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Cytopathological analyses of bronchial washings (BWs) collected during

fibre-optic bronchoscopy are often inconclusive for lung cancer diagnosis.

To address this issue, we assessed the suitability of conducting molecular

analyses on BWs, with the aim to improve the diagnosis and outcome pre-

diction of lung cancer. The methylation status of RASSF1A, CDH1, DLC1

and PRPH was analysed in BW samples from 91 lung cancer patients and

31 controls, using a novel two-colour droplet digital methylation-specific

PCR (ddMSP) technique. Mutations in ALK, BRAF, EGFR, ERBB2,

KRAS, MAP2K1, MET, NRAS, PIK3CA, ROS1 and TP53 and gene

fusions of ALK, RET and ROS1 were also investigated, using next-genera-

tion sequencing on 73 lung cancer patients and 14 tumour-free individuals.

Our four-gene methylation panel had significant diagnostic power, with

97% sensitivity and 74% specificity (relative risk, 7.3; odds ratio, 6.1; 95%

confidence interval, 12.7–127). In contrast, gene mutation analysis had a

remarkable value for predictive, but not for diagnostic, purposes. Action-

able mutations in EGFR, HER2 and ROS1 as well as in other cancer genes

(KRAS, PIK3CA and TP53) were detected. Concordance with gene muta-

tions uncovered in tumour biopsies was higher than 90%. In addition,

bronchial-washing analyses permitted complete patient coverage and the

detection of additional actionable mutations. In conclusion, BWs are a use-

ful material on which to perform molecular tests based on gene panels:

aberrant gene methylation and mutation analyses could be performed as

approaches accompanying current diagnostic and predictive assays during

the initial workup phase. This study establishes the grounds for further

prospective investigation.

Abbreviations

Adks, adenocarcinomas; BAL, bronchoalveolar lavage; BW, bronchial washing; ddMSP, digital methylation-specific PCR; ddPCR, droplet

digital PCR; FOB, fibre-optic bronchoscopy; LOD, limit of detection; SqK, squamous carcinoma; Ta, annealing temperature.
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1. Introduction

Lung carcinoma is the deadliest cancer worldwide (Sie-

gel et al., 2016), with a 5-year survival rate of 10–15%.

Detection of early-stage tumours is important for

reducing mortality. However, most lung cancers are

asymptomatic in the early stages, and even in more

advanced disease, symptoms are nonspecific and can-

not be distinguished from other, nontumour lung dis-

eases (Rivera and Mehta, 2007). Lung cancer is

therefore often detected late in its development.

Fibre-optic bronchoscopy (FOB) is usually the first

invasive procedure employed for the diagnosis of lung

lesions, allowing physicians to exclude or confirm the

presence of synchronous lesions in the airways and

other mediastinal structures. Endoscopically, lung can-

cer lesions can be classified into two categories: visible

(central or near-the-hilum cancer) and not visible (pe-

ripheral bronchoalveolar tumours or paratracheal

tumours). FOB allows diagnosis of malignancy in 90%

of visible lesions, in 60% of distal lesions and in

< 30% of lesions < 2 cm in diameter (Ofiara et al.,

2012; Thiberville and Salaun, 2010).

Bronchial washing (BW) is a safe, well-tolerated

procedure performed during FOB that allows the har-

vesting of cytological and histological samples for

diagnostic typing. Unfortunately, it is not always pos-

sible to reach a definitive diagnosis with this technique,

forcing patients to undergo further, potentially more

invasive, biopsies.

Several studies have identified lung cancer-specific

DNA alterations in blood, serum, plasma, exhaled

breath condensate, bronchoalveolar lavage (BAL)

specimens and sputum (Belinsky et al., 2005; Han

et al., 2009; Topaloglu et al., 2004). Indeed, aberrant

DNA methylation was reported to be a suitable lung

cancer biomarker in sputum (Belinsky et al., 2006) and

in BAL specimens (Topaloglu et al., 2004). However,

aberrant DNA methylation generally does not affect

actionable genes, so the search for clinically actionable

alterations has become part of the routine diagnostic

workup essential for treatment decisions in lung cancer

patients. On this point, liquid biopsy is clinically a

highly valuable assay for the assessment of tumour

heterogeneity, minimal residual disease and response

to therapy in lung cancer (Molina-Vila et al., 2016;

