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SUMMARY 

 

Lung cancer, composed predominantly by non-small cell lung cancer 

(NSCLC), is the leading cause of cancer-related deaths worldwide. 

NSCLC comprises adenocarcinomas (AD, 50% of cases) and squamous 

cell carcinomas (SCC, 40% of cases), both characterized by a high 

degree of heterogeneity due to an interplay of genetic and 

microenvironmental factors. 

Tobacco smoking and some pathological conditions, such as Chronic 

Obstructive Pulmonary Disease (COPD), are associated with the onset 

of lung cancer.  

The high mortality of lung cancer is contributed to by late diagnosis, 

that is in turn attributable to the lack of non-invasive screening 

methods. 

Recently, microRNAs (miRNAs) attracted the attention of scientists as 

possible lung cancer biomarkers since they are stable, retrievable and 

dysregulated in many types of cancers.  

miRNAs, which belong to the class of small RNAs, are endogenous 19-

24 nucleotides long non-coding RNAs. They have an intracellular 

function in post-transcriptionally regulating the expression of target 

mRNAs, but they have also been shown to be secreted in the 

extracellular environment and reach bloodstream, potentially 

regulating gene expression in distant cells.  

Like standard genes, some microRNAs can act as oncogenes or 

oncosuppressors and their levels can be increased or reduced in cancer 
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patients compared to controls. However, there is no consensus about 

which miRNAs are the best biomarkers for lung cancer, because their 

quantification depends upon clinico-pathological and methodological 

factors, that are different in each study. One of the factors possibly 

underlying differences in the identification or quantification of miRNA 

biomarkers is the selection of subjects that are included in the 

“controls” in different studies, since smoking habits or inflammatory 

conditions, such as Chronic Obstructive Pulmonary Disease (COPD) can 

influence miRNA levels and impact on their diagnostic use as 

biomarkers. 

To identify candidate miRNAs among those published as early stage 

lung cancer biomarkers, we performed a critical review of the literature 

and selected eight miRNAs, four of which with high sensitivity/AUC and 

four with high specificity as stage I-II NSCLC biomarkers. These miRNAs 

compose a two-step screening: in the first step the high sensitivity 

miRNAs are measured (miR-223, miR-20a, miR-145, miR-448), whereas 

in the second step the high specificity miRNAs are measured (miR-210, 

miR-628-3p, miR-29c, miR-1244). We aim to identify the two best 

performing miRNAs (one with high sensitivity and one with high 

specificity) in distinguishing between lung cancer patients and controls, 

to be applied as biomarkers for large scale screenings. 

In the second part of this PhD project we optimized the conditions for 

measurement of the miRNAs composing the two-step screening by 

Droplet Digital PCR (ddPCR). DdPCR is a method that, by combining a 

traditional PCR amplification together with the use of fluorescent 

detection and Poisson statistics, enables sensitive and precise absolute 
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quantification of target, without the requirement for standard curves. 

As a result of the optimization phase, we excluded two miRNAs (miR-

448 and miR-628-3p) from further analyses, due to the requirement of 

special conditions for their ddPCR, that make them less suitable as 

biomarkers for large scale screening.      

We then investigated if the remaining miRNAs could discriminate 

patients with stage I-II NSCLC from controls; the latter included three 

different control subgroups: non-smokers, smokers and subject with 

COPD, to highlight possible differences among them.  

All analyzed miRNAs so far (miR-223, miR-20a, miR-29c and miR-210) 

were expressed at significantly higher levels in NSCLC patients 

compared to controls; for three out of four miRNAs analyzed (miR-210, 

miR-20a, miR-29c) there was no significant difference among control 

subgroups, whereas miR-223 was significantly higher in the non-

smoker subgroup compared to the remaining control subgroups. ROC 

curves were built for each miRNA to determine their ability in 

distinguishing NSCLC patients from controls; AUC values were 

respectively 0.71 for miR -20a, 0.80 for miR-223, 0.72 for miR-29c and 

0.63 for miR-210. Accordingly, among the high-sensitivity miRNAs, miR-

223 performed best; among high- specificity miRNAs, miR-29c 

performed best.  

Therefore, we decided to use miR-223 and miR-29c for the next part of 

the project, aimed at determining the best combination and cut-offs of 

these miRNAs for early lung cancer diagnosis. To do this, we measured 

the levels of miR-223 and miR-29c in a Training set of 80 subjects [40 

stage I-II lung cancer patients and 40 controls (20 smokers and 20 non-
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smokers)] and tested combinations and cut-off values that allowed to 

obtain the best separation between cancer patients and controls. We 

found that the formula “miR-223>500 copies/µl OR miR-29c>50 

copies/µl” had the highest sensitivity (75%) and acceptable specificity 

(50%). The formula was then applied to a blind Validation set, again 

composed of 80 subjects [40 stage I-II lung cancer patients and 40 

controls (20 smokers and 20 non-smokers)] and found that it had a very 

high sensitivity of 92.5%, despite a poor specificity of 37.5%. As high 

sensitivity is a fundamental prerequisite for a first line, large scale 

screening test, our results suggest that our test holds great potential 

for screening of patients at risk for stage I-II NSCLC. Our test is also 

amenable for improvement, indeed other high specificity miRNAs from 

our panel, such as miR-1244, may be included in the formula to verify 

if they can increase specificity of our test.  
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RIASSUNTO 

 

Il tumore polmonare, di cui il tumore al polmone non a piccole cellule 

(NSCLC) rappresenta il tipo più frequente, è la principale causa di morte 

correlata al cancro in tutto il mondo. Il NSCLC comprende gli 

adenocarcinomi (ADC, 50%) ed i carcinomi spino-cellulari (SCC, 40%), 

entrambi contraddistinti da un alto grado di eterogeneità, dovuta 

all’interazione di fattori genetici e microambientali. 

Sia il fumo di sigaretta che alcune condizioni patologiche, come la 

broncopneumopatia cronica ostruttiva (BPCO), sono associate 

all’insorgenza del tumore polmonare.  All’alta mortalità che caratterizza 

questo tipo di tumore contribuisce la diagnosi tardiva, a sua volta 

attribuibile alla mancanza di metodi di screening poco invasivi.  

Recentemente, i microRNA hanno attratto l’attenzione della comunità 

scientifica come possibili biomarcatori, poiché è stato dimostrato che i 

livelli di molti microRNA sono deregolati in vari tipi di tumori e anche nei 

fluidi corporei in conseguenza della patologia.  Nei biofluidi inoltre, i 

microRNA hanno dimostrato grande stabilità e sono facili da ottenere. 

I microRNA sono prodotti endogenamente e appartengono alla classe dei 

piccoli RNA, sono infatti lunghi dai 19 ai 24 nucleotidi. All’interno della 

cellula fungono da regolatori post-trascrizionali dell’espressione genica, 

modulando la traduzione o la degradazione di RNA messaggeri target, ma 

possono anche essere secreti nell’ambiente extracellulare e giungere nel 

torrente circolatorio regolando potenzialmente anche cellule distanti. 
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Come altri geni, i microRNA possono agire come oncogeni o come 

oncosoppressori ed i loro livelli possono essere aumentati o ridotti negli 

individui con tumore rispetto a individui sani. Tuttavia, non c’è un 

consenso su quali miRNA siano i migliori biomarcatori del tumore al 

polmone, poiché la loro quantificazione dipende sia da fattori clinico-

patologici sia da fattori metodologici, che sono diversi in ogni studio 

condotto. 

Uno dei possibili fattori che possono influire sull’identificazione di specifici 

microRNA come biomarcatori è la selezione dei soggetti inclusi nei 

“controlli” dei diversi studi, poiché il fumo di sigaretta, o condizioni 

infiammatorie come la BPCO, potrebbero influenzare i livelli dei microRNA 

e quindi influire sul loro potenziale diagnostico come biomarcatori. 

Per selezionare alcuni microRNA tra quelli già pubblicati come possibili 

biomarcatori del NSCLC in stadio precoce (stadio I e II), abbiamo condotto 

una revisione critica della letteratura e abbiamo selezionato 8 possibili 

candidati, quattro con alta sensibilità/AUC e quattro con alta specificità. 

Questi miRNA vengono proposti come parte di un sistema di screening a 

due fasi, in cui nella prima fase si misurano i microRNA ad alta sensibilità 

(miR-223, miR-20a, miR-145, miR-448) e nella seconda quelli ad alta 

specificità (miR-210, miR-628, miR-29c, miR-1244). In particolare, le 

caratteristiche di tali miRNA come biomarcatori verrebbero analizzate per 

identificare i due miRNA (uno ad alta sensibilità ed uno ad alta specificità) 

più performanti nel distinguere individui con tumore da controlli da 

applicare per uno screening su larga scala.   

Nella seconda parte di questo progetto di dottorato abbiamo ottimizzato 

le condizioni di lavoro per la misurazione dei microRNA selezionati; la 
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misurazione avverrà mediante droplet digital PCR (ddPCR) che, 

combinando una tradizionale reazione di amplificazione di PCR 

fluorescente con il partizionamento della reazione e l’applicazione 

dell’analisi statistica di Poisson, consente una quantificazione assoluta e 

precisa del target senza la necessità di costruire curve standard. 

I risultati della fase di ottimizzazione ci hanno consentito di escludere due 

microRNA da ulteriori analisi (miR-448 e miR-628-3p), in quanto avevano 

bisogno di condizioni particolari per la loro amplificazione, che mal si 

adattano ad uno screening su larga scala. 

Successivamente, l’obiettivo è stato quello di verificare se i microRNA 

rimanenti fossero in grado di discriminare pazienti con NSCLC in stadio 

precoce (stadio I e II) da individui controllo, a loro volta suddivisi in 3 

sottogruppi di controllo: non fumatori, fumatori e soggetti affetti da 

BPCO; infatti, un ulteriore obiettivo era evidenziare possibili differenze tra 

i sottogruppi di controlli. 

Tutti i microRNA analizzati finora (miR-223, miR-20a, miR-210 e miR-29c) 

sono espressi a livelli maggiori nei pazienti affetti da NSCLC rispetto ai 

controlli; per tre dei quattro miRNA analizzati (miR-20a, miR-210 e miR-

29c) non è stata riscontrata alcuna differenza significativa tra i sottogruppi 

di controllo mentre il miR-223 era significativamente maggiore nel gruppo 

dei non-fumatori rispetto agli altri due. 

Sono state costruite le curve ROC per i microRNA in esame, per 

evidenziare la loro capacità di discriminare pazienti con NSCLC da individui 

controllo e i valori di AUC ottenuti sono stati rispettivamente 0.71 per miR-

20a, 0.80 per miR-223, 0.72 per miR-29c e 0.63 per miR-210. Quindi tra i 

miRNA ad alta sensibilità, miR-223 è il migliore candidato; miR-29c è il più 
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performante tra quelli ad alta specificità. Abbiamo quindi deciso di 

utilizzare miR-223 e miR-29c per la successiva parte del progetto, con 

l’obiettivo di ricercare la migliore combinazione e i migliori valori di cut-

off di questi due miRNA per la diagnosi precoce del cancro del polmone. 

