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ABSTRACT 

Lung cancer is the most commonly diagnosed type of cancer and the leading 

cause of cancer-related death worldwide, with approximately 15% of patients surviving 

5 years after diagnosis. Curative surgery is the standard of care for early-stage patients 

with a good performance status, but 75% are diagnosed at advances stages, when 

surgery is not possible, and 35-50% of the resected patients relapse after an apparently 

successful surgical treatment. Significant advances in the development of therapies 

against driver mutations and immune-based treatments for these patients have been 

achieved in recent years, but many patients still develop treatment resistance, progress, 

and die. The high resistance against these therapies has been associated to cancer stem-

like cells (CSCs), a population with stem properties which is able to survive after 

conventional treatments and regenerate tumor even when are undetectable. 

In this thesis, primary cultures from early-stage non-small cell lung cancer 

(NSCLC) patients were established, using sphere-forming assays for CSCs enrichment 

and adherent conditions for the control counterparts. Patient-derived tumorspheres 

showed self-renewal and unlimited exponential growth potentials, resistance against 

chemotherapeutic agents, invasion and differentiation capacities in vitro, and superior 

tumorigenic potential in vivo. Using RTqPCR, gene expression profiles were analyzed, 

and NANOG, NOTCH3, CD44, CDKN1A, SNAI1, and ITGA6 were selected as the best 

contributors to distinguish tumorspheres from adherent cells. Immunoblot and 

immunofluorescence analyses confirmed that proteins encoded by these genes were 

consistently increased in tumorspheres from adenocarcinoma patients and showed 

differential localization and expression patterns. The prognostic role of genes 

significantly overexpressed in tumorspheres was evaluated in silico in a cohort of 661 

NSCLC patients from TCGA. Based on a Cox regression analysis, CDKN1A, SNAI1 and 

ITGA6 were found to be associated with prognosis and used to calculate a gene 

expression score, named CSCs score. Kaplan-Meier survival analysis showed that 

patients with high CSCs score have shorter overall survival (OS) in the entire cohort [37.7 

vs. 60.4 months, p = 0.001] and in the adenocarcinoma (ADC) subcohort [36.6 vs. 53.5 

months, p = 0.003], but not in the squamous cell carcinoma one. Multivariate analysis 



 

 

indicated that this gene expression score is an independent biomarker of prognosis for 

OS in both, the entire cohort [hazard ratio (HR): 1.498; 95% confidence interval (CI), 

1.167-1.922; p = 0.001], and the ADC subcohort [HR: 1.869; 95% CI, 1.275-2.738; p = 

0.001]. This score was also analyzed in an independent group of 245 patients from 

Consorci Hospital General Universitari de València, confirming its prognostic value in the 

ADC subtype [42.90 vs. not reached (NR) months, p = 0.020]. In conclusion, our findings 

provide relevant prognostic information for lung ADC patients and the basis for 

developing novel therapies. 

  



 

 

RESUMEN 

El cáncer de pulmón es el tipo de cáncer más frecuentemente diagnosticado y la 

principal causa de muerte debida a cáncer en el mundo, con sólo un 15% de pacientes 

con una supervivencia mayor a 5 años tras el diagnóstico. La resección quirúrgica es el 

tratamiento estándar para los pacientes en estadios tempranos con un buen ECOG, pero 

el 75% de los pacientes son diagnosticados en estadios avanzados, cuando la 

intervención quirúrgica no es posible y entre un 35% y un 50% de los pacientes operados 

recaen tras una cirugía aparentemente exitosa. En los últimos años, se han logrado 

importantes avances en el desarrollo de la inmunoterapia y de tratamientos contra 

mutaciones conductoras, pero muchos pacientes todavía desarrollan resistencia, 

progresan y mueren. Esta resistencia terapéutica ha sido asociada a las células madre 

tumorales (CMTs), una población tumoral con propiedades de célula madre capaz de 

sobrevivir a las terapias convencionales y regenerar el tumor incluso cuando son 

indetectables. 

En esta tesis doctoral, se establecieron cultivos primarios de pacientes de cáncer 

de pulmón no microcítico (CPNM) resecados, usando ensayos de formación de 

tumoresferas para el enriquecimiento en CMTs y condiciones de adherencia para los 

controles. Las tumoresferas derivadas de pacientes mostraron capacidad de 

autorenovación y crecimiento exponencial ilimitado, alta resistencia a agentes 

quimioterápicos, capacidad de invasión y diferenciación in vitro y un elevado potencial 

tumorigénico in vivo. Usando PCR cuantitativa, se analizaron los perfiles de expresión de 

los cultivos y se determinó que NANOG, NOTCH3, CD44, CDKN1A, SNAI1 e ITGA6 eran 

los genes más diferencialmente expresados entre tumoresferas y células adherentes. 

Los análisis de inmunoblot e inmunofluorescencia confirmaron que las proteínas 

codificadas por estos genes se encuentran aumentadas en tumoresferas de los 

pacientes con adenocarcinoma y mostraron patrones de expresión y localización 

diferencial entre éstas y los controles en adherencia. El valor pronóstico de los genes 

significativamente sobreexpresados en tumoresferas fue evaluado in silico en una 

cohorte de 661 pacientes con CPNM procedente del TCGA. De todos ellos, CDKN1A, 

SNAI1 y ITGA6 mostraron estar relacionados con el pronóstico de los pacientes de 



 

 

acuerdo a un análisis de regresión de Cox y fueron seleccionados para construir una 

firma de expresión génica, denominada firma de CMTs. Los análisis de supervivencia por 

Kaplan-Meier mostraron que los pacientes con valores elevados de la firma tienen una 

supervivencia global (SG) menor para la cohorte completa de CPNM [37,7 vs. 60,40 

meses, p = 0,001] y para la subcohorte de adenocarcinoma (ADC) [36,6 vs. 53,5 meses, 

p = 0,003], pero no para la de los epidermoides. Además, el análisis multivariante mostró 

que la firma de CMTs es un marcador pronóstico independiente para la SG de los 

pacientes en la cohorte completa [hazard ratio (HR): 1,498; intervalo de confianza (IC) 

95%, 1,167-1,922; p = 0,001] y la subcohorte de ADC [HR: 1,869; IC 95%, 1,275-2,738; p 

= 0,001]. Esta firma fue también analizada en un grupo independiente de 245 pacientes 

procedentes del Consorci Hospital General Universitari de València, confirmando su 

valor pronóstico en los pacientes con ADC [42,90 vs. no alcanzado (NA) meses, p = 

0,020]. En resumen, nuestros hallazgos aportan información pronóstica relevante para 

los pacientes con ADC de pulmón y establecen las bases para el desarrollo de nuevos 

tratamientos.  



 

 

RESUM 

El càncer de pulmó és el tipus de càncer més diagnosticat i la principal causa de 

mort deguda a càncer en el món, amb només un 15% de pacients amb una supervivència 

major a 5 anys després del diagnòstic. La resecció quirúrgica és el tractament estàndard 

per als pacients en estadis primaris amb un bon ECOG, però el 75% dels pacients són 

diagnosticats en estadis avançats, quan la intervenció quirúrgica no és possible i entre 

un 35% i un 50% dels pacients operats recauen després d'una cirurgia aparentment 

satisfactòria. En els últims anys, s'han aconseguit importants avanços en el 

desenvolupament de la immunoteràpia i de tractaments contra mutacions conductores, 

però molts pacients encara desenvolupen resistència, progressen i moren. Aquesta 

resistència a les teràpies ha estat relacionada amb les cèl·lules mare tumorals (CMTs), 

una població tumoral amb propietats de cèl·lula mare capaç de sobreviure a les teràpies 

convencionals i regenerar el tumor fins i tot quan són indetectables. 

En aquesta tesi doctoral, es van establir cultius primaris de pacients de càncer de 

pulmó no microcític (CPNM) ressecats, usant assajos de formació de tumoresferes per a 

l'enriquiment en CMTs i condicions d'adherència per als controls. Les tumoresferes 

derivades de pacients van mostrar capacitat d’autorenovació, creixement exponencial 

il·limitat, alta resistència a agents quimioteràpics, capacitat d'invasió i diferenciació in 

vitro i un elevat potencial tumorigènic in vivo. Usant PCR quantitativa, es van analitzar 

els perfils d'expressió dels cultius i es va determinar que NANOG, NOTCH3, CD44, 

CDKN1A, SNAI1 i ITGA6 eren els gens més diferencialment expressats entre 

tumoresferes i cèl·lules adherents. Les anàlisis de immunoblot i immunofluorescència 

van confirmar que les proteïnes codificades per aquests gens es troben augmentades en 

tumoresferes dels pacients amb adenocarcinoma i van mostrar patrons d'expressió i 

localització diferencial entre aquestes i els controls en adherència. El valor pronòstic dels 

gens significativament sobreexpressats en tumoresferes va ser avaluat in silico en una 

cohort de 661 pacients amb CPNM procedent del TCGA. De tots ells, CDKN1A, SNAI1 i 

ITGA6 van mostrar estar relacionats amb el pronòstic dels pacients d'acord a una anàlisi 

de regressió de Cox i van ser seleccionats per a construir una signatura d'expressió 

gènica, denominada signatura de CMTs. Les anàlisis de supervivència per Kaplan-Meier 



 

 

van mostrar que els pacients amb valors elevats de la signatura tenen una supervivència 

global (SG) menor per a la cohort completa de CPNM [37,7 vs. 60,40 mesos, p = 0,001] i 

per a la subcohort d’adenocarcinoma (ADC) [36,6 vs. 53,5 mesos, p = 0,003], però no per 

a la dels escamosos. A més, l'anàlisi multivariant va mostrar que la signatura de CMTs és 

un marcador pronòstic independent per a la SG dels pacients en la cohort completa 

[hazard ratio, (HR): 1,498; interval de confiança (IC) 95%, 1,167-1,922; p = 0,001] i la 

subcohort d’ADC [HR: 1,869; IC 95%, 1,275-2,738; p = 0,001]. Aquesta signatura va ser 

també analitzada en un grup independent de 245 pacients procedents del Consorci 

Hospital General Universitari de València, confirmant el seu valor pronòstic en els 

pacients amb ADC [42,90 vs. no arribat (NA) mesos, p = 0,020]. En resum, els nostres 

resultats aporten informació pronòstica rellevant per als pacients amb ADC de pulmó i 

estableixen les bases per al desenvolupament de nous tractaments. 
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1. CANCER 

1.1. CONCEPT 

According to the World Health Organization (WHO) and the National Cancer 

Institute (NCI), cancer is a generic term that defines a large group of diseases that can 

affect almost any part of the body. Indeed, there are more than 100 types of cancer, and 

many subtypes of tumors can be found in each specific organ. In cancer, abnormal cells 

have defects in the regulatory mechanisms that control them, making cells able to grow 

uncontrolledly and spread into surrounding tissues. In addition to this reductionist view 

of cancer, there are two other dimensions of complexity. Firstly, tumors are complex 

tissues in which cancer cells can recruit normal cell types to serve as active collaborators, 

creating tumor microenvironments in which proliferation and invasion are favored (1). 

Secondly, the genetic diversity in populations of tumor cells is an unavoidable 

consequence of the genome instability, which is caused by defects affecting components 

of the DNA-maintenance machinery in combination with the large number of cell 

divisions required for the formation of macroscopic tumors (2). 

1.2. MOLECULAR BIOLOGY  

In the past decade, Hanahan and Weinberg suggested that all cancers have in 

common six characteristics which are acquired during multistep tumorigenesis (1). 

However, the manner of acquisition of these features as well as the order in which they 

are gained varies significantly across cancers. Several years later, in 2011, these authors 

proposed two enabling characteristics that make possible the acquisition of these six 

features of cancer and two emerging hallmarks consequence of new research facts 

(Figure 1) (3). Hence, the ten hallmarks of cancer are the following: 

1. Self-sufficiency in growth signals. In normal conditions, cells require 

mitogenic growth signals to move from a quiescent state into a proliferative 

state. By the union of signaling molecules, such as soluble growth factors or 

extracellular matrix components, to transmembrane receptors, growth 
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signals are transmitted into cells. In the absence of these signals, normal cells 

are not capable of growing. However, tumor cells grow even when these 

interactions do not take place because of the autocrine and paracrine growth 

signals they generate. 

2. Evading growth suppressors. In normal conditions, cells receive anti-

proliferative signals in order to maintain their quiescence, many of which 

depend on the actions of tumor suppressor genes. For instance, RB 

(retinoblastoma-associated) protein integrates signals from diverse 

extracellular and intracellular sources, making it a cell-cycle progression 

gatekeeper. Therefore, when the RB pathway is disrupted, cells become 

insensitive to inhibitory growth signals and inappropriate replication 

continues. 

3. Apoptosis evasion. Programed cell death by apoptosis is a natural barrier to 

cancer development. However, different strategies can be used by tumor 

cells to escape from these mechanisms. One of the most common strategies 

is the loss of the proapoptotic regulator TP53, which induces apoptosis when 

DNA damage is detected. 

4. Enabling replicative immortality. The number of cell divisions that can occur 

during a lifetime in mammals is limited by an intrinsic cell program, which is 

known as the Hayflick limit. Once cells have achieved this limit, they stop 

growing and start senescing (4), which results from the loss of the protective 

function of telomeres. It has been shown that in neoplastic cells, telomeres 

maintain their length due to higher activity of the telomerase enzyme (5). 

5. Inducing angiogenesis. Like normal tissues, tumors require nutrients and 

oxygen, and need to evacuate metabolic wastes. As a consequence, the 

generation of new vasculature from the pre-existing one is essential for 

tumor growth (6). This process is known as angiogenesis and it is regulated 

by the equilibrium between inducer and inhibitor factors. Tumors have the 

capacity to activate angiogenesis by producing inducer factors. 

6. Invasion and metastasis. Neoplastic cells can escape from primary tumor 

masses and invade adjacent tissues or distant sites. The success of this 
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process depends on the other five characteristics and on complex changes in 

the physiological relationship between cells and their microenvironment. 

7. Genome instability and mutations. Defects affecting components of the 

DNA-maintenance machinery lead to the accumulation of a large number of 

alterations in neoplastic cells, which are related to the aforementioned 

characteristics. The different steps involved in tumor progression are a 

succession of clonal expansions produced by the accumulation of mutations 

that generate selectively advantageous neoplastic cells. 

8. Inflammation. Tumors are densely infiltrated by immune cells which were 

initially thought to be acting against them. However, it has now become clear 

that inflammation can contribute to tumorigenesis and tumor progression by 

supplying different molecules to the tumor microenvironment such as 

growth factors, angiogenic factors, and extracellular matrix-modifying 

enzymes. Inflammation seems to play a pivotal role in the earliest stages of 

cancer because inflammatory cells release potentially mutagenic chemicals 

that induce genetic mutations in the neoplastic cells. 

 

Figure 1. The ten hallmarks of cancer. This illustration represents the capabilities of cancer cells as 
proposed by Hanahan and Weinberg. Adapted from (3). 
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9. Reprogramming energy metabolism. During the neoplastic process, changes 

in energy metabolism are produced in order to avoid apoptosis and to 

maintain and stimulate the growth and division of neoplastic cells. 

10. Avoiding immune destruction. It has been proven that neoplastic cells have 

developed different strategies in order to avoid being detected by the 

immune system. For instance, inflammatory cells, such as regulatory T cells 

(Tregs) and myeloid-derived suppressor cells (MDSCs), which are actively 

immunosuppressive, are recruited to the tumor environment, where they 

suppress the action of cytotoxic lymphocytes against tumor cells. 