Yoneda et al., 2019). Analysis of cell-free DNA for the

detection of EGFR, KRAS or TP53 mutations in BAL

fluid has been reported (Li et al., 2014; Park et al.,

2017). However, current guidelines do not recommend

BAL as a routine approach for the diagnosis of

peripheral lung lesions, given that the procedure may

not be tolerated by all patients and may lead to com-

plications during the process, so impairing the diag-

nostic efficacy of procedures with higher diagnostic

power, such as transbronchial needle aspiration or

biopsy. Conversely, BW is a routinely employed, less-

invasive procedure. To our knowledge, there are no

studies on the detection of cancer-gene mutations from

BWs.

Thus, we investigated the suitability of using BW

fluid in molecular analyses of lung cancer via the

detection of cancer-specific alterations of DNA methy-

lation and gene mutations. To this end, we developed

a novel, sensitive method based on droplet digital

PCR (ddPCR) to detect traces of altered cancer-speci-

fic DNA methylation; given the importance of identi-

fying sensitive and specific diagnostic tools for

nonvisible lung lesions, we assessed its ability to detect

distal, or peripheral, lesions. Moreover, a panel of 12

cancer genes was used for the identification of action-

able mutations, which is needed for therapy selection

in advanced lung adenocarcinomas (Adks).

2. Methods

2.1. Patient cohort

One hundred twenty-nine consecutive BWs were col-

lected at the University Hospital of Ferrara, Italy,

from patients undergoing FOB for suspected lung can-

cer. Almost all patients were current or former smok-

ers. The study protocol was approved by the local

ethics committee and the study methodologies con-

formed to the standards set by Declaration of Hel-

sinki. All study participants provided a written

informed consent for the use of their sample for

research purposes. Clinical features of the cohort are

reported in Table 1. The 31 controls were defined as

benign cases based on several criteria, which included

not only negative FOB, but also definitive pathological

diagnosis from other more invasive samplings, as well

as proven lesion reduction/resolution or lesion stability

for at least 12 months upon clinical/radiological fol-

low-up. Seven metastatic patients were excluded from

further statistical analyses and not included in Table 1.

2.2. Fibre-optic bronchoscopy

During FOB, one or more BW samples were collected for

cytological investigation. FOB was performed for diag-

nostic purposes based on the results of chest computer

tomography and/or total body positron emission
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tomography. The endoscopic procedure was performed

by introducing a bronchoscope (FB15V, Fb18V; Pentax

Corporation, Tokyo, Japan) nasally while patients were

in the supine position. Patients were sedated with midazo-

lam (0.035 mg�kg�1 IV, with incremental doses of 1 mg

being given as needed), and multiparameter monitoring

(pulse oximetry, heart rate, blood pressure) conducted

(Contoli et al., 2013). Local anaesthesia of the upper and

lower respiratory tracts was achieved with lidocaine (10%

spray and 2% solution). During all FOBs, BW fluid was

collected in a trap by aspiration through the operating

channel after instilling 20–40 mL of isotonic saline solu-

tion. In the case of visible lesions, the bronchoscope was

positioned next to the tumour, wedging the tip of the

bronchoscope into the segment where the lesion was

located (van der Drift et al., 2005; Du Rand et al., 2013);

here, an endobronchial biopsy was also taken. For non-

visible lesions, transbronchial needle aspiration, trans-

bronchial lung biopsy or both, were performed under

fluoroscopic guidance with the C-arm system (Archovis

Ing. Burgatti S.p.A, Bologna, Italy); biopsies obtained

from these three procedures and the collected BW sam-

ples were eligible for pathological diagnosis.

2.3. DNA and RNA isolation

After collection, about 10 mL of the BW samples was

immediately centrifuged. Cell pellets were stored at

�80°C in the homogenization solution of the Maxwell

miRNA Tissue kit (Promega, Madison, WI, USA) for

days to a maximum of 8 weeks. DNA and RNA were

isolated using the automated Maxwell system (miRNA

Tissue kit; Promega), according to the manufacturer’s

instructions. DNAse was not added during the extrac-

tion, allowing us to obtain DNA and RNA from the

same starting sample. Nucleic acids were quantified

using the Qubit fluorometer (Thermo Fisher Scientific,

Waltham, MA, USA).