Abbiamo misurato i livelli del miR-223 e miR-29c in un “Training set” di 80 

soggetti [40 pazienti con carcinoma polmonare di stadio I-II e 40 controlli 

(20 fumatori e 20 non fumatori)] e abbiamo valutato combinazioni e valori 

di cut-off che ci permettessero di ottenere la migliore separazione tra 

pazienti con tumore e individui controllo. La formula "miR-223> 500 copie 

/ μl OR miR-29c> 50 copie / μl" aveva la massima sensibilità (75%) e una 

specificità accettabile (50%). La formula è stata quindi applicata ad un 

“Validation set” in cieco, composto ancora da 80 soggetti [40 pazienti con 

carcinoma polmonare da stadio I-II e 40 controlli (20 fumatori e 20 non 

fumatori)]. Abbiamo riscontrato un'elevata sensibilità, pari al 92,5% ed 

una più scarsa specificità, pari al 37,5%. Poiché l'alta sensibilità è un 

prerequisito fondamentale per un test di screening su larga scala, i nostri 

risultati suggeriscono che il nostro test abbia comunque un grande 

potenziale per lo screening dei pazienti a rischio di NSCLC in stadio I-II. Ci 

prefiggiamo comunque di migliorare il nostro test, includendo altri 

microRNA ad alta specificità dal nostro pannello (miR-1244) e non, che 

possono essere inseriti nella formula verificando così se sono in grado di 

aumentare la specificità del nostro test. 
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INTRODUCTION 

 

Lung cancer 

 

- Lung cancer epidemiology 

 

Primary cancer of the lung ranks among cancers with the highest 

incidence and mortality both in the US and worldwide. [Siegel et al., 2018]. 

Indeed, lung cancer is the leading cause of cancer death in men and the 

second leading cause of cancer death after breast cancer in women. The 

gap between mortality in men and women has been reducing recently due 

to increasing diffusion of smoking habit among women in the recent past. 

Cigarette smoking is a major risk factor for lung cancer. It was estimated 

that 1.8 million new lung cancer cases occurred in 2012 globally, 

accounting for about 20% of all cancer deaths [Ferlay et al., 2015; Siegel 

et al., 2018] (Figure 1). The five-year survival rate of lung cancer is low 

worldwide (10-15%), despite recent advances in therapy of the disease, 

mainly because the majority of cases are diagnosed at an advanced stage, 

when surgery is not applicable and therapies ineffective [Lazar et al., 

2013]. Usually, diagnosis of lung cancer occurs incidentally during routine 

tests, such as sputum cytology or chest-X-rays, performed for other 

indications. However, these tests showed low sensitivity and did not yield 

a satisfactory mortality reduction when used for lung cancer screening 

purposes [Dominioni et al., 2013]. Several studies aiming to diagnose lung 

cancer at an early stage, conducted in high-risk patients (older than 50 
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years old and heavy smokers) have provided promising results by using 

spiral computerized tomography (CT) [Pegna et al., 2009], showing a 20% 

reduction of lung cancer mortality (The National Lung Screening Trial 

Reaseach Team, 2011). Nevertheless, lung cancer screening by CT scan 

presents disadvantages, including radiation exposure, high cost/benefit 

ratio, high false positive rate and overdiagnosis. Yet early diagnosis of lung 

cancer is an important point in the management of this disease.  

 

Figure 1. Ten leading cancer types for the Estimated New Cancer Cases 

and Death by Sex United States, 2017.                            [Siegel et al., 2017] 
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- Risk factors 

Several risk factors can be accounted for in the genesis of lung cancer, the 

principal being tobacco consumption; other factors, such as genetic 

factors, poor diet, occupational exposures and air pollution may act 

independently or in concert with tobacco smoking to determine the 

epidemiology of lung cancer [Malhotra et al., 2016]. 

It has been estimated that heavy smokers have approximately a 20-fold 

increase in the risk of developing lung cancer compared to non-smokers 

and that the duration of smoking and number of cigarettes smoked should 

be considered as the strongest determinant of lung cancer risk in smokers 

[US Department of Health and Human Consequences of smoking: 50 years 

of progress, 2014]. Nevertheless, also non-smokers, exposed to second-

hand smoking, show an increased relative risk to develop lung cancer 

during their lives [Hackshaw et al., 1997; Boffetta, 2002].  

Besides cigarette smoking, there are other environmental risk factors that 

are involved in 10-15% of total cases of lung cancer: chromium, silica, 

polycyclic aromatic hydrocarbons, ionizing radiation, outdoor and indoor 

air pollution and hormonal factors. 

Chromium [VI] compounds, crystalline silica and polycyclic aromatic 

hydrocarbons, groups of chemicals formed during combustion of organic 

material, increase the risk of lung cancer among workers employed in a 

number of industries and represent a major source of occupational 

exposure [Malhotra et al., 2016]. 

Ionizing radiation increases the risk of lung cancer, as demonstrated by 

studies on Hiroshima and Nagasaki atomic bomb survivors, but there is a 
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difference between this single massive exposure and the smaller doses 

that the population may receive during X-ray exams or computed 

tomography scans [Schwartz et al., 2016]. 

Moreover, indoor air pollution is considered the major risk factor for lung 

cancer arisen in never-smoking women in Asia, due to fumes from high 

temperature cooking using crude vegetable oils, as rapeseed oil, as well 

as coal burning or wood burning in poorly ventilated houses. [IARC 

Monographs on the Evaluation of carcinogenic Risks to Humans, 2006]. 

Finally, some conditions, such as chronic obstructive pulmonary disease 

(COPD), correlate with lung cancer. COPD is a type of obstructive lung 

disease characterized by long-term poor airflow, often caused by cigarette 

smoking. So, COPD and lung cancer share common risk factors, but other 

studies also suggest that COPD itself is a risk factor for lung cancer, 

independently from smoking habits, increasing the risk of developing lung 

cancer up to 3 times, even among never smokers [Schwartz et al., 2016]. 

About the genetic risk factors, independent genome-wide association 

studies identified a susceptibility region in 15q25.1 [Amos et al., 2008; 

Thogeirsson et al., 2008]. This genomic region contains six identified ORFs 

encoding nicotinic acetylcholine receptors in neuronal and other tissues 

[Amos et al., 2008]. 15q25 is the only susceptibility locus confirmed to be 

implicated in all types of lung cancer, independently of their histology 

[Timofeeva et al., 2012]. 
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- Lung cancer classification 

 

The majority of primary lung cancers are lung carcinomas and can be 

classified into two groups, based on histology: small cell lung carcinoma 

(SCLC, about 15% of cases) and non-small cell lung carcinoma (NSCLC, 

about 85% of cases) [Chen et al., 2014]. SCLC is an aggressive 

neuroendocrine tumor consisting of small tumor cells deriving from 

epithelial and neuroendocrine cells. This type of lung cancer is strongly 

associated with smoking and has very poor prognosis. Patients with SCLC 

are rarely operated due to fast spread of the tumor; this however is more 

responsive to chemotherapy and radiotherapy than other types of lung 

cancer [Rekhtman et al., 2010; Travis et al., 2011]. 

NSCLC has a more favorable prognosis and is subdivided into 

adenocarcinomas (ADC, 50% of the cases), squamous cell carcinomas 

(SCC, 40% of the cases) and large cell carcinomas (LCC, 10% of the cases). 

However, with advances in molecular typing of lung cancer, the LCC 

subtype is gradually disappearing, because it does not seem to be 

genetically distinct from the other two [Chen et al., 2014]. Lately, the ADC 

subtype has been found more frequently than SCC both in men and 

women [Devesa et al., 2005]; the shift towards this subtype seems to be 

related to higher concentrations of certain carcinogens [Stellman et al., 

1997]. 

NSCLC is staged from IA to IV, IA having the best prognosis and IV the 

worst, based on the degree of spreading from the primary tumor 

[Mountain et al., 2003]. 

Five-year relative survival of NSCLC patients is inversely related to stage 
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at the time of diagnosis: whereas five-years survival ranges from 70% to 

85% in patients with early stage disease (stage I and II), survival drastically 

decreases to 4% in patients diagnosed with stage IV lung cancer [Siegel et 

al., 2017]. 

NSCLC subtypes differ from one another for various hallmarks (Fig. 2): 

ADCs commonly arise in distal airways whereas SCCs originate in more 

proximal airways and are more strictly correlated to smoking habit and 

inflammation than ADCs. 

ADC is a malignant epithelial tumor with glandular differentiation, that 

expresses biomarkers typical of an origin in the distal lung, such as thyroid 

transcription factor 1 (TTF-1, also known as NKX2-1) and keratin 7 (KRT7). 

In contrast, SCCs have a squamous differentiation, that reminds of the 

pseudostratified columnar epithelium of the trachea and upper airways. 

SCCs can be distinguished from ADCs because of their positivity to 

cytokeratin 5 and 6 and/or to the transcription factors SRY-box 2 and p40, 

an isoform of p63, by immunostaining (Figure 2) [Chen et al., 2014]. 
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Figure 2. A diagram of proximal and distal lung cells, indicating markers 

that are retained in ADC and SCC carcinomas and suggest their putative 

cells of origin.                                                                        [Chen et al., 2014]   

 

- Lung cancer and genomics 

 

Lung cancer is a heterogeneous disease, but understanding the multiple 

complex combinations of morphological, genetic and molecular 

alterations underlying its formation can help to define tumor subtype and 

to guide treatment decisions [Travis WD, 2011; Hanahan et al, 2000]. 

For example, driver oncogenic mutations suitable as targets for therapy in 

ADC, are those found in Epidermal growth factor receptor (EGFR) and 

Kirsten rat sarcoma viral oncogene homolog (KRAS), comprising between 

5-15% of the cases. Other well defined genetic mutations appearing in 5% 

of ADCs are the Echinoderm microtubule-associated protein-like 4 (EML4) 
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and anaplastic lymphoma kinase (ALK) fusion gene, and mutations 

involving estrogen-related receptor beta type 2 (ERRB2), NRAS, v-raf 

murine sarcoma viral oncogene homolog B1 (BRAF), phosphatidylinositol-

4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA), met 

protooncogene (MET) and cadherin-associated protein beta 1 (CTNNB1) 

genes [Pao et al., 2011; Seo et al., 2012]. 

The genomic landscape of the SCC seems to have different specific 

mutations [Cancer genome Atlas Research Network, 2012]. 

The KRAS, EGFR mutations and ALK rearrangements are rare in 

comparison to ADC, whereas the ERBBs, Fibroblast growth factor receptor 

1 (FGFR1), the tyrosine kinase DDR2 genes and the JAK/STAT pathway are 

frequently altered by mutation or amplification in SCC. This suggests that 

subtype specific alterations play a crucial role in therapy decisions in lung 

cancer.  

A common feature for both ADC and SCC is a strong correlation between 

smoking status and number and type of mutations. Smokers have a 10 fold 

higher mutation rate compared to non-smokers. Mutations in BRAF, JAK2, 

JAK3, TP53 and mismatch repair genes are strongly associated with 

smoking, whereas EGFR, ROS1, and ALK rearrangements appear in never 

smokers as well [Govindad et al., 2012; Kandoth et al., 2013].   

It is also conceivable that the biology of the cell of origin is what drives the 

presence of different mutations in the two subtypes of NSCLC. Chen et al. 

showed that ADCs arise from AT2 cells or club cells in the alveolar space. 

SCCs, instead, have long been hypothesized to arise from basal cells 

(Figure 2) [Chen et al., 2014]; however, these hypotheses still need to be 

proven.   
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- Lung cancer and biomarkers 

 

Biomarkers are molecules that can be used to discriminate between 

normal and abnormal statuses, for example healthy from cancerous 

conditions. Tumor biomarkers can be very different in nature: they include 

nucleic acids (including search for specific mutations, gene copy number 

alterations, gene expression profiles,), epigenetic changes (changes in 

DNA methylation profiles), proteins (alteration in level and profiles of 

protein expression), metabolic markers (changes in level and spectrum of 

low molecular weight metabolites), DNAs and RNAs circulating in the 

bloodstream, including miRNAs, circulating tumor cells (CTCs) and 

immune, stromal and endothelial cells. Cancer biomarkers can be used for 

screening, detection, diagnosis, prognosis, prediction, stratification, and 

monitoring of therapy response. [I and Cho, 2015; Villalobos et al., 2017]. 

Ideally, a biomarker should be stable, available, measurable and cost-

saving; its diagnostic efficacy can be measured by parameters such as 

sensitivity and specificity. Sensitivity is defined as the number 

(percentage) of subjects testing positive for the biomarker among those 

affected by the condition (true positives), whereas specificity is defined as 

the number (percentage) of true negative, subjects correctly testing 

negative among those not showing the condition.   