2. LUNG CANCER 

2.1. EPIDEMIOLOGY 

In 2018, 18.1 million new cases of cancer were diagnosed and there were 9.6 

million deaths worldwide (7). Among the different cancer sites, lung is the most 

commonly diagnosed and the leading cause of cancer death, with 2.1 million new lung 

cancer cases and 1.8 million deaths predicted in 2018, representing close to 1 in 5 cancer 

deaths (Figure 2). Trends in lung cancer mortality in Spain are similar to those observed 

in most developed countries. In 2017, 230,000 new cases of cancer were diagnosed in 

Spain, being 20,000 of them lung cancer (information obtained from Sociedad Española 

de Oncología Médica website). Furthermore, although cancer mortality has moderately 

declined across Europe in the last decade, female lung cancer is an exception in most 

European countries, including Spain (8). This persistent increase in lung cancer mortality 

reflects the women’s pattern of tobacco consumption in countries of western Europe 

(9).  

Despite the advances in biomedical research and the improvements in diagnosis 

and therapies of the past decades, five-year survival for lung cancer remains below 15% 

(10). The main reason for this poor prognosis relay on the late diagnosis of the disease 

when curative surgery is no longer possible. 
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Figure 2. Top cancer site associated with number of deaths estimated for both sexes and all ages 
per country in 2018 (Data Source GLOBOCAN 2018, graph production: IARC). 

2.2. ETIOLOGY 

Tobacco smoking is the principal cause of lung cancer, being responsible for 85-

90% of these tumors (11). About 4000 chemical substances, 60 of them carcinogenic, 

are present in cigarette smoke, triggering the accumulation of a large number of genetic 

mutations. As a result, it has been observed that in lung cancer, an average of 200 

mutations are accumulated per tumor, while in other frequent tumors, such as breast 

or prostate cancer, the number of mutations ranges from 25 to 50 on average (12). 

Interestingly, the number of somatic mutations that appeared in smokers is ten times 

higher than the number of mutations found in non-smoker lung cancer patients (13). In 

addition, the risk of developing lung cancer increases depending on the intensity and 

duration of smoke exposure (14), starting to decrease after two or three years of quitting 

smoking (15). An increased risk of developing lung cancer (around 30%) has also been 

observed in passive smokers (16). 

Other factors associated with lung cancer development are environmental or 

occupational exposures to pollutants such as radon gas, arsenic, asbestos, and polycyclic 

hydrocarbons (17). Additionally, diet type, alcohol consumption, some infectious agents 

and other diseases such as diffuse cystic fibrosis are also considered risk factors (18). 
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2.3. DIAGNOSIS AND PROGNOSIS 

Nowadays, lung cancer is commonly detected because of symptomatic 

manifestations such as pain, hemoptysis, dyspnea or weight loss are developed by 

patients. As a result, 70-75% of patients with lung cancer present advanced disease at 

the time of diagnosis, with no curative surgery possible and having distant metastases 

in the 50% of cases (19). Routine cancer screening allows earlier diagnosis, but it 

presents several risks and limitations in this tumor type, including a high-rate of false-

positive results, cumulative radiation exposure from multiple computed tomography 

scans, and unnecessary lung biopsies and surgeries. These potential harms together with 

economic difficulties makes the development of risk models and biomarkers a necessity 

(10). 

Diverse technologies are now available for locating the primary tumor and further 

staging, including chest radiograph, low-dose chest computed tomography (CT) or 

fluorodeoxyglucosa (18F-FDG)-positron emission tomography (PET) (20). These imaging 

methods are frequently complemented with tumor biopsies using bronchoscopic 

techniques and endoscopic ultrasound (EUS) or endobronchial ultrasound (EBUS) for 

better diagnosis (21). In addition, prognostic assessment is an important factor to take 

into consideration when selecting an appropriate treatment regimen. The anatomical 

extent of disease, as described by the TNM criteria (T: size of primary tumor, N: number 

and position of lymph nodes, and M: presence of local or distant metastasis) is one of 

the most important prognostic factors in lung cancer (22). The 8th edition of Cancer 

Staging Manual was published in 2017 by the American Joint Commission on Cancer and 

the Union for International Cancer Control (23). The subcategories of each component 

of this classification are shown in Table 1. 
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Table 1. The T, N, and M descriptors in the eighth edition of the TNM classification for lung cancer. 
Adapted from (24). 

T: Primary tumor 

Tx 
Primary tumor cannot be assessed or tumor proven by presence of malignant cells in 
sputum or bronchial washings but not visualized by imaging or bronchoscopy 

T0 No evidence of primary tumor 

Tis Carcinoma in situ 

T1 
Tumor ≤3 cm in greatest dimension surrounded by lung or visceral pleura without 
bronchoscopic evidence of invasion more proximal than the lobar bronchus (i.e., not in 
the main bronchus)a 

T1a(mi) Minimally invasive adenocarcinoma 

T1a Tumor ≤1 cm in greatest dimensiona 
T1b Tumor >1 cm but ≤2 cm in greatest dimensiona 

T1c Tumor >2 cm but ≤3 cm in greatest dimensiona 

T2 Tumor >3 cm but ≤5 cm or tumor with any of the following featuresc: 

 
- Involves main bronchus regardless of distance from the carina but without 
involvement of the carina 

 - Invades visceral pleura 

 
- Associated with atelectasis or obstructive pneumonitis that extends to the hilar 
region, involving part or all of the lung 

T2a Tumor >3 cm but ≤4 cm in greatest dimension 

T2b Tumor >4 cm but ≤5 cm in greatest dimension 

T3 

Tumor >5 cm but ≤7 cm in greatest dimension or associated with separate tumor 
nodule(s) in the same lobe as the primary tumor or directly invades any of the 
following structures: chest wall (including the parietal pleura and superior sulcus 
tumors), phrenic nerve, parietal pericardium 

T4 

Tumor >7 cm in greatest dimension or associated with separate tumor nodule(s) in a 
different ipsilateral lobe than that of the primary tumor or invades any of the following 
structures: diaphragm, mediastinum, heart, great vessels, trachea, recurrent laryngeal 
nerve, esophagus, vertebral body, and carina 

N: Regional lymph node involvement 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 
Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and 
intrapulmonary nodes, including involvement by direct extension 

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 

N3 
Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral 
scalene, or supraclavicular lymph node(s) 

M: Distant metastasis 

M0 No distant metastasis 

M1 Distant metastasis present 

M1a 
Separate tumor nodule(s) in a contralateral lobe; tumor with pleural or pericardial 
nodule(s) or malignant pleural or pericardial effusiond 

M1b Single extrathoracic metastasise 

M1c Multiple extrathoracic metastases in one or more organs 
aThe uncommon superficial spreading tumor of any size with its invasive component limited to the 

bronchial wall, which may extend proximal to the main bronchus, is also classified as T1a. 
bSolitary adenocarcinoma, ≤ 3cm with lepidic pattern and ≤ 5mm invasion in any one focus. 
cT2 tumors with these features are classified as T2a if ≤4 cm in greatest dimension or if size cannot 

be determined, and T2b if >4 cm but ≤5 cm in greatest dimension. 
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dMost pleural (pericardial) effusions with lung cancer are due to tumor. In a few patients, however, 

multiple microscopic examinations of pleural (pericardial) fluid are negative for tumor and the fluid 

is nonbloody and not an exudate. When these elements and clinical judgment dictate that the 

effusion is not related to the tumor, the effusion should be excluded as a staging descriptor. 
eThis includes involvement of a single distant (nonregional) lymph node. 

The combination of these parameters defines the staging of lung tumors from IA1 

to IVB (Table 2) and although it provides pivotal prognostic information (Figure 3), 

histological confirmation (including molecular characterization of the tumor) is also 

needed in order to make adequate decisions regarding the best treatment option for 

patients (24). 

Table 2. Staging criteria based on the eighth edition of the TNM classification for lung cancer. 
Adapted from (24). 

TNM staging 
N categories 
Overall stage 

T/M N0 N1 N2 N3 

T1a IA1 IIB IIIA IIIB 

T1b IA2 IIB IIIA IIIB 

T1c IA3 IIB IIIA IIIB 

T2a IB IIB IIIA IIIB 

T2b IIA IIB IIIA IIIB 

T3 IIB IIIA IIIB IIIC 

T3 IIB IIIA IIIB IIIC 

T4 IIIA IIIA IIIB IIIC 

T4 IIIA IIIA IIIB IIIC 

T2a IB IIB IIIA IIIB 

T2b IIA IIB IIIA IIIB 

T4 IIIA IIIA IIIB IIIC 

M1a IVA IVA IVA IVA 

M1b IVA IVA IVA IVA 

M1c IVB IVB IVB IVB 
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Figure 3. Prognostic information regarding TNM classification. Overall survival expressed as median 
survival time of NSCLC patients, classified by a) clinical stage and b) pathological state, according to 
the eighth edition of the TNM classification. Adapted from (24). 

2.4. HISTOLOGICAL CLASSIFICATION 

To date, the most commonly used classification for lung cancer is based on 

histological and pathological techniques. Approximately a 15% of tumors present a small 

cell component and are classified as small cell lung carcinomas (SCLC), whereas the other 

85% of pulmonary tumors are known as non-small cell lung carcinoma (NSCLC). In 

addition, NSCLC is divided into three main histological subtypes: adenocarcinoma (ADC), 

squamous cell carcinoma (SCC), and large cell carcinoma (LCC). 

ADC is the most common of the histologic subtypes of lung cancer, accounting 

for more than 40% of all lung cancer cases. It originates in broncho-alveolar cells and is 

usually found in the peripheral areas of the lung, being more likely to be surgically 

resected. Tumor cells tend to present translucent cytoplasm often vacuolated and 

peripheral nucleus with a prominent nucleolus (25). If the tumor is well differentiated, 

commonly named low grade, it resembles the normal glandular structure with acinar, 

papillary, micropapillary, lepidic or solid patterns. In contrast, poorly differentiated or 
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high grade ADC have lost the glandular morphology and immunohistochemical (IHC) or 

mucin staining is required for diagnosis (26). 

SCC accounts for approximately 30% of all lung carcinomas and is closely linked 

to tobacco smoking and more common in men than in women. It usually occurs in the 

central portion of the lung or in one of the main airway branches and can form cavities 

in the lung if they grow to a large size as a consequence of central necrosis. Keratin pearls 

and intercellular bridges are typical histological features in well-differentiated SCC. In 

these tumors, cells usually have a dense cytoplasm with sharply defined cell borders and 

a central hyperchromatic nucleus without prominent nucleolus (25). In contrast, 

minimal residual squamous-cell features are found in undifferentiated ones. 

LCC accounts for around 10% of lung cancers. This subtype is formed by tumors 

that do not present the cytologic, architectural and immunohistochemical features to 

be included in the other subtypes. However, the increasingly improved classification of 

lung carcinomas has trigger a huge decrease in the classification of pulmonary tumors 

as LCC over the past three decades. In general, this subtype is originated by 

undifferentiated lung epithelial cells and is usually found in the periphery of the lung. 

Tumors are usually more necrotic and cells exhibit a large cytoplasm, a big vesicular 

nucleus and clearly visible nucleolus. In addition, they are often organized in sheets or 

nests and the clinical evolution is aggressive due to their rapid growth and their capacity 

to generate metastasis (26). 

Regarding SCLC, the last edition of the WHO classification grouped this tumor 

type with neuroendocrine tumors together with large cell neuroendocrine carcinoma 

and carcinoids. SCLC cells are small in size with scant cytoplasm, small nucleus with 

round, oval or spindle shape, granular chromatin, and absent or small nucleolus. Cells 

borders are rarely seen and nuclear molding is usual (25). It is highly associated to 

tobacco smoking and is one of the fastest growing and spreading tumors with a very 

high mitotic rate and frequent extensive necrosis. Most patients relapse within a year 

of their initial treatment, making SCLC one of the most aggressive type of tumors with 

very poor prognosis (27). However, due to the low frequency of SCLC, this study will 

focus on NSCLC. 
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2.5. MOLECULAR CLASSIFICATION 

Over last decades, though, substantial advances have been made in the 

understanding of the molecular and cellular mechanisms driving cancer initiation, 

maintenance, and progression (28). NSCLC is one of the most genomically diverse 

tumors, and therefore, there are a variety of molecularly defined subsets of patients 

characterized by specific sets of driver mutations, such as EGFR, KRAS or ALK in ADC, 

among others (Figure 4). 

Figure 4. Evolution of NSCLC subtyping from histological to molecular classification. ALK, anaplastic 
lymphoma kinase; BRAF, B-Raf proto-oncogene; DDR2, discoidin domain receptor tyrosine kinase 2; 
EGFR, epidermal growth factor receptor; EML4, echinoderm microtubule-associated protein-like 4; 
FGFR1, fibroblast growth factor receptor 1; HER2, human epidermal growth factor receptor 2; IGF1R, 
insulin-like growth factor 1 receptor; KIT, proto-oncogene c-Kit; KRAS, Kirsten rat sarcoma viral 
oncogene homolog; MAPK1, mitogen-activated protein kinase 1; MEK, mitogen-activated protein 
kinase kinase; MET, mesenchymal epithelial transition factor proto-oncogene, receptor tyrosine 
kinase; PI3KCA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PTEN, 
phosphatase and tensin homolog; RET, ret proto-oncogene; ROS1, reactive oxygen species proto-
oncogene 1, receptor tyrosine kinase. 
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EGFR (epidermal growth factor receptor) alterations are implicated in many 

types of cancer, including lung cancer. Overexpression or aberrant activation of this 

gene is more common in never-smokers and female populations and also in ADC 

patients, where is found in about 15% of patients (29,30). This gene encodes a 

transmembrane tyrosine kinase with an extracellular binding domain and an 

intracellular component including a tyrosine-kinase (TK) domain. Binding to its ligand 

leads to receptor homo- or heterodimerization with other members of the EGFR family 

and activation of the tyrosine kinase domain (31). In NSCLC, EGFR mutations have been 

observed in the first four exons of the intracellular tyrosine kinase domain, mainly in 

frame deletions in exon 19. The next commonest EGFR mutations are missense 

mutations, particularly L858R, a single nucleotide point mutation in exon 21 that leads 

to a single amino acid change from leucine to arginine at codon 858. Less common 

mutations, including in-frame duplications or insertions in exon 20 (representing 5-10% 

of cases), have also been identified (32). All these mutations, as will be discussed below, 

are known to confer sensitivity or resistance to EGFR specific inhibitors. For instance, 

patients harboring tumors with T790M mutation in exon 20 are known to be resistant 

to first and second-generation EGFR tyrosine-kinase inhibitors (TKIs), although they 

respond to the third-generation inhibitor Osimertinib. In contrast, insertions in exon 20 

have been found to confer resistance to currently approved EGFR TKIs (33). 

