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Abstract

Background: Altered miRNA expression is an early event
upon exposure to occupational/environmental carcinogens;
thus, identification of a novel ashestos-related profile of
miRNAs able to distinguish asbestos-induced cancer from
cancer with different etiology can be useful for diagnosis. We
therefore performed a study to identify miRNAs associated
with asbestos-induced malignancies.

Methods: Four groups of patients were induded in the
study, including patients with asbestos-related (NSCLC™®)
and asbestos-unrelated non-small cell lung cancer (NSCLC)
or with malignant pleural mesothelioma (MPM), and disease-
free subjects (CTRL). The selected miRNAs were evaluated in
asbestos-exposed population.

Results: Four serum miRNAs, that is miR-126, miR-205,
miR-222, and miR-520g, were found to be implicated in

Introduction

Although asbestos use has been banned or restricted, exposure
to asbestos is still widespread around the world. Besides the
occupational exposure, a great number of people are affected by
environmental or domestic exposure to asbestos (1). This results
in serious risk of developing malignant pleural mesothelioma
(MPM) and lung cancer (LC; refs. 2-4). The association between
asbestos exposure and lung adenocarcinoma is well established
(5). Nevertheless, precise histopathologic data are poorly under-
stood when investigating the asbestos-cancer link.
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asbestos-related malignant diseases. Notably, increased
expression of miR-126 and miR-222 were found in asbestos-
exposed subjects, and both miRNAs are involved in major
pathways linked to cancer development. Epigenetic changes
and cancer-stroma cross-talk could induce repression of
miR-126 to facilitate tumor formation, angiogenesis, and
invasion.

Condusions: This study indicates that miRNAs are poten-
tially involved in asbestos-related malignancies, and their
expression outlines mechanism(s) whereby miRNAs may be
involved in an asbestos-induced pathogenesis.

Impact: The discovery of a miRNA panel for asbestos-
related malignancies would impact on occupational com-
pensation and may be utilized for sareening asbestos-exposed
populations.

Although the Helsinki criteria for identifying individuals with
high occupational risk of asbestos exposure have been accepted, it
is insufficient, and specific asbestos-related parameters are need-
ed. The presence of pleural plaques is not considered a precan-
cerous condition, while asbestos and smoking are associated with
increased risk of lung cancer. Various candidates for biomarkers of
asbestos-related malignancies have been proposed {6-8), How-
ever, most of the tumor markers are derived from molecules
produced and secreted from cancer cells. This means that when
the tumor mass is relatively small, the levels of certain tumor
markers in serum are initially low and gradually increasing as the
tumor develops.

Recently, miRNAs have become attractive entities for profil-
ing cancer. miRNA expression is altered soon after exposure 10
occupational and environmental carcinogens (9). It therefore
appears of importance to identify a novel asbestos-related
profile able to distinguish asbestos-induced cancer from cancer
with different etiology. Here, a sequential phase study has been
perfarmed to identify a panel of serum miRNAs associated with
development of asbestos-induced thorade malignancies
(LC and MPM). The identified miRNA panel has potential
clinical value for early detection of asbestos-induced malignan-
cies and may be utilized for screening high-risk populations
exposed to asbestos.

Materials and Methods
Ethics statement

All subjects filled a questionnaire including their informed
written consent. The study was camried out according to the
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Helsinki Declaration and the samples were processed
under approval of the written consent statement by Ethical
committee of the University Haspital of Marche, N. 51/DG 05/
02/2009, Ttaly.

Study population

The LC cohort included 105 patients affected by non-small
cell lung cancer (NSCLC) (squamous, adenocarcinoma, and
large cell carcinoma) recruited from January 2011 to March
2017 at the Clinic of Pneumology and Thoracic Surgery of the
Hospital of Ancona, Taly. Tumor staging was performed
according to the Sixth Edition of American Joint Commission
on Cancer tumor-node-metastasis (TNM) staging system.
Based on the evidence of occupational and nonoccupational
(environmental, familial, domestic) exposure to asbestos,
NSCLC patients were stratified into a group without previous
exposure (o asbestos (1 = 60) and an asbestos-exposed NSCLC
group (NSCLC‘“b, n = 45). This group included patients wha
submitted a complaint of accupational disease to INAIL {National
Institute for Insurance Against Workplace Accidents and
Occupational Disease), encompassing shipbuilders, machine
operators, electricians, pipe fitters, and construction workers.