Proteins are considered suitable biomarkers for cancer due to their 

involvement in cellular processes leading to cancer development. 

However, despite the great advances made in lung cancer biomarker 

discovery, no protein biomarkers with high enough sensitivity and 

specificity have been found. This is likely attributable to multiple reasons: 



18 
 

genetic heterogeneity of tumors, poor performance of techniques applied 

to biomarker identification, poor reproducibility of laboratory tests and 

low concentration of biomarkers. 

Examples of proteins commonly used as biomarkers include: cytokeratine 

19 fragments (CIFRA 21-1), EPCAM (epithelial cell adhesion molecule), 

ProGRP (pro-gastrin-releasing peptide), CEACAM (carcinoembryonic 

antigen); however, in clinical practice these protein biomarkers fail to 

provide sufficient sensitivity for optimal screening. Some clinically used 

biomarkers, such as CEACAM, CYFRA 21-1 and ProGRP have low 

concentration in the serum; thus, single biomarkers cannot be reliably 

used for early lung cancer diagnosis and biomarker combinations are 

sometimes used.  

More recently, microRNAs have attracted the attention of researchers as 

possible biomarkers for screening of early stage lung cancer, because they 

possess some characteristics that satisfy the requirement for good 

biomarkers, mainly their stability in biofluids, as will be described better 

in the following chapter. 
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MicroRNAs 

 

- Introduction 

 

For long time the field of molecular biology has been ruled by the central 

dogma that DNA is transcribed into RNA and the latter translated into 

proteins, but recent discoveries have added layers and new information 

to this principle; a group of RNAs termed “non-coding RNAs” have been 

found to play a role in regulating both transcription and translation. 

MicroRNAs, that together with siRNAs and piRNAs, belong to the class of 

small non-coding RNAs, are small endogenous molecules defined by their 

length of 19-24 nucleotides and their association with Argonaute (AGO) 

proteins to guide target-specific gene regulation [Garzon et al., 2010; Krol 

et al., 2010]. 

MicroRNAs were discovered in 1993 in Caenorhabditis elegans (C. elegans 

[Lee et al., 1993]. Since then the field has evolved rapidly: thousands of 

microRNAs have been discovered and their involvement in physiology and 

pathology has been described. Currently, microRNAs are among the most 

studied molecules [Gyoba et al., 2016]. 

In 2000, Reinhart et al. and Pasquinelli et al. reported the discovery of a 

second microRNA, termed let-7, highlighting that microRNAs were 

evolutionarily conserved and not specific only to Nematodes [Reinhart et 

al., 2000; Pasquinelli et al., 2000]. This finding marked the beginning of a 

wave of studies on microRNAs biogenesis, role and significance in various 

normal and pathologic conditions.  
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- miRNA genomic localization 

 

MiRNA genes are found across all chromosomes and can be in intergenic 

regions or within genes [Lagos-Quintana et al., 2001; Lau et al., 2001]. 

Some miRNA genes can be distant place from other genes of the same 

miRNA family, whereas some others may be in neighbor places or be even 

grouped in clusters, defined by miRbase (http://www.mirbase.org/) as a 

group of miRNA genes that are located within 10 kb of each other; 

microRNAs belonging to the same cluster can either be co-transcribed or 

transcribed independently [Hausser et Zavolan, 2014; Ramalingam et al., 

2013]. 

 

- miRNA structure 

 

MiRNA molecules are made of a single strand of about 22 nucleotides; the 

sequence at the 5ʹ end of the strand that spans nucleotide positions 2 to 

7 is essential for target recognition and is termed the “miRNA seed”. The 

nucleotides located downstream (particularly nucleotide 8 and at a minor 

extent nucleotides 13–16) concur to base pairing with the targets. MiRNA-

binding sites are usually located in the 3ʹ untranslated region (UTR) of 

mRNAs [Rolle et al., 2016] 

 

- miRNA biogenesis 

 

The biogenesis of miRNAs begins in the nucleus where miRNA genes are 

transcribed by either RNA polymerase II or III into long primary transcripts 
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(pri-miRNAs) that are polyadenylated at the 3’ end and capped at the 5’ 

end. These long transcripts are characterized by the presence of a hairpin 

like structure and are further processed in the nucleus by RNase 

III/DROSHA complex, which crops the primary transcript down to a 

precursor miRNA (pre-miRNA), a small hairpin-shaped RNA of 70-120 

nucleotides long; for correct processing by the RNase III/DROSHA 

complex, the cofactor DGCR8, also named Pasha, is essential. The pre-

miRNA has a protruding 3’ end, terminating with the hydroxyl group, and 

a phosphate group at the 5’ end [Ha et al., 2014]. 

The pre-miRNA is then transported to the cytoplasm with a mechanism 

involving the transporter Exportin-5, which recognizes the nucleotides 

protruding at the 3’ end; this transport is active and based on the Ran-GTP 

complex [Murchison et Hannon, 2004]. The pre-miRNA is further 

processed by the cytoplasmic RNase III/DICER in the mature miRNA 

molecule of about 22 nucleotides [Fazi et al., 2008]. This duplex is 

unwound by helicase and just one mature strand enters the 

multicomponent complex termed RNA-induced silencing complex (RISC) 

which includes AGO proteins, while the complementary strand is 

degraded. Sometimes, the strand with poorer stability at the 5’ end is kept 

incorporated within the RISC [Schwarz et al., 2003]. 

MiRNAs regulate gene expression preferentially by binding to the 

complementary strand in the 3´UTR of the mRNA, leading to mRNA 

degradation, translational inhibition or destabilization. However, it is now 

known that miRNAs can bind to 5´UTRs or open reading frames (ORF) and 

eventually also upregulate their targets [Vasudevan et al., 2007].  

An alternative pathway for miRNA biogenesis, without the DROSHA 
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mediated cleavage, occurs for miRNAs located within introns and takes 

place during splicing of pre-mRNAs. These miRNAs can also undergo other 

maturation processes before leaving the nucleus [Piva et al., 2013]. 

 

 

Figure 3. microRNA biogenesis.                                            [Piva et al. 2013]  

 

- miRNA functions 

 

The intracellular function of miRNAs is the regulation of gene expression 

at the post-transcriptional levels by the gene silencing mechanism by the 

RISC complex [Rana et al., 2007]. A single miRNA guide can regulate 

several mRNA targets and conversely multiple miRNAs can cooperatively 

regulate a single mRNA target [Bartel, 2004]. MiRNAs guide miRISC to 
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specifically recognize messenger RNA and downregulate gene expression 

by one of two mechanisms: translational repression and mRNA cleavage. 

The degree of miRNA–mRNA complementarity is a main factor guiding the 

choice between the two regulatory mechanisms. A high degree of 

complementarity allows Ago-catalyzed degradation of target mRNA 

sequences through the mRNA cleavage mechanism. Conversely, the 

presence of a central mismatch favors the translational repression 

process. The mechanism for repression of target mRNA translation by 

miRISC is still unknown and whether repression occurs at the translational 

initiation or post-translational level has yet to be defined. One main 

difference between the downstream consequences is reversibility: mRNA 

degradation is an irreversible process while translation inhibition is a 

reversible mechanism because the mRNA can be translated following 

elimination of translation repression [Valencia-Sanchez et al., 2006; 

Maroney et al., 2006]. 

MicroRNAs can also exert their functions in the extracellular environment, 

and their presence has been detected in all biological fluids [Lawrie et al., 

2008; Mitchell et al., 2008].  

It has been shown that biofluids from patients with specific pathological 

states show distinct miRNA expression profiles. This indicates that 

circulating miRNAs are not passively liberated from necrotic or injured 

cells; rather miRNAs are selectively released by cells [Mar-Aguilar et al., 

2013; Noferesti et al., 2015]. 

Circulating miRNAs are remarkably stable and can survive under 

unfavorable conditions for a long time, in contrast to intracellular miRNAs, 

which are degraded in extracellular environment within few seconds. The 
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mechanisms underlying the remarkable stability of circulating miRNAs in 

the RNase-rich environment of biofluids are not well clarified. It has been 

hypothesized that miRNAs are conjugated with molecules that would 

protect them from RNase activity, such as lipids or high-density 

lipoprotein complexes [El-Hefnawy et al., 2004]; alternatively, miRNAs 

could be packaged into membrane-bound vesicles like exosomes, 

microvesicles or apoptotic bodies (Figure 4) [Valadi et al., 2007].  

Exosomes are vesicles of endosomal origin of 50-100 nm in diameter, that 

contain lipids, proteins and RNAs; microvesicles are larger than exosomes 

(100-1000 nm in diameter) and are released into the extracellular space 

by shedding of the plasma membrane. 

Studies demonstrated that microvesicles, like exosomes, can be involved 

in cell-cell communication, transferring transmembrane proteins and 

cytosol components, such as microRNAs, from one cell to another [Kinet 

et al., 2013]. 

Finally, also apoptotic bodies have been shown to contain microRNAs; 

they are a heterogeneous population of membrane vesicles, containing 

organelles, nuclear fragments and parts of the cytoplasm, that are 

subsequently taken up by macrophages and dendritic cells. 

[Bayraktar et al., 2017]. 
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Figure 4. Mechanisms of microRNA release and uptake between donor and 

recipient cells.                                                              [Bayraktar et al., 2017]               

 

- miRNAs and lung cancer 

 

The main function of cellular miRNAs is to regulate cellular processes such 

as development, differentiation, proliferation and apoptosis [Bartel, 

2004]. While little is known about the specific targets and biological 

functions of miRNA molecules, it is evident that miRNAs play a crucial role 

in the regulation of gene expression [Ambros, 2004]. Takamizawa and 

colleagues published the first evidence for the role of miRNAs in lung 

cancer in 2004 [Takamizawa et al., 2004]. This study found that let-7 

expression correlated with post-surgery survival in non small cell lung 

cancer (NSCLC). Moreover, overexpression of let-7 in A549 cells inhibited 
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their proliferation, indicating a tumor suppressor function of this miRNA. 

Later studies on the role of let-7 in lung cancer confirmed this hypothesis, 

by demonstrating that let-7 targets the RAS genes, an oncogenic gene 

family that is frequently mutated and upregulated in lung 

adenocarcinomas [Seo et al., 2012; Johnson et al., 2005]. 

Other examples of oncogenes regulated by let-7 are cdc25a, cdk16 and 

cyclin D, involved in the G1/S transition, and BCL-2, an anti-apoptotic gene 

[Xiong et al., 2011]. 

Proliferation is an important hallmark of cancer, including lung cancer. 

Feng and colleagues demonstrated that miR-192 overexpression in the 

NSCLC cell lines A549 and H460 inhibits cell proliferation and 

tumorigenesis in vivo [Feng et al., 2011]. 

The first oncogenic miRNA identified in lung cancer was the miR cluster 

mir-17-92, frequently amplified in small cell lung cancer (SCLC) [Hayashita 

et al., 2005]. miR-21 is another well studied oncogenic microRNA in 

several types of cancer, including lung cancer: in lung adenocarcinoma, 

miR-21 was shown to be upregulated by EGFR signaling and to target 

tumor-suppressor PTEN [Li et al., 2012]. 

 

- miRNAs as lung cancer biomarkers  

 

Lung cancer is a relevant public health problem, causing the majority of 

cancer deaths in developed countries; about 85% of lung cancer cases is 

represented by non-small cell lung cancer (NSCLC). Despite advances in 

standard treatments, the high mortality of this tumor is related to the fact 
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that most patients are diagnosed in the late stage of the disease, when 

they develop clinical symptoms such as coughing, haemoptysis, chest pain 

and shortness of breath.  The lung cancer five-year survival rate is low 

worldwide (10-15%) [Koike et al., 2013]. 