KRAS (Kirsten rat sarcoma viral oncogene homolog) is part of the RAS family of 

proto-oncogenes, which in humans comprises KRAS, NRAS, and HRAS and encodes a G-

protein with a critical role in controlling signal transduction pathways. These pathways 

regulate cell proliferation, differentiation, and survival, playing a critical role in 

downstream signal transduction induced by several growth factor receptors, including 

EGFR. The most common mutations are found in codons 12, 13 and 61, being G12C and 

G12V the most frequent ones (34). KRAS-activating mutations are the most recurrent 

oncogenic alterations identified in lung ADCs and are considered non-druggable targets, 

being associated with poor response to conventional and targeted therapies. As a result, 

therapeutic strategies focused on the inhibition of KRAS downstream pathways are 

being studied for the treatment of patients with mutations in this gene (34). 
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ALK (anaplastic lymphoma kinase) rearrangements, which result in fusions of the 

intracellular kinase domain with the amino terminal end of EML4 (echinoderm 

microtubule-associated protein-like 4), are also very important in NSCLC. The 

rearrangement occurs in chromosome 2p (intron 13 of EML4 is fused to intron 19 of ALK) 

and causes a constitutive oligomerization that produces a mitogenic signal and therefore 

a malignant transformation (35). More recently, different partner genes have been 

identified in a small subset of ALK rearrangements (less than 1% of cases) including KIF5B 

(kinesin family member 5b), TFG (TRK-fused gene) and KLC-1 (kinesin light chain 1). ALK 

rearrangements have been observed in around 4% of ADC NSCLC patients, 

predominantly in never-smokers (36). ALK inhibition with the TKI crizotinib produces 

profound responses. However, drug resistance eventually develops, and there is 

evidence for the formation of secondary ALK point mutations and EGFR signaling 

activation implicated in some cases (37).  

In addition to the most frequent alterations described above, less common 

alterations have also been identified in ADC tumors (28). Among them, ROS1 (reactive 

oxygen species proto-oncogene 1, receptor tyrosine kinase), RET (ret proto-oncogene) 

and NTRK1 translocations, BRAF (B-Raf proto-oncogene) alterations, HER2 (human 

epidermal growth factor receptor 2) and MEK1 (mitogen-activated protein kinase kinase 

1) mutations, as well as MET (mesenchymal epithelial transition factor proto-oncogene, 

receptor tyrosine kinase) mutations and amplifications are potential driver mutations 

present in lower percentages in patients (38–40). 

On the other side, SCC tumors are characterized by a high overall mutational load 

and genomic complexity, probably due to its high association with tobacco smoking. To 

date, only a few clinical trials are ongoing, and diagnostic methods still need to be 

standardized (41). In fact, 80% of ADC patients exhibit a known driver mutation, whereas 

only 45% of patients with SCC present identified mutations, being PI3K the most 

frequent one (42). Interestingly, mutations found in EGFR in SCC tumors differ from 

those seen in ADC patients. Deletions in exon 19 and L858R mutation in exon 21 are 

absent, whereas amplifications and L861Q mutation have been identified (43). Other 

important targets include fibroblast growth factor receptor 1 (FGFR1), which is amplified 
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in 18% of the cases, phosphatase and tensin homolog (PTEN) which is mutated in 10% 

of SCC (all of them smokers), discoidin domain receptor tyrosine kinase 2 (DDR2), 

present in 2% of SCC patients and AKT and MET mutations. 

2.6. TREATMENT 

Lung cancer treatment essentially depends on pathological classification, tumor 

stage, and performance status (PS). Surgery is still the standard treatment for 20-30% of 

diagnosed NSCLC patients who are in early-stages (stages I, II and some IIIA) and have a 

good PS. Alternatively, radiofrequency ablation (RFA) or stereotactic body radiotherapy 

(SBRT) are options for patients in stage I or II and a borderline medical indication for 

surgery (44). Adjuvant chemotherapy or radiotherapy can be recommended in resected 

patients, since it seems to improve local control (45). 

Regarding unresectable NSCLC, patients’ management has evolved substantially 

over the last 15 years. Specific anti-target therapies have emerged, increasing patients’ 

survival and decreasing the toxicity that can be produced by conventional chemotherapy 

(Figure 5). Good examples are the TKIs gefitinib, erlotinib, afatinib, dacomitinib and 

osimertinib, which are specific treatments for metastatic NSCLC patients bearing 

mutations or deletions in EGFR (46). However, acquired resistance to EGFR TKIs has 

become a great issue. The main mechanisms leading to resistance to these therapies are 

EGFR-T790M mutation in exon 20, as well as MET or HER2 amplifications, or PI3KCA 

mutations, among others(47–50). Osimertinib is the only EGFR TKI approved for the 

treatment of patients with acquired T790M mutations previously treated with other 

EGFR inhibitor. Unfortunately, resistance mutations to this third-generation TKI have 

also been identified, including EGFR C797S mutation, loss of EGFR T790M, amplification 

of MET or HER2 and mutations in KRAS, PIK3CA, and HER2 (51–53). 

Another example of personalized treatment that has improved objective 

responses and survival in combination with chemotherapy in patients with a non-SCC 

histology is bevacizumab, a recombinant, humanized, monoclonal antibody that 

selectively inhibits vascular endothelial growth factor (VEGF), preventing tumor 

angiogenesis, growth and metastasis (54). 
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Figure 5. Therapeutic management of advanced NSCLC patients (55). 

For patients harboring metastatic NSCLC with ALK or ROS1 rearrangements, 

crizotinib, has been approved as first-line targeted therapy. Like happens with EGFR 

inhibitors, resistance to crizotinib are developed through different secondary mutations 

in ALK or via alternative tyrosine kinase activation (56–59). To solve this problem, 

lorlatinib has been recently designed for the treatment of patient with metastatic NSCLC 

ALK fusions previously treat with one or more ALK inhibitors and many trials are 

undergoing combining this antibody with other agents (60). For ROS1 rearranged 

patients, the most common mechanism of resistance is ROS1 G2032R mutation (61). As 

for patients with ALK rearrangements, lorlatinib has shown potential activity against 

ROS1 G2032R mutation in preclinical models and the second-generation ceritinib, 

brigatinib and entrectinib have also shown to be effective (62–64). Moreover, the 

combination of a BRAF inhibitor, dabrafenib, and a MEK inhibitor, trametinib, has been 

recently approved for the treatment of advanced NSCLC patients harboring BRAF V600E 

mutation (46). 

Besides the major advances in the discovery of driver molecular alterations that 

can be targeted with specific drugs, cancer immunotherapy has set a new standard for 

the treatment of NSCLC as well. It refers to a number of approaches intended to activate 

the immune system in order to induce objective responses and disease stabilization. 

Among the different possible options, blocking immune checkpoint molecules with 

monoclonal antibodies has emerged as a promising strategy. Pembrolizumab, a 



Introduction 

18 

 

monoclonal antibody that blocks the interaction between the immune checkpoint 

molecule programmed cell death 1 (PD1) and its ligand (PD-L1), has already got approval 

as a single agent for the first-line treatment of patients with metastatic NSCLC harboring 

high expression of PD-L1 (more than 50%) in the absence of EGFR mutations or ALK or 

ROS1 fusions (65). In addition to its first-line indication, pembrolizumab was also 

approved, along with nivolumab and atezolizumab, for the treatment of metastatic 

NSCLC after progression to platinum-based chemotherapy or targeted therapies (65). 

Like pembrolizumab, nivolumab targets PD-1, whereas atezolizumab binds to PD-L1. 

However, while nivolumab and atezolizumab are used irrespective of PD-L1 tumor 

expression, pembrolizumab is used if PD-L1 expression is at least 1% (66). 

Despite these advances, treatment resistance is still the main cause of death in 

lung cancer. In that sense, it is known that cancer cells are heterogeneous, causing that 

not all the subclones in the tumor are affected by treatments in the same way. Certainly, 

there is strong evidence pointing out that treatment resistance is highly associated to 

populations of tumor cells with stem-like properties, named cancer stem-like cells 

(CSCs), which are able to survive using different mechanisms that will be addressed in 

the next section. 

3. CANCER STEM CELLS 

3.1. TUMOR HETEROGENEITY 

Genetic and phenotypic variations are observed between tumors from different 

tissues and cell types, as well as between individuals with the same tumor type, which 

is known as inter-tumor heterogeneity. In addition, cancers evolve over time in every 

particular patient in terms of clonal structure, genotype and phenotype (67). As a result, 

genetic and phenotypic diversity exists not only between tumors, but also within 

populations of cells in a single tumor (intra-tumor heterogeneity), making difficult 

definitive diagnostics and obstructing therapeutic decision-making (Figure 6).  
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Figure 6. Inter-tumor and intra-tumor heterogeneity. Genetic and phenotypic variation are 
observed between tumors of different patients, tissues and cell types, but also between clones in a 
single tumor. Subclones may intermingle (as shown by subclones 1 and 2) or be spatially separated 
(as shown by subclone 3). Separation between subclones could reflect physical barriers such as blood 
vessels or micro-environmental changes. Tumor subclones may show differential gene expression 
due to both genetic and epigenetic heterogeneity. Within a subclonal population of tumor cells — 
shown here as a tumor section, hybridized to two fluorescent probes for the centromeres of two 
chromosomes (chromosome 2, red; chromosome 18, green) with DNA (blue) — there is intercellular 
genetic and non-genetic variation of, for example, chromosome copy number, somatic point 
mutations or epigenetic modifications that results in phenotypic diversity. Reproduced from (68). 

First of all, spatial phenotypic heterogeneity could trigger that a biopsy did not 

supply an adequate picture of the whole tumor. Secondly, decision-making based on 

scoring the dominant phenotype in a given specimen might be biased if they do not 

account for minor subpopulations with clinically and biologically important 

distinguishing features (68). For these reasons, the study of the tumor evolution is 

important as well as finding good markers to properly define tumor populations. 

Currently, there are two major frameworks to explain cancer cell heterogeneity: the 

clonal evolution model and the cancer stem cell model (69). 

The clonal evolution model, also known as the stochastic model, was proposed 

by Nowell in 1976 and relies on the concept that neoplasms arise from a single cell of 

origin, and tumor progression results from acquired genetic variability within the 

original clone (70). As a result, the genetic and epigenetic changes that occur over time 

in individual cancer cells can confer a selective advantage in a Darwinian-like way, 

allowing individual clones to generate other clones and leading to genetic heterogeneity 

and phenotypic and functional differences among the cancer cells within a single 

patient. In this model, the frequency of cancer cells with tumorigenic potential is high, 
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the tumor organization is not necessarily hierarchical and the rational approach to 

therapy has been to target most or all cells (71,72). 

The cancer stem cell model, also known as the deterministic model, proposes 

that the growth and progression of many cancers are driven by small subpopulations of 

stem-like cells with self-renewal and differentiation properties, named cancer stem cells 

(CSCs). It was developed in the late 1990s, when researchers began to address the 

possible relationship between hematopoietic stem cells and human leukemias via 

transplantation experiments of hematological tumor cells into immunodeficient mice 

(73,74). The CSC concept was coined in 1997, when Bonnet and Dick demonstrated that 

human acute myeloid leukemia is organized as a hierarchy that originates from a 

primitive hematopoietic cell (75). Since then, CSCs have been identified in several solid 

tumors, including brain (76), breast (77), lung (78), colon (79) and pancreas (80). In this 

model, the frequency of cancer cells with tumorigenic potential varies from rare to 

moderate, the tumor organization is always hierarchical and the therapy approach 

enables to target only tumorigenic cells. 

Even though these two models were considered mutually exclusive at first  (81), 

nowadays clonal evolution and CSC models are proposed as a unified model by some 

authors (82). In the integrated model, the gaining of favorable mutations can result in 

clonal expansion of a founder cell (Figure 7). At some point, another cell may acquire 

new mutations that permit it to produce a new subclone. Over time, genetic mutations 

accumulate and subclones evolve concurrently. Here, CSCs are not considered static 

entities, since they can evolve over lifetime and genetic changes can influence their 

frequency in each subclone. Some subclones may present a marked hierarchical 

development, where few self-renewing CSCs exist among a larger number of bulk non-

CSCs. Other subclones may contain an intermediate hierarchy, where the number of 

CSCs is relatively high and some other subclones may have genetic alterations that 

confer high-renewal potential, where most cells are tumorigenic (83). 
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Figure 7. Unified model of Clonal Evolution and Cancer Stem Cells (CSCs). Top panel shows how 
clonal evolution resulted in the parallel expansion of tumor cells that have acquired favorable 
mutations creating different subclones in the tumor. Bottom panel shows CSCs evolving over time 
with different frequencies in different subclones. Reproduced from (83). 

Even if the origin of CSCs remains unknown, there are some theories about their 

cellular precursors (84). It was hypothesized that they arise from non-tumorigenic stem 

cells when a mutation that disturbs their ability to control cell division is generated. Stem 

cells are pluripotent and show self-renewal ability, so that CSCs could just use aberrantly 

stem cell pathways to support their self-renewal. Alternatively, it was suggested that 

partially differentiated precursor cells, which are more frequent in adult tissue, could 

experience a few mutations that trigger their transformation to CSCs. CSCs could also 

arise from differentiated cells that have undergone a de-differentiation process because 

of oncogenic mutations (85). 

3.2. PROPERTIES 

Although aberrantly regulated, CSCs share most of the mechanisms governing 

other stem cell populations. The main difference between them relies on their 

tumorigenic activity, given that CSCs are able to form tumors when transplanted into 

animals, acting like tumor initiating cells (TICs), but the rest of stem cells are not. The 
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main features which are characteristic of CSCs include: 

A) Self-renewal and asymmetric division. CSCs are able to generate daughter CSCs and 

high proliferative bulk cancer populations by asymmetric cell division, which is 

defined as any division that gives rise to two sister cells that have different fates—a 

feature that can be recognized by differences in size, morphology, gene expression 

pattern, or the number of subsequent cell divisions undergone by the two daughter 

cells (86). CSCs have been described to undergo this type of division, maintaining 

their pluripotency by asymmetrically segregating their gene products into 

differentiating daughter cells (87). Since CSCs have lost balance in networks 

regulating proto-oncogenes (promoting self-renewal), gate-keeping tumor 

suppressors (limiting self-renewal), and care-taking tumor suppressors (maintaining 

genomic integrity), they have the potential to proliferate indefinitely with minimal 

niche support. Soft agar formation and limiting dilution assays are commonly used 

to determine the frequency of self-renewing cells in a cell culture since CSCs can be 

serially transplanted through multiple generations (88). 

B) Cell quiescence. CSCs are known for an aberrant regulation of cell cycling, which 

permits them to display a quiescent slow-cycling phenotype tightly associated to 

treatment resistance and tumor dormancy. Traditional chemotherapy regimens 

target proliferating cells, potentially missing their effect on slower diving CSCs. This 

tumor cell population is able to enter into a reversible G0 phase from which cells may 

escape to reenter the cell cycle in response to physiological cell stimuli, like cell death 

after treatment (89). In this way, cell quiescence is not just a passive state but rather 

a condition actively maintained and regulated by signaling pathways allowing rapid 

activation of quiescent cells and reentry in the cell cycle (90). 

C) Overexpression of multidrug efflux transporters. Protection of the stem cell 

population from damage or death is critical because these cells need to remain intact 

throughout the life of an organism. Ironically, it has been shown that efflux pumps 

also afford higher protection to CSCs, shielding them from the adverse effects of 

therapeutic agents (91). ATP binding cassette (ABC) transporters, including ABCG2, 

ABCB1 or ABCC1, to name but a few, are known to be associated with drug resistance 
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in CSCs. A subset of CSCs that have a high capability for effluxing antimitotic drugs 

can be isolated by their capacity to efflux fluorescent dye Hoechst 33342 or 

rhodamine 123 with the help of a flow cytometer. This particular population is called 

side population (SP) because during flow-cytometry analysis these cells can be 

visualized as a negatively stained population off to “the side” of the main cell 

population. The current understanding is that the drug transporting capability of 

these cells is likely conferred by certain ABC transporters including ABCB1 

(rhodamine 123) and ABCG2 (Hoechst 33342) (92). 