Patients with MPM (n = 74) were recruited from November
2008 to January 2013 at the Clinics of Oncology, Pneumology
and Thoracic Surgery of the University Hospital of Ancona, ltaly.
Pathological diagnosis was performed on pleural biopsies
obtained by thoracoscopy or thoracotomy. According to Ferrante
and colleagnes (10), a "fiber-year" exposure metric was calculated
for each asbestos-exposed patient, assigning to each persen an
arbitrary coefficient of "inhaled fibers (ff}" indicating the occu-
pational hazard. The "cumulative fibers” (Cf) are interpreted
as the cumulative dose of asbestos fibers of the worlplace of
(ff/liter) x years.

The patients affected by sinonasal cancer (SNC) were enrolled
at the UOC-ORL Budrio-Metropolitan Hospital, Bologna, Italy.

The asbestos-exposed cohorts consisting of 80 subjects free
from cancer (age 57.54:12.2) with a history of asbestos expo-
sure (asbestos cement, rolling stock, shipbuilding) were
enrolled at the Occupational Medicine, University of Trieste,
Trieste, Italy. The population was stratified as currently exposed
(commercial asbestos occurs predominantly during maimnte-
nance operations and remecdiation of older buildings contain-
ing asbestos) and former exposed with and without benign
asbestos-related diseases {ARD).

The control group consisted of healthy subjects (n = 78)
recruited from November 2008 to January 2017 at the Occupa-
tional Medicine, Polytechnic University of Marche, Ancona, ltaly,
and Occupational Medicine of University of Trieste, Trieste, Italy.
The subjects were undergoing screening radiography at the Pneu-
mology Clinic of the University Hospital of Ancona, Italy. None of
them had ever been exposed to asbestos as documented by their
occupational histories, and they presented with normal chest
radiographs. The participanis were interviewed by trained per-
sonnel and answered a detailed questionnaire that included
information on the gender, age, histology, neoadjuvant chemo-
radiation and therapy administration (befare surgery), smoking
status, and the pathologic staging, as well as the duration of
asbestos exposure and occupational tasks, The demographic and
pathological characteristics of the subjects are summarized
in Table 1. Blood samples were collected at the time of interview,
and serum samples isolated and stored at —80°C until use.

Table 1. Demographic characteristics and clinical parameters of study population
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Microarray analysis

Total RNA was extracted from formalin-fixed, paraffin-embedded
(FEPE) sections (10 pg) usi ng the Ambion Recover All Total
Nucleic Acid Isolation Kit (Life Technalogies), according to the
manufacturer’s instructions. The concentration and integrity of
RNA samples were determined by Nanodrop 1000 spectropho-
tometer (Thermo Fisher Scientific). Human Cancer Pathway
Finder 384HC miScript miRNA PCR Array (MIHS-31027;
Qiagen) was used for screening 384 miRNAs. A set of controls
(six housekeeping genes, three control genes for quality of the
retro-transcription, and three control genes for qPCR) included in
this array enables data analysis using the AACT method of relative
quantification, assessment of reverse transcription performance,
and assessment of PCR petformance, The gene fold changes were
investigated in the study groups (NSCLC, NSCLCM, MPM) by
evaluating AACt between the cancerous and noncancerous FFPE
tissues according to the 27" methad. MiScript miRNA PCR
Array Data Analysis Web Portal (Qiagen) was used to determine
differentially expressed miRNAs (P < 0.01; fold change > 2.0).

Quantitative RT-PCR

Total RNA was isolated from serum samples as previously
described (11). The miRNAs were purified from total RNA using
the miRNA Isolation Kit (Purelink miRNA Isolation Kit; Thermo
Fisher Scientific). miRNAs were eluted in the final volume of 40 nL
RNase-free water, and 2 uL of the preparation were used for
reverse-transcription to ¢DNA using the TagManAdvanced
miRNA cDNA Synthesis Kit (Applied Biosystems; Life Technolo-
gies) according to the manufacturer's instructions. The qRT-PCR
reactions were carried out using TagMan Fast Advanced Master
gene expression (Applied Biosystems; Life Technologies) by using
Realplex Mastercycler epgradient § (Eppendorf). Exogenous con-
trol (Cel miR-39) were used for normalization and the results
were expressed as 274, Alternatively, the ratios between the
expressions of all miRNAs were also calculated.