2.4. DNA bisulphite conversion

DNA samples (500 ng) were preliminarily modified by

chemical treatment with sodium bisulphite (Herman

et al., 1996), using the EZ DNA Methylation Gold kit

(Zymo Research, Irvine, CA, USA), according to the

manufacturer’s instructions. If the amount of DNA was

< 500 ng, salmon sperm DNA was added up to a total

of 500 ng. All bisulphite-converted DNA was purified

and collected in 40 lL of Tris–EDTA solution.

2.5. Droplet digital methylation-specific PCR

Duplex ddPCR was designed for each gene locus by

including two double-quenched hydrolysis probes: one

FAM-labelled probe to recognize the nonmethylated

sequence; and one HEX-labelled probe to recognize

the methylated sequence. Both probes were designed

to anneal the same promoter region of each gene. To

improve precision, double-quenched probes (having a

3’IBFQ quencher and an internal ZEN quencher) were

produced. Oligonucleotide and probe sequences are

listed in Table S1 along with amplification conditions.

Twenty microliter was used as the final volume per

reaction. For each reaction, 10 µL of 29 Probes

ddPCR Supermix (No dUTP; Bio-Rad Laboratories,

Hercules, CA, USA), 0.4 µL of primers (final concen-

tration of 400 nM each), 0.2 µL of probes (final con-

centration of 200 nM each), and 1 µL of bisulphite-

treated DNA were used.

Table 1. Clinicopathological features of patients enrolled in the BW

study. ND, not determined; NSCLC, nonsmall cell lung cancer; P/Y,

packs of cigarettes per year; SCLC, small cell lung cancer.

Cancer

patients

Control

patients

Patients

Totala 91 31

Male 60 21

Female 31 10

Median age (range) 71 (47–85) 66 (42–86)

Smoke habits

Current smoker

> 10 P/Y 25 8

< 10 P/Y 0 4

Former smoker

> 10 P/Y 42 11

< 10 P/Y 5 0

Nonsmoker 10 1

Not known 9 7

Diagnosis

NSCLC: adenocarcinoma 41

NSCLC: squamous cell

carcinoma

32

SCLC 11

Lung cancer: undefined 7

Inflammation 18

Hyperplasia 4

Squamous metaplasia 3

Sarcoidosis 2

Pneumonia 1

Pleurisy 1

Tuberculosis 2

Stage

1 13

2 7

3 25

4 43

ND 3

a

Seven patients with metastases were excluded from the analyses.
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Each assay was performed in duplicate. The ddPCR

assays were performed on a QX-200 ddPCR System

(Bio-Rad Laboratories) as previously described (Fer-

racin et al., 2016). The amplification conditions were

as follows: 95 °C for 10 min, 40 cycles at 94 °C for

30 s, annealing temperature (Ta) for 1 min (see

Table S1 for the Ta of each locus-specific reaction),

followed by 10 min at 98 °C and a final hold at 4 °C.
All ramping rates were reduced to 2 °C per second.

After the amplification, the ddPCR assay was assessed

by the droplet reader (Bio-Rad Laboratories to anal-

yse each droplet using a two-colour detection system.

The number of positive and negative droplets for each

fluorophore (FAM and HEX) in each sample was

counted with QUANTASOFT software (Bio-Rad Labora-

tories). Poisson distribution of the positive droplets

was used to determine the absolute quantification of

samples targets (initial copy number of each methy-

lated gene) expressed as copies�µL�1. A result was con-

sidered positive when both duplicates exhibited the

presence of HEX-positive droplets.

Since DNA isolated from BW samples largely origi-

nates from exfoliated normal cells, the quantification of

nonmethylated DNA by FAM-labelled probes repre-

sented an internal quality control check and a quantifica-

tion of the isolated DNA. The detection of at least 200

FAM-positive droplets was required for the further analy-

sis of the sample. The eventual absence of HEX-labelled

droplets was considered truly negative only in the pres-

ence of > 200 FAM-positive droplets (limit of detection,

LOD = 0.5%). In most cases, we obtained 1000–2000
FAM-positive droplets (LOD = 0.05–0.1%; an example

is shown in Fig. S1), which allowed us to readily assess

the presence/absence of aberrant methylation at the

RASSF1A, PRPH, DLC1, and CDH1 loci.

