly associated with gender, smoking history and/or pack years
(Tables S3 and S5). ROC curve analysis was performed for the remaining seven significantly
dysregulated individual over- and under-expressed miRNAs (Figure 6a). The highest AUC
for a single miRNA was achieved with miR-27a-3p (AUC 0.803; standard error 0.071; 95%
CI 0.664-0.941; p = 0.001) (Figure 6b).



Int. ]. Mol. Sci. 2021, 22, 5803

10 of 19

c)

b)
10
T i . | : 7 Asymptotic 95%
= Expression miRNA AUC | Std. Error 5'9"'“‘-;‘";’9 |__Confidence Interval
- T (p-value) || ower Bound Upper Bound
1 I
; Over hsa-miR-361-5p | 0.766 0.078 0.004 0.613 0.919
P Over hsa-miR-27a-3p | 0.803 0.071 0.001 0.664 0.8941
Over hsa-miR-223-5p | 0.688 0.085 0.042 0.522 0.853
Qver hsa-miR-193a-5p| 0.748 0.081 0.007 0.588 0.906
has-miR 361 5p
haa-mif-27a-3p Over hsa-miR-423-3p | 0.693 0.088 0.037 0.520 0.865
hsa-miR223.5p
g Over  |hsa-miR-106b-3p| 0.768 0.086 0.004 0.600 0.937
- haa-miR-423-3p
has-miR-1068-3) af
ooy Under hsa-miR-543 0.705 0.082 0.027 0.544 0.866
Retasanca Line
o4 o8 o8 10
1 - Specificity
d)
WodeT Sumanary
Sep Zlog Weknod | o & Sodl R Sqave
7 [TiTEa | R | kS
& Estrmation termersbed 8l AeTSon MUmie [ Decause pis armeles estmales changed by less than (01
Hosmer and Lemeshow Test (1]
Siep. | Ch-sgusre 1 ] 1 Sq
T 05 | T (X3
Classifcation Tabler
Cbeerved LT
Tmeast LioiD © P ernge ConetT L
T 7
EZa Dease_Group_® U atie COPO) 18 | 7 W
1 [Lung Cancer) 4l 13 785
Cwveral Percentage 851 o4
a The cut value 15 500
Variables in the Equation
B SE [wac | @ | 5w ExplB) G55 C llor EXPE)
Lower Uggan
Step 1+ Pack years <003 oo 2920 1 aodr R [ 1005 . . x:
s mi- 351 55 T91 | OB% | 3301 | 1| 006 EF) (L] T BN "’;.':\i:' Fhsaf iR
T bt 10039 TET [ 028 | 4% T o0 LR T Tow Reference Line
Constant 11 685 2580 | 66T 1 oo | aEre "% a2 L L on 1
812
|5 Varabie(s) entered on step | Pack yess miFI01XMINUS] hes-mit-106b-3p 1 - Specificity

Figure 6. Discriminatory power assessed using ROC curves for the miRNAs that were significantly dysregulated in lung
cancer participants compared to stable COPD participants. (a) Individual ROC curves for under- and overexpressed
miRNAs; (b) AUC values, including standard error (Std. Error), significance, and 95% confidence intervals; (c) binary
logistic regression model for miR-106b-3p and miR-361-5p, as well as significant clinical characteristic (pack years); and (d)
ROC curve for the logistic regression model.

Combination of miR-27a-3p with another with the second highest individual AUC
value could not be achieved, as miR-27a-3p significantly correlated with all of the remain-
ing miRNAs. The second highest AUC was achieved by miR-106b-3p, which could be
combined with miR-361-5p, as no significant correlations identified with each other or clin-
ical characteristics (with the exception of pack years being significantly different between
the two patient cohorts), and they were therefore further assessed in a logistic regression
model (Figure 6¢). The model was then analyzed using ROC curve analysis (Figure 6d),
with the AUC improving to 0.870 (standard error 0.064; CI 0.744-0.996; p = 0.0002).

2.9. Biological Pathways Associated with miRNAs Differentially Expressed between Lung Cancer
Participants and Healthy Non-Smoking Participants

KEGG pathway analysis was used to identify significantly affected pathways from
the candidate miRNAs that were significantly dysregulated in the primary analysis in the
lung cancer participants compared to the healthy non-smoking participants (Table 3).
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Table 3. Predicted biological pathways enriched by the significantly dysregulated miRNAs as identified in the primary
analyses of lung cancer participants compared to healthy non-smoking participants.

Patient Groups KEGG Pathway

Significance

# miRNAs

# Genes Validated from

List of Identified Target Genes GeneGlobe Analysis

Fatty acid
biosynthesis
(hsa00061)

p <0.0001 ! 2

FASN
ACSL3

Fatty acid
metabolism
(hsa01212)

p <0.0001 1 10

FASN
ACSL3
PTPLB
SCD5
ACAT2 ELOVL2 ELOVL6 ACAT1
ACADM MECR

Lung cancer vs.
healthy non-smokers

Proteoglycans in
cancer (hsa05205)

p=0.009" 12

BRAF
WNT16 WNT7A
50OS2
CBL
ROCK2
FZD6
ITGA5
MRAS
ANK2
COL21A1
ANK3
SLC9A1
FzZD4
FZD10
IGF2
EIF4B
DDX5
PLAUR
FGF2
TGFB2
ANK1
AKT3
WNT3A
SMO
VEGFA FGFR1
KDR
GRB2
WNT7B
MDM2
ELK1 PRKACB

21

1 Gene union criterion.

A total of 15 significantly dysregulated miRNAs that were identified in the lung cancer
cohort compared to the healthy non-smoker’s cohort were enriched in three different KEGG
pathways. The “proteoglycans in cancer’ (hsa05205) interaction was the most significant
KEGG pathway enriched for the most miRNAs, with 32 enriched target genes, as well as
the most genes validated by the miRNA-regulated gene targets GeneGlobe analysis.