Statistical analysis

Results are expressed as mean = $D unless indicated otherwise.
Comparisons among groups of data were made using one-way
ANOVA with Tukey post hoc analysis. The two-tailed Student ¢ test
was used to compare two groups. Differences with P < 0.05 were
considered statistically significant. Correlations were performed
according to the Spearman's test. Backward stepwise logistic

regression maodel with Wald statistical analysis was used 10 select
asbestos-related miRNA biomarkers based on the training dataset.
The predicted probability of being diagnosed with NSCLC and
MPM related to asbestos exposure was used as surrogate biomar-
kers to construct ROC curves. The area under curve (AUC) indi-
cates the accuracy for evaluating the performance of selected
miRNA panel. All data generated in this study were analyzed
using the SPSS software.

Results

Selection and validation of candidate miRNAs

To uncover potentially differentially expressed miRNAs in
relation to asbestos-induced thoracic malignancies such as LC
and MPM, a multiphases study has been performed (Supplemen-
tary Fig. 81). The discovery phase was performed on FFPE
tissue samples from patients affected by NSCLC (n = 4),
NSCLC™" (n = 4), and MPM (1 = 4) collected from the Path-
ological Anatomy Unit of the Hospital of Ancona, Italy. To ensure
that NSCLC™ patients were exposed to asbestos, tissue samples
from patients financially compensated by occupational INAIL
were used. These samples were screened for 384 miRNAs using the
microarray platform. By comparing the cancerous versus noncan-
cerous tissue from patients with NSCLC, NSCLC™®, and MPM
deregulated miRNAs were detected {Supplementary Fig. §2).

Based on the fold change expression and significance, a miRNA
panel was obfained. It includes four deregulated miRNAs in
NSCLC {miR-204, miR-519a, miR-485, and miR-205), three
specific miRNAs in NSCLC™ (miR-520g miR-504, and
miR-34a), and four deregulated miRNAs in MPM (miR-222,
miR-126, miR-100, and miR-145). To verify whether the candi-
date miRNAs uncovered in the FFPE samples via microarray
analysis can be detected in serum, an independent cohort of 60
serum samples were analyzed by gRT-PCR. Of eleven candidate
miRNAs detected by the microawray analysis, only four were stably
detected in serum samples and were found differently expressed
among groups {Supplementary Fig, $3). miR-205 was specific for
NSCLC, miR-126 for MPM, whereas miR-222 and miR-520g were
representative of asbestos-related NSCLC.

Next, the expression profiles of candidate miRNAs were eval-
uated with qRT-PCR using the training dataset, an independent
cohort of 86 serum samples including patients with NSCLC,
NSCLC™®, and MPM and healthy controls (CTRL). Low expres-
sion levels of miR-126 were observed in the NSCLC and even

Table 2. Deregulated miRs in NSCL.C, NSCLC*®, and MPM groups (A) and logistic ragression analysis for asbestos-associated risk in training phase (B)

CTRL NSCLC NSCLCA™® MPM
A
miR-126 12,79 [0.36-260.8] 6.99 [0.09-53361>° 15.56 [1.77-129.6] 4.56 [0.02-45.8117
miR-205 113 {0.03-24.891" 250 [0.01-70.9]" 3.83 [0.05-232.07" 1.29 [0.01-61.721°
miR-222 0.41 [0.01-3.03]" 0.66 [0.05-5.771" 119 [0.16-32.85]° 0.39 {0.03-892]"
miR-520g 0.41[0.02-22.0] 0.52 [0.01-20.36]" 1.01 [0,01-30.44] 0.60 [0.00-7.99]°
variables _OR 95 % Cl P value
B
Age 1066 1.018-1116 0.006
miR-222 1.28 1.014-1.616 0.038

NOTE: The data are expressed as median [min-max]. Backward stepwise logistic regression model with Wald statistical analysis of biomarkers (miRNAs and their
ratio) adjusted for age, gender, and smoking, Data were presented as OR, 95% Cl, and Pvalue. Significance was determined by lgistic regression analysis and Pvalue

<0.05 was considered significant.
*CTRL vs. NSCLC, NSCLCA®, MpM,
ENSCLC™Y vs, CTRL, NSCLC, MPM.
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more in the MPPM group as compared with those in the control
group. In contrast, high level of expression of miR-126, miR-205,
miR-222, and miR-520g was found in asbestos-related NSCLC
(Table 2, top). A backward stepwise logistic regression model with
Wald statistical analysis was applied to estimate the probability of
being ashestos-exposed with thoracic malignancies (NSCLCmh
and MPM) using the training dataset with foursignificant miRNAs
expressed either as relative level or as their ratio values including
age, gender, and smoking as confounding variables. A classifier's
optimal logit {P) model was obtained in order to discriminate the
asbestos-related malignancies from cancers not associated with
asbestos (Table 2, bottom).