2.6. Cancer-gene mutation analyses by NGS

Amplicon libraries were prepared using the Oncomine

Lung Cell-Free Total Nucleic Acid assay (Thermo

Fisher Scientific) from 20 to 50 ng of total DNA/RNA

isolated from BW samples. To identify the sample,

each library was barcoded with a unique oligonu-

cleotide identifier, according to the manufacturer’s

instructions. Libraries were pooled together in groups

of 24/chip (Ion 540) and sequenced on the Ion S5 Sys-

tem (Thermo Fisher Scientific), achieving an average

sequencing depth of 70009 (molecular coverage) and

average reads number of 3 500 000 for sample.

Sequencing raw-data analysis was performed using

TORRENT SUITE v. 5.10.1 and ION REPORTER 5.10.5

(Thermo Fisher Scientific). Briefly, low-quality reads

were removed, adapter sequences trimmed and samples

sequence aligned against a reference genome (hg19)

using the Torrent Mapping Alignment Program

(Thermo Fisher, Carlsbad, CA, USA). Subsequently,

the aligned BAM files were uploaded to Ion Reporter

and processed using the ad hoc Oncomine TagSeq

Lung v2 Liquid Biopsy w2.1 (Thermo Fisher)—Single

Sample workflow. Each sample was analysed for muta-

tions in the ALK, BRAF, EGFR, ERBB2, KRAS,

MAP2K1, MET, NRAS, PIK3CA, ROS1, and TP53

genes and for ALK, ROS1, and RET gene fusions.

Next-generation sequencing (NGS) raw data are avail-

able in the European Nucleotide Archive (https://

www.ebi.ac.uk/ena) under the accession number

PRJEB38273.

2.7. Statistical analyses

The presence or absence of methylation (discrete cate-

gory variables) was analysed with Fisher’s exact test.

A P-value < 0.05 was considered significant. Diagnos-

tic accuracy of each marker, alone or in combination

with others, was also evaluated. The diagnostic value

of a marker was calculated as the number of correct

answers versus the total number of samples analysed.

Specifically, the value was obtained from the ratio

between the true positives (lung cancer patients posi-

tive for methylation) and true negatives (noncancer

patients negative for methylation) out of the total

cases analysed.

3. Results

3.1. DNA methylation biomarkers for lung cancer

in bronchial washings

After investigating tens of potential methylation

biomarkers in lung cancer samples (data not shown),

we selected the CpG islands of the CDH1, RASSF1A,

PRPH and DLC1 gene promoters, because they dis-

played aberrant methylation in more than 50% of lung

cancer samples and no aberrant methylation in normal

tissues. We examined the methylation status of these

CpG islands in BWs from 129 nonselected consecutive

patients undergoing FOB.

Malignant cancer was diagnosed in 98 patients: 91

had a lung carcinoma and seven had lung metastases

due to other types of neoplasm (mostly colorectal can-

cer). Aberrant DNA methylation was detected in six

of the seven BW samples from patients with metastatic

lesions, and albeit of potential interest, they formed a

group that was too small to reach any significant con-

clusion. In addition, since the study was designed to
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investigate lung cancer, data from patients with metas-

tases in the lung were excluded from the final statisti-

cal analyses to avoid the risk of potential data

distortion. The remaining 31 patients had nonmalig-

nant disorders, so were used as negative controls (see

Table 1): the definitive diagnoses for these negative

controls were obtained by histo-pathological assess-

ments as well as by proven lesion reduction/resolution

or stability for at least 12 months upon clinical/radio-

logical follow-up.

Methylation status was analysed by two-colour

ddMSP. Aberrant methylation in at least one marker

was present in 88 of 91 (97%) lung cancer patients. In

samples from noncancer patients, RASSF1A, PRPH

and DLC1 exhibited excellent specificity, whereas

methylation at CDH1 was detected in eight of 29

(28%) cases (Fig. 1).

3.2. Diagnostic value of our four-gene DNA

methylation panel

By matching methylation results with final diagnoses,

aberrant methylation at each locus was significantly

associated with cancer (Table 2). For diagnostic pur-

poses, the best result was achieved by the inclusion of

RASSF1A, PRPH, DLC1 and CDH1 in a panel. The

panel had a sensitivity of 97% and a specificity of

74% (overall diagnostic accuracy, 0.88). Positivity of

the panel conferred a relative risk of 7.3, with a diag-

nostic odds ratio of 76.1 (95% CI, 18.6–312; Table 2).