D) Anchorage-independent growth ability. Under anchorage-free conditions, the 

majority of cell types undergo anoikis, a specific type of cell death provoked by loss 

of cell adhesion. Nevertheless, CSCs can grow independently of a solid surface (88). 

It appears that cells that escape anoikis, represented mainly by stem cells and 

possibly early progenitor cells, synthesize higher levels of growth factors and 

extracellular matrix  receptors, creating an in vitro niche that supports their survival 

and proliferation in suspension being less dependent on cell-matrix and cell–cell 

interactions for survival (93). In addition, CSC have been reported to overexpress 

antiapoptotic molecules, including BCL2 and BCLXL, which act as negative regulators 

of mitochondrial membrane permeabilization and cytochrome C release, survivin, 

belonging to the inhibitors of apoptosis (IAP) family members and lower levels of 

caspase 8 associated with tumor necrosis factor-α (TNF-α) related apoptosis-

inducing ligand (TRAIL) resistance (90). 

E) Expression of signaling pathways and molecules governing stem-cell fate.  The 

expression of signaling pathways related to self-renewal, proliferation and 

differentation by stem cell populations is essential for development and tissue 

homeostasis (94). However, dysregulation and aberrant activation of these highly 

conserved pathways result in the formation of tumorigenic CSCs (95). The most 

studied and characterized pathways responsible for CSCs formation an maintanence 

will be reviewed later. 
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3.3. IN VITRO CULTURE 

Since stem cells display anchorage-independent growth ability, sphere-forming 

assays have become the gold standard method for their isolation and enrichment. These 

assays consist in culturing cells under non-adherent conditions using serum-free 

medium supplemented with minimum growing requirements using fresh tumor tissue 

or commercial cell lines as starting material. Cells directly isolated from surgical 

resections specimens have been proven to be better models for tumor characterization 

than cell lines, but establishment of primary cultures is problematic and time-

consuming, mainly because of the frequent lack of cell viability, the excessive necrosis of 

some tumor samples and the proliferation of non-tumorigenic cell types in cultures. As 

a result, most studies to date have been performed in commercial cell lines. 

Sphere-forming assays were first used to culture cells from the adult brain, 

obtaining stem-like cells as free-floating spheres, called neurospheres (96). Since then, 

these culture conditions have been widely used to evaluated self-renewal and 

differentiation at the single-cell level in vitro, assuming a relevant role to isolate CSCs 

due to the lack of unique CSCs markers and the absence of distinctive morphological 

phenotypes (97). Several studies have reported the identification of cells with stem cell 

properties in cell lines and primary cultures established from resectable NSCLC and SCLC 

patients (98–105). However, most publications display substantial variations in different 

aspects of sphere-forming assays, including changes in medium composition and 

volume, cell density, and surface area of the culture dish (106,107). This diversity in 

procedures has promoted differing and even opposing results, ranging from those who 

argue that formation of tumorspheres with increased stemness can be done without the 

addition of any external mitogenic stimulation (108) to those who reported that 

tumorspheres cultivation requires exogenous mitogens supplementation, including 

epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), insulin-transferrin-

sodium selenite, B27 or hydrocortisone (109,110). Moreover, high variability in kinetics 

of formation of tumorspheres between cell lines and primary cultures has also been 

detected, making even more difficult to know if reported variations are due to changes 

in culture conditions or due to the source of the CSC population. Another key parameter 
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of sphere-forming assays is cell density, given that it plays a critical role on clonality. 

Initially, these assays were conceived to obtain clonal spheres formed from one single 

cell. However, tumorspheres are highly dynamic entities and have been observed to 

frequently aggregate and fuse, even at low densities, so that true clonality can only be 

assured by plating single cells per well. Nonetheless, single cell plating has also a 

negative impact on cell viability due to the lack of autocrine/paracrine signals released 

by cells into the medium and can be extremely challenging in some cases (111–113). In 

addition, sphere-forming assays allow determining ex vivo proliferation, but they cannot 

evaluate the ability of CSCs to initiate nor propagate tumors.  

To overcome these limitations, the usage of alternative approaches, like 

transplantation assays in animal models, is widely extended. However, animal models 

are costly, lack immune system, and contain limitations regarding controllability, 

reproducibility and flexibility of design, which have motivated extensive research on 

developing 3D cell culture models using scaffolds and scaffold-free techniques that 

better mimicked the in vivo tumor microenvironment (114–116). There are several 

processing techniques to design and fabricate 3D porous scaffolds able to provide large 

internal volume and 3D space where cells can aggregate and form tissue-like structures. 

Eletrospinning is a versatile polymer processing method commonly used to fabricate 

microfiber structures. These fibers form a non-woven fabric that highly mimics the 

fibrous network of native extracellular matrix with fiber diameters that is close to 

extracellular matrix fibrils (117). In addition, microfluidic devices have brought a great 

degree of versatility to the field of cancer research. They consist on a chamber with 

manageable submillimeter channels where cell location, fluid flow, mechanical cues and 

gradients can be controlled. As a result, complex tumor microenvironment can be 

created, recreating metastatic microenvironments, immune-cancer cell interactions, 

and specific behavior of cancer cells. However, although microfluidic systems seem 

promising, few studies have been conducted using them to date and further 

investigation to standardize parameters are still required (118,119). 
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3.4. MARKERS 

Over the last decade, the evaluation of the expression profiles of cancer cells with 

stem properties in different solid tumors has allowed the identification of several 

biomarkers, pathways and therapeutic targets against CSCs (120,121). The main markers 

used for identifying and isolating CSCs include surface cell-adhesion molecules, such as 

CD133 or CD44, cytoprotective enzymes, like aldehyde dehydrogenases (ALDH), and 

transcription factors and drug-efflux pumps, such as ABC drug transporters or multidrug 

resistance transporters (MDR) (122). However, CSCs markers in a determined organ or 

tissue are not completely shared with those markers that work in other, being few of 

them common between organs and tissues (see Table 3). Regarding lung cancer, several 

markers for CSCs have been proposed, but there are conflicting data reported between 

studies in cell lines. Molecules suggested as potential lung CSCs markers include CD133, 

CD90, EpCAM, CD44, ALCAM, BMI1, ALDH1A1, and ABCG2, and are further discussed 

below (123–125). 

Table 3. Compilation of proposed CSC markers for distinct solid tumor types. 

Tumor type Putative markers References 

Breast ALDH1, CD24,CD44, CD90, CD133, ITGA6 (120,126) 

Colon ABCB5, ALDH1, CD24, CD26, CD29, CD44, CD133, CD166, CXCR4 (127–129) 

Glioma CD15, CD36, CD90, CD133, ITGA6 (130,131) 

Liver CD13, CD24, CD44, CD90, CD133 (132,133) 

Lung ABCG2, ALDH1, BMI, CD90, CD133, CD166, CD326, CD44 (134–137) 

Melanoma ABCB5, ABCG2, ALDH1, CD20, CD133 (138–140) 

Ovarian CD24, CD44, CD117, CD133 (141,142) 

Pancreatic ABCG2, ALDH1, CD24, CD44, CD133, CXCR4 (143–145) 

Prostate ALDH1, CD44, CD133, CD166, ITGA2, ITGB1, ITGA6, TROP2 (146,147) 

CD133 (also known as PROM1) is a pentaspan transmembrane glycoprotein 

overexpressed in both humans and mice tumors. Some evidence has suggested that 

CD133+ CSCs display strong resistance to chemo-, radio- and immunotherapy. Several 

studies showed that CD133+ stem-like cells survived standard chemotherapeutic 

treatment with oxaliplatin and 5-fluorouracil (5-FU), and the downregulation of CD133 

using short hairpin RNAs has been associated with slower cell growth, reduced cell 

motility and decreased ability to form spheroids and metastasize (148,149). 

Consequently, CD133 has been considered a potential CSC marker and an important 
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therapeutic target for many CD133-expressing cancer types.  In lung cancer, there are a 

number of publications that focused on CD133 as a potential CSC marker (134,150–152). 

However, some authors reported that the use of CD133 expression to discriminate lung 

CSC is overstated (153). For example, some CD133- lung cancer cells also possess the 

ability to self-renew and generate the formation of xenograft when transplanted into 

recipient mice (154). 

CD90 (or THY1) is a highly conserved glycophosphatidylinositol (GPI)-anchored 

cell surface glycoprotein that is used as a marker for a variety of stem cells and axonal 

processes of mature neurons. CD90 is involved in cell-cell and cell-matrix interaction and 

its overexpression has been identified in CSCs from several tumors, including 

glioblastoma, breast and liver malignances (155). Cell lines experiments suggest CD90 as 

a promising CSC marker for lung cancer. In vitro and in vivo data showed that the sphere 

formation ability and the tumorigenic capacity of CD90+ cells from A549 and NCI-H446 

cell lines is superior in number and volume than that for CD90- cells (135). Previous 

investigation associated CD90 overexpression to CSC-like phenotype in A549, NCI-

H2122, NCI-H226 and NCI-H1437 lung cancer cell lines (156). However, few data are 

available about CD90 expression in lung cancer patients’ samples. Flow cytometry 

analysis suggested the co-expression of CD90, CD326 and CD133 as a signature with 

prognostic value in patients with NSCLC (157).  

EpCAM (also known as CD326) is a transmembrane glycoprotein that plays a role 

in balancing cell proliferation and differentiation. In healthy tissue, high EpCAM levels 

are associated with proliferation during morphogenesis, tissue regeneration and stem 

cell maintenance (158). Elevated levels of EpCAM expression have been found to 

promote tumor progression and therefore, it has been explored as a prognostic and 

diagnostic marker and as a therapeutic target. EpCAM overexpression has been found in 

CSCs from different solid tumors and was associated with poor prognosis and 

aggressiveness of tumorus (159,160). Karimi-Busheri et al. proposed the overexpression 

of EPCAM1 and ALDH1A1 as a signature of enriched CSCs in NCI-H460 non-small cell lung 

cancer (NSCLC) cell line (136) and in vivo and in vitro experiments suggested that 

CD133+/ EpCAM+ and CD34+/ EpCAM+ subpopulations represent CSCs in lung primary 
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tumors and cell lines (161). 

CD44 is a cell-surface glycoprotein that acts as a receptor for many extracellular 

matrix components, including acid hyaluronic, collagen, integrins as well as matrix 

metalloproteinases (MMPs). CD44 molecule integrates signals from microenvironment, 

growth factors and cytokines, transducing them to cytoskeletal proteins and nucleus, 

and regulating the expression of genes involved in cell-matrix adhesion, cell migration, 

proliferation, differentiation, and survival (162,163). CD44 was proposed as a CSC marker 

with prognosis value in various types of tumors, including colorectal (164), breast (165) 

and gastric (166) cancers. Regarding NSCLC, disparate data has been published. CD44 

gene overexpression was significantly correlated to tumor differentiation, histological 

type, clinical stage, lymph node metastasis and poor prognosis (167,168). On the 

contrary, no significant association between CD44 and clinical outcome was found by an 

immunohistochemical staining analysis of 159 patients with resected NSCLC (169), and 

flow cytometry characterization of A549 concluded that CD44 cannot be considered a 

marker for isolating lung CSCs in that cell line (150). 

ALCAM (or CD166) is a highly preserved transmembrane protein that belongs to 

the immunoglobulin superfamily. CD166 is expressed in several tissues, including neural, 

epithelial and hematopoietic stem cells and has been proposed as a CSC marker in 

colorectal (170), head and neck (171) and prostate (172) cancers. Regarding NSCLC 

cancer, contradictory information about CD166 involvement in CSCs biology has been 

reported. Some authors have pointed out that CD166+ cells from NSCLC cell lines and 

patients display stem cell-like features (137,173). However, others observed no growth 

change when knocking-down CD166 in NSCLC cell lines in vitro nor in vivo (174). In 

patients’ tissue, Ishiguro and colleagues found no significant association with clinical or 

pathologic factors in an immunohistochemical analysis of 147 NSCLC patients, but 

described CD166 expression as an independent prognostic factor for overall survival (OS) 

(174). In contrast, an inverse association between CD166 expression and tumor size and 

lymph node status without prognostic effect on patients’ survival was observed in a large 

cohort of NSCLC patients (n=1910) using immunohistochemistry on a tissue microarray 

basis (175). 
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BMI1 is a catalytic member of epigenetic repressor polycomb group proteins who 

regulates several cellular processes such as cell cycle progression, senescence, aging, 

DNA damage repair, apoptosis, angiogenesis, and self-renewal of stem cells (176). BMI1 

was identified as a CSC-marker in head and neck (177), breast (178) and bladder cancers 

(179). In lung cancer, few data have been published to date. RTqPCR and 

immunohistochemistry analysis of 57 samples from resected NSCLC patients revealed a 

strong correlation between BMI1 and ALDH1A1 and CD133 (125). Moreover, recent 

studies have associated BMI1 expression to chemotherapeutic resistance via direct 

transcriptional targeting of ABC drug transporters in lung (137) and breast cancers (178), 

whereas analysis of 60 tissue samples from NSCLC patients using RTqPCR associated 

higher BMI1 expression with advanced tumor stage and more extent of lymph nodes 

metastasis, suggesting that BMI1 plays a relevant role in cancer cells invasion capability 

(180). 

Aldehyde dehydrogenases (ALDH) are a group of NAD(P)+-dependent enzymes 

that catalyze the oxidization of aldehydes into carboxylic acids. It is thought that ALDH 

can act as drug-detoxifying enzymes and be responsible for therapeutic resistance (181). 

ALDH1A1 is an isozyme of ALDH superfamily that is believed not only to act as a marker 

for stem cells, including CSCs, but also to play important functional roles in self-

protection, differentiation and expansion. The evaluation of ALDH1A1 activity 

determined that its expression is useful for isolating CSCs from various malignancies, 

including breast (182) and colorectal cancers (183), but its capacity to act as a potential 

CSC marker in some other malignancies, such as ovarian cancer, is questionable (184). 

Studies on NSCLC patient-derived cells and cell lines reported that isolated ALDH+ cells 

were highly tumorigenic, clonogenic as well as capable of self-renewal compared with 

their ALDH- counterparts (185,186). On the prognostic impact of this marker, interesting 

data have been reported. A recent meta-analysis including 1836 patients concluded that 

higher ALDH1 expression is connected with decreased OS and disease free survival (DFS) 

and a worse prognosis (187). Complementarily, You and colleagues investigated the 

prognostic value of each ALDH1 isozyme in 1926 NSCLC patients through the Kaplan-

Meier plotter database, finding that high expression of ALDH1A1 correlates to better OS 

whereas high expression of ALDH1A2 and ALDH1B1 correlates to worse OS (188). 
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ABC drug transporters are overexpressed in both stem cells and CSCs, acting as 

efflux pumps to protect them from xenobiotic toxins. ABCG2, also known as breast 

cancer resistance protein (BCRP), is one of the most important members of ABC 

transporter family in cancer because it can be used to determine the SP phenotype, an 

important population in CSCs studies which shows many features of CSCs with regard to 

self-renewal, lineage capacity and tumorigenicity (95). ABCG2 is considered a potential 

marker of CSCs in many cancer types, including breast (189) and liver (190), acting as a 

mechanism in multidrug resistance. However, there are controversial data about ABCG2 

in lung cancer. Elevated expression of ABCG2 was observed in lung cancer SP cells, which 

were resistant to several chemotherapeutic drugs, more tumorigenic than non-SP cells, 

and had self-renewal capacity (191,192). Tang et al. established drug-resistant H460 and 

A549 cell lines by repeated exposure to cisplatin and found a significant increase in 

ABCG2 expression. They established stable ABCG2-overexpressing and shRNA-ABCG2-

knockdown cell lines, observing that overexpression of ABCG2 significantly increased 

the proportion of symmetric division, whereas knockdown of ABCG2 increased the 

proportion of asymmetric division (193). However, previous immunohistochemistry 

analysis in tissue from 133 early-stage NSCLC patients showed no association of CD133 

and ABCG2 with prognosis (194). Furthermore, Liang et al. detected in NSCLC patients 

using immunohistochemistry that, in addition to the membranous form, ABCG2 proteins 

are also found inside the nucleus, increasing CDH1 (E-Cadherin) expression. Additional 

mice xenografts of A549 cells showed that those cells with lower expression levels of 

ABCG2 were more likely to metastasize, suggesting that ABCG2 may play a dual role in 

cancer metastasis (195). 