However, if non-small cell lung cancer were discovered at an early stage, 

the probability of survival would dramatically increase (Figure 5): this is 

why it is of fundamental importance to find lung cancer screening tests 

and diagnostic biomarkers research for this disease. 

 

Figure 5. Left: the average percentage of cases diagnosed at the specified 

stage is reported. Right: relative 5-year survival by stage.                                       

[Modified from Siegel et al., 2017] 

 

Recently, microRNAs (miRNAs) have been suggested as a novel class of 

tumor biomarkers, as the levels of some of them are altered in various 

human cancers, including NSCLC [Esquela-Kerscher et al. 2006, Iorio et 

al. 2012, Negrini et al. 2014]. miRNAs presence and stability in biofluids, 

together with the evidence that some of them correlate with clinical-

pathological parameters, are strong points suggesting their application 

as circulating biomarkers [Blondal et al. 2013]. 
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The first evidence that microRNAs could be used as biomarkers of solid 

tumors was suggested by Mitchell and colleagues in 2008; they showed 

that miRNAs are present in the bloodstream in a stable form and that 

extracellular miRNAs originating from human prostate cancer xenografts 

enter in the bloodstream. Furthermore, the Authors showed that the 

levels of miR-141 were higher in patients with prostate cancer than in 

healthy individuals [Mitchell et al., 2008]. 

The first analysis of miRNA panels in the sera of patients with NSCLC was 

conducted by Chen and colleagues in 2008; 28 microRNAs, present in 

healthy individuals, were not found in patients and 63 microRNAs out of 

132 were detected in patients and not in healthy individuals suggesting 

that specific miRNA panels detectable in serum or plasma samples could 

discriminate between tumor and healthy subjects [Chen et al., 2008]. 

Although many studies have described specific panels of microRNAs as 

biomarkers in lung cancer, there is no overlap between the miRNAs 

identified in independent studies. This can be due to several reasons, 

attributable both to clinicopathological and to methodological factors 

(Table 1) [Moretti et al., 2017]. 

Sample type (blood, serum, plasma or other biofluids), sample 

preparation procedures, technique used for miRNA quantification, 

normalization method, could play a role. Indeed, one of the technical 

issues is the lack of reliable endogenous miRNAs to be used as reference 

for normalization in RT-qPCR, the most common method used: for 

example, some of the microRNAs used as reference molecules in some 

studies, are described as disease biomarkers in other reports [Moretti et 

al., 2017]. 
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Another very important issue relates to the choice of subjects to be used 

as “healthy controls”: only few of the published articles on biomarker 

identification are prospective studies, whereas most are case control 

studies, comparing miRNA levels between lung cancer patients and 

“controls”. The composition of the control group in lung cancer is a 

critical issue because chronic disease, such as Chronic Obstructive 

Pulmonary Disease (COPD) or other factors, such as smoking history, 

cardiovascular disorders, diabetes, pregnancy etc, may influence 

circulating miRNA levels and may impact on the evaluation of miRNAs as 

biomarkers. Unfortunately, in the majority of studies the tumor group 

and the control group are typically matched only by age, gender and 

rarely by smoking status, with scarce or no information about their 

medical history [Moretti et al., 2017; Zandberga et al. 2013]. 
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Table 1. Factors potentially affecting circulating miRNA quantification in 

NSCLC patients.                                                                        [Moretti et al., 

2017] 

 

 

 

 

 

Clinicopathological 

factors 

Ethnicity  

Gender/age 

Smoking status 

Stage of disease (early/advanced) 

Methodological factors 

Type of sample (plasma/serum/whole 

blood) 

Hemolysis 

RNA extraction method 

Reverse transcription method 

miRNA quantification method 

Normalization 
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AIM OF THE STUDY 

 

Lung cancer is the main cause of cancer death in men and women 

worldwide. The available diagnostic methods and screening tools are not 

sensitive enough and the mortality of this tumor is very high because 

symptoms appear at an advanced stage. To increase the survival of lung 

cancer patients the main goal is to find specific and sensitive biomarkers 

to diagnose the lung cancer at an early stage.  

MicroRNAs have been considered as possible cancer biomarkers since 

they are stable, retrievable, measurable and dysregulated in many types 

of tumors, including NSCLC. 

Therefore, we performed a critical review of the literature to identify 

circulating miRNAs suitable for non-invasive screening of stage I-II NSCLC 

and we proposed a two-step screening based on miRNA panels with high 

sensitivity and high specificity, respectively.  

Then, we measured the serum levels of the miRNAs composing the two-

step screening to ascertain whether they could be used to discriminate 

patients with NSCLC stage I-II from controls. Within this context, we also 

aimed at verifying if some factors, such as smoke or chronic disease, may 

influence miRNA levels and affect their application as biomarkers. To do 

so, we evaluated serum levels of miRNAs of interest in three different 

control subgroups (non-smokers, smokers and subjects with Chronic 

Obstructive Pulmonary Disease), as well as in patients with stage I-II 

NSCLC, making all comparisons. 

We believe that this rigorous strategy will allow us to identify a panel of 
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miRNA biomarkers with high repeatability and reproducibility among 

laboratories, still lacking in this type of research. 
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RESULTS 

 

The results of my PhD work are included in the following section as 

manuscripts that we already published or are about to submit for 

publication: 

 

1) Moretti F, D'Antona P, Finardi E, Barbetta M, Dominioni L, Poli A, Gini 

E, Noonan DM, Imperatori A, Rotolo N, Cattoni M, Campomenosi P. 

Systematic review and critique of circulating miRNAs as biomarkers of 

stage I-II non-small cell lung cancer. Oncotarget. 2017; 8(55):94980-

94996. 

2) Screening with serum miR-223 and miR-29c for early diagnosis of Non 

Small Cell Lung Cancer, under submission. 

 

Moreover, at the beginning of my PhD I contributed to a previous paper 

published on BMC Biotechnology: 

 

Campomenosi P, Gini E, Noonan DM, Poli A, D'Antona P, Rotolo N, 

Dominioni L, Imperatori A. A comparison between quantitative PCR and 

droplet digital PCR technologies for circulating microRNA quantification 

in human lung cancer. BMC Biotechnol. 2016; 16(1):60. 
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2) Screening with serum miR-223 and miR-29c for early 

diagnosis of Non Small Cell Lung Cancer  

D’Antona Paola, Cattoni Maria, Cinquetti Raffaella, Poli Albino, 

Moretti Francesca, Daffrè Elisa, Douglas Noonan, Imperatori 

Andrea, Rotolo Nicola, Campomenosi Paola. 

 

Abstract 

Diagnosing non-small cell lung cancer (NSCLC) at an early stage is a major 

requirement for increasing patients’ survival, but it remains challenging 

due to the lack of specific and robust non-invasive biomarkers. The 

discovery of circulating microRNAs (miRNAs) in the bloodstream has 

opened new perspectives for tumor diagnosis. A critical review of the 

literature allowed us to identify a panel of 8 miRNAs, uninfluenced by 

hemolysis, for a two-step screening of early lung cancer based on 4 

miRNAs with high sensitivity (hsa-miR-223-3p, hsa-miR-20a-5p, hsa-miR-

448, hsa-miR-145), and 4 miRNAs with high specificity (hsa-miR628-3p, 

hsa-miR-29c, hsa-miR-210, hsa-miR-1244). We quantified six miRNAs from 

our panel in stage I-II NSCLC patients and in three different control groups 

[non-smokers; smokers; Chronic Obstructive Pulmonary Disease (COPD) 

patients], since smoking habit and COPD may influence miRNA serum 

levels. The droplet digital PCR method was applied for quantification of 

miRNAs. Two of the eight miRNAs were excluded during optimization, 

because needed special conditions for their optimal quantification.  
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For 3 of the 4 remaining miRNAs (miR-20a, miR-29c and miR-210) analyzed 

there was no significant difference among control subgroups (non-

smokers, smokers, COPD patients), whereas miR-223 was significantly 

higher in non-smokers. Levels of all tested miRNAs significantly differed 

between tumor and control groups, confirming their possible role as 

biomarkers. Among them, miR-223 and miR-29c had the best AUC and 

their measures showed to be either repeatable or stable in time. 

Therefore, the selected miRNAs may help to identify high risk subjects 

who need further investigation for the presence of early stage NSCLC; in 

particular, the combination of “miR-223 OR miR-29c” showed a good 

sensitivity (92,5%) in distinguishing tumor samples from controls. 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

Introduction 

 

Lung cancer is the most common cause of cancer-related death in the 

world, with over 1.5 million deaths per year [Ferlay et al., 2013; Siegel et 

al., 2018]. 

Histologically, lung cancer is classified as small cell lung cancer (SCLC), a 

very aggressive and rarely curable tumor including approximately 15% of 

lung cancer cases, and non-small cell lung cancer (NSCLC), which 

represents approximately 85% of all lung cancers. Patients diagnosed with 

early stage (stage I and II) NSCLC have a better prognosis than those 

diagnosed in more advanced stages (60-80% versus 15% survival at 5 

years, respectively) but unfortunately this only occurs in 20-25% of cases 

[Dominioni et al., 2000; Ganti et al., 2006]. The remaining patients are 

diagnosed at advances stages, sometimes during routine tests (chest X-ray 

or sputum cytology) that have however demonstrated limited sensitivity 

and several limitations [Flehinger et al., 1994, Dominioni et al., 2013]. 

Early detection of lung cancer is key to improve survival. 

Thus, the development of novel, sensitive and non-invasive methods for 

screening of NSCLCs is strongly needed. Recently, microRNAs (miRNAs) 

have been suggested as a new class of tumor biomarkers, because the 

circulating levels of some miRNAs are altered in various human cancers, 

including NSCLC [Esquela-Kerscher et al., 2006, Iorio et al., 2012, Negrini 

et al., 2014]. 

MicroRNAs are a class of non-coding small RNAs of up to 24 nucleotides 

in length that are very stable in the blood [Mitchell et al., 2008; Markou 
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et al., 2013]; in 2008 Mitchell et al. first reported that serum miRNA-141 

was upregulated in prostate cancer, suggesting that it could distinguish 

prostate cancer patients from healthy controls [Mitchell et al., 2008]. 

MiRNA molecules have important functions in different biological 

processes, including cell proliferation, differentiation and apoptosis and 

can post-transcriptionally regulate the expression of more than 30% of 

human protein-coding genes [Bueno et Malumbres, 2011; Ambros, 

2003]. 

MiRNA presence and stability in biofluids, together with the 

demonstration that some of them correlate with clinical-pathological 

parameters and prognosis of lung cancer, are strong points suggesting 

their application as lung cancer circulating biomarkers [Blondal et al., 

2013]. 

Although the results of many recent miRNA studies generate hope for 

practical application, the clinical transferability of the obtained data is 

uncertain because there is incoherence in miRNA signatures identifying 

the same disease; this is possibly due to scarce reproducibility of the 

methods for determining the circulating miRNA levels, the most 

commonly used method being real time quantitative PCR (qPCR). The 

accuracy of miRNA determination is affected by multiple variables, 

including sample storage and preparation, RNA isolation, hemolysis, 

retrotranscription, DNA polymerase inhibitors, quantification method and 

normalization [Moretti et al., 2017]. The droplet digital PCR (ddPCR) 

technique is currently suggested as a better method than qPCR to quantify 

miRNAs; ddPCR has superior precision and sensitivity compared to the 

qPCR method, is less affected by PCR inhibitors, and it does not need 
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internal/external normalization while detecting low concentrations of 

target nucleic acids molecules [Campomenosi et al., 2016].  