To perform receiver operating characteristic (ROC)

curve analysis, we assigned a specific strength to each

methylation marker on the basis of its own specificity

(RASSF1A = 1.00; PRPH = 1.00; DLC1 = 0.94;

CDH1 = 0.74), and then for each patient, the diagnos-

tic strength was calculated as the sum of the four-gene

panel results. ROC curve analysis on these data gave

an area under the curve of 0.93 and confirmed the

excellent diagnostic power of the four-gene panel

(Fig. 2A).

Bronchial washing samples, especially in the case of

distal or peripheral lesions, are often inadequate for

efficient diagnosis: indeed, we were not able to reach a

definitive diagnosis in 36 patients (about 40% of our

lung cancer patients, and 29 of whom had peripheral

Fig. 1. Biomarker methylation profile in BW fluid. Red boxes

indicate the presence of methylated DNA, green boxes indicate

nonmethylated DNA, and grey boxes indicate either not analysed

samples or uninformative results. noncancer, samples from control

patients; NSCLC, nonsmall cell lung cancer; SCLC, small cell lung

cancer.
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lesions) through cytological analysis of their BWs

(Fig. 2B). To reach definitive diagnosis in these

patients, more-invasive and potentially risky proce-

dures had to be performed (Fig. 2B). In contrast, anal-

ysis of methylation markers produced positive results

in 35 of the 36 BW samples (Fig. 2B).

3.3. Predictive value of gene mutations assessed

on BWs

We analysed DNA and RNA from 73 BW samples

from cancer patients and 14 samples from noncancer

patients. Results are summarized in Table 3 (details in

Table S2). Mutations on EGFR, ERBB2 mutations

and ROS1 fusions were found in patients diagnosed

with AdKs, whereas KRAS, PIK3CA and TP53 muta-

tions were detected in AdK as well as in squamous

carcinoma (SqK) patients. Atypical mutations were

found on BRAF (p.G469V) in one AdK patient and

on ALK (p.R1275Q) in one AdK and two SqK

patients. Analysis of the 14 noncancer patients

revealed the presence of mutations on KRAS, PIK3CA

and TP53 in nine individuals. The frequent mutation

detection in noncancer patients revealed the low speci-

ficity of this approach for diagnostic purposes.

In contrast, predictive value was valuable. To assess

the predictive value of mutation analyses, we com-

pared the results obtained from BWs with those from

tumour biopsies. The comparison was only possible in

the 52 AdK patients, since, as required by clinical

guidelines, mutations in tumour samples are only

investigated in that histological subtype. Details of tis-

sue versus BWs are reported in Table S3 and summa-

rized in Table 4. Where mutation data from tissue

samples were available, the data from BWs revealed

to be in good concordance with the matched tumour

samples. The few differences included an EGFR muta-

tion and an ALK fusion detected by IHC on tissue

biopsies but missed in BWs, and two KRAS muta-

tions detected in BWs but missed in tissue biopsies. A

number of mutation analyses could only be performed

on BWs, evidencing the presence of two additional

EGFR mutations, seven KRAS mutations, and two

different ROS1 fusions. Several mutations were also

found on PIK3CA and TP53. These findings indicate

that detection of actionable mutations is feasible for

BWs. In addition to the above-described concordance

between BW analysis and tumour tissue mutational

results, NGS on BWs has the advantage that it can

be performed on all patients, including those for

whom tumour tissue was missed, allowing the discov-

ery of additional mutations eventually on actionable

genes.T
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4. Discussion

At initial diagnosis, endoscopic FOB is the routinely

used approach to obtain the biological material needed

to perform cyto- or histo-pathological analyses.