3. Discussion
3.1. Main Results

In this study, we verified the presence of EVs isolated from plasma and identified
significantly dysregulated EV miRNAs that can discriminate between groups of lung cancer
cases compared to healthy non-smokers, healthy smokers and stable COPD cases. These
EV miRNAs and or signatures specific to disease states have translational application as
potential biomarkers with their strong diagnostic discrimination power evaluated using
ROC curve analysis. Further, KEGG pathway analysis based on EV miRNAs with discrim-
inatory power between case groups indicates their involvement in disease-specific and
biologically relevant pathways.
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3.2. Lung Disease Biomarker Potential of Plasma EV miRNAs

There is increasing evidence to support the biomarker potential of miRNAs for diag-
nosis of disease. It has previously been reported that in plasma, miRNAs are concentrated
in the bioactive cargo of EVs [24], which (due to their phospholipid bilayer) are highly
stable in circulating bodily fluids. EV cargo reflects the physiological state and microen-
vironment of the cells of origin and in disease states circulating EVs contain an array of
disease associated biomolecules [25].

Recent studies in various lung diseases show that certain miRNAs are differentially
enriched in EVs, and that these can alter biological processes in recipient cells, thereby
reflecting disease pathophysiology [19].

It is known that tobacco smoking is one of the main etiological risk factors for lung
cancer and COPD development [26]. Therefore, when identifying possible diagnostic
biomarkers, clinically relevant controls need to be evaluated, which in the case of lung
cancer and COPD, includes smokers without these diseases.

3.2.1. Lung Cancer Participants vs. Healthy Non-Smokers

Our results identified miR-205-5p as the top under-expressed plasma EV miRNA,
with no association identified between age and gender, with solid discriminatory power
(AUC 0.850) in distinguishing lung cancer from healthy non-smokers. This result is not
concordant with previous reports and literature, in fact miR-205-5p has been extensively
reported as being significantly overexpressed lung cancer [27], promoting metastasis and
cellular invasion through an epithelial phenotype, along with increased E-cadherin and
reduced fibronectin [28].

Explanations for this anomaly may include the small sample sizes of both cohorts and
therefore validation of this result is required in larger, independent cohorts. Additionally,
this result may have occurred due to mechanisms involved in selective miRNA packaging
into EVs, a process that is not random, as certain miRNAs can be exported into EVs,
while others are excluded [29], which suggests that their effect can be pathogenic for
specific lung diseases [30] and not just a ‘bystander’. The mechanisms behind EV miRNA
packaging are complex and still under investigation. Previous reports have suggested that
specific miRNA enriched EVs can exert anti-tumorigenic effects to nearby cells [31]. A cell
surface heparin sulfate proteoglycan known as syndecan-1 has been reported to function
in cancer cell signaling and exosomes from cells expressing this proteoglycan have shown
to contain a miRNA (miR-485) that was both upregulated in A549 cells [32], while another
study reported this miRNA as downregulated in breast cancer tissue [33]. Additionally,
miRNA profiling of plasma fractions revealed that miR-205 expression increased in tumor
specific EVs of patients with squamous cell carcinoma [27,34]; therefore, the decreased
expression observed in our primarily adenocarcinoma NSCLC lung cancer participants
may be expected [35]. Another alternative explanation may be that signaling molecules
produced by tumor cells may downregulate the expression of miRNA from normal tissue,
suggesting that miRNAs from non-tumor cells may have diagnostic significance [36].

The discriminatory power for lung cancer participants compared to healthy non-
smokers improved with the combination of miR-205-5p and miR-199a-5p (AUC 0.993).
Previous studies have reported that miR-205-5p, in combination with other miRNAs, as
a validated plasma miRNA signature for lung cancer early detection [37], as well as a
differentiating squamous cell carcinoma from adenocarcinoma [38]. For miR-199a-5p, this
miRNAs dysregulation is concordant with previous studies, being significantly under-
expressed in lung cancer patient’s plasma and tissue [39,40]. The under-expression of
miR-199a-5p in the lung cancer cohort [41], has also been demonstrated in adenocarcinoma
patients and associated with a high risk for disease progression [41].

Overall these identified plasma EV miRNAs have shown to have strong discriminatory
power for lung cancer patients and warrant further validation in a larger independent
cohort.
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3.2.2. Lung Disease Participant Cohorts

From our results, significantly dysregulated miRNA, miR-497-5p, may be a poten-
tial biomarker candidate for the early detection of lung cancer, as it was identified as
being significantly under-expressed in the lung cancer participants compared to healthy
non-smokers (AUC 0.813), healthy smokers (AUC 0.873), and stable COPD participants
(significantly dysregulated, but not applicable for discriminatory power assessment due to
correlations with clinical characteristics). This is in support of previous studies that have
shown that in tissue and plasma, miR-497-5p is downregulated in a number of different
cancers [42-46], and in relation to NSCLC, this miRNAs has been suggested to function
as a tumor suppressor [47,48], as well as related to disease progression, TNM stage and
distant metastases [49].

The top identified miRNAs that were significantly dysregulated in the lung cancer
cohort compared to stable COPD participants included the over-expression of miR-27a-3p
and miR-106b-3p. These findings are concordant with previous studies, with miR-27a-3p
being reported as an oncogene with high expression reported in a number of different can-
cers, including lung cancer [50-52]. This miRNAs over-expression has also been suggested
to be involved in chemotherapy resistance, as well as disruption of TP53/miR-27a/EGFR
pathway, promoting increased cell proliferation and tumorigenesis [53]. Further plasma
exosomal miR-27a has been reported as a novel diagnostic and prognostic biomarker for
colorectal cancer [54], highlighting this plasma EV miRNAs translational application as a
potential biomarker for lung cancer.

In relation to miR-106b, a recent study by Sun et al. reported that serum exosomal miR-
106b was significantly higher in lung cancer participants, promoting metastasis through
targeting phosphatase and tensin homolog (PTEN) [55]. In regards to COPD, miR-106b has
been reported as being significantly under-expressed [56] as well as negatively correlating
with disease severity [57]. Overall, results from this study support that these identified
plasma EV miRNAs have discriminatory potential to distinguish between lung cancer
and COPD, and therefore warrant further investigation as clinically applicable diagnostic
biomarkers.