To select miRNAs useful for lung cancer screening among the numerous 

miRNAs published as early stage NSCLC biomarkers, we previously 

performed a critical review of the pertinent scientific literature and 

identified the miRNAs showing either high sensitivity or high specificity as 

NSCLC biomarkers (sensitivity > 80%; AUC > 0,8; specificity > 90%) [Moretti 

et al., 2017]. Two miRNA panels were identified: the first panel [composed 

of high sensitivity miRNAs (hsa-miR-223-3p, hsa-miR-20a-5p, hsa-miR-

448, hsa-miR-145)] should be used to identify subjects with high risk of 

having lung cancer; to eliminate false positive results, the second miRNA 

panel [composed of high specificity miRNAs (hsa-miR-628-3p, hsa-miR-

29c, hsa-miR-210, hsa-miR-1244)], would be used to select true positive 

samples; patients positive for both panels should undergo further 

examination by Computed Tomography (CT) scan imaging [Moretti et al., 

2017]. 

In order to currently apply the miRNAs detection to the screening process, 

the analysis of 8 miRNAs appears too expensive to be extended to the 

entire at risk population and then it needs simplification: a high sensitivity 

test with 2 miRNAs (1 with high sensitivity and 1 with high specificity) 

would be more easily applicable for very large population screenings.  

The objective of this study is to apply the ddPCR technique to explore the 

performance of miRNAs identified in our panels in discriminating patients 

with early NSCLC from control subjects and select the best combination of 

2 miRNAs that could be practically used for non-invasive screening of lung 

cancer in the clinical setting. 
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Another critical issue about the use of miRNAs as lung cancer biomarkers 

is to clarify which subjects should be included in the group of “controls”. 

The composition of the control group is a controversial point because 

chronic disease, such as Chronic Obstructive Pulmonary Disease (COPD), 

and other important factors, such as history of smoking, cardiovascular 

disorders, liver disease, diabetes, pregnancy and inflammatory processes 

may affect circulating miRNA levels and may alter the evaluation of 

miRNAs candidate as biomarkers. In nearly all the relevant publications on 

this topic, the tumor group and the control group are typically matched 

by age, gender and rarely by smoking status, with scarce or no details 

about the subjects’ clinical history [Moretti et al., 2017; Zandberga et al., 

2013].  

Therefore, an additional goal of this study was to compare the levels of 

the selected miRNAs in patients with stage I-II NSCLC and in three different 

control subgroups (non-smokers, smokers and subjects with COPD). 

 

Materials and methods 

 

Study design  

 

Of the 8 circulating miRNAs previously identified with our critical review 

of the literature as potential lung cancer biomarkers [Moretti et al., 2017], 

6 miRNAs were tested in this study, namely hsa-miR-223-3p, hsa-miR-20a-

5p, hsa-miR-448, hsa-miR-628-3p, hsa-miR-29c, hsa-miR-210. Conditions 

for amplification by ddPCR were set-up for each miRNA candidate 
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(Supplementary file 1).   In the first part of the work, (“miRNA selection 

phase”, summarized in Figure 1), we aimed to select the 2 best performing 

miRNAs for stage I-II NSCLC diagnosis, out of the 6 above mentioned: one 

highly sensitive miRNA and one highly specific miRNA. For this purpose, 

the levels of the 6 miRNAs were measured in serum samples from 91 stage 

I-II NSCLC patients and 157 tumor-free control individuals (non-smokers, 

smokers and COPD subjects). The miRNA measurements in NSCLC stage I-

II patients were compared with those in each control subgroup. 

Moreover, the results in the control subgroups were compared with one 

another.  Control subgroups that showed similar levels of a specific miRNA 

were pooled together for comparison with measurements obtained in the 

lung cancer patients. 

 

 

 

Figure 1: Design of the first part of the study: the “miRNA selection phase”.  
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In the second part of the work (Testing phase), we first quantified the two 

best performing miRNAs (one highly sensitive and one highly specific for 

stage I-II NSCLC diagnosis) in a set of 80 serum samples, the “Training Set” 

(40 stage I-II NSCLC patients and 40 controls subjects, comprising 20 non-

smokers and 20 smokers). We used the ROC curves analysis to select the 

miRNAs and the cut-off values for each miRNA that better discriminated 

NSCLC stage I-II from control sera. We then applied the selected cut-off 

values to classify the subjects in a blind “Validation Set”, an independent 

new set of 80 serum samples (composed of 40 NSCLC patients and 40 

controls subjects comprising 20 non-smokers and 20 smokers) [Figure 2]. 

This allowed us to evaluate the ability of the cut-off values identified for 

each miRNA to discriminate NSCLC from control sera. 

 

 

Figure 2: Design of the second part of the study (Testing Phase).  



83 
 

Study population and serum samples 

 

This study was conducted on a total of 248 serum samples from 

individuals of both sexes (150 male; 98 female), aged >60 years. Samples 

were collected at the Ospedale del Circolo, Varese, Italy between January 

2014 and March 2018. These samples included 91 early stage NSCLC cases 

(stage I-II) and 157 controls without history of cancer [56 smokers, 55 non-

smokers and 46 individuals with COPD]. The patients’ and controls’ 

demographics and clinico-pathological data are shown in Table 1. 

 

 
 

SELECTION PHASE TESTING PHASE 

  CONTROLS (CANCER-FREE 
SUBJECTS, N= 157) 

 
CONTROLS (CANCER-FREE 

SUBJECTS, N=80) 
 STAGE I-II 

NSCLC 
PATIENTS 

COPD SMOKERS 
NON 

SMOKERS 

STAGE I-II 
NSCLC 

PATIENTS 
SMOKERS 

NON 
SMOKERS 

 N=91 N=46 N=55 N=56 N=80 N=40 N=40 

Gender        
Male 72 28 28 22 63 25 29 
Female 19 18 27 34 17 15 11 
Age 

(mean) 
67 71 62 67 68 63         68 

Smoking 

status 

       

Former/cu

rrent 

smokers 

49 13 22  42 29  

Pack years 

(mean) 

46 24 44  43 29  

Ex smokers 30 31 15  27 10  
Unknown 12 2 18  11 1  
Histology        
Adenocarci

noma 

70    61   

Squamous 

cell 

carcinoma 

21    19   

Tumor 

stage 

       

IA/IB 71    62   
IIA/IIB 20    18   
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Table 1: Characteristics of the subjects in the “miRNA selection phase” 

and “testing phase”.  

NSCLC = Non Small Cell Lung Cancer; COPD = Chronic Obstructive Pulmonary 

Disease. 

 

All samples from cancer cases were collected before initiation of anti-

cancer therapy. Written consent to collect samples and to participate in 

the study was obtained from all subjects. This study was approved by the 

Varese University Hospital Ethical Committee. 

Peripheral blood samples were collected in 5 mL sterile tubes (BD 

Vacutainer) without anticoagulant. Samples were drawn early in the 

morning and left at room temperature for a minimum of 40 minutes to a 

maximum of 90 minutes. Then the sera were separated by centrifugation 

at 800 x g for 8 min at room temperature, subdivided in 500 µl aliquots 

and stored at -80°C until use. Due to the low concentration of miRNA 

molecules in serum samples, we always operated with constant volumes 

in all subsequent procedures. 

 

RNA extraction and Reverse transcription  

 

Extraction of total RNA from serum samples was performed using the 

miRNeasy Serum/Plasma kit (Qiagen); 200 µl of serum were used and 

manufacturer’s instructions were followed. Spike-in mix (Exiqon) was 

added before the starting process, to check for loss of material during the 

whole procedure. 1 µg of MS2 phage carrier RNA (Sigma Aldrich) was also 

added to each serum sample to improve miRNA extraction. RNA was 
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eluted from the column with 14 µl of nuclease-free water and stored at -

80°C. 

For quantitative detection of miRNAs by qPCR or droplet digital PCR 

(ddPCR), purified serum miRNA was first converted to cDNA by reverse 

transcription (RT) using miRCURY LNATM Universal RT microRNA PCR 

System (Exiqon). The RT reaction was set-up in a total volume of 10 µl, 

consisting of 4.5 µl of nuclease free water, 2 µl of 5X reaction buffer, 0.5 

µl of UniSp6/cel-miR-39-3p RNA spike-in to evaluate the efficiency of the 

reverse transcription step, 1 µl of enzyme mix and 2 µl of RNA template. 

 

Evaluation of hemolysis  

 

All samples were checked for hemolysis prior to further analysis. 

Hemolysis can affect the levels of some miRNAs, deriving from blood cell 

lysis, thus causing errors in miRNA quantification [Pritchard at al., 2012]. 

Although the miRNAs under investigation have been selected also by their 

reported insensitivity to hemolysis, we excluded hemolysed sera during 

this development phase, to avoid this confounding factor; accordingly, all 

samples included in the “miRNA selection phase” and in the “Testing 

phase” were hemolysis-free. 

To assess hemolysis we quantified by qPCR two miRNAs, respectively 

localized inside and outside red blood cells, and calculated the difference 

between the Cq of hsa-miR-451 (a miRNA highly expressed in red blood 

cells), and that of hsa-miR-23a-3p (a free miRNA unaffected by hemolysis) 

for each sample.  

For each miRNA to be measured, 4 µl of cDNA template diluted 1:40 were 
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used in a 10 µl of reaction, adding 5 µl of ExiLENT SYBR® Green PCR Master 

Mix (Exiqon) and primers. Triplicate reactions were performed for each 

sample; we used manufacter’s instruction for cycling conditions (95° for 

10 min, followed by 40 cycles of 95°C for 10 sec and 60°C for 1 min (1.6 °C 

ramp rate).  

Samples were considered at risk of hemolysis when their ΔCq was > 5. 

 

Droplet Digital PCR and miRNA absolute quantification 

 

The cDNAs were diluted 20 fold and the ddPCR reaction was prepared in 

a 20 µl volume, by adding the appropriate volume of cDNA 

(Supplementary file 1), 10 µl 2X Evagreen supermix (Biorad), the desired 

miRCURY LNA PCR primer set at the appropriate dilution (see 

Supplementary file 1), and nuclease-free water up to 20 µl. Preliminary 

tests were carried out to find the optimal conditions for ddPCR analysis, 

as described in Supplementary file 1. Each 20 µl ddPCR reaction was 

loaded onto an 8-channel droplet generation cartridge (Biorad) and 

placed into the QX200 Droplet Generator, that partitions samples into 

20,000 nanoliter-size droplets, by creating an emulsion with the 70 µl of 

oil reagent (Biorad) that is added into the appropriate oil well; all droplets 

have the same volume and can randomly contain or not the target of 

interest. The resulting emulsified reactions were trasferred to a 96-well 

plate (Biorad) with a multichannel pipette (Rainin) in the thermal cycler 

and the plate sealed with Pierceable foil (Biorad). The cycling conditions 

were: 95°C for 5 min, followed by 40 cycles of 95°C for 30 s and 60°C for 1 

min, followed by signal stabilization steps (4°C for 5 min, 90°C for 5 min). 
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The ramp rate was 2°C/s. All samples were run in duplicates. 

After PCR, plates were placed into the QX200 Droplet Reader (Biorad) for 

analysis: each sample is taken up and the fluorescence of each droplet is 

read; the QuantaSoft™ software counts the number of positive (target 

containing) and negative (not target containing) droplets for each sample. 

Based on the Poisson distribution and keeping into account the fraction of 

positive versus negative droplets, the absolute copy number/µl of the 

DNA target molecules in the initial volume of reaction is determined.  

 

 

Statistical analysis and ROC curves  

 

Significance of the differences in miRNA serum levels among groups was 

tested by the Mann-Whitney test.  For each of the tested miRNAs the 

Receiver Operating Characteristic (ROC) curve was constructed and the 

Area Under the Curve (AUC) calculated. A p value < 0.05 was considered 

statistically significant. 

 

Results  

 

First part: miRNA selection phase 

 

In our previous critical review of the literature relevant to application of 

miRNAs as early lung cancer biomarkers, we proposed a two-step 

screening model based on eight miRNAs: four microRNAs with high 
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sensitivity for detecting stage I-II NSCLC (miR-223, miR-20a, miR-448 and 

miR-145) for the first step; four miRNAs with high specificity (miR-628, 

miR-29c, miR-210 and miR-1244) for the second step (Table 2) [Moretti et 

al., 2017]. In clinical practice, the two-step lung cancer screening should 

be offered to high risk individuals; we hypothesize that individuals testing 

positive (showing significantly aberrant miRNA level compared to controls 

should undergo further examinations (chest CT imaging) for suspect lung 

cancer.  