Although BW is a low-risk method for the collection

of such samples, depending on the location of the pri-

mary tumour this technique is not always adequate for

cytological diagnostic purposes. Thus, in about 40%

of cases, more-invasive approaches are needed to

obtain biopsy material. To address this issue, molecu-

lar investigations on BWs could represent useful

alternatives or additions for improving diagnostic per-

formance and/or reducing the need of potentially risky

procedures. Li and collaborators analysed mutations

in BALs, finding that the combined detection of muta-

tions on KRAS and TP53 yielded a sensitivity of 66%

for the diagnosis of peripheral nonsmall cell lung can-

cer (Li et al., 2014). However, current guidelines do

not recommend BAL as a routine approach for the

diagnosis of peripheral lung lesions. Conversely, BW is

a routinely employed, less-invasive procedure. Thus, in

the present work, we focused on BW, which, despite

theoretically having a lower power for diagnosing

peripheral lesions, is a procedure better tolerated by

all patients. Founded on the diagnostic yield of methy-

lation assays and the high concordance rate of muta-

tional analysis as compared with pathology results,

our findings demonstrate that BW specimens are suit-

able for diagnostic purposes, even for peripheral

lesions.

In the present study, we investigated the use of

DNA and RNA isolated from BW samples, evaluating

diagnostic potential and predictive value. Our results

indicate that BWs collected during FOB are excellent

sample materials on which to generate useful informa-

tion for diagnostic workup and predictive therapy indi-

cations based on molecular examinations. The

Fig. 2. Diagnostic performance of the four-gene panel in BW samples. (A) Receiver operating characteristic curve analysis, as described in

the text. AUC, area under curve. The P-value of the ROC curve was automatically calculated by the PRISM software (www.graphpad.com) to

assess how close to 0.50, the null hypothesis, is the AUC. (B) The 36 lung cancer lesions missed by cytological analysis of BW samples.

Twenty-nine were from peripheral lesions. In these cases, the definitive diagnosis was achieved by transbronchial needle aspiration (TBNA)

biopsy, transbronchial or endobronchial biopsy (TBB or EBB), transthoracic biopsy (TTB), or surgical intervention. In six cases, the diagnosis

was based on other medical evidence. In 35 (97%) of these BW samples, the 4-gene panel assay was positive for at least one of the

markers (Y = positive; N = negative; empty (grey box) = not tested or uninformative results).
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employed methodological approaches, based on either

ddMSP or NGS, exhibited an analytical sensitivity of

0.1% or lower, which is adequate to recognize the

traces of nucleic acids originating from cancer cells.

For diagnostic purposes, we analysed tumour-speci-

fic aberrant DNA methylation with a 4-gene panel

made up of CDH1, PRPH, RASSF1A and DLC1.

Methylation at RASSF1A and CDH1 loci has been

previously investigated in human lung cancer, either

for their clinical pathological significance (Brock et al.,

2008; Yu et al., 2015) or for their potential use as

tumour biomarkers (Baryshnikova et al., 2008; Han

et al., 2009; Hubers et al., 2014a; Hubers et al., 2014b;

Hubers et al., 2015). In particular, RASSF1A methyla-

tion has been utilized because of its high specificity

and early appearance in tumour development. By cor-

relating the methylation results with final diagnoses,

each locus exhibited very good specificity. Aberrant

methylation on RASSF1A or PRPH exhibited 100%

specificity, and on DLC1 an excellent 94% specificity.

Only CDH1 exhibited less-than-optimal specificity with

a value around 74%. Thus, our findings show that the

assessment of aberrant DNA methylation on BW flu-

ids could be a useful aid for initial lung cancer diagno-

sis. Nevertheless, although the RASSF1A, PRPH,

CDH1 and DLC1 DNA methylation panel is highly

sensitive and specific, it requires further improvement

with the addition of other highly specific biomarkers.

More importantly, the four-gene panel achieved

excellent diagnostic accuracy: overall, the panel exhib-

ited 88% diagnostic accuracy, 97% sensitivity and, lar-

gely because of CDH1, 74% specificity (RR, 7.3;

diagnostic OR, 76.1). This diagnostic accuracy isT
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Table 4. Concordance of mutations between tissue and BW in

adenocarcinoma patients.

Tissue BW

Concordance

(%)

Additional

BWs

ALK fusions Mut 1 0 96 0

WT 27 28 24

BRAF

V600E

Mut 0 0 100 1

WT 7 7 44

EGFR Mut 3 2 97 2

WT 29 30 18

ERBB2/

HER2

Mut 1 1 100 0

WT 5 5 46

KRAS Mut 5 7 90 7

WT 15 13 25

MET Mut 0 0 100 0

WT 6 6 46

ROS1

fusions

Mut 0 0 100 2

WT 15 15 35
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greater than that obtained through traditional cytolog-

ical analyses. Significantly, for the 36 BW samples

from cancer patients that were inadequate for reaching

a cytologically based diagnosis, results from methyla-

tion analysis provided a diagnostic indication of cancer

in 35 (97%) of them, a result that could have poten-

tially avoided more-invasive interventions for these

patients.