3.3. Identified miRNA-Regulated Target Genes in Each Patient Cohort and Their Involvement in
Relevant Biological Pathways

Identifying which miRNAs regulate a given gene set or pathway is a key question to
address in functional miRNA studies. In this study, analysis using DIANA-miRpath (v.3.0)
identified specific biological pathways from the combinations of miRNAs significantly
dysregulated between lung cancer and healthy non-smoker participants.

KEGG pathway analysis identified that the function of these miRNAs were enriched
in the proteoglycans in cancer pathway. This is concordant with a recent study by Wu et al.
who investigated EV miRNA expression in NSCLC patients and non-smoking controls, and
identified that the most prominent pathways enriched in NSCLC EV miRNA signatures
was also the proteoglycans pathway, as well as fatty acid biosynthesis [58]. Further, it has
been reported that heparin sulfate proteoglycans is a functionally relevant and targetable
entry pathway for cancer cell exosomes [59].

Our results further support that the dysregulated plasma EV miRNAs identified in
lung cancer participants target specific genes involved in significant lung cancer biological
pathways and, therefore, make strong biomarker candidates for lung cancer diagnosis and
disease differentiation.

3.4. Limitations

The limitations of this study arise from retrospective case control design introducing
difficulties with confounding biases. While case control studies for novel biomarkers allow
for the comparison of individuals with the outcome of interest (lung cancer) versus without
the outcome (no lung cancer), unbalanced confounders, such as age and gender, may
be encountered [60,61]. In this study, there was a significant difference in age between
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lung disease groups and the controls was observed. A larger study with age and gender
matched selection of cases and controls would possibly overcome these confounding biases.
To adjust for this in the analyses, demographic, and other possible confounding factors
were included in the logistic regression models.

Secondly, the relatively small number of cases in groups introduces multiple compari-
son issues and statistical bias with limitations of overfitting and over-calling significant
results. Further validation of the predictive models is required as well as assessment
of whether these models are well calibrated. Additionally, a larger study design would
have allowed for implementation of training and test sets. Independent external dataset
validation of the significant EV miRNAs and signatures would also have strengthened
confidence in the reported results.

In this study, a precipitation-based method for EV isolation was used, with advantages
of being cost effective, fast, and yielding high volumes of EVs suitable for downstream
miRNA analyses. However it has been shown that precipitation methods can also co-
isolate contaminating proteins, which interfere with downstream EV characterization [62].
This was observed in the western blot with the presence of plasma contaminating protein
albumin in the EV samples. One recently reported way to overcome this issue and improve
EV purity from precipitation methods, is the use of protease K and acidification which
preserves the advantages of precipitation based EV isolation and minimizes contamination
with non-vesicle miRNA [63].

Other studies have reported different unique EV miRNAs and highlighted their
potential as novel biomarker signatures for lung disease development and diagnosis.
Discrepancies between these and the miRNAs identified in this study may be due to factors
such as different cases, comparator groups, and circulating EV compartment (serum vs.
plasma vs. whole blood derivation), as well as differing EV isolation and nucleic acid
extraction methods, miRNA technology platforms and bioinformatics analyses. For this
study, plasma was selected as it was known to yield EVs reliably and a method of miRNA
analysis that could be implemented in a clinical setting was chosen.

4. Materials and Methods
4.1. Statement of Ethics Approval

Protocols and participant recruitment were approved by the Human Research Ethics
Committee for the Metro North Hospital and Health Service (HREC/17/QPCH/54 and
LNR/2019/QPCH/52409) and The University of Queensland (2019001147). All partici-
pants provided written informed consent. Demographics and clinical data were obtained
from medical records at the time of sample collection. Clinical data included smoking his-
tory, lung cancer staging using the tumor, node, metastasis (TNM) number staging system,
and COPD severity using the global initiative for chronic obstructive lung disease (GOLD)
airflow limitation severity classification. A summary of the cohort’s clinical characteristics
can be found in Table 1.

4.2. Blood Plasma Sample Collection and Processing

Full details of blood processing and downstream methods are provided in the online
supplement. Briefly, peripheral blood obtained from 80 participants (20 healthy non-
smokers, 20 healthy smokers, 20 participants with tissue diagnosed non-small cell lung
cancer, and 20 participants with stable COPD) was processed to separate plasma from the
blood cell fraction.

4.3. Plasma EV Isolation

Frozen plasma samples were thawed and EVs were isolated using the commercially
available miRCURY Exosome Serum/Plasma Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. Briefly, 600 pL of thawed plasma was incubated with
thrombin for defibrination, followed by EV precipitation with 500 uL of the thrombin
treated plasma and 0.4 volumes of Precipitation Buffer A. Samples were then incubated at
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4 °C for 1 hour and then centrifuged at 500x g for 5 min at 20 °C. The supernatant was
then separated and the remaining EV pellet was either re-suspended in 200 uL 1X PBS, and
stored at —80 °C for downstream characterization, or re-suspended in 700 uL. QTAZOL
as per the manufacturer’s protocol for RNA purification using the miRNeasy Mini Kit
(QIAGEN, Hilden, Germany).

4.4. Plasma EV Characterization
4.4.1. Nanoparticle Tracking Analysis

EVs isolated from plasma and re-suspended in 1X PBS were analyzed by nanoparticle
tracking analysis (NTA) using the NanoSight NS300 instrument (Malvern Instruments,
Amesbury, UK).

4.4.2. Western Blot of EV Markers

Protein concentration of re-suspended EVs in 1X PBS was assessed using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, USA) as per the manufacturer’s in-
structions, followed by blotting for proteins Albumin, Flotillin-1 and anti-CD9 through
SDS-PAGE.

4.5. Plasma EV RNA Extraction and Purification

Total RNA was extracted using the miRNeasy Mini Kit (QIAGEN, Hilden, Germany)
as per the manufacturer’s instructions.

4.6. Plasma EV miRNA Profiling
4.6.1. Reverse Transcription

Reverse transcription (RT) of total RNA was performed with the miRCURY LNA RT
kit (QIAGEN, Hilden, Germany) as per the manufacturer’s instructions, using UniSp6 and
cel-39 spike-ins as internal controls to detect the presence of potential inhibitors.