3.5. SIGNALING PATHWAYS 

As discussed above, the major difference between stem cells and CSCs relies on 

their ability to regulate self-renewal and differentiation pathways. In non-tumorigenic 

stem cell populations, stem-related pathways, such as Notch, Wnt/β-catenin, Hedgehog, 

JAK/STAT, TGF-β or Hippo, are tightly controlled with intact genetics or epigenetics. 

However, in CSCs, deregulation of these pathways along with improper interactions 

between them represent key events for cell propagation and pathogenesis (196). Among 
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these signaling cascades, abnormal activity of Notch, Wnt and Hedgehog pathways are 

the most studied and correlated to the tumorigenicity of CSCs, making these 

developmental pathways important therapeutic targets for blockade of CSC self-renewal 

and proliferation, and tumor progression (94). 

3.5.1. Notch signaling pathway 

Notch pathway is an evolutionarily conserved signaling cascade that constitutes 

a critical component in the molecular circuits that regulate a broad range of events 

during embryonic and post-natal development, including border formation, cell fate 

decisions, differentiation, migration, proliferation and apoptosis (197,198). The role of 

Notch in human malignancies has been highlighted recently by the presence of gain-of-

function mutations and amplifications of Notch genes in different types of cancer, and 

by the evidence that genes in the Notch cascade are potential therapeutic targets 

(199,200). 

The core components of the Notch pathway comprises four transmembrane 

receptors—from Notch1 to Notch4—and five structurally similar ligands: Delta-Like (DLL) 

-1, -3, -4, and Jagged-1, -2, although there is very little evidence that Delta-like3 

physically binds to the Notch receptors or that it truly functions as a Notch ligand (Figure 

8) (201). The Notch signaling cascade is initiated by ligand-receptor interaction between 

two neighboring cells resulting in two successive proteolytic events as part of the 

activation mechanism (202). The first cleavage is mediated by a metalloprotease of the 

ADAM family (TACE, tumor necrosis factor-α-converting enzyme) in close proximity to 

the extracellular side of the plasma membrane. The released extracellular domain is then 

transendocytosed by the ligand-expressing cell. The second one occurs within the 

transmembrane domain, mediated by a multi-protein complex, called γ-secretase, 

consisting of presenilin, nicastrin, APH1 and PEN2, which leads to the release of the 

Notch intracellular domain (NICD). Upon cleavage, NICD translocates to the nucleus, 

forming a complex with the ubiquitously expressed transcription factor CBF1. The 

translocation of NICD is counteracted by Numb, through a mechanism that is not 

completely understood (203). In the absence of NICD, CBF1 is a transcriptional repressor 

due to its association with co-repressors. When NICD associates with CBF1, a number of 
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co-activators are recruited, including mastermind-like (MAML) -1, -2 and -3, resulting in 

a multiprotein complex which acts as a potent transcriptional activator. The most well-

defined targets of the NICD-CBF1 complex are the hairy enhancer of split (HES) family, 

the Hes-related repressor protein (HERP, also called HEY) family, cell cycle regulators, 

such as CDKN1A and CCND1 and apoptosis regulators (204,205). 

The first link between Notch and human tumors was made in the late 1980s in a 

small number of patients suffering from T cell acute lymphoblastic leukemia (206). More 

recently, deregulated expression of members of Notch signaling pathway has also been 

reported in many solid tumors, including breast (207) and lung cancers (208). Notch 

pathway function has been seen to be context dependent, since different Notch 

receptors or ligands could induce diverse gene expression programs, explaining the 

heterogeneous, and even opposite, outcomes observed in this signaling pathway for 

different solid tumors. There are four major pleiotropic effects that Notch pathway plays 

and are relevant during tumorigenesis. A) Gate-keeper function: Notch maintains stem 

cells in an undifferentiated state. In the intestine for example, Notch prevents crypt 

progenitor cells from differentiating. B) Binary cell fate decisions: in the lymphoid 

system, it specifies the T cell lineage at the expense of the B cell lineage from a bi-potent 

early thymocyte progenitor. C) Induction of differentiation: in the skin, Notch induces 

terminal differentiation events, and during thymocyte differentiation, NOTCH1 promotes 

differentiation of pro-T-cells into pre-T-cells. D) Tumorigenesis: overexpression of Notch 

within hematopoietic bone marrow cells or in T cell progenitors results in T cell 

leukemias and as such, Notch functions as an oncogene. However, in the skin Notch 

functions as a tumor repressor since loss of Notch signaling results in the development 

of basal cell carcinoma-like tumors (209).  

Notch pathway expression is not only tissue-dependent, but cell-dependent as 

well. While in SCLC Notch signaling is not active, in NSCLC it is, possibly due to loss of 

Numb inhibitor expression or to the presence of gain-of-function mutations in Notch 

receptors (203), leading to high expression levels of Notch target genes and making this 

tumor type susceptible to therapies based on Notch inhibition (210). The involvement 

of Notch on lung cancer was experimentally proved in a transgenic mouse model by 
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inducing the specific expression of activated Notch. The mice developed alveolar 

hyperplasia as early as 7 days after NOTCH1 induction and, when crossed with mice 

conditionally overexpressing MYC in the alveolar epithelium, mice developed 

adenocarcinomas (211).  

Furthermore, using a model of lung adenocarcinoma with KRAS mutation and 

NOTCH1 deletion, it was found that NOTCH1 function was required for tumor initiation 

via suppression of p53-mediated apoptosis (212). Other studies have shown that under 

hypoxic conditions, NOTCH1 stimulated NSCLC tumor growth through direct 

upregulation of IGF1-R and survivin, both of which enhanced cell proliferation and 

survival (213,214). Additionally, the overexpression of this gene has been significantly 

correlated with disease progression, metastasis and poorer prognosis of NSCLC patients 

(215). These data support a strong and direct role of Notch signaling in NSCLC initiation 

and proliferation. In CSCs from NSCLC, Hassan et al. reported the decisive role of Notch 

signaling for sphere formation and self-renewal in vitro and for tumor initiation and 

tumor heterogeneity formation in vivo (216). Interestingly, molecular analyses defined a 

subpopulation of CD24+ ITGB4+ Notchhi cells that were capable of propagating tumor 

growth in both clonogenic assays and in serial orthotopic transplantation assays (217). 

In addition, upregulation of NOTCH2 has been linked to progression of early-stage lung 

adenocarcinoma and aggressive phenotype at advanced stages (218) and targeting of 

Notch signaling pathway with Tarextumab (a NOTCH2/NOTCH3 antagonist) inhibited 

tumor growth and decreases TICs frequency in patient-derived xenografts (219). 

Similarly, Notch target HES1 has also been seen to enhance CSCs phenotype, promoting 

cell proliferation and migration by activating BMI1 (220). 
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Figure 8. The canonical Notch signaling pathway. DLL1, DLL3 and DLL4, and Jagged ligands (JAG1 and 

JAG2) expressed on the cell surface can induce signaling in adjacent cells expressing their cognate 

receptors Notch1–4. Ligand binding promotes sequential cleavage of the Notch receptors by 

ADAM/TACE enzymes (S2 cleavage) and then γ-secretase (S3 cleavage), resulting in release the NICD, 

which interacts with transcriptional regulators in the nucleus to instigate a Notch gene-expression 

profile. Notch target genes, in turn, regulate pivotal cell-fate choices, including differentiation, cell-

cycle progression and survival. The final phenotypic effect is dependent on the specific signaling 

context, paralogue, ligand and dosage. Under many conditions, and in several types of cancer stem-

like cells, Notch signaling can delay differentiation, and maintain proliferative and survival potential. 

Abbreviations: ADAM, a disintegrin and metalloproteinase; APH-1/2, anterior pharynx-defective-1/2; 

CSL, CBF1/Su(H)/Lag-1; DLL, delta-like ligand; HAT, histone acetyltransferase; HES, hairy and enhancer 

of split-1; JAG1, Jagged-1; JAG2, Jagged-2; mAb, monoclonal antibody; MAML1, Mastermind-like 1; 

NICD, Notch intracellular domain; NRARP, Notch-regulated ankyrin-repeated protein; SKIP, ski-

interacting protein; TACE, TNF-α-converting enzyme (also known as ADAM17). Reproduced from (94). 
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3.5.2. Wnt signaling pathway 

The evolutionarily conserved Wingless-type protein (Wnt) signaling pathway 

plays an important role in controlling a number of embryonic development processes 

and the maintenance of tissue homeostasis in adults by regulating proliferation, 

differentiation, migration and polarity, survival, genomic stability and self-renewal of 

stem cells (221). Not surprisingly, aberrant Wnt signaling underlies a wide range of 

diseases, including cancer (222), fibrosis (223) and neurodegenerative disorders (224).  

The Wnt signaling network is extremely complex. Firstly, there are 19 Wnt 

ligands, which are glycoproteins of 40 kDA in size that contain lipid modifications with 

many conserved cysteines, and more than 15 receptors and co-receptors distributed 

over seven protein families in mammals (225). Moreover, Wnt proteins can trigger a 

variety of responses, often gathered at two groups: the canonical Wnt signaling 

pathway, for the classical Wnt-induced activation of β-catenin-TCF (T-cell factor) 

transcriptional complexes, and the non-canonical Wnt signaling pathway, which 

includes the planar cell polarity (PCP) signaling pathway (226), the Wnt/Ca++ flux 

pathway and the protein kinase A pathway (227,228) and cJun N-terminal kinase (JNK) 

and small GTPase Rho, Rac and Cdc 42 signaling networks (229,230). Moreover, crosstalk 

from various non-Wnt factors has also been reported to modulate nuclear β-catenin 

accumulation (231). 

In the absence of Wnt proteins, canonical Wnt signaling is inhibited due to a β-

catenin degradation complex consisting of Axis inhibition protein (AXIN), adenomatous 

polyposis coli (APC), casein kinase 1α (CK1α) and glycogen synthase kinase 3β (GSK-3β) 

(Figure 9). This complex phosphorylates β-catenin, resulting in its ubiquination and 

proteosomal destruction, making β-catenin unavailable to interact with other factors 

(232). If Wnt -1, -2 or -3 are present, porcupine contributes to its secretion, making them 

available to interact with members of the Frizzled (FZD) family of receptors. Binding of 

Wnt to FZD results in the formation of a stable receptor complex between Wnt, FZD, 

lipoprotein receptor-related protein 5/6 (LRP), Disheveled (Dvl) and the degradation 

complex. This new complex phosphorylates Dvl, inactivating GSK-3β as a result, and 

reducing the proteolytic destruction of β-catenin. Consequently, cytoplasmic levels of β-
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catenin increase, from where it can move to the nucleus to bind to transcription factors 

of the TCF/lymphoid enhancer-binding factor (LEF1) family. The basic transcription 

machinery as well as transcriptional coactivators are then recruited, including the cAMP 

response element-binding protein (CREB)-binding protein/E1A binding protein p300 

(CBP/p300) and Pygopus 2, which triggers the transcription of a number of factors that 

promote cell proliferation and treatment resistance, including cyclin D1 and c-Myc. In 

addition, β-catenin has been seen to interact with E-cadherin at the cytoplasmic 

membrane, promoting cellular adhesion. Therefore, even though the influence of risen 

β-catenin on transcription may enhance cell growing and chemoresistance, the 

interaction of β-catenin with E-cadherin has been proposed to reduce malignant 

characteristics, such as metastasis, by decreasing cell migration in favor of cell adhesion 

(233). 

 
Figure 9. The canonical and non-canonical Wnt signaling pathway. (a) In canonical Wnt signaling, 
absence of Wnt ligands (left) leads to phosphorylation of β-catenin by the destruction complex. β-
catenin is phosphorylated, ubiquitinated and targeted for proteosomal degradation. In the absence 
of nuclear β-catenin, a repressive complex recruits HDACs to repress target genes. The canonical 
pathway is activated upon binding of secreted Wnt ligands to Fzd receptors and LRP co-receptors 
(right). LRP receptors are then phosphorylated which recruit Dvl proteins. Dvl polymers inactivate 
the destruction complex and this results in accumulation of β-catenin which then translocates into 
the nucleus. There, β-catenin forms an active complex with LEF and TCF by displacing TLE/Groucho 
complexes and recruitment of histone modifying co-activators. (b) Non-canonical Wnt signaling is 
defined by β-catenin-independent mechanisms. During Wnt/PCP signaling, Wnt ligands bind to the 
ROR-Frizzled receptor complex to recruit and activate Dvl. Dvl binds to the small GTPase Rho, leading 
to rearrangements of the cytoskeleton and/or transcriptional responses. Next to Dvl, Vangl is 
activated by phosphorylation in a Wnt5a-dependent manner. Wnt/Ca2+ signaling is initiated by G-
protein triggered phospholipase C activity leading to intracellular calcium fluxes and downstream 
calcium dependent cytoskeletal and/or transcriptional responses. Reproduced from (234). 
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In addition to the inhibition of the canonical Wnt pathway by the β-catenin 

degradation complex, this cascade can be inhibited or enhanced in many different ways. 

On the one hand, frizzled-related proteins (sFRPs) compete with Wnt for binding to FZD, 

Wnt inhibitory factor 1 (WIF-1) and Cerberus arrest secreted Wnt, Disabled 2 (Dab2) and 

the Dickkopf (Dkk) family inhibit Wnt signaling by binding to the component of the Wnt 

receptor complex, LRP5/6, and the human homolog of Dapper (HDPR1) and Idax 

antagonist Dvl. On the other hand, tankyrases-1 and -2 stimulate Wnt signaling by 

destabilizing AXIN and EGFR increases signaling by phosphorylating and inactivating 

GSK-3β (235,236). Given the importance of Wnt signaling for adult stem cell biology, it 

is not surprising that Wnt pathway mutations are frequently observed in cancer. A role 

for Wnt pathway in cancer was first described in the 1980s and 1990s in mouse models 

of mammary cancer and in human and mouse colon cancer. Researchers found that the 

induction of an aberrant overexpression of WNT1 using a proviral insertion at its locus 

or by transgenesis generated breast tumors in mice (237). Other studies suggested a 

critical role of WNT-CTNNB1 (gene encoding for β-catenin), signaling in colorectal cancer 

(238,239). Germline inactivating mutations in APC gene, which is a negative regulator of 

CTNNB1, were found in patients with a hereditary cancer syndrome termed familiar 

adenomatous polyposis (FAP), which can progress to colorectal carcinomas following 

concomitant activating mutations in KRAS and inactivating mutations in TP53 (240). Both 

APC gene and CTNNB1 are often mutated in colorectal cancers of non-FAP patients, and 

overexpression of constitutively active CTNBB1 or loss of APC function can result in 

colorectal tumorigenesis (222). 