Most of the panel genes are not only tumour

biomarkers, but are also pathogenically important.

Loss of expression of CDH1-, RASSF1A- and DLC1-

encoded proteins is relevant for pathogenic mechanisms

that promote cell motility and metastatic potential.

CDH1 encodes a calcium-dependent cell adhesion pro-

tein [cadherin 1, type 1, E-cadherin (epithelial)] whose

loss can contribute to the metastatic potential of cancer

cells (Kim et al., 2016). The protein encoded by

RASSF1A binds to activated RAS to mediate apopto-

sis (Donninger et al., 2007; Gordon and Baksh, 2011;

Grawenda and O’Neill, 2015). The protein encoded by

DLC1 interacts with the DNA repair proteins XPA

and BRCA2; it also inhibits the accumulation of cyclin

D1 and induces cell cycle arrest. DLC1 (deleted in liver

cancer 1) encodes for a GTPase-activating protein

(GAP) member of the rho-GAP family of proteins: it

can stop the signalling of RHOA, RHOB, RHOC and

CDC42. Loss of DLC1 expression results in the consti-

tutive activation of the rho-GTPases, which promote

increased cell motility and changes in morphology

(Barras and Widmann, 2014; Popescu and Goodison,

2014). The role of PRPH in cancer is less clear: it

encodes the cytoskeletal protein peripherin, a type III

intermediate filament with homology to other

cytoskeletal proteins such as desmin, and that is found

in neurons of the peripheral nervous system. To date,

aberrant PRPH methylation has been reported in two

studies on liver cancer and neuroblastoma (Decock

et al., 2012; Revill et al., 2013).

We also give evidence on the value of DNA/RNA

analysis of BW specimens to direct therapeutic deci-

sions. The use of highly sensitive approaches, such as

ddPCR or NGS, is already being employed to detect

traces of nucleic acids originating from tumour cells in

liquid biopsies: they are performed mainly on plasma

samples to monitor the patient’s response to therapy.

The present study highlights the possible use of BWs

to provide predictive indications during a very early

diagnostic phase. However, whether anticipating the

start of treatment translates into clinically measurable

benefits cannot be assessed here, as this would require

an ad hoc trial.

When BW results were matched to molecular data

obtained from AdK samples, the concordance was

almost complete, with only one EGFR mutation and

an ALK fusion missed. Most notably, in cases in

which tumour tissues could not be analysed, additional

mutations affecting the actionable genes EGFR and

ROS1 were detected in BW samples. We also detected

the atypical lung cancer mutations BRAF (p.G469V)

and ALK (p.R1275Q), whose clinical significance

should be further evaluated. Although at present the

significance of these mutations in terms of response to

target therapies is not known, the ALK mutation

c.3824G>A (p.R1275Q), albeit infrequent in lung can-

cer, is commonly found in neuroblastoma, where this

mutation covers about one third of all ALK mutations,

which affect about 8–9% of the cases (Tate et al.,

2019). The response to crizotinib or other ALK inhibi-

tors is presently unknown, but preclinical studies have

shown that R1275Q cell lines are sensitive to crizotinib

(Bresler et al., 2014; Schonherr et al., 2011), and clini-

cal trials investigating crizotinib in neuroblastoma are

underway. Taken together, the findings of this study

on aberrant methylation and cancer-gene mutations

strongly suggest that molecular analysis of BWs can

indeed be part of the complete diagnostic and predic-

tive workup in the very early phases of patient man-

agement.