4.6.2. Quantitative PCR Using miRCURY LNA Serum /Plasma Focus PCR Panels

Samples from the RT reaction were prepared with the miRCURY SYBR Green PCR Kit
(QIAGEN, Hilden, Germany) and assessed for miRNA gene expression using the miRCURY
LNA miRNA Serum/Plasma Focus PCR Panels (QIAGEN, Hilden, Germany) as per the
manufacturer’s protocol. Raw Ct values were uploaded onto the QIAGEN data analysis
web portal at http:/ /www.giagen.com/geneglobe and normalized using the NormFinder
algorithm [64-66] with fold change expression calculated using the AACt method.

4.7. miRNA Function Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed
using the online software DIANA-miRPath v.3.0, and miRNA targets were also identified
using TargetScan [67].

4.8. Statistical Analyses

All statistical analyses were performed using GeneGlobe (http://www.giagen.com/
geneglobe), DIANA-miRPath v.3.0 and Statistical Package for Social Science (SPSS V.27.0)
(IBM, NY, USA). A p-value of <0.05 (two-tailed) was statistically significant. Full details
are available on the online supplement.

5. Conclusions

In conclusion, our results highlight that bioactive cargo (miRNAs) in EVs from plasma
holds key biological information specific for lung cancer, with diagnostic biomarker poten-
tial, which warrants further investigation of translational application.

Fifteen miRNAs were significantly dysregulated between lung cancer participants
and healthy non-smokers, with miR-205-5p resulting in the highest AUC (0.850) for a
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single miRNA, with a combination of two miRNAs (miR-205-5p and miR-199a-5p) further
improving discriminatory power (AUC 0.993).

Twenty-six miRNAs were significantly dysregulated between lung cancer and healthy
smoking participants, with miR-497-5p resulting in the greatest AUC (0.873) for a single
miRNA, improving to AUC 0.953 in combination with miR-22-5p.

Fourteen miRNAs were significantly discriminatory between lung cancer and COPD
participants, of which miR-27a-3p had the highest AUC (0.803) for a single miRNA, with a
combination of two miRNAs (miR-106b-3p and miR-361-5p) further improving discrimina-
tory power (AUC 0.870).

Future studies are needed in larger patient cohorts to validate the application of these
identified plasma EV miRNAs for lung disease differentiation and prediction, as well as
explore their potential mechanisms in lung disease progression.
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associated miRNAs with categorical clinical characteristics, including gender and smoking history
Table S4: Correlation analysis between clinical characteristics and identified significantly dysregulated
miRNAs for lung cancer participants compared to healthy smokers, Table S5: Correlation analysis
between clinical characteristics and identified significantly dysregulated miRNAs for lung cancer
participants compared to stable COPD participants.

Author Contributions: Conceptualization, H.E.O., LA.Y.,, KM.E. and R.V.B.; methodology, H.E.O.;
formal analysis, H.E.O.; investigation, H.E.O.; resources, I.A.Y.,, KM.E. and R.V.B.; data curation,
H.E.O.; writing—original draft preparation, H.E.O.; writing—review and editing, H.E.O., LAY.,
KM.F. and R.V.B,; supervision, .A.Y.,, KM.F. and R.V.B.; funding acquisition, H.E.O. and I.A.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The Prince Charles Hospital Foundation, grant number
INN2018-111.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by Human Research Ethics Committee for the Metro
North Hospital and Health Service (HREC/17/QPCH/54 and LNR/2019/QPCH/52409), and The
University of Queensland (2019001147).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Data is contained within the article or supplementary material.

Acknowledgments: We acknowledge the patients for their donations and the staff of The Prince
Charles Hospital.

Conflicts of Interest: The authors declare no conflict of interest.

1. Jergen Vestbo, S.S.H.; Agusti, A.G.; Jones, PW.; Vogelmeier, C.; Anzueto, A.; Barnes, PJ.; Fabbri, L.M.; Martinez, FJ.; Nishimura,
M.; Stockley, R.A.; et al. Global Strategy for the Diagnosis, Management, Prevention of Chronic Obstructive Pulmonary Disease.
Am. |. Respir. Crit. Care Med. 2013, 187, 347-365. [CrossRef]

2. WHO. COPD Predicted to Be Thrid Leading Cause of Death in 2030. Available online: http://www.who.int/respiratory/copd/
World_Health_Statistics_2008/en/ (accessed on 10 January 2019).

3. Jemal, A;; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M.]. Cancer statistics, 2009. CA Cancer . Clin. 2009, 59, 225-249. [CrossRef]

4. Houghton, A.M.; Mouded, M.; Shapiro, S.D. Common origins of lung cancer and COPD. Nat. Med. 2008, 14, 1023-1024. [CrossRef]

[PubMed]

5. Turner, M.C,; Chen, Y.; Krewski, D.; Calle, E.E.; Thun, M.]. Chronic obstructive pulmonary disease is associated with lung cancer
mortality in a prospective study of never smokers. Am. . Respir. Crit. Care Med. 2007, 176, 285-290. [CrossRef] [PubMed]
6.  Young, R.P; Hopkins, R.J. Link between COPD and lung cancer. Respir. Med. 2010, 104, 758-759. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms22115803/s1
https://www.mdpi.com/article/10.3390/ijms22115803/s1
http://doi.org/10.1164/rccm.201204-0596PP
http://www.who.int/respiratory/copd/World_Health_Statistics_2008/en/
http://www.who.int/respiratory/copd/World_Health_Statistics_2008/en/
http://doi.org/10.3322/caac.20006
http://doi.org/10.1038/nm1008-1023
http://www.ncbi.nlm.nih.gov/pubmed/18841139
http://doi.org/10.1164/rccm.200612-1792OC
http://www.ncbi.nlm.nih.gov/pubmed/17478615
http://doi.org/10.1016/j.rmed.2009.11.025

Int. J. Mol. Sci. 2021, 22, 5803 17 of 19

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

Sekine, Y.; Katsura, H.; Koh, E.; Hiroshima, K.; Fujisawa, T. Early detection of COPD is important for lung cancer surveillance.
Eur. Respir. ]. 2012, 39, 1230-1240. [CrossRef]