 

Table 2. MicroRNAs with high sensitivity and high AUC (a) and miRNAs 

with high specificity (b) selected in our critical review [Moretti et al (2017)]. 

 

 

 

Of these eight miRNAs, only 6 (3 with high sensitivity: miR-223, miR-20a, 

miR-448; 3 with high specificity: miR-29c, miR-210, miR-628) could be 

measured up to this time. In order to find the conditions yielding the best 

resolution in ddPCR for each of the six microRNAs, we first made a pilot 

experiment on a small number of tumor and control samples (10 NSCLC 

and 10 control subjects), working on different primer concentrations, 

different cDNA volumes and different annealing temperatures. The results 



89 
 

of this preliminary analysis are shown in Supplementary file 1, figures 1.1-

1.5. Two of the six analyzed microRNAs, namely miR-448 and miR-628-3p, 

showed very scarce separation between positive and negative droplets 

(Supplementary file 1, figures 1.5) despite extensive modifications in 

working conditions, except when we changed the annealing temperature. 

However, use of specific annealing temperatures for each microRNA 

would be impractical for a large scale screening of individuals at risk for 

NSCLC. Therefore, miR-448 and miR-628-3p were excluded and the 

following four miRNAs were considered for subsequent analysis: miR-223, 

miR-20a, miR-29c and miR-210.  

 

Comparison of miR-223, miR-20a, miR-29c and miR-210 levels in stage 

I-II NSCLC patients and in controls  

 

Two miRNAs with high sensitivity (miR-20a, miR-223), and two with high 

specificity (miR-29c and miR-210) for early NSCLC diagnosis were 

measured in the serum of 157 control group subjects (55 non-smokers, 56 

smokers, 46 COPD subjects) and 91 patients with stage I-II NSCLC. 

These miRNAs were quantitatively measured by the ddPCR method and 

the significance of difference between miRNA levels of stage I-II NSCLC 

patients and controls was analyzed by the Mann-Whitney test. The results 

are summarized in the following scatter plots (Figure 3). 
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Figure 3. Scatter plot showing the concentration of the four selected 

miRNAs that indicated significant differences between stage I-II NSCLC 

patients (NSCLC, n=91) and control group (CTRL, n=157). MiRNAs were 

quantified by ddPCR and data were expressed as median value with 

interquartile range (*** p<0.001, Mann-Whitney test). 

 

All four miRNAs (miR-20a, miR-223, miR-29c and miR-210) significantly 

discriminated between controls (green) and lung cancer patients (red); for 

all four miRNAs a significantly higher copy number was measured in the 

serum of NSCLC patients compared to cancer-free controls. The AUC 

values in distinguishing NSCLC patients from controls were respectively 
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0.71 for miR-20a, 0.80 for miR-223, 0.72 for miR-29c and 0.63 for miR-210 

(Figure 4). 

 

Figure 4. Diagnostic value of miR-20a, miR-223, miR-29c and miR-210 

quantified by droplet digital PCR in serum. ROC curve and AUC were used 

to determine sensitivity and specificity of each of these four miRNAs. 

Accordingly, among the high-sensitivity miRNAs, miR-223 performed best; 

among high- specificity miRNAs, miR-29c performed best. Therefore, we 

decided to use miR-223 and miR-29c for the second part of this work, the 

“Testing Phase”. Moreover, we carried out a comparison across control 

subgroups (non-smokers, smokers, COPD) to explore the possible 

differences of miRNA expression in these subgroups. These comparisons 
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are described in Supplementary file 2. We found no significant differences 

across the 3 control subgroups for miR-20a, miR-210 and miR-29c, 

whereas miR-223 was significantly overexpressed in the non-smoker 

subgroup (Supplementary File 2, Figure 2.1).  

Before proceeding to the Testing phase with miR-223 and miR-29c, we 

verified their stability and repeatability of measures. MiR-223 showed a 

very low intra- and inter-assay Coefficient of Variation, whereas miR-29c 

had a very high Coefficient of Variation. Conversely, when we analyzed 

stability, by measuring miR-223 and miR-29c in the same cDNA samples at 

0, 2, 9 months, we observed that miR-29c was stable (the values obtained 

at the three timepoints were not significantly different), whereas for miR-

223 the first measure (time 0) was significantly different from measure at 

2 and at 9 months. 

Testing phase 

Eighty stage I-II NSCLC serum samples and 80 control samples were 

randomly split into a “Training set” (40 tumors and 40 controls) and a 

blind “Validation set” (40 tumors and 40 controls). 

Training set 

Analysis of ROC curves of combinations of “miR-223 AND/OR miR-29c” 

were investigated to identify the cut-off values best discriminating lung 

cancer patients from controls in the training set of 40 lung cancer patients 

and 40 controls (20 non-smokers and 20 smokers). The combination with 
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the highest sensitivity (75%) and acceptable specificity (50%) was: “miR-

223 > 500 copies/µl OR miR-29c > 50 copies/µl” (Figure 5). 

 

 
 

 

Figure 5: (A) ROC curve of miR-223 in combination “OR” with miR-29c, 

showing discrimination between control subjects (smokers and non-

smokers) and NSCLC stage I-II; (C) Sensitivity and specificity of “miR-223 

OR miR-29c” combination with the selected cut-off: miR-223 > 500 

copies/µl OR miR-29c >50 copies/µl. 

 

 

 

Cut-off Sensitivity 95% CI Specificity 95%CI 

miR-223>500 copies/µl 

OR 

miR-29c>50 copies/µl 

75% 0,59-0,87 50% 0,34-0,66 

B 

A 
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Validation set 

The findings of the Training set were tested in a new, independent, blind, 

validation set including sera from 40 lung cancer patients and 40 controls 

(20 non-smokers and 20 smokers). The cut-off values applied for this 

Validation were: miR-223 > 500 copies/µl OR miR-29c >50 copies/µl.  

 

 

 

Figure 6. (A)  Validation set ROC curve of miR-223 in combination “OR” 

with miR-29c, showing discrimination between control subjects (smokers 

and non-smokers) and NSCLC stage I-II; (C) sensitivity and specificity of 

“miR-223 OR miR-29c” combination with the selected cut-off: miR-223 > 

500 copies/µl OR miR-29c >50 copies/µl. 

 

Cut-off Sensitivity 95% CI Specificity 95%CI 

miR-223>500 copies/µl 

OR 

miR-29c>50 copies/µl 

92,5% 0,80-0,98 37.5% 0,23-0,54 

A 

B 
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As shown in figure 6, in the Validation set the cut-off values miR-223 > 500 

copies/ul OR miR-29c >50 copies/ul yielded an AUC of 0.65, with a high 

sensitivity of 92.5% and a low specificity of 37.5%. 

 

Discussion 

 

Although NSCLC has one of the highest mortality rates among cancers, it 

has long been known that patients are more likely to survive if they are 

diagnosed at an early stage (stage I-II NSCLC). Early lung cancer diagnosis 

was shown to lead to a drop in disease-specific mortality rate, from 75% 

to 15% [The National Lung Screening Trial Research Team, Gyoba et al., 

2016]. 

However, new screening tools and diagnostic methods are needed to 

reach this goal. 

Evidence has been provided of aberrant expression of miRNAs in tumors 

and serum samples of lung cancer patients, compared to normal subjects; 

such miRNA dysregulation could possibly be exploited for early diagnosis 

[Fan et al., 2018]. Hence, an increasing number of studies have 

investigated the diagnostic value of miRNAs quantification in biofluids for 

lung cancer screening [Del Vescovo et al., 2014]. 

Unfortunately, many different and inconsistent miRNA signatures of 

lung cancer have been published. There are several possible 

explanations for these discrepancies. First, the technical procedure used 

for miRNA quantification could influence the outcome. The starting 

material can be plasma, serum or whole blood; moreover, for almost all 

published studies, the qPCR method has been used for quantification of 
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circulating miRNAs and there are several pitfalls in this procedure; 

especially important is the normalization issue; moreover, qPCR is not 

sensitive enough to point out relatively small differences between 

samples [Campomenosi et al. 2016]. 

For these reasons, for measuring miRNA levels we decided to apply the 

droplet digital PCR technique, that overcomes the normalization issue of 

qPCR, and shows advantages such as greater sensitivity and precision, and 

absolute quantification. Whale and colleagues recently showed that the 

high-accuracy measurements using ddPCR will support the 

implementation and traceable standardization of molecular diagnostic 

procedures needed for advancements in precision medicine [Whale et al., 

2018]. 

Second, ethnicity could also play a role. The majority of published works 

on miRNAs in lung cancer were performed in Chinese cohorts and, at 

present, no data are available about differences of miRNA expression due 

to ethnic origin.  

Third, the stage of cancer may affect miRNA levels. Our cohort is 

exclusively composed of early stage (I and II) NSCLC, while many 

previously published studies included patients with advanced lung cancer. 

This may affect the levels of specific miRNA and therefore their 

identification. For example, Shell et al. showed that let-7 expression could 

be used as a marker of disease stage in several types of cancer [Shell et 

al., 2007]; we cannot rule out that the levels of other microRNAs may vary 

depending on lung cancer stage.  

Finally, the composition of the control cohort to be used for comparisons 

with the tumor cohort is a relevant issue. In our critical review of the 
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literature, we observed that the “healthy controls” group composition 

was inconsistent among studies. Sometimes, within the same study 

heterogeneous healthy subjects, either non-smokers, smokers, or 

individuals affected by pulmonary diseases such as COPD, were used 

(Halvorsen et al., 2016; Sanfiorenzo et al., 2013; Nadal et al., 2015). 

It is well known that cigarette smoking is a high-risk factor for lung cancer 

[Shields et al. 1999] and for Chronic Obstructive Pulmonary Disease 

(COPD) [Takahashi et al 2013]. Specific microRNAs have been reported 

to be dysregulated in smoking-related diseases [Banerjee & Luketich, 

2012]. 

Less attention has been paid to smoking-induced molecular alterations 

in individuals defined as “healthy smokers” without evidence of disease; 

they were categorized as healthy control group in many studies. 

Extensive work should be done on characterizing miRNA dysregulation in 

those patients who have a smoking history with smoking related diseases 

(COPD patients) and with lung cancer, trying to find the differences in 

comparison with healthy non-smokers, because the relationship 

between circulating miRNAs and cigarette smoke-induced lung cancer is 

still unclear. Zhou and colleagues showed that “healthy smokers” cannot 

be considered completely healthy subjects [Zhou et al., 2016]. 

For these reasons, we explored the changes in serum miRNAs in three 

subgroups of possible controls, namely non-smokers, smokers and COPD 

patients. We found that the levels of miR-223 was different across these 

control subgroups. In particular, miR-223 was down-regulated in smokers 

and COPD, compared to non-smokers. According to Schembri et al., 

smoking causes the downregulation of many miRNAs in bronchial 
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epithelium [Schembri et al. 2009]. Downregulation of several miRNAs was 

also observed in the lungs of rats treated with typical components of 

cigarette smoke, such as tobacco-specific nitrosamines [Kalscheuer et al. 

2008].   

When we compared the levels of the miRNAs under investigation (miR-

210, miR-20a, miR-29c and miR-223) in sera from cancer-free controls and 

NSCLC, we observed an increase in the levels of all four miRNAs in NSCLC 

patients compared to controls, in keeping with published work [Chen et 

al. 2012, Shen et al. 2011, Puissegur et al., 2011, Babu et al., 2016, Yang et 

al., 2015, Zhu et al., 2014, Zhang et al., 2016, Geng et al., 2014]. 