Regarding lung cancer, there is strong evidence pointing to a decisive role of Wnt 

pathway in the development of NSCLC (241). Most of NSCLC cell lines have active Wnt 

signaling and, in murine models, activation of Wnt signaling is associated with increasing 

tumor initiation potential (242,243). Downregulation of Wnt signaling by anti-Wnt-1 

monoclonal antibody or small interfering RNA (siRNA) induced apoptosis, inhibited 

tumor cells proliferation (244), blocked xenografts and reduced cell motility and invasion 

(245). Additionally, Li et al. showed that in vitro overexpression of WNT3 by NSCLC cells 

correlated to metastasis, cell invasion, anchorage-independent growth, EMT-like 

morphological changes and F-actin reorganization (246). Wnt pathway activation and 
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overexpression of Wnt-1, -2 or -3 are also associated with poor prognosis. In a cohort of 

262 resected NSCLCs patients, 37% stained positively for Wnt ligands by 

immunohistochemistry, which was associated with a low apoptotic index, aberrant β-

catenin expression, increased expression of c-Myc, cyclin D1, VEGF-A , MMP-7, Ki-67, 

survivin and bigger intratumoral microvessel density (247). In addition, Nakashima et al. 

found that WNT3 promotes tumor progression in a study including 128 resected NSCLC 

patients (248). Moreover, it has been reported that the Wnt signaling pathway helps to 

maintain CSCs population in lung cancer. Increased expression of CTNNB1 has been 

associated with the overexpression of putative stem cells markers, such as CD44, 

EPCAM, OCT4 and CCND1, and resistance to a number of chemotherapeutic drugs in 

sorted lung CSCs (249). Furthermore, the inhibition of β-catenin enhanced the 

anticancer effect of irreversible EGFR-TKI in EGFR T790M-mutated NSCLC cell lines (250). 

The role of GSK-3β in β-catenin degradation is clear in the absence of Wnt 

proteins. Nevertheless, when Wnt proteins are present, GSK-3β functions remain 

unclear. Recent results suggest a role of GSK-3β in cell survival and migration. Tivantinib 

has been found to target GSK-3β and that pharmacological inhibition caused apoptosis 

in NSCLC cells (251). Additionally, in a lung xenograft model, astrocyte elevated gene-1 

(AEG-1) behaved as a critical protein in the activation of EMT by directly targeting GSK-

3β (252). Some other inhibitors of the canonical Wnt pathway seem to have a dual 

function in cancer. Recombinants DKK1 and WNT5A inhibited and increased, 

respectively, mice mammospheres formation (253). Differential expression of DKK1 has 

been found among cancer cells from 98 NSCLC patients and cell lines, and it was the 

overexpression of DKK1 that promoted migratory and invasive activity, suggesting an 

oncogenic role of DKK1 in lung cancer (254,255). Then again, loss of WNT5A in 

hepatocellular carcinoma has been associated with poor prognosis (256), but 

overexpression has also been correlated with unfavorable prognosis and angiogenesis 

promotion in NSCLC patients (257,258). Therefore, the Wnt pathway seems to be a 

promising target in NSCLC tumorigenesis, but it is still necessary to explore some 

components of this complex network in order to consider targeting Wnt pathway as a 

therapeutical option for NSCLC patients. 
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3.5.3. Hedgehog signaling pathway 

The hedgehog (Hh) signaling pathway is an important component on the 

regulation of stem cells properties during embryonic development and in adult tissues. 

During embryogenesis, it controls proliferation and differentiation on a time and 

position-dependent manner and it plays a central role in tissue repair and regeneration 

in adult tissues. Mutations and deregulations of genes related to Hh pathway have been 

reported in some solid tumors, contributing to the onset of cancer and accelerating the 

rate of tumor growth  (259). 

Mammalian Hh signaling pathway is mainly constituted by three Hh ligands 

homologues with different spatial and temporal distribution patterns: sonic hedgehog 

(SHH), indian hedgehog (IHH) and desert hedgehog (DHH), two transmembrane 

receptors: patched homolog 1 and 2 (PTCH1, -2), a G protein-coupled receptor called 

smoothened (SMO), and a cytoplasmic complex that regulates the glioma-associated 

oncogene homolog (GLI) family (Figure 10). GLI1 is a transcription activator, and GLI2 

and GLI3 are both activators and repressors of transcription. The Hh signaling cascade is 

initiated by Hh ligands binding to the PTCH1 protein on the target cell. In the absence of 

Hh ligands, PTCH1 represses the activity of SMO, preventing its localization to the cell 

surface from intracellular endosomes, where SMO is predominantly located. Under 

these circumstances, different kinases phosphorylate and activate repressor forms of 

GLI transcription factors. The active form of GLI is prevented from transactivating Hh-

responsive genes by the serine-threonine protein kinase suppressor of fused (SUFU) and 

the atypical kinesin-like protein Costa (COS) in a manner that is still not completely 

understood. Upon binding of the Hh ligand, PTCH1 is internalized, and apparently 

destabilized, so that it can no longer transport the endogenous agonist molecules 

outwards. This allows them to accumulate intracellularly and activate SMO, which 

sequestrate COS and SUFU, releasing the GLI transcription factors to exert their effects 

in nucleus. KIF3A and β-arrestin are required for SMO activation (260,261). 

The first connection between aberrant Hh signaling and cancer was the discovery 

of a mutation in the transmembrane receptor PTCH1 that causes a rare condition, 

named Gorlin syndrome (262). Gorlin syndrome patients suffer from various basal cell 
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carcinomas throughout their lifetimes and are predisposed towards other types of 

cancer. Additionally, increased Hh signaling has been reported to be involved in a third 

of all human medulloblastoma cases, frequently due to PTCH1 and SUFU mutations. In 

all these cases, it is believed that deregulated Hh signaling leads to increased cell 

proliferation and tumor formation (263,264). Many malignancies have been linked to 

aberrant Hh signaling in CSCs, including oral and esophageal cancers (265). Regarding 

lung tissue, Hh signaling pathway is probably inactive in all cells of the human adult lung 

epithelium except for the progenitor cells. The persistence of Hh signaling in the 

epithelial progenitor cells may perhaps facilitate these cells maintenance and play a 

decisive role in tissue response to injuries in the airway epithelia. Studies carried out on 

mice models of lung airway epithelial regeneration showed that persistent injuries in 

the airway are a potent stimulus for the activation of the Hh signaling, which promotes 

epithelial progenitor cells expansion and attenuates the proliferative expansion of the 

pulmonary mesenchyme, maintaining tissue homeostasis (266,267). As happened for 

Notch pathway, Hh signaling expression seems to differ between SCLC and NSCLC. 

Activation of Hh pathway has been clearly reported on SCLC cell lines and tumors 

(268,269), in contrast to NSCLC, where the role of Hh pathways remains unclear (270). 

Recent research on NSCLC lines concluded that the blockade of Hh signaling increases 

sensitivity to EGFR-TKIs (271). On the contrary, immunohistochemistry analysis of 

clinical samples of human lung cancer samples demonstrated that 50% of SCLC 

expressed both SHH and GLI1 compared to only the 10% found in NSCLC (272). In the 

present context of developing targeted therapies, the Hh signaling modulators offer a 

potential new opportunity in the management of lung cancer, but further investigation 

of this pathway is still required. 
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Figure 10. The canonical HH-signaling pathway. The HH-processing pathway involves HHC 
autocatalysis, and SKN and Dispatched proteins, which mediate the release of HHN ligands (IHH, DHH 
and SHH). In the absence of HHN binding, PTCH interacts with and inhibits the activity of SMO; HHN 
binding to PTCH releases its inhibitory effects on SMO, resulting in SMO accumulation and 
sequestration of COS and SUFU proteins in cilia, which releases the GLI transcription factors to exert 
their effects in the nucleus. KIF3A and β-arrestin are required for localization of SMO to cilia. GLI1/2 
promote a gene-expression pattern relevant to tumorigenesis. Abbreviations: COS, Costal; DHH, 
Desert hedgehog; HH, Hedgehog; HHC, Hedgehog C-terminal domain; HHN, Hedgehog N-terminal 
domain; HIP, Hedgehog interacting protein; IHH, Indian hedgehog; Ptch, patched; SHH, Sonic 
hedgehog; SKN, Skinny hedgehog; SMO, Smoothened; SUFU, suppressor of fused. Reproduced from 
(273). 
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3.5.4. Other signaling pathways 

In addition to Notch, Wnt and Hh pathways, a number of signaling pathways with 

different levels of evidence have been related to CSCs in lung cancer and other solid 

tumors, showing the complex signaling network that involves CSCs. Proteins from Hippo, 

JAK/STAT, NF-kB and others signaling pathways that have been frequently related to CSC 

biology in lung cancer are reviewed below.  

The Hippo signaling pathway has emerged as an evolutionarily conserved 

regulator of diverse cellular processes, including cell survival, proliferation and 

differentiation. Like, Notch, Wnt and Hh, Hippo plays a fundamental role in tissue 

homeostasis, organ size, regeneration and its deregulation has been associated with 

tumorigenesis in several malignancies, including breast (274) or oral (275) cancers. The 

central components of the Hippo pathway in mammals are well defined, but most of the 

upstream regulators of this pathway remain unknown. Essentially, it consists of an 

inhibitory serine/threonine kinase module and a transcriptional module. Silencing of 

components from the inhibitory module and overexpression of those from the 

transcriptional module of Hippo pathway has been associated with CSCs phenotype. In 

lung cancer, transcriptome meta-analysis of 153 samples, including lung ADC, SCC, LCC 

patients and cell lines, revealed recurrent aberrations in Hippo pathway genes (276). 

Likewise, different studies have shown the relevant role that Hippo pathway 

deregulation plays in lung cancer (277,278). On the other hand, JAK/STAT pathway 

activation has been associated with an increase in the expression of adhesion molecules, 

which has been related in turn to growth and survival in cancer cells, tumor progression 

and metastasis. For instance, human prostate CD133high/CD44high CSCs exhibited ICAM-

1 and VCAM-1 immunoreaction compared with non-CSCs (279). In addition, STAT3-NFkB 

signaling is known to be activated in breast CSCs and inhibition of STAT3 in two breast 

cancer cell lines reduced CD44+ CSC marker cell population (280). In lung cancer, STAT3 

is known to function as a transcription factor with target genes that are important for 

cell proliferation, induction of angiogenesis, prevention of apoptosis, evasion of host 

immune surveillance and CSCs renewal (281). It was reported that CD133+ and ALDH+ 

cells from NSCLC patient samples contain higher levels of the activated form of STAT3 
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and its inhibition suppressed CSC-properties (282,283). Moreover, knockdown of 

eIF4E/eIF4GI in NCI-H1299 and NCI-H460 cell lines decreased expression levels of 

different targets, including NFkB, attenuating cell migration, EMT promoters and 

enhancing EMT suppressors (284). In the same way, overexpression of CD164 in normal 

lung epithelial cells (BEAS2B cells) increased CXCR4 expression and activated AKT/mTOR 

signaling, leading to a malignant transformation of cells in vitro with the acquisition of 

CSC-like properties and tumorigenicity in xenografted mice (285). 

Altogether, data obtained so far indicate that CSCs are tightly linked to patient 

outcome, being an important tumor population to be addressed. Identifying molecular 

alterations that could act as potential targets and biomarkers against this tumor 

population could have major implications in NSCLC management. Therefore, it is 

important to continue characterizing CSCs to better understand their role in treatment 

resistance, relapse and metastasis associated to the high mortality that is typical of lung 

cancer 
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Non-small cell lung cancer (NSCLC) is a heterogeneous and etiopathologically 

complex disease with poor prognosis. In the current context of lung cancer research, the 

working hypothesis of this thesis is that a minority group of cells, called Cancer Stem 

Cells (CSCs), are responsible for treatment resistance and recurrences accounting in 

cancer patients thanks to their abilities and properties. However, few data are available 

from NSCLC patient samples and, despite their interest, many key questions on CSCs 

properties, markers and druggability remain elusive. Therefore, the objective of this 

study is to identify CSCs-associated markers and targets in NSCLC patient specimens and 

to correlate them with clinicopathological and prognostic variables. 

The specific aims of this study are: 

1. To establish NSCLC primary cultures from surgical resections under adherent 

(2D) and non-adherent (3D tumorspheres) conditions. 

2. To characterize adherent cultures and tumorspheres. 

3. To analyze biomarkers related to CSCs by performing RTqPCR on adherent 

cultures and tumorspheres from primary cultures and cell lines. 

4. To assess expression patterns of proteins encoded by genes that better 

distinguish both culture conditions. 

5. To evaluate the prognostic impact of genes significantly over- and 

underexpressed in tumorspheres in TCGA. 

6. To validate the prognostic role of these genes in an independent cohort of early-

stage NSCLC patients. 

7. To find new CSCs-related profiles and signatures and to evaluate their possible 

roles as biomarkers for better NSCLC patient stratification. 
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1. MATERIALS 

1.1. PATIENTS AND SAMPLES 

This study included a first cohort of 245 patients from Consorcio Hospital General 

Universitario de Valencia who underwent lobectomy or pneumonectomy between 2004 

and 2016 and met the eligibility criteria: resected, non-pre-treated stage I to IIIA 

(according to the 7th edition of the American Joint Committee on Cancer staging manual) 

with a histological diagnosis of NSCLC. The study was conducted in accordance with the 

Declaration of Helsinki, and the institutional ethical review board approved the protocol. 

Lung tumor tissue specimens were obtained from patients at the time of surgery and 

immediately separated by a pathologist. Tissue samples were preserved in RNALater® 

(Applied Biosystems) to avoid RNA degradation, and were fresh-frozen at -80° C until 

further analysis. A pathology report was available for all the samples, enabling their 

characterization. We included the different NSCLC histology subtypes in this study. The 

most relevant demographic and clinicopathological characteristics of the cohort are 

shown in Table 4. The median patient age was 65 years [range: 26-85], 82.4% were male, 

and 46.5% had ADCs. Moreover, 54.3% of the patients were diagnosed at stage I of the 

disease and 62.9% presented a PS = 0. 

A second cohort of patients from The Cancer Genome Atlas (TCGA) was included 

as well. This cohort included all patients with histological diagnosis of ADC or SCC. 

However, patients with post-surgical complication were excluded from analyses and 

only those patients who had at least 1 month of follow-up were included. The most 

relevant clinicopathological characteristics of these patients are summarized in Table 5. 

The median patient age was 68 years, ranging from 38 to 88, 59.8% were male, and 

52.2% had SCC. Moreover, 56.7% of the patients were diagnosed at stage I of the disease 

and only 17.2 never smoked. 
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Table 4. Clinicopathological characteristics of the patients from Consorcio Hospital General 
Universitario de Valencia included in the study. 

Characteristics N % 
Age at surgery (median, 

range): 65 [26-85] 

Gender   
Male 202 82.4 
Female 43 17.6 

Stage   
I 133 54.3 
II 70 28.6 
IIIA 42 17.1 

Histology   
SCC 111 45.3 
ADC 114 46.5 
Others 20 8.2 

Performance Status   
0 154 62.9 
1-2 91 37.1 

Differentiation grade   
Poor 57 23.3 
Moderate 96 39.2 
Well 46 18.8 
NS 46 18.8 

Smoking Status   
Current 116 47.3 
Former 101 41.2 
Never 28 11.4 

ADC, adenocarcinoma; SCC, squamous cell carcinoma; NS, not specified. 

Table 5. Clinicopathological characteristics of the TCGA patients included in the study. 