Durham, A.L.; Adcock, I.M. The relationship between COPD and lung cancer. Lung Cancer 2015, 90, 121-127. [CrossRef]
Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and Exosomal MicroRNA: Trafficking, Sorting, and Function.
Genom. Proteom. Bioinform. 2015, 13, 17-24. [CrossRef] [PubMed]

Parris, B.A.; O’Farrell, H.E.; Fong, K.M.; Yang, I.A. Chronic obstructive pulmonary disease (COPD) and lung cancer: Common
pathways for pathogenesis. J. Thorac. Dis. 2019, 11, S2155-52172. [CrossRef]

Shivdasani, R.A. MicroRNAs: Regulators of gene expression and cell differentiation. Blood 2006, 108, 3646-3653. [CrossRef]
Rebane, A.; Akdis, C.A. MicroRNAs: Essential players in the regulation of inflammation. J. Allergy Clin. Immunol. 2013, 132,
15-26. [CrossRef]

Muth, D.C.; Powell, B.H.; Zhao, Z.; Witwer, K.W. miRNAs in platelet-poor blood plasma and purified RNA are highly stable: A
confirmatory study. BMC Res. Notes 2018, 11, 273. [CrossRef] [PubMed]

Li, Y,; Li, Z.; Zhou, S.; Wen, J.; Geng, B.; Yang, J.; Cui, Q. Genome-wide analysis of human microRNA stability. BioMed Res. Int.
2013, 2013, 368975. [CrossRef]

Bail, S.; Swerdel, M.; Liu, H.; Jiao, X.; Goff, L.A.; Hart, R.P; Kiledjian, M. Differential regulation of microRNA stability. RNA 2010,
16, 1032-1039. [CrossRef] [PubMed]

Baudrimont, A.; Voegeli, S.; Viloria, E.C.; Stritt, F; Lenon, M.; Wada, T.; Jaquet, V.; Becskei, A. Multiplexed gene control reveals
rapid mRNA turnover. Sci. Adv. 2017, 3, €1700006. [CrossRef] [PubMed]

Akers, ].C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes, microvesicles,
retrovirus-like vesicles, and apoptotic bodies. |. Neuro-Oncol. 2013, 113, 1-11. [CrossRef]

Nolte-'t Hoen, E.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.; t Hoen, P.A. Deep sequencing of RNA from
immune cell-derived vesicles uncovers the selective incorporation of small non-coding RNA biotypes with potential regulatory
functions. Nucleic Acids Res. 2012, 40, 9272-9285. [CrossRef]

Pattarayan, D.; Thimmulappa, R.K.; Ravikumar, V.; Rajasekaran, S. Diagnostic Potential of Extracellular MicroRNA in Respiratory
Diseases. Clin. Rev. Allergy Immunol. 2018, 54, 480-492. [CrossRef]

Benedikter, B.J.; Wouters, E.EM.; Savelkoul, PH.M.; Rohde, G.G.U.; Stassen, ER.M. Extracellular vesicles released in response to
respiratory exposures: Implications for chronic disease. J. Toxicol. Environ. Health Part B 2018, 21, 142-160. [CrossRef]

El Andaloussi, S.; Méger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities.
Nat. Rev. Drug Discov. 2013, 12, 347. [CrossRef]

Anderson, N.L.; Anderson, N.G. The human plasma proteome: History, character, and diagnostic prospects. Mol. Cell. Proteom.
MCP 2002, 1, 845-867. [CrossRef] [PubMed]

Oliveros, J.C. Venny. An Interactive Tool for Comparing Lists with Venn’s Diagrams. Available online: https:/ /bioinfogp.cnb.csic.
es/tools/venny/index.html (accessed on 20 May 2021).

Gallo, A.; Tandon, M.; Alevizos, L; Illei, G.G. The majority of microRNAs detectable in serum and saliva is concentrated in
exosomes. PLoS ONE 2012, 7, e30679. [CrossRef] [PubMed]

O’Farrell, H.E.; Yang, I.A. Extracellular vesicles in chronic obstructive pulmonary disease (COPD). J. Thorac. Dis. 2019, 11,
52141-S2154. [CrossRef]

Young, R.P; Whittington, C.F.; Hopkins, R.J.; Hay, B.A.; Epton, M.].; Black, PN.; Gamble, G.D. Chromosome 4q31 locus in COPD
is also associated with lung cancer. Eur. Respir. ]. 2010, 36, 1375-1382. [CrossRef] [PubMed]

Li, J.-H,; Sun, S.-S.; Li, N.; Ly, P; Xie, S.-Y.; Wang, P.-Y. MiR-205 as a promising biomarker in the diagnosis and prognosis of lung
cancer. Oncotarget 2017, 8, 91938-91949. [CrossRef]

Larzabal, L.; de Aberasturi, A.L.; Redrado, M.; Rueda, P.; Rodriguez, M.].; Bodegas, M.E.; Montuenga, L.M.; Calvo, A. TMPRSS4
regulates levels of integrin «5 in NSCLC through miR-205 activity to promote metastasis. Br. J. Cancer 2014, 110, 764-774.
[CrossRef]

Chen, J.; Hu, C,; Pan, P. Extracellular Vesicle MicroRNA Transfer in Lung Diseases. Front. Physiol. 2017, 8, 1028. [CrossRef]

Xie, L.; Wu, M,; Lin, H.; Liu, C.; Yang, H.; Zhan, ].; Sun, S. An increased ratio of serum miR-21 to miR-181a levels is associated
with the early pathogenic process of chronic obstructive pulmonary disease in asymptomatic heavy smokers. Mol. Biosyst. 2014,
10, 1072-1081. [CrossRef]

Ibrahim, S.A.; Gadalla, R.; El-Ghonaimy, E.A.; Samir, O.; Mohamed, H.T.; Hassan, H.; Greve, B.; El-Shinawi, M.; Mohamed, M.M,;
Gotte, M. Syndecan-1 is a novel molecular marker for triple negative inflammatory breast cancer and modulates the cancer stem
cell phenotype via the IL-6/STAT3, Notch and EGFR signaling pathways. Mol. Cancer 2017, 16, 57. [CrossRef]