As we showed in our previous review of the literature, miR-223 and miR-

20a represent highly sensitive miRNAs for early lung cancer diagnosis, 

whereas miR-29c and miR-210 are highly specific. In the first part of this 

study we found that miR-223 and miR-29c had the greatest AUC among 

highly sensitive and highly specific miRNAs, respectively. Therefore, we 

used combinations of miR-223 and miR-29c for the second part of this 

work, the “Testing Phase”.  

In the Testing phase we explored the diagnostic performance (sensitivity, 

specificity and AUC) of both combinations “miR-223 AND/OR miR-29c” 

with different cut-offs in discriminating lung cancer patients from 

controls. By testing the different combinations, we found that “miR-223 

OR miR-29c” had the highest sensitivity (75%), combined with good 

specificity (50%) in the training set. When then applied to an independent, 

blind validation set, the combination “miR-223 > 500 copies/µl OR miR-

29c > 50 copies/µl” yielded an AUC of 0.65, sensitivity of 92.5% and 
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specificity of 37.5%. These results confirm the high sensitivity of the 

combination “miR-223 OR miR-29c”, which would effectively identify 

stage I-II NSCLC patients. The low specificity (37.5%) indicates that a large 

number of false positive findings would be expected; however, from the 

viewpoint of a clinical application for lung cancer screening, the 

importance of high sensitivity outweights the low specificity. In a 

screening program it is desirable to have a high sensitivity of the test 

which ensures the identification of the largest number of lung cancer 

cases, so that they can be early treated, while false positives are then 

highlighted by the second-level investigations (low-dose CT of the chest). 

According to the literature,  miR-223 plays a role as an oncomiR and is 

overexpressed in gastric cancer compared to normal gastric mucosa, in T-

cell acute lymphoblastic leukemia [Mavrakis et al., 2011] as well as in a 

gastric cancer cell line [Li et al., 2012] and in prostate cancer cell lines [Wei 

et al., 2014]. Previous studies suggested an oncogenic role for miR-29c. 

miR-29c level was significantly increased in sera and tissues of stage IA/B 

NSCLC patients compared to corresponding control sera and 

noncancerous tissues [Heegard et al., 2012; Zhu et al., 2014]. The high 

stability of miRNAs in human biological fluids suggests that they could be 

ideal biomarkers for non-invasive diagnosis of NSCLC. A non-invasive test 

able to discriminate between tumor and control groups could have two 

potential uses. First, it could be a new screening method to select 

individuals at high risk of NSCLC (i.e. smokers) who need further clinical 

investigations; second, it could help to distinguish between neoplastic and 

non-neoplastic disease in individuals with suspicious nodules detected by 
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CT scan, thus avoiding further CTs or invasive biopsy. The findings of this 

study are preliminary and need to be confirmed with other validation sets. 

Moreover, in our critical review [Moretti et al., 2017] we initially identified 

two other miRNAs (miR-145 and miR-1244, respectively, as sensitive and 

specific biomarkers of lung cancer) that remain to be tested. It is necessary 

to explore whether miR-1244, a biomarker with reported high specificity 

for lung cancer diagnosis, could improve the currently low specificity of 

our model. 
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      Supplementary file 1 

Preliminary tests were carried out to determine the appropriate 

volume of primers and cDNA template (and possibly amplification 

conditions such as annealing temperature) for each miRNA of interest, 

to obtain the best separation between positive and negative droplets 

in samples analysed by droplet digital PCR (ddPCR). This is a critical 

aspect, since quantification relies on calculating the ratio between 

them before applying Poisson’s statistics to correct the estimate. For 

these preliminary experiments, we worked on a small number of 

samples (5 tumor samples and 5 controls).  The cDNAs were diluted 20 

fold and the ddPCR reaction was prepared in a 20 µl volume, by adding 

10 µl 2X Evagreen supermix (Biorad), the desired miRCURY LNA PCR 

primer set at the appropriate dilution (Supplementary Table 1.1), and 

nuclease-free water up to 20 µl. 

 

Supplementary Table 1.1. Final conditions (dilution of primers and 

volume of cDNA) used for analysis of the indicated miRNAs by ddPCR.  

 

 

In the graphs reported in Supplementary Figures 1.1 to 1.5, typical 

results of ddPCR analysis for the quantitative measurement of miRNAs 

are shown: the x-axis reports the number of droplets in the sample 

 hsa-miR-

223-3p 

hsa-miR-

20a-5p 

hsa-miR-

29c-3p 

hsa-miR-

210-3p 

Primer dilution  20x 20x 20x 40x 
cDNA volume (1:20 

dilution) (µL) 
2,5 2,5 5 5 
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and the y-axis indicates the quantity of fluorescence emitted by each 

droplet. Intensity of fluorescence depends on the specific assay, on 

the efficiency of amplification and on the presence of inhibitors. 

Negative droplets do not contain the target molecule and are colored 

in grey; positive droplets contain the molecule and are colored in blue. 

The “No Template Control” sample (NTC) allows to discriminate 

positive from negative droplets (Supplementary Figure 1.1, C); in the 

example in Supplementary Figure1.1, hsa-miR-223-3p is expressed at 

high level in samples and positive and negative droplets separate well 

from negative droplets. A minority of the droplets show intermediate 

fluorescence (the so called “rain effect”).  The “rain effect” 

(Supplementary figure 1.2 A, B and Supplementary figure 1.3 A, B), is 

observed in particular with specific assays: it is possible that 

suboptimal assay design due to intrinsic miRNA sequence or the 

presence of other members of a miRNA family is responsible for this 

occurrence. An alternative explanation when sporadic samples show 

a “rain effect” is the presence of PCR inhibitors that delay 

amplification in some of the droplets, thus resulting in their decreased 

fluorescence (hence an intermediate level of fluorescence). The rain 

effect is often seen with microRNAs, as the short sequence available 

for primer design makes the design itself difficult. 
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Supplementary Figure 1.1. Hsa-miR-223-3p levels in three different 

serum samples and in a NTC. The inclusion of a “No template control” 

(NTC, panel C) in each ddPCR run allows to better discriminate 

negative from positive droplets. Blue droplets contain the target, 

whereas grey droplets do not. The latter should be the only type of 

droplet in the NTC. The graph in panel A shows a sample that 

contains less copies of hsa-miR-223-3p than the sample in panel B. 

 

Supplementary Figure 1.2. Hsa-miR-29c-3p levels in two samples. The 

inclusion of a “No template control” (NTC, panel C) in each ddPCR run 

allows to better discriminate negative from positive droplets. Blue 

droplets contain the target, whereas grey droplets do not. The latter 

miR-223 
A B C 
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should be the only type of droplet in the NTC. The graph in panel A 

shows a sample that contains less copies of hsa-miR-29c-3p than the 

sample in panel B. 

 

Also, hsa-miR-20a-5p showed good separation between positive and 

negative droplets, although the rain effect was present, as seen in 

Supplementary figure 1.3. 

 

 

Supplementary figure 1.3. Hsa-miR-20a levels in two samples: two 

different amounts of positive (blue) droplets are present (panel A and 

B, respectively) whereas blue droplets are absent in NTC (no template 

control, panel C). Grey droplets indicate baseline fluorescence, where 

target is absent. The graph in panel A shows a sample that contains 

less copies of hsa-miR-20a than the sample in panel B. 

Hsa-miR-210, instead showed few positive droplets in all samples, 

indicating low levels of this circulating miRNA. However, it is possible 

to observe a demarcation line between negative and positive 



112
 

droplets, in particular when samples are compared to NTC 

(Supplementary figure 1.4). 

 

 Supplementary figure 1.4. Hsa-miR-210 levels in two samples: here, 

the number of positive droplets is low and they do not form an evident 

“blue band” (panel A, B, and C on the left), but it is still possible to 

distinguish positive from negative, especially by comparison with NTC 

(no template control, panel C, right). Grey droplets indicate baseline 

fluorescence, when target is absent. 

 

Two of the microRNAs initially selected for this study, namely miR-448 

and miR-628-3p, did not show good separation between positive and 

negative droplets in none of the initial conditions tested (cDNA and 

primers dilutions) when the amplification reaction was performed at 

the usual annealing temperature (60°C). Thus, a temperature gradient 

during PCR was used to find the correct annealing temperature; most 

of the times (except for miRNA families) this led to obtain a better 

separation between negative and positive droplets and to decrease 

the rain effect, as shown in Supplementary Figure 1.5.  
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Supplementary Figure 1.5. Hsa-miR-448 (panel A) and hsa-miR-628-

3p (panel B) in two samples, respectively, showing scarce separation 

between positive (blue) and negative droplets (grey) but containing 

about the same number of positive droplets. Application of an 

annealing temperature gradient between 61°C and 54°C (panel C, D) 

during PCR amplification allowed us to improve the results and 

increase the cloud of real positive droplets. 

However, use of specific annealing temperatures for each of these 

microRNAs (miR-448, miR-628-3p) would be impractical for a large 

scale screening of individuals at risk for NSCLC. Therefore miR-448 and 

miR-628-3p were excluded from subsequent evaluation and in the 

following part of this study we report the results of the analysis of miR-

20a and miR-223 (from the high sensitivity panel), miR-29c and miR-

210 (from the high specificity panel). 

A B

B 

C D 
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Supplementary file 2  

 

Comparison of miR-223, miR-20a, miR-29c and miR-210 levels between 

control subgroups 

An important issue in development of lung cancer biomarkers is the 

composition of the control group. Several factors, such as COPD, history 

of smoking, cardiovascular disorders, inflammatory processes etc. may 

affect circulating miRNA levels and may alter the evaluation of miRNA 

candidates as biomarkers. In nearly all the relevant publications on this 

topic, tumor and control groups are typically matched by age and gender 

but rarely by smoking status, with scarce or no details about the subjects’ 

clinical history [Zhou et al., 2016].  

We explored the possible differences in the levels of selected miRNAs in 

individuals without evidence of cancer, belonging to three subgroups 

relevant to lung cancer, namely smokers, non-smokers and COPD 

subjects. We collected serum samples from 56 smokers, 55 non-smokers 

and 46 COPD subjects and analysed their levels of miR-223, miR-20a, miR-

29c and miR-210. The data obtained for each miRNA were compared 

among control subgroups, and differences were analysed with the Mann-

Whitney test; results obtained with each of the four miRNAs are shown in 

Supplementary Figure 2.1. 

For miR-20a, miR-210 and miR-29c, no significant differences were 

observed across the 3 control subgroups, whereas miR-223 was 

significantly overexpressed in the non-smoker subgroup (Supplementary 

figure 2.1). 
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Supplementary Figure 2.1. Scatter plot showing hsa-miR-20a, hsa-miR-

223, hsa-miR-210 and hsa-miR-29c levels in the three control subgroups.  

No significant difference of miRNA levels quantified by ddPCR was 

observed across COPD, smoker and non-smoker subjects for hsa-miR-20a, 

hsa-miR-210 and hsa-miR-29c, whereas miR-223 levels were higher in non-

smokers. Data are expressed as median values with interquartile range. 

(** p<0.01 *** p<0,001, n.s. not significant, Mann-Whitney test). 

However, miR-223 levels were significantly higher in the non-smoker 

subgroup compared to the other two control subgroups (COPD and 

smokers; Supplementary file 1). Accordingly, the prevalence of non-

smokers in a control group may partly obscure the difference of miR-223 

level relative to lung cancer patients. Notably, miR-223 was described as 

lung cancer biomarker in two independent studies included in our recent 

review (Moretti et al 2017), yet with different predicted accuracy: AUC 
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0.94 in the work by Geng et al., and AUC 0.81 in the work by Zhang et al. 