Characteristics N % 
Age at surgery (median, range): 68 [38-88] 
Gender   

Male 395 59.8 
Female 266 40.2 

Stage   
I 375 56.7 
II 179 27.1 
IIIA 107 16.2 

Histology   
SCC 345 52.2 
ADC 316 47.8 

Exitus   
No 400 60.5 
Yes 261 39.5 

Relapse   
No 394 59.6 
Yes 208 31.5 
NS 59 8.9 

Smoking Status   
Current 165 25.0 
Former 382 57.8 
Never 114 17.2 

ADC, adenocarcinoma; SCC, squamous cell carcinoma; NS, not specified. 
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1.1.1. PRIMARY CULTURE ESTABLISHMENT 

20 surgical tumor samples from patients from the first cohort were selected for 

primary culture establishment. Detailed clinicopathological information from each of 

the 20 patients included in this part of the study is summarized in Table 6. Fresh tissue 

specimens were washed with cold PBS containing 2% penicillin-streptomycin (Gibco) 

three times before dissociation using mechanical and enzymatic digestion. Each sample 

was minced into small pieces using a sterile scalpel and incubated in approximately 7 mL 

of Advanced DMEM/F12 with 0,001% DNAse (Sigma-Aldrich), 1 mg/mL collagenase 

(Gibco), 1 mg/mL dispase (Gibco), 200 U/mL penicillin and 200 µg/mL streptomycin at 

37oC for 3 hours in a water bath with intermittent shaking. After incubation, suspensions 

were repeatedly pipetted and passed through 70 µm and 40 µm cell strainers (BD 

Falcon) and centrifuged at 200 g for 5 minutes. Next, cells were resuspended in red 

blood cell lysis buffer 10x (eBioscience) and incubated at 37°C with intermittent shaking 

for 20 minutes. After erythrocytes lysis, cells were centrifuged at 130 g for 5 minutes 

and cell viability was evaluated by trypan blue dye exclusion (Gibco). 

Half of cells were transferred to standard collagen-coated flasks and cultured in 

DMEM/F12 (Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 200 µg/mL 

penicillin-streptomycin, and 2 mM of L-glutamine (Gibco). Sphere-forming assays were 

used for primary CSCs enrichment. For spheres formation, the rest of the disaggregated 

cells were grown in serum-free DMEM/F12 medium supplemented with 50 µg/mL 

epidermal growth factor (EGF, Gibco), 20 µg/mL basic fibroblast growth factor (bFGF, 

Gibco), insulin-transferrin-selenium (ITS PREMIX, Corning), 0.4% Bovine Serum Albumin 

(BSA, Gibco), 2% B-27 (Gibco), 200 µg/mL penicillin-streptomycin, and 2 mM of L-

glutamine. Cells were plated at low density in ultra-low attachment plates (Corning) for 

7 to 10 days and expanded by mechanical dissociation of spheroids, followed by re-

plating of both single cells and residual small aggregates in complete fresh medium. In 

all cases, cells were maintained at 37°C in 5% CO2 atmosphere and medium was replaced 

twice a week. 
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Table 6. Clinicopathological characteristics and lung tumorspheres formation capacity of the 
patients included in the study. 

F, Female; M, Male; Hist., Histology; DFS, Disease free survival; ADC, adenocarcinoma; SCC, 
squamous cell carcinoma. SPH Form: Tumorspheres formation. 

1.2. CELL LINES 

A549, NCI-H1395, NCI-H1650, NCI-H1975, NCI-H1993, NCI-H2228, NCI-H23, NCI-

H358, NCI-H460, HCC827, PC9 and SW900 commercial cell lines were purchased from 

American Type Culture Collection. The main characteristics of these lung cancer cell lines 

are described in Table 7. Cell lines were cultured in RPMI-1640 medium containing 10% 

FBS, 200 µg/mL penicillin/streptomycin, and 0.001% non-essential amino acids. To 

obtain tumorspheres, monolayer cells were trypsinized using 0.05% trypsin-EDTA when 

they reached 80% confluence. Trypsinized cells were seeded at low density in ultra-low 

attachment plates with serum-free RPMI-1640 medium supplemented with 0.4% BSA, 

50 µg/mL EGF, 20 µg/mL bFGF, 5 µg/mL ITS PREMIX, 2% B-27, 200 µg/mL 

penicillin/streptomycin, and 0.001% non-essential amino acids. Again, cultures were 

Patient 
code 

Sex 
Age 

(years) 
TNM 
Stage 

Hist. 
Smoking 

status 
Relapse 
or Exitus 

DFS 
(months) 

Mutational 
status 

SPH 
Form. 

FIS291 M 66 IIA SCC Current Yes 25.77 KRAS G12C No 

FIS299 M 69 IIIA SCC Former Yes 6.10 TP53 K132E Yes 

FIS301 M 71 IIB SCC Former No 30.77 
TP53 

D259fs*84 
Yes 

FIS302 F 74 IIA ADC Never No 33.23 
KRAS G12D  
TP53 E285K 

Yes 

FIS303 F 57 IB ADC Former Yes 11.13 TP53 R175H Yes 

FIS308 M 72 IIB SCC Current No 27.80 No detected No 

FIS310 M 68 IIIA ADC Former Yes 6.43 
TP53 V157F 

R213SNP 
No 

FIS312 M 62 IA ADC Current No 24.80 No detected No 

FIS315 F 65 IA ADC Never No 20.93 No detected Yes 

FIS317 M 76 IIB SCC Current Yes 18.40 No detected Yes 

FIS320 M 65 IB ADC Current No 23.60 
TP53 

P153fs*26 
Yes 

FIS321 M 83 IB SCC Current No 22.50 TP53 Q156* No 

FIS325 F 67 IB ADC Never No 16.97 EGFR L858R No 

FIS326 F 64 IB ADC Former Yes 6.97 
EGFR L858R 
TP53 G244C 

No 

FIS330 M 54 IA ADC Current No 5.10 TP53 R283P No 

FIS331 M 75 IIA ADC Current Yes 6.20 TP53 R175H No 

FIS337 M 73 IB ADC Former No 8.27 KRAS G12S No 

FIS343 F 60 IB ADC Former Yes 7.00 TP53 R158L Yes 

FIS345 M 74 IIIA SCC Current No 7.80 No detected No 

FIS347 F 68 IB ADC Never No 17.67 No detected No 
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expanded by enzymatic dissociation of spheroids, followed by re-plating of both single 

cells and residual small aggregates in complete fresh medium replaced twice a week. 

Table 7. Clinicopathological characteristics of the cell lines included in the study. 

Cell line Gender 
Age 

(years) 
Smoking 

status 
Histology Mutational status 

A549 Male 58 NS ADC KRAS G12S  

NCI-H1395 Female 55 Current ADC BRAF G469A 

NCI-H1650 Male 27 Current ADC EGFR E746-A750 Del 

NCI-H1975 Female NS Never ADC 
EGFR L858R, T790M  

TP53 R273H; PIK3CA G118D 

NCI-H1993 Female 47 Current ADC c-MET amplification 

NCI-H2228 Female NS Never ADC 
EML4-ALK gene fusion 

TP53 Q331*                         

NCI-H23 Male 51 NS ADC KRAS G12C; TP53 M246I 

NCI-H358 Male NS NS ADC KRAS G12C 

NCI-H460 Male NS NS LCC KRAS Q61H; PI3KCA E545K                                  

HCC-827 Female 39 NS ADC 
EGFR E746-A750 Del 

TP53 V218delV 

PC9 Male NS NS ADC 
EGFR E746-A750 Del 

TP53 R248Q  

SW900 Male 53 NS SCC KRAS G12V; TP53 Q167* 

ADC, adenocarcinoma; LCC, large cell carcinoma; NS, not specified; SCC, squamous cell carcinoma. 

1.3. ANIMALS 

6-8-week-old NOD.CB17-Prkdcscid/NcrCrl mice were purchased from Jackson 

Laboratories. All procedures and experimental protocols involving the use of animals in 

this study were in accordance with ethical standards of and approved by the Animal Care 

and Use Committee, Dirección General de Producción agrarian y ganadería, Generalitat 

Valenciana (2013/027/CIPF/0284). Mice were anesthetized with 40 µL ketamine 

(Imalgene 50 mg/mL, Merial) plus xylazine (Rompun 2%, Bayer HealthCare) (9:1) and 

subcutaneously transplanted with adherent cells and tumorspheres suspensions in 

serum-free medium and Matrigel (BD) (1:1). Tumor volume (TV) measurements were 

recorded once a week using the formula: TV (mm3) = d2 * D/2, where d and D are the 

shortest and the longest diameters, respectively (286). Animals were euthanized when 

xenografts reached 1000 mm3 or when they appeared to be in distress according to the 

protocol, including weight loss, ulcerated tumor or tumor interfering with normal 

behavior, and animal showing respiratory difficulties, hypothermia, or pain. 
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2. METHODS 

2.1. CELL PROLIFERATION AND INVASION ANALYSIS 

Cell cultures were phenotypically characterized, including analyses of 

morphology, growth, differentiation and invasion capacities, as well as cell viability after 

treatment with several drugs. 

2.1.1. GROWTH CURVES 

Cultures were trypsinized at 80% confluence and counted in a Neubauer camera 

with trypan blue dye exclusion. Tumor cells were plated at a density of 1,000 cells per 

well using standard 96-well plates (Corning) for adherent cells and ultra-low attachment 

96-well plates (Corning) for tumorspheres and 200 µL of their corresponding culture 

medium previously described. Cell viability was evaluated 24, 48 and 72h after seeding 

using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega). This 

assay contains a tetrazolium compound, [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS], and an 

electron coupling reagent (phenazine ethosulfate; PES). The MTS tetrazolium compound 

(Owen’s reagent) is bioreduced by cells into a colored formazan product that is soluble 

in culture medium. This conversion is presumably accomplished by NADPH or NADH 

produced by dehydrogenase enzymes in metabolically active cells. Assays were 

performed by adding 30 µL of the CellTiter 96® AQueous One Solution Reagent 

(Promega) directly to culture wells, incubating for 3 hours and then recording the 

absorbance at 490nm with a Victor 3 96-well plate reader (Wallac). Data represented 

are the mean of three replicates in three independent experiments.  

2.1.2. CYTOTOXICITY ASSAYS 

Adherent cells and lung tumorspheres were cultured at desired density 

according to their growth curves into standard 96-well plates in the case of adherent 

cells and ultra-low attachment 96-well plates in the case of tumorspheres with 200 µL 

of their corresponding culture medium previously described. Drugs were added 24 

hours after at the following final concentrations: docetaxel, paclitaxel, vinorelbine, 
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curcumin, UC-2288, and apigenin were added at 10 µM, cisplatin and pemetrexed were 

added at 50 µM, and salinomycin was added at 1 µM. All drugs were purchased from 

Selleckchem, except for UC-2288, which was purchased from Sigma-Aldrich. Cells 

treated with DMSO (Gibco) served as controls (vehicle control). Cell viability was 

evaluated after 48 h with the CellTiter 96® Aqueous One Solution Cell Proliferation Assay 

and analyzed with a Victor 3 plate reader. Data represented are the mean of three 

replicates in three independent experiments. 

2.1.3. CELL INVASION ASSAYS AND TIME-LAPSE VIDEO RECORDING 

For cell invasion assays, cells were cultured in suspension conditions 

supplemented with 0.2% methylcellulose in a non-adhesive convex environment for 12 

h at 37°C and 5% CO2. Tumorspheres were mixed with collagen matrix (2.5 mg/ml) and 

incubated for 30 min at 37°C prior to microscopic analysis. Time-lapse microscopy 

imaging was performed on a Zeiss AxioObserver Z1 microscope with a Plan-Apochromat 

40X/1.3 (NA=1.3, working distance = 0.21 mm), a camera, and an Apotome attachment 

(Carl Zeiss). Mosaic images were collected using AxioVision software over a period of 20 

h with a time resolution of 30 minutes. 

2.2. NUCLEIC ACID ANALYSIS 

Genomic DNA was extracted from fresh-frozen tissue and cell cultures to assess 

the most common mutations in lung cancer patients. Additionally, RNA was also isolated 

in order to perform gene expression analyses. 

2.2.1. RNA AND DNA ISOLATION 

RNA and DNA isolation was carried out using Tri Reagent® (Invitrogen) according 

to the manufacturer’s instructions. For tumor samples, a piece of 10-20 mg of tissue was 

dissected and 1 mL of Tri Reagent® was added. Samples were homogenized using 

TissueLyser (Qiagen) and 200 L of chloroform was added in order to separate the 

aqueous phase containing the RNA. Isopropanol was used to precipitate the nucleic 

acids and ethanol was used for washing. Total RNA was dissolved in nuclease-free water 

and stored at -80° C until further analysis. DNA interphase was collected in absolute 
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ethanol and washed, first with 10% ethanol/0.1 M sodium citrate buffer, and then with 

75% ethanol. DNA was dissolved in nuclease-free water and stored at -80° C until further 

analysis. For cell cultures, tumor cells were trypsinized using 0.05% trypsin-EDTA when 

they reached 80% confluence and centrifuged at 290 g for monolayer cells and 200 g for 

tumorspheres during 5 minutes. Cell pellets were washed twice with PBS and the same 

procedure followed for RNA and DNA extraction from fresh-frozen tissue specimens was 

used. RNA and DNA quantity and quality was assessed using a nanospectrophotometer 

(Nano Drop 2000C, Thermo Fisher Scientific). 

2.2.2. DETERMINATION OF THE MUTATIONAL STATUS 

2.2.2.1. DETECTION OF EGFR MUTATIONS 

The theraScreen® EGFR RGQ PCR (Qiagen) kit was used to analyze the EGFR 

mutations. This kit allows detecting 29 somatic mutations in the EGFR gene in exons 18-

21 (Table 8) by RTqPCR combined with ARMS® and Scorpions® technologies. This 

method is highly selective and, depending on the total amount of DNA present, enables 

detection of a low percentage of the mutant gene in a background of wild-type genomic 

DNA. Each reaction was performed in 96-well plates with a final reaction volume of 12.5 

μL, comprising 9.75 μL of reaction mix (primers, probes, dNTPs and reaction buffer 

containing Cl2Mg), 0.25 μL of Taq DNA Polymerase, and 2.5 μL of DNA (2-10 ng/μL) 

isolated from fresh-frozen lung cancer specimens. A positive and negative control 

(provided by the manufacturer) was included in each run. The reaction was performed 

using a LightCycler 480 II thermocycler (Roche) following the conditions detailed in Table 

9. 

Table 8. EGFR mutations detected using theraScreen® kit. 

Exon Mutations detected 
19 19 deletions* 

20 T790M 
21 L858R 

21 L861Q 
18 G719X (G719S, G719A and G719C)* 

20 S768I 
20 3 insertions * 

* The kit does not distinguish between them. 
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Table 9. TheraScreen® EGFR RGQ PCR cycling parameters. 

Cycles Time Temperature 

1 15 minutes 95° C 

40 
30 seconds 

60 seconds 

95° C 

60° C 

2.2.2.2. DETECTION OF KRAS MUTATIONS 

The analysis of KRAS mutations was carried out using a theraScreen® KRAS Pyro® 

kit (Qiagen). This kit is used for quantitative detection of mutations in codons 12, 13, 

and 61 of the human KRAS gene by pyrosequencing. Codons 12/13 and codon 61 were 

amplified by PCR using 5 μL of template DNA (10 ng of genomic DNA), 12.5 μL of 

PyroMark® PCR Master Mix 2x, 2.5 μL of Coral Load Concentrate 10x, 4 μL of nuclease-

free water, and 1 μL of KRAS 12/13 or 61 PCR primers. The reactions took place in a 

MasterCycler® thermocycler (Eppendorf) following the conditions described in Table 10. 