Parimon, T.; Brauer, R.; Schlesinger, S.Y.; Xie, T,; Jiang, D.; Ge, L.; Huang, Y.; Birkland, T.P,; Parks, W.C.; Habiel, D.M.; et al.
Syndecan-1 Controls Lung Tumorigenesis by Regulating miRNAs Packaged in Exosomes. Am. J. Pathol. 2018, 188, 1094-1103.
[CrossRef]

Lou, C.; Xiao, M.; Cheng, S.; Lu, X; Jia, S.; Ren, Y.; Li, Z. MiR-485-3p and miR-485-5p suppress breast cancer cell metastasis by
inhibiting PGC-1« expression. Cell Death Dis. 2016, 7, €2159. [CrossRef]

Aushev, VN.; Zborovskaya, L.B.; Laktionov, K.K.; Girard, N.; Cros, M.P,; Herceg, Z.; Krutovskikh, V. Comparisons of microRNA
patterns in plasma before and after tumor removal reveal new biomarkers of lung squamous cell carcinoma. PLoS ONE 2013, 8,
€78649. [CrossRef]


http://doi.org/10.1183/09031936.00126011
http://doi.org/10.1016/j.lungcan.2015.08.017
http://doi.org/10.1016/j.gpb.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25724326
http://doi.org/10.21037/jtd.2019.10.54
http://doi.org/10.1182/blood-2006-01-030015
http://doi.org/10.1016/j.jaci.2013.04.011
http://doi.org/10.1186/s13104-018-3378-6
http://www.ncbi.nlm.nih.gov/pubmed/29728133
http://doi.org/10.1155/2013/368975
http://doi.org/10.1261/rna.1851510
http://www.ncbi.nlm.nih.gov/pubmed/20348442
http://doi.org/10.1126/sciadv.1700006
http://www.ncbi.nlm.nih.gov/pubmed/28706991
http://doi.org/10.1007/s11060-013-1084-8
http://doi.org/10.1093/nar/gks658
http://doi.org/10.1007/s12016-016-8589-9
http://doi.org/10.1080/10937404.2018.1466380
http://doi.org/10.1038/nrd3978
http://doi.org/10.1074/mcp.R200007-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/12488461
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
http://doi.org/10.1371/journal.pone.0030679
http://www.ncbi.nlm.nih.gov/pubmed/22427800
http://doi.org/10.21037/jtd.2019.10.16
http://doi.org/10.1183/09031936.00033310
http://www.ncbi.nlm.nih.gov/pubmed/21119205
http://doi.org/10.18632/oncotarget.20262
http://doi.org/10.1038/bjc.2013.761
http://doi.org/10.3389/fphys.2017.01028
http://doi.org/10.1039/C3MB70564A
http://doi.org/10.1186/s12943-017-0621-z
http://doi.org/10.1016/j.ajpath.2017.12.009
http://doi.org/10.1038/cddis.2016.27
http://doi.org/10.1371/journal.pone.0078649

Int. J. Mol. Sci. 2021, 22, 5803 18 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Del Vescovo, V.; Cantaloni, C.; Cucino, A.; Girlando, S.; Silvestri, M.; Bragantini, E.; Fasanella, S.; Cuorvo, L.V.; Palma, P.D.; Rossi,
G.; et al. miR-205 Expression levels in nonsmall cell lung cancer do not always distinguish adenocarcinomas from squamous cell
carcinomas. Am. J. Surg. Pathol. 2011, 35, 268-275. [CrossRef]

Endzeling, E.; Berger, A.; Melne, V.; Bajo-Santos, C.; Sobolevska, K.; Abols, A.; Rodriguez, M.; Santare, D.; Rudnickiha, A.;
Lietuvietis, V.; et al. Detection of circulating miRNAs: Comparative analysis of extracellular vesicle-incorporated miRNAs and
cell-free miRNAs in whole plasma of prostate cancer patients. BMC Cancer 2017, 17, 730. [CrossRef]

Leng, Q.; Lin, Y.; Jiang, F; Lee, C.-].; Zhan, M.; Fang, H.; Wang, Y; Jiang, F. A plasma miRNA signature for lung cancer early
detection. Oncotarget 2017, 8, 111902-111911. [CrossRef]

Ma, J.; Mannoor, K.; Gao, L.; Tan, A.; Guarnera, M.A.; Zhan, M.; Shetty, A.; Stass, S.A.; Xing, L.; Jiang, F. Characterization of
microRNA transcriptome in lung cancer by next-generation deep sequencing. Mol. Oncol. 2014, 8, 1208-1219. [CrossRef]

Li, Y;; Zhang, X,; Yang, Z.; Li, Y,; Han, B.; Chen, L.A. miR-339-5p inhibits metastasis of non-small cell lung cancer by regulating
the epithelial-to-mesenchymal transition. Oncol. Lett. 2018, 15, 2508-2514. [CrossRef]

Sun, Y.,; Mei, H.; Xu, C.; Tang, H.; Wei, W. Circulating microRNA-339-5p and -21 in plasma as an early detection predictors of
lung adenocarcinoma. Pathol. Res. Pract. 2018, 214, 119-125. [CrossRef] [PubMed]

Sanfiorenzo, C.; Ilie, M.I; Belaid, A.; Barlési, E.; Mouroux, J.; Marquette, C.H.; Brest, P.; Hofman, P. Two panels of plasma
microRNAs as non-invasive biomarkers for prediction of recurrence in resectable NSCLC. PLoS ONE 2013, 8, €54596. [CrossRef]
Xu, J.; Wang, T.; Cao, Z.; Huang, H.; Li, J.; Liu, W,; Liu, S.; You, L.; Zhou, L.; Zhang, T.; et al. MiR-497 downregulation contributes
to the malignancy of pancreatic cancer and associates with a poor prognosis. Oncotarget 2014, 5, 6983-6993. [CrossRef] [PubMed]
Guo, S5.T,; Jiang, C.C.; Wang, G.P; Li, Y.P,; Wang, C.Y.; Guo, X.Y;; Yang, R H.; Feng, Y.; Wang, FH.; Tseng, H.Y.; et al. MicroRNA-497
targets insulin-like growth factor 1 receptor and has a tumour suppressive role in human colorectal cancer. Oncogene 2013, 32,
1910-1920. [CrossRef]

Qu, F; Ye, J.; Pan, X.; Wang, J.; Gan, S.; Chu, C.; Chu, J.; Zhang, X.; Liu, M.; He, H.; et al. MicroRNA-497-5p down-regulation
increases PD-L1 expression in clear cell renal cell carcinoma. J. Drug Target. 2019, 27, 67-74. [CrossRef]

Zheng, D.; Haddadin, S.; Wang, Y.; Gu, L.Q.; Perry, M.C.; Freter, C.E.; Wang, M. X. Plasma microRNAs as novel biomarkers for
early detection of lung cancer. Int. ]. Clin. Exp. Pathol. 2011, 4, 575-586.