[Geng et al., 2014; Zhang et al., 2017]; this could be due to different 

prevalence of smoking habit in the controls of the two studies. 
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Supplementary file 3 

Repeatability of miRNAs analysis by droplet digital PCR 

 

A critical issue in developing biomarkers for clinical use is the reliability of 

the biomarker quantification method. The most frequently used 

technique to measure microRNAs is real time quantitative PCR (qPCR), 

usually applying relative quantification; however, there is no agreement 

on the molecules and methods to be used for normalization of the qPCR 

results. Also, absolute quantification of qPCR findings is not devoid of 

pitfalls, as it relies on the use of synthetic miRNAs for construction of a 

calibration curve. However, these synthetic molecules turned out to be 

quite unstable and easily degraded when in pure form, making their 

measurement not completely reliable. Finally, with the qPCR method, only 

differences >0.5 Cq can be reliably detected as changes in the levels of the 

measured molecules. In addition to these specific issues related to qPCR, 

most studies fail to provide sufficient details on the methods used. 

Therefore, comparison between works from different laboratories is 

difficult or impossible and it is not surprising that different studies failed 

to identify the same microRNAs panel as lung cancer biomarker. The 

recent introduction of “droplet digital PCR” provides a possible way to 

overcome these limitations, by allowing absolute quantification of target 

molecules based on the principle of compartmentalization and application 

of Poisson statistics; the ddPCR technique can help in the development of 

microRNAs as cancer biomarkers.  
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The reliability and the robustness of the method that enable the 

quantification of microRNAs at the end of the procedure starting from the 

processing of blood samples is an important prerequisite for their 

application as biomarkers. One of the aims of this thesis was to test 

accuracy and day-to-day repeatability of microRNAs measurements in 

cDNA samples in our laboratory by the droplet digital PCR.  

For this purpose, in preliminary experiments we tested repeatability of the 

measurements of the cDNA samples after 1, 2, 3 and 7 days from 

preparation and after applying five cycles of “freeze and thaw”. After 

reverse transcription of 20 cDNA samples (from 10 NSCLC patients and 10 

non-smoker subjects), each reaction was split in 4 aliquots and stored at -

20°C.  

The first aliquot of the 20 cDNA samples was thawed after 1 day and 

ddPCR analysis was conducted by measuring 2 endogenous miRNAs (miR-

223 and miR-29c), and 2 spike-ins (cel-miR-39 and UniSp4, the first of 

which was added during the initial extraction step and the second during 

reverse transcription) (day 1, aliquot I). All samples were analyzed in 

duplicate. As a single plate was not sufficient to analyse 4 targets in 20 

samples in duplicate, we split the 20 samples and analysed the complete 

set of miRNAs in 10 samples per plate. 

Analysis of miRNAs in the second aliquot of each sample was performed 

the same day in the afternoon (day 1, aliquot II), keeping constant all 

conditions. The third and fourth aliquots were tested on day 2 and day 3, 

respectively. After 7 days we carried out 5 freeze and thaw cycles of the 

last aliquot of each sample before measuring the same miRNAs. The data 

obtained show that miRNA levels of UniSp4, cel-miR-39 and miR-223 are 
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stable over repeated measures (days 1, 2, 3) and after repeated freeze and 

thaw cycles (day 7). Conversely, miR-29c shows some fluctuations in the 

different measurements (Supplementary Figure 3.1).  

 

 

 

 

A 

B 
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Supplementary Figure 3.1. Repeatability of miRNA measures in cDNA 

samples. (A): samples 1-10; (B): samples 11-20. X-axis reports the different 

measurements, Y-axis reports the obtained number of copies/ l.  

 

The precision of miRNA quantification by droplet digital PCR was 

measured by the Coefficient of Variation (CV), intra-assay and inter assay 

(Supplementary Table 3.1). 

Supplementary Table 3.1. Coefficients of variation of cel-miR-39, UniSp4, 

miR-223, miR-29c measurements with the droplet digital PCR method. 

 

 CV intra-assay % CV inter-assay % 

cel-miR-39 3,94 6,37 

UniSp4 5,08 5,40 

miR-223 2,94 6,60 

miR-29c 8,24 18,97 

 

Our results demonstrate that droplet digital PCR is a robust method for 

miRNAs measurement, as, except for miR-29c, there was low variability 

both in the intra-assay and the inter-assay analyses. Accordingly, miR-223 

can be considered a potentially useful lung cancer circulating biomarker, 

as it can be precisely measured and is significantly overexpressed in lung 

cancer. The lower precision of miR-29c measurements has several 

possible explanations: miR-29c intrinsic nucleotide sequence or sequence 

homology to the other two known members of this miRNA family could 

make the optimal design of primers difficult, resulting in the observed rain 
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effect (Supplementary file 1, Figure 1.2); the relatively low concentration 

of this miRNA compared to miR-223 could make it more subject to 

quantification errors. 

 

Stability of miRNAs over time 

 

We next sought to investigate the stability of the two miRNAs under 

investigation (miR-223 and miR-29c), as well as the UniSp4 spike-in, given 

that this is an essential prerequisite for utility as biomarker. In this 

experiment we tested the stability over relatively long periods of time 

compared to the previous experiment. In this case, the main variable that 

would justify a significant difference of the measurements would be the 

time and the relative stability/instability of the molecules we measured 

and not the method used. 

We tested stability of the cDNA samples carrying out 3 measurements by 

ddPCR, at day 0 (number 0), after two months (number 2) and after 9 

months (number 9). This experiment was conducted on 23 samples (14 

smokers and 9 non-smokers). Paired samples t-test was used to test 

significance of the differences in miRNA stability. The results are 

summarized in Supplementary table 3.2. 
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Supplementary table 3.2. Values and significance of the paired samples t-

test for three measurements of UniSp4, miR-223, miR-29c by droplet digital 

PCR at 0, 2 and 9 months). 

 
Paired Differences t 

Sig. (2-

tailed) 

  

Mean 

Std. 

Deviatio

n 

Std. 

Error 

Mean 

95% Confidence 

Interval of the 

Difference   

     Lower Upper   

Pair 1 UniSp4 0 - UniSp4 9 11,92 19,641 3,779 4,145 19,69 3,152 0,004 

Pair 2 Mir-29c 0 - Mir-29c 9 ,88 4,264 ,909 -1,01 2,77 ,970 0,343 

Pair 3 
MiR-223 0 - MiR-223 9 

-

280,88 
235,757 78,585 -462,10 -99,67 -3,574 ,007 

Pair 4 UniSp4 2- UniSp4 9 ,52 19,719 4,648 -9,28 10,33 ,112 0,912 

Pair 5 MiR-29c 2 – Mir-29c 9 5,05 6,984 3,492 -6,06 16,16 1,446 0,244 

Pair 6 MiR-223 2 - MiR-223 9 -44,58 248,145 58,488 -167,98 78,82 -,762 0,456 

 

The temporal variability of miR-223 measurements is uncertain because 

the first measure (MiR-223 -0) is significantly different from the third 

(MiR-223 -9) while the second and third measurements (MiR-223 2 – MiR-

223 9) are not different. The same occurred for the UniSp4 spike-in (added 

during the extraction process). In these cases, the period in which analysis 

was performed could affect the quantification. For miR-29c the three 

measurements are not significantly different (MiR-29c 0 - MiR-29c 2 and 

MiR-29c 2 – MiR-29c 9), indicating a stability in time. Therefore, inclusion 

of miR-29c analysis together with miR-223 should make the combination 

reasonably uninfluenced by time of analysis. 
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CONCLUSIONS AND FUTURE PERSPECTIVES  

 

Diagnosing lung cancer at an early stage is mandatory to increase survival 

rates. This requirement has motivated in recent years extensive research 

on non-invasive screening methods, including quantification of 

microRNAs as lung cancer biomarkers in circulating body fluids. However, 

it soon turned out that identifying circulating biomarkers is not an easy 

task, due to several reasons that we described in our manuscript. 

Reliability and reproducibility of measurements of circulating miRNAs 

identified as biomarkers are a major issue. 

For these reasons, we performed a critical review of the literature in order 

to identify circulating miRNAs proven to be valuable and highly accurate 

for diagnosis of early NSCLC. The final result of this critical review was the 

proposal of a screening method based on two panels of miRNAs for 

diagnosis of stage I-II NSCLC: a first panel of four miRNAs, (miR-223, miR-

20a, miR-448 and miR-145) reported to have high sensitivity (sensitivity > 

80% and AUC > 0.80), that should identify the subjects really affected by 

lung cancer, but also some false positives; a second panel of four miRNAs 

(miR-628, miR-29c, miR-210 and miR-1244), reported to have high 

specificity (specificity > 90%), that would allow to eliminate most false 

positives. Determination of these miRNA panels should be offered as a 

non-invasive screening tool to subjects at risk for lung cancer (i.e. smokers 

or former smokers aged > 60 years).  
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To reduce costs however, out of these 8 miRNAs only those that perform 

best in terms of AUC, sensitivity and specificity, would likely be applicable 

in large scale screenings of at-risk individuals (i.e. smokers).  

 The preliminary results obtained by testing our lung cancer cohort with 

four miRNAs (miR-223, miR-20a, miR-29c and miR-210) of our screening 

model indicated that all these microRNAs were aberrantly expressed in 

stage I-II NSCLC patients compared to controls, making all four miRNAs 

good biomarkers of NSCLC. In particular, based on the results of training 

and validation sets, the combination of two of these miRNAs, namely 

“miR-223 OR miR-29c” with the selected cut-offs, appears to have very 

high sensitivity in detecting stage I-II NSCLC patients, albeit with low 

specificity. For this reason, we are now planning to improve specificity by 

including in the combination other miRNAs with high specificity shown in 

previous studies (miR-1244) [Wang et al., 2016].  

Actually, the use of more than two miRNAs could offer both higher 

sensitivity and higher specificity for lung cancer detection. However, 

for the purpose of realistic clinical applicability in population 

screening for lung cancer, we chose to limit the analysis to two 

miRNAs providing altogether high sensitivity; indeed, the 

importance of high sensitivity of the screening tool outweighs the 

low specificity. The high sensitivity of the test allows to identify the 

vast majority (92,5%) of true positive cases; false positives can then 

be ruled out by a second-level investigation, such as low-dose CT of 

the chest. It has been shown that dysregulated miRNA profiles in cell-free 

blood indicate the presence of lung cancer many months before the 
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occurrence of symptoms [Chen et al., 2012], and even before the disease 

was detected by CT screening [Bianchi et al., 2011; Boeri et al., 2011]. 

Efficacy of CT screening for lung cancer is widely accepted; however, the 

possibility has been raised that CT screening may lead to over-diagnosis 

and over-treatment of biologically indolent cancers. Moreover, the 

feasibility of large-scale population screening by CT is uncertain, as this 

diagnostic procedure requires specialized centers, not widely available, it 

has high costs for healthcare systems, and there are risks related to 

radiation exposure [Strauss and Dominioni, 2013]. Therefore, the 

development of diagnostic blood tests may be relevant for effective 

population screenings. The test that we aim to develop is minimally 

invasive, as the starting material is blood, and the screening tool is less 

expensive than CT scans.  

From the viewpoint of perspective application in clinical practice, the 

combination of different miRNAs with high sensitivity and high specificity 

may result in accurate prediction of subject affected by early stage lung 

cancer, with a low false positive rate; only subjects positive to the miRNA 

test should subsequently undergo chest CT scan, to confirm or rule out 

lung cancer. 

The availability of a non-invasive screening test, to be offered to 

asymptomatic at-risk individuals would likely increase the probability of 

early diagnosis and would possibly increase the cure rate, decreasing the 

need for expensive anticancer drug therapies. 

Future perspectives in the short-term include analysis of the other two 

miRNAs composing our screening model (miR-145 and miR-1244) aiming 

to improve the specificity of the test (miR-1244 is part of the second panel 
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with high specificity). Moreover, further experiments need to be done to 

ensure reproducibility of the tests, by exchanging samples and repeating 

analysis in other laboratories. In the long-term, we hope to move miRNA 

biomarkers from discovery phase to clinical application, to benefit lung 

cancer patients and the HealthCare System.  
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