The predicted probability from the logit model based on
miR-222 and age was used to construct the ROC curve. The
AUC was 0.706 (0.598-0.814), P = 0.001, which was further
increased in the independent validation dataset, that is AUC =
0.767 (0.675-0.858}, P’ = 0.0005 (Fig. 1A). In the validation
phase, patients affected by SNC, an occupatienal malignancy
associated with wood dust and leather exposure, was included
to evaluate the prediction specificity. Taking into account a cut-
off of 0.466 (80% sensitivity and 70% specificity), only 10% 10
15% of asbestos-related malignancies (NSCLC™ and MPM)
were depicted as asbestos-unrelated, whereas 40% to 60% of
asbestos-unrelated NSCLC and SNC patients were detected as
assaciated with asbestos {Fig. 1B). The addition of the
miR-222/miRk-126 ratio in the predicted model based on the
training dataset significantly reduced the false-positive cases in

- Training phase et
wee Validation phase H

Sensitivity

" e AUC = 0,706 [0.598-0.814], P=0.001
«e: AUC =0.767 [0.675-0.858], P=0.0006

[=F =3

02 04 06 08 10
1-Specificity

vy]

100
90-
80
T0-
60
50
40 ]
30-
20
10+

B Asb-unrelated
£ Asb-related

Percentage

NSCLC NSCLCAS® MPM SNC  CTRL

Figure 1.

ROC curve analysis. AUC estimation of the logit model with miR-222 and age
using the training and validation dataset to discriminate the ashestos-related
from non-asbestos-related malignancies (A). Distribution of the study
population according to the predicted model {B).

the NSCLC group but generated about 50% of false-negative
cases in the NSCLC™® group (Supplementary Fig. S4A-54C).
However, both miR-126 and miR-222 significantly correlated
with asbestos Cf, further supporting their relationship with
asbestos-related malignancies (Figs. 2A and 3A), and their
expression were associated with TNM stage in NSCIC (Fig. 2B).

A logistic regression model was performed to evaluate the
risk of being diagnosed with NSCLC using the four miRNA
panel. Two of the four miRNAs turned out to be significant
predictors, that is only miR-205 and miR-222 were included in
the logit model showingan ROC curve of 0.865 (0.792-0.937),
P = 0.0005 {Fig. 2C-E).

The diagnostic performance of the four-miRNA panel to dis-
criminate MPM from healthy controls was also evaluated. The
miR-222/miR-126 ratio significantly distinguishes the two
groups, However, the predicted logit model included miR-126
and MiR-205 best discriminates patients with MPM from healthy
controls (Fig. 38-D).

miRNA panel as biomarker of early effect of carcinogens

To investigate whether the sclected miRNAs were eatly-
responsive genes to asbestos exposure, their expression was
evaluated in serum samples of the population exposed to
asbestos. The enrolled subjects were stratified as currently
exposed subjects being working at the maintenance and reme-
diation of older buildings containing asbestos, and former
exposed subjects with a history of past asbestos expostire with
and without benign ARDs (Supplementary Table S1). As shown
in Figure 4, high levels of miR-126 and miR-222 were found in
currently asbestos exposed subjects. No changes in miRNA level
have been observed in subjects exposed to asbestos in the past,
regardless of the ARD status. This supports their role as early
responsive miRNAs to the asbestos.