Mavridis, K.; Gueugnon, F; Petit-Courty, A.; Courty, Y.; Barascu, A.; Guyetant, S.; Scorilas, A. The oncomiR miR-197 is a novel
prognostic indicator for non-small cell lung cancer patients. Br. J. Cancer 2015, 112, 1527-1535. [CrossRef]

Yin, Q.; Han, Y;; Zhu, D.; Li, Z,; Shan, S.; Jin, W.; Lu, Q.; Ren, T. miR-145 and miR-497 suppress TGF-p-induced epithelial-
mesenchymal transition of non-small cell lung cancer by targeting MTDH. Cancer Cell Int. 2018, 18, 105. [CrossRef]

Zhao, W.-y,; Wang, Y.; An, Z.5.; Shi, C.-g.; Zhu, G.-a.; Wang, B.; Lu, M.-y.; Pan, C.-k.; Chen, P. Downregulation of miR-497
promotes tumor growth and angiogenesis by targeting HDGF in non-small cell lung cancer. Biochem. Biophys. Res. Commun. 2013,
435,466-471. [CrossRef] [PubMed]

Huang, X.; Wang, L.; Liu, W.; Li, F. MicroRNA-497-5p inhibits proliferation and invasion of non-small cell lung cancer by
regulating FGF2. Oncol. Lett. 2019, 17, 3425-3431. [CrossRef]

Wang, W.-S.; Liu, L.-X,; Li, G.-P,; Chen, Y,; Li, C.-Y,; Jin, D.-Y.; Wang, X.-L. Combined Serum CA19-9 and miR-27a-3p in Peripheral
Blood Mononuclear Cells to Diagnose Pancreatic Cancer. Cancer Prev. Res. 2013, 6, 331. [CrossRef] [PubMed]

Zuo, D; Chen, L, Liu, X.; Wang, X.; Xi, Q.; Luo, Y.; Zhang, N.; Guo, H. Combination of miR-125b and miR-27a enhances sensitivity
and specificity of AFP-based diagnosis of hepatocellular carcinoma. Turmor Biol. 2016, 37, 6539-6549. [CrossRef] [PubMed]

Liu, W,; Qian, K,; Wei, X.; Deng, H.; Zhao, B.; Chen, Q.; Zhang, J.; Liu, H. miR-27a promotes proliferation, migration, and invasion
of colorectal cancer by targeting FAM172A and acts as a diagnostic and prognostic biomarker. Oncol. Rep. 2017, 37, 3554-3564.
[CrossRef]

Szczyrek, M.; Kuznar-Kaminska, B.; Grenda, A.; Krawczyk, P.; Sawicki, M.; Glogowski, M.; Balicka, G.; Rolska-Kopiniska, A.;
Nicos, M.; Jakimiec, M.; et al. Diagnostic value of plasma expression of microRNAs complementary to Drosha and Dicer in lung
cancer patients. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 3857-3866. [CrossRef] [PubMed]

Liu, X;; Pan, B.; Sun, L.; Chen, X.; Zeng, K; Hu, X.; Xu, T.; Xu, M.; Wang, S. Circulating Exosomal miR-27a and miR-130a Act as
Novel Diagnostic and Prognostic Biomarkers of Colorectal Cancer. Cancer Epidemiol. Prev. Biomark. 2018, 27, 746. [CrossRef]
[PubMed]

Sun, S.; Chen, H,; Xu, C.; Zhang, Y.; Zhang, Q.; Chen, L.; Ding, Q.; Deng, Z. Exosomal miR-106b serves as a novel marker for lung
cancer and promotes cancer metastasis via targeting PTEN. Life Sci. 2020, 244, 117297. [CrossRef] [PubMed]

Soeda, S.; Ohyashiki, J.H.; Ohtsuki, K.; Umezu, T.; Setoguchi, Y.; Ohyashiki, K. Clinical relevance of plasma miR-106b levels in
patients with chronic obstructive pulmonary disease. Int. . Mol. Med. 2013, 31, 533-539. [CrossRef] [PubMed]

Wang, R.; Xu, J.; Liu, H.; Zhao, Z. Peripheral leukocyte microRNAs as novel biomarkers for COPD. Int. J. Chron Obs. Pulmon Dis.
2017, 12, 1101-1112. [CrossRef]

Wu, E; Yin, Z,; Yang, L.; Fan, J.; Xu, J.; Jin, Y;; Yu, J.; Zhang, D.; Yang, G. Smoking Induced Extracellular Vesicles Release and Their
Distinct Properties in Non-Small Cell Lung Cancer. J. Cancer 2019, 10, 3435-3443. [CrossRef]