In addition, although not specifically investigated in

this study, the described approaches are potentially rel-

evant for the early diagnosis of lung cancer. Early

diagnosis, along with measures of primary prevention,

could be effective in improving prognosis and reducing

mortality due to lung cancer (Fleischhacker et al.,

2013; Hubers et al., 2013; Langevin et al., 2015). A

number of guidelines and recommendations for lung

cancer screening exist (Bach et al., 2012; Jaklitsch

et al., 2012; Smith et al., 2015). Individuals at risk of

lung cancer have been recognized: these are aged 55–
74 years old with a ≥30 packs/year smoking history,

either currently smoking or who have quit within the

past 15 years. However, no safe screening programme

for the early detection of lung cancer is widely avail-

able yet (Kubik and Polak, 1986; Melamed et al.,

1984). Low-dose spiral computerized tomography has

been suggested as a modality for lung cancer screening

(Aberle et al., 2011), but limitations have been

reported (Aberle et al., 2013). Thus, the need for

more-sensitive and specific approaches still exists. Can

molecular investigations find application in screening

programmes for the early detection of lung cancer? A

number of studies have suggested the use of circulating

microRNAs (Montani et al., 2015; Sozzi et al., 2014;

Wang et al., 2015; Wozniak et al., 2015). Here, we

show evidence that the analysis of the methylation sta-

tus of a small gene panel has a very high diagnostic
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potential and could be used on BWs obtained periodi-

cally from individuals at risk.

Surprisingly, the present study identified mutations

in cancer genes in several cancer-free individuals. This

finding is in line with recent studies reporting the pres-

ence of cancer-gene mutations in different noncancer

tissues (Lee-Six et al., 2019; Martincorena and Camp-

bell, 2015; Martincorena et al., 2018). Here, we identi-

fied mutations on PIK3CA, TP53, KRAS and ALK in

individuals without cancer. ALK R1275Q, as discussed

above, has an uncertain pathogenic significance in lung

cancer. Similarly, the pathogenic significance of

PIK3CA is also uncertain, judging from the unusually

infrequent detection of mutations in lung cancer (2%

in adenocarcinoma and 5% in SqKs). Conversely,

TP53 is very frequently affected by mutations (40% in

adenocarcinoma, 60% in SqK and 63% in small cell

lung cancer), but it generally requires a double hit to

become oncogenic. In our case series, most patients

are or were heavy smokers, and mutations could have

randomly accumulated on several genes in several cells.

It should also be noted that these mutations are gener-

ally detected at a very low level, suggesting that they

occur in a few disparate cells of the lung. Especially

for TP53 mutations, the requirement of two inactivat-

ing mutations in the same cell suggests that the

detected mutations might represent single hits. We

speculate that these single-hit mutations might confer

an increased risk of developing cancer, but are insuffi-

cient to promote cancer initiation. Mutations in cancer

genes, such as TP53, possibly represent molecular evi-

dence of the increased risk of cancer that exists in all

smokers. From a practical point of view, our findings

indicate that the detection of point mutations on

PIK3CA, TP53, and ALK in BWs have limited diag-

nostic power for lung cancer.

There were also two cases with KRAS mutations: a

p.G12V mutation detected at 0.16% in patient C_059

and a p.G12D mutation at 3.3% in patient R_023. The

first patient never developed a malignant lung lesion,

suggesting that no additional alteration able to cooper-

ate with the activated RAS was acquired. It is well

established that multiple genetic/epigenetic changes are

needed to promote a malignant phenotype. In the sec-

ond patient, who incidentally exhibited a higher level

of the mutant KRAS allele, a lung metastasis from a

colon adenocarcinoma was diagnosed 3 years later.

These findings suggest that the level of variants

detected in cancer genes, especially if higher than 1%,

should not be disregarded and a surveillance pro-

gramme should be considered for these patients.

Alterations in certain other genes, namely EGFR,

HER2 and ROS1, were instead only found in patients

with cancer. Albeit relatively infrequent, these muta-

tions might have diagnostic value. In support of this

hypothesis, we observed that patient B_203 developed

an lung adenocarcinoma about 1 year after an initially

negative diagnosis, but a mutation on EGFR was

already detected in the initial BW analysis. Although

just a single case, this example suggests that the pres-

ence of mutations in cancer genes might identify indi-

viduals carrying a different risk of developing lung

cancer, which puts forward the case, as indicated above,

for the development of specific surveillance programmes

for these individuals. To investigate this hypothesis, the

present study suggests that molecular analyses con-

ducted on BWs taken from at-risk individuals should

be thoroughly investigated through trials based on

extensive case studies and accurate follow-up.

5. Conclusions

Our study demonstrates that the use of BWs for

molecular analyses is feasible. Methylation and gene

mutation analyses could be performed to support and

complete the current clinical diagnostic/predictive

strategies.
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