Discussion

Four asbestos-related miRNAs, that is miR-126, miR-205, miR-
222, and miR-520g that are implicated in thoracic malignant
diseases such as LC and MPM, were detected in patient serum.
Recause the normalization of miRNA data in senim samples is still
a controversial issue {12, 13), the ratios between the expression of
all miRNAs consistently expressed in serum were also calculated.
Each value of a single miRNA as relative expression and their ratio
values were used for class prediction of asbestos-related malig-
nancies in the training and validatien sets. Class comparison
analysis was initially performed in the waining set to identify a
group of miRNA showing a predictive model to discriminate
asbestos-related malignancies (NSCLC® and MPM) from asbes-
tos-unrelated lung cancer (NSCLC), and disease-free patients
{CIRL). The asbestos signature obtained was then used to calcu-
late specificity and sensitivity in an independent validation set. In
the predictive model, miR-222 and age best depicted asbestos-
related malignancies (cf. Fig. 1).The association of miR-222 with
miR-222/miR-126 best characterized the ashestos-unrelated
NSCLC group.

Both miR-126 and miR-222 were strongly associated with
asbestos exposure, and both miRNAs were involved in major
pathways linked to cancer (cf. Figs. 2 and 3). In particular,
miR-126 is an endothelial-specific miRNA essential for regulation
of vascular integrity and angiogenesis. miR-126 could promote
angiogenesis by repressing the inhibitors of VEGF signaling



Spredl and PIK3R2 (14) or suppress tumor growth and tumor
angiogenesis by direct targeting VEGF-A signaling (15, 16). Both
miR-126 and miR-222 were associated with lung cancer aggres-
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metastases (17). By analyzing miR-221/-222 in normal and
malignant lung tissues, overexpressed miR-221 and miR-222 were
found in aggressive NSCLC (20). Conversely, Boeri and colleagues
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were downregulated in plasma of patients with lung cancer with
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Figure 3.

Relationship between asbestos fibers and miRNAs, and their performance to discriminate MPM from CTRL. Correlation between cumulative asbestos fibers
(€A and miRNAs. Correlation coefficient (R) was determined using the Spearman test (A). ROC curve of miR-126, miR-222/miR-126 ratio and Logit (P) value
in MPM and CTRL are documented. Area under the ROC curves (AUC) and 95% Ci are shown (B). Distribution of miR-222/miR-126 ratio (€) and miR-126 (D} in
MPM and CTRL group are presented. Significant differences were determined using Student f test.

unfavorable prognosis. [n this study, we found that both miR-126
and miR-222 were downexpressed in advanced clinical stage of
NSCLC (cf. Fig. 2B). Downexpression of miR-126 has been
observed in several cancers (21). There was lack of relationship
between miR-222 tissue expression and miR-222 serum level,
suggesting a predictive role of circulating miRNAs independent
from tissue specimens.

To elucidate the role of these miRNAs in the association
between asbestos exposure and tumor development, a disease-
free population exposed to asbestos was evaluated for the selected
miRNAs. This population included workers with current and past
exposure to asbestos. Notably, increased expression of miR-126
and miR-222 were found only in currently exposed subjects
(cf. Fig. 4). Studies indicate that aggregation of EGFR by long
fibers may initiate cell signaling cascades in asbestos-induced

carcinogenesis (22, 23). In this context, regulation of miR-222
via EGER activation has been reported (24, 25). Increased expres-
sion of miR-222 was also observed in subjects exposed to air
pollution and metal-rich particles (26-28). miRNA changes may
therefore be sensitive indicators of the biological effects of acute
and chronic environmental exposure. Results from animal studies
suggest that changes in miRNA expression in response (0 exposure
to environmental carcinogens are transient and revert to normal
levels after recovery from the exposure (29, 30). Accordingly,
subjects exposed to asbestos in the past did not show any changes
in MIRNA expression. We can thus postulate that itreversible
alterations of miRNA expression can result in carcinogenesis when
accompanied by other molecular changes. Epigenetic changes
play an important role in inactivating tumor suppressor genes
in cancer {31). DNA methylation in cancerous tissue has been
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Distritution of miR-126 and miR-222 in serum of healthy CTRL and asbestos-
exposed subjects stratified as currently exposed (EXP™™), earlier exposed
(EXP'™=ry with (ARDs") and without (ARDs™) benign ARDs. Significant
differences were determined using one-way ANOVA and Tukey-Kramer post
hoc test. *, CTRL vs, asbestos-exposed groups.

shown to cause miRNA silencing located in the vicinity of CpG
sites (32). In particular, miR-126 was silenced by the DNA
methylation of its gene, EGFL7 both in NSCLC and MPM
(33, 34). Huang and colleagues demonstrated that the miR-
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