Christianson, H.C.; Svensson, K.J.; van Kuppevelt, T.H.; Li, ].-P; Belting, M. Cancer cell exosomes depend on cell-surface heparan
sulfate proteoglycans for their internalization and functional activity. Proc. Natl. Acad. Sci. USA 2013, 110, 17380. [CrossRef]
Zheng, Y. Study Design Considerations for Cancer Biomarker Discoveries. . Appl. Lab. Med. 2018, 3, 282-289. [CrossRef]
Diamandis, E.P. Cancer biomarkers: Can we turn recent failures into success? J. Natl. Cancer Inst. 2010, 102, 1462-1467. [CrossRef]


http://doi.org/10.1097/PAS.0b013e3182068171
http://doi.org/10.1186/s12885-017-3737-z
http://doi.org/10.18632/oncotarget.22950
http://doi.org/10.1016/j.molonc.2014.03.019
http://doi.org/10.3892/ol.2017.7608
http://doi.org/10.1016/j.prp.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29103767
http://doi.org/10.1371/journal.pone.0054596
http://doi.org/10.18632/oncotarget.2184
http://www.ncbi.nlm.nih.gov/pubmed/25149530
http://doi.org/10.1038/onc.2012.214
http://doi.org/10.1080/1061186X.2018.1479755
http://doi.org/10.1038/bjc.2015.119
http://doi.org/10.1186/s12935-018-0601-4
http://doi.org/10.1016/j.bbrc.2013.05.010
http://www.ncbi.nlm.nih.gov/pubmed/23673296
http://doi.org/10.3892/ol.2019.9954
http://doi.org/10.1158/1940-6207.CAPR-12-0307
http://www.ncbi.nlm.nih.gov/pubmed/23430754
http://doi.org/10.1007/s13277-015-4545-1
http://www.ncbi.nlm.nih.gov/pubmed/26637228
http://doi.org/10.3892/or.2017.5592
http://doi.org/10.26355/eurrev_201905_17813
http://www.ncbi.nlm.nih.gov/pubmed/31115013
http://doi.org/10.1158/1055-9965.EPI-18-0067
http://www.ncbi.nlm.nih.gov/pubmed/29739748
http://doi.org/10.1016/j.lfs.2020.117297
http://www.ncbi.nlm.nih.gov/pubmed/31954745
http://doi.org/10.3892/ijmm.2013.1251
http://www.ncbi.nlm.nih.gov/pubmed/23338559
http://doi.org/10.2147/COPD.S130416
http://doi.org/10.7150/jca.30425
http://doi.org/10.1073/pnas.1304266110
http://doi.org/10.1373/jalm.2017.025809
http://doi.org/10.1093/jnci/djq306

Int. J. Mol. Sci. 2021, 22, 5803 19 of 19

62.

63.

64.

65.

66.

67.

Ding, M.; Wang, C.; Lu, X.; Zhang, C.; Zhou, Z.; Chen, X.; Zhang, C.-Y.; Zen, K.; Zhang, C. Comparison of commercial exosome
isolation kits for circulating exosomal microRNA profiling. Anal. Bioanal. Chem. 2018, 410, 3805-3814. [CrossRef]

Moon, S.; Shin, D.W.; Kim, S; Lee, Y.-S.; Mankhong, S.; Yang, S.W.; Lee, PH.; Park, D.-H.; Kwak, H.-B.; Lee, ].-S.; et al. Enrichment
of Exosome-Like Extracellular Vesicles from Plasma Suitable for Clinical Vesicular miRNA Biomarker Research. J. Clin. Med.
2019, 8, 1995. [CrossRef]

Andersen, C.L.; Jensen, J.L.; @rntoft, T.F. Normalization of real-time quantitative reverse transcription-PCR data: A model-based
variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets. Cancer
Res. 2004, 64, 5245-5250. [CrossRef] [PubMed]

Schwarzenbach, H.; da Silva, A.M.; Calin, G.; Pantel, K. Data Normalization Strategies for MicroRNA Quantification. Clin. Chem.
2015, 61, 1333-1342. [CrossRef] [PubMed]

Faraldi, M.; Gomarasca, M.; Sansoni, V.; Perego, S.; Banfi, G.; Lombardi, G. Normalization strategies differently affect circulating
miRNA profile associated with the training status. Sci. Rep. 2019, 9, 1584. [CrossRef]

Vlachos, 1.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou,
A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460-W466.
[CrossRef] [PubMed]


http://doi.org/10.1007/s00216-018-1052-4
http://doi.org/10.3390/jcm8111995
http://doi.org/10.1158/0008-5472.CAN-04-0496
http://www.ncbi.nlm.nih.gov/pubmed/15289330
http://doi.org/10.1373/clinchem.2015.239459
http://www.ncbi.nlm.nih.gov/pubmed/26408530
http://doi.org/10.1038/s41598-019-38505-x
http://doi.org/10.1093/nar/gkv403
http://www.ncbi.nlm.nih.gov/pubmed/25977294

	Introduction 
	Results 
	Clinical Characteristics of the Four Case Groups 
	Characterization of EVs from Healthy Non-Smoking, Healthy Smoking, Lung Cancer, and Stable COPD Participants Plasma 
	Plasma-Derived EV miRNA Profiling Identified Significantly Dysregulated miRNAs Specific for Select Cohorts 
	Correlations Identified between Significantly Dysregulated miRNAs and Clinical Characteristics 
	Biomarker Potential of Plasma EV miRNAs Assessed by ROC Curve Analyses 
	Lung Cancer Participants vs. Healthy Non-Smokers 
	Lung Cancer Participants vs. Healthy Smokers 
	Lung Cancer Participants vs. Stable COPD Participants 
	Biological Pathways Associated with miRNAs Differentially Expressed between Lung Cancer Participants and Healthy Non-Smoking Participants 

	Discussion 
	Main Results 
	Lung Disease Biomarker Potential of Plasma EV miRNAs 
	Lung Cancer Participants vs. Healthy Non-Smokers 
	Lung Disease Participant Cohorts 

	Identified miRNA-Regulated Target Genes in Each Patient Cohort and Their Involvement in Relevant Biological Pathways 
	Limitations 

	Materials and Methods 
	Statement of Ethics Approval 
	Blood Plasma Sample Collection and Processing 
	Plasma EV Isolation 
	Plasma EV Characterization 
	Nanoparticle Tracking Analysis 
	Western Blot of EV Markers 

	Plasma EV RNA Extraction and Purification 
	Plasma EV miRNA Profiling 
	Reverse Transcription 
	Quantitative PCR Using miRCURY LNA Serum/Plasma Focus PCR Panels 

	miRNA Function Enrichment Analysis 
	Statistical Analyses 

	Conclusions 
	References