The amplicons were immobilized on Streptavidin Sepharose® High Performance 

beads (GE Healthcare) to prepare the single-stranded DNA and anneal the sequencing 

primers to it using a PyroMark Q24 plate and a vacuum workstation. PyroMark Gold Q24 

reagents (enzyme mixture, substrate mixture, and nucleotides; Qiagen) were then 

prepared and loaded into a cartridge so they could be dispensed during the sequencing 

process. Finally, the plate and the cartridge were loaded into the PyroMark Q24 System 

and the sequencing process was started. The sequences were analyzed using software 

provided by the manufacturer. In each run, two controls were included: unmethylated 

control DNA which worked as a positive control for PCR and sequencing reactions, and 

a negative control (without template DNA). 

Table 10. TheraScreen® KRAS Pyro® PCR cycling parameters. 

Phases Time Temperature 

Initial activation step 15 minutes 95° C 

3-step cycling: 

Denaturation 

Annealing 

Extension 

Number of cycles 

 

20 seconds 

30 seconds 

20 seconds 

42 

 

95° C 

53° C 

72° C 

Final extension 5 minutes 72° C 
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This kit allows the detection of the most frequent mutations at codons 12, 13, 

and 61. The nucleotide dispensation order is TACGACTCAGATCGTAG for sequencing 

codons 12/13, and GCTCAGTCAGACT for codon 61. The analyzed sequence for codons 

12/13 is GNTGRCGTAGGC, which allows detecting the most frequent mutation in codon 

12, nucleotide 35 (second position). To analyse if the mutation is present in nucleotide 

34 (first position), the analysis sequence is changed to NGTGRCGTAGGC. In the case of 

exon 61, the analysis sequence is CTCDTGACCTG, which represents the most frequent 

mutation in this codon, detected in nucleotide 183 (third position). To analyse if the 

mutation is present in nucleotide 182 (second position) the analysis sequence is changed 

to CTCTHGACCTG, and to analyze if it is present in nucleotide 181 (first position), the 

sequence is CTCTTSACCTG. The expected histograms for each sequence are represented 

in Figure 11. 

 
Figure 11. Representation of the histograms for the codons and nucleotides according to the 
sequences for analysis. 
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2.2.3. QUANTIFICATION OF GENE EXPRESSION 

2.2.3.1. REVERSE TRANSCRIPTION 

Reverse transcription was performed in order to transform RNA into 

complementary DNA (cDNA), which was required for the subsequent analyses, by using 

a High Capacity cDNA Reverse Transcription Kit® (Applied Biosystems). Each reaction 

comprised 2 μL of reverse transcription (RT) buffer, 0.8 μL of dNTP mix, 2 μL of RT 

random primers, 1μL MultiScribe™ Reverse Transcriptase, 1μL RNase inhibitor, and a 

variable volume of RNA depending on the sample concentration (500 ng RNA per 

reaction), made up to a final volume of 20 μL with nuclease-free water. The reactions 

took place in a MasterCycler® thermocycler (Eppendorf) following the conditions 

described in Table 11 and the resulting cDNA was stored at -80° C until further analysis. 

Table 11. Cycling program for reverse transcription reaction. 

Phase Time Temperature 

1 10 minutes 25° C 

2 2 hours 37° C 

3 5 seconds 85° C 

2.2.4. QUANTITATIVE REAL TIME PCR 

Target gene quantification was performed by RTqPCR using hydrolysis probes 

labelled with a reporter dye linked to the 5’ end of the probe (TaqMan®, Applied 

Biosystems). In this study, we analyzed a total of 52 genes that were selected according 

to their relevance to the biology of CSCs. The relevance of these genes was established 

from a PubMed database search, which revealed published information demonstrating 

or suggesting a role for these genes in CSCs maintenance, self-renewal, pluripotency, 

invasion and proliferation capacities. Gene expression levels were assessed using 

TaqMan® Gene Expression Assays (Applied Biosystems) which are listed in Table 12. 
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Table 12. Genes analyzed in this study, their description and TaqMan® assays used for RTqPCR. 

Gene Description Assay 
Amplicon 

length 

ABCG2 ATP-binding cassette, sub-family G Hs01053790_m1 83 

ALDH1A1 Aldehyde dehydrogenase 1 family, member A1 Hs00946916_m1 61 
BMI1 BMI1 proto-oncogene, polycomb ring finger Hs00180411_m1 105 

CCND1 Cyclin D1 Hs00765553_m1 57 

CD133 CD133 molecule 
Hs01009257_m1 
Hs01009250_m1 
Hs00195682_m1 

80 
75 

107 
CD166 CD166 molecule Hs00233455_m1 70 
CD44 CD44 molecule Hs01075861_m1 70 
CD45 Protein Tyrosine Phosphatase, Receptor Type C Hs00898488_m1 61 
CDH1 Cadherin 1, type 1 Hs01023894_m1 61 

CDKN1A Cyclin-dependent kinase inhibitor 1A Hs99999142_m1 99 
CDKN2A Cyclin-dependent kinase inhibitor 2A Hs00923894_m1 115 

CEACAM5 
Carcinoembryonic antigen-related cell 

adhesion molecule 5 
Hs00944025_m1 71 

CTNNB1 Catenin beta 1 Hs00355049_m1 67 
DKK1 Dickkopf WNT signaling pathway inhibitor 1 Hs00183740_m1 68 
DLL1 Delta-like 1 Hs00194509_m1 74 
DLL4 Delta-like 4 Hs00184092_m1 78 

EPCAM1 Epithelial cell adhesion molecule Hs00158980_m1 64 
FZD7 Frizzled class receptor 7 Hs00275833_s1 70 
GLI1 GLI family zinc finger 1 Hs01110766_m1 83 

GSK3B Glycogen synthase kinase 3 beta Hs01047719_m1 65 
HES1 Hes family bHLH transcription factor 1 Hs00172878_m1 78 
HEY1 Hairy ears, Y-linked Hs01114113_m1 82 
ITGA2 Integrin α2 Hs00158127_m1 67 
ITGA6 Integrin α6 Hs01041011_m1 64 
ITGB1 Integrin β1 Hs00559595_m1 75 
JAG1 Jagged 1 Hs00164982_m1 65 
KLF4 Kruppel-like factor 4 (gut) Hs00358836_m1 110 

LGALS2 Lectin, galactoside-binding, soluble, 2 Hs00197810_m1 73 
LIN28B Lin-28 homolog B Hs01013729_m1 130 

MDM2 
MDM2 proto-oncogene, E3 ubiquitin protein 

ligase 
Hs01066930_m1 99 

MMP2 Matrix metallopeptidase 2 Hs01548727_m1 65 
MMP9 Matrix metallopeptidase 9 Hs00234579_m1 54 
MUC1 Mucin 1, cell surface associated Hs00159357_m1 84 

MYC 
V-Myc avian myelocytomatosis viral oncogene 

homolog 
Hs00153408_m1 107 

NANOG Nanog homeobox Hs02387400_g1 109 
NOTCH1 NOTCH1 Hs01062014_m1 80 
NOTCH2 NOTCH2 Hs01050702_m1 60 
NOTCH3 NOTCH3 Hs01128541_m1 81 
NUMB NUMB, Endocytic Adaptor Protein Hs01105433_m1 71 
OCT4 POU class 5 homeobox 1 Hs01895061_u1 130 

PTCH1 Patched 1 Hs00181117_m1 72 
SHH Sonic hedgehog Hs00179843_m1 70 
SMO Smoothened, frizzled class receptor Hs01090242_m1 54 
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SNAI1 Snail family zinc finger 1 Hs00195591_m1 66 
SOX2 SRY (sex determining region Y)-box 2 Hs01053049_s1 91 
THY1 Thy-1 Cell Surface Antigen Hs00264235_s1 99 
VIM Vimentin Hs00185584_m1 73 

WEE1 WEE1 G2 checkpoint kinase Hs00268721_m1 66 

WNT1 
Wingless-type MMTV integration site family, 

member 1 
Hs01011247_m1 
Hs00180529_m1 

108 
77 

WNT2 
Wingless-type MMTV integration site family, 

member 2 
Hs00608224_m1 119 

WNT3 
Wingless-type MMTV integration site family, 

member 3 
Hs00902257_m1 76 

WNT5A 
Wingless-type MMTV integration site family, 

member 5A 
Hs00998437_m1 61 

Different endogenous gene controls were tested in fresh-frozen and cell cultures 

specimens in order to evaluate the best internal control for each case using GeNorm 

software (Table 13). This software automatically calculates the gene-stability 

measurement ‘M’ for all control genes and allows the worst-scoring housekeeping genes 

to be eliminated (287). Each reaction was performed twice in 384-well plates with a final 

volume of 5 μL comprising 2.5 μL of TaqMan® Gene Expression Master Mix (Applied 

Biosystems), 1.25 μL of nuclease-free water, 0.25 μL of TaqMan® Gene Expression Assay 

mix (Applied Biosystems), and 1 μL of cDNA. Non-template controls (NTCs) were 

included in each run, as well as a commercially available reference cDNA (Clontech) as 

positive reference control. The reactions took place in a Light Cycler 480 thermocycler 

system following the cycling conditions described in Table 14. The efficiency of each 

TaqMan® assay was evaluated by carrying out serial dilutions (50 ng/μL, 5 ng/μL, 0.5 

ng/μL, 0.05 ng/μL, 0.005 ng/ μL, and 0.0005 ng/μL) using the cDNA as a template. The 

efficiency was calculated by using the following equation: E = 10-1/slope and the results 

indicated that almost all the assays used were adequately efficient (Supplementary 

Table 1). 

Table 13. Endogenous gene TaqMan® assays used for the normalization of the results. 

Gen Description Assay Amplicon  length 

ACTB Actin, Beta Hs99999903_m1 171 

CDKN1B Cyclin-dependent kinase inhibitor Hs00153277_m1 71 

GUSB Glucuronidase, beta Hs01558067_m1 71 

HPRT1 
Hypoxanthine 

phosphoribosyltransferase 1 
Hs01003267_m1 72 

GAPDH 
Glyceraldehyde-3-phosphate 

dehydrogenase 
Hs99999905_m1 122 
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Relative gene expression levels were expressed as the ratio of target gene 

expression to reference gene expression by using the Pfaffl formula (288). Herein, 

relative quantification determines the changes in steady-state mRNA levels of a target 

gene across multiple samples and expresses it relative to the levels of control RNA. The 

expression is normalized against a reference gene, which is often a housekeeping gene. 

Table 14. Cycling program for RTqPCR. 

 Step Time Temperature 

Pre-PCR 
UNG incubation 
Taq activation 

2 min 
10 min 

50° C 
95° C 

PCR 
(40 cycles) 

Denature 
Anneal/Extend 

15 sec 
1min 

95° C 
60° C 

The step at 50° C is required for optimal UNG enzyme activity. The step at 95° C is required to activate 
the AmpliTaq Gold enzyme. 

2.3. PROTEIN ANALYSIS 

In addition to the gene expression studies, protein analyses were carried out to 

determine their expression and location patterns using immunoblotting and 

immunofluorescence. 

2.3.1. IMMUNOBLOTTING 

For protein isolation, culture medium was removed and tumorspheres were 

washed with cold PBS and lysed on ice with lysis buffer containing 50 mM Tris-HCl pH 8, 

150 mM NaCl, 0.02% NaN3, 0.1% sodium dodecyl sulfate (SDS), 1% Igepal CA-630 (NP40), 

0.5% sodium deoxycholate, 2 mg/ml leupeptin, 2 mg/ml aprotinin, and 1 mM phenyl-

methyl-sulphonyl fluoride. Adherent cultures were washed with cold PBS and scraped 

out of the dishes with lysis buffer. All lysates were incubated for 30 minutes on ice and 

centrifuge at 10000 g for 10 min at 4° C. Supernatants were collected and stored at -80° 

C until further analysis. Protein quantification was performed by spectrophotometry 

using the Bradford protein assay (Bradford reagent, Sigma-Aldrich). Absorbance was 

measured at 595 nm using a Victor3TM -1420 Multilabel Plate Counter (Perkin Elmer, 

Boston, MA, USA) and protein concentration was calculated by interpolating absorbance 

in a standard curve prepared with standard solutions of BSA. 



Materials & Methods 

65 

 

Proteins were then separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). 20 µg of each protein extract were mixed with Laemmli 

buffer containing 50mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.1M Dithiothreitol (DTT) 

and 0.1% bromophenol blue and denatured for 5 min at 95° C. Electrophoresis was 

carried out at 150 V for approximately 1 hour and molecular weights were determined 

using a protein ladder (Rainbown Molecular Weight Markers, Amershan, Ge 

Healthcare). Separated proteins were next transferred to polyvinylidene difluoride 

(PVDF) membranes (Immobilion®-P, Millipore) at 100 V and 4 °C for 60 min. 

Transference was confirmed by staining membranes with 0.5% Ponceau S solution and 

1% glacial acetic acid. This staining was removed using a washing solution, including 

0.05% Tween 20 (Panreac) in PBS, and blocked with 5% defatted milk in washing solution 

for an hour at room temperature (RT) to prevent non-specific binding of antibodies. 

Afterwards, membranes were incubated with a dilution of the primary antibodies listed 

in Table 15 in blocking solution overnight at 4° C, washed three times for 10 min each at 

RT with washing solution and incubated with anti-Mouse IgG (whole molecule)– 

horseradish peroxidase (HRP) conjugated secondary antibody (A9044, Sigma-Aldrich) or 

anti-Rabbit IgG-HRP conjugated secondary antibody (sc-2357, Santa Cruz Biotechnology) 

for 1 hour at RT. Membranes were washed three times again and peroxidase activity 

was detected by incubating membranes with the chemiluminescent immunodetection 

system Amersham ECL Western Blotting Analysis System (GE Healthcare) and the 

photographic films Amersham Hyperfilm ECL (GE Healthcare). Densitometric analysis 

was performed using ImageJ (NIH) and all results were normalized over β-actin. 
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Table 15. Characteristics of the primary antibodies used for protein detection by immunoblotting. 

Antigen Antibody type Clone 
Working 
dilution 

Supplier 
Catalog 
number 

ALDH1A1 
Rabbit 

polyclonal 
Polyclonal 1:1000 Abcam ab23375 

Β-catenin 
Rabbit 

polyclonal 
Polyclonal 1:500 

Novus 
Biologicals 

NBP1-89989 

CD44 
Mouse 

monoclonal 
156-3C11 1:1000 

Cell Signaling 
Technology 

#3570 

E-cadherin 
Mouse 

monoclonal 
4A2 1:1000 

Cell Signaling 
Technology 

#14472 

EpCAM 
Mouse 

monoclonal 
VU1D9 1:1000 

Cell Signaling 
Technology 

#2929 

Integrin α6 
Mouse 

monoclonal 
F-6 1:250 

Santa Cruz 
Biotechnology 

sc-374057 

Nanog 
Mouse 

monoclonal 
1E6C4 1:500 

Santa Cruz 
Biotechnology 

sc-293121 

Notch3 
Mouse 

monoclonal 
A-6 1:500 

Santa Cruz 
Biotechnology 

sc-515825 

p21 Waf1/Cip1 
Mouse 

monoclonal 
DCS60 1:1000 

Cell Signaling 
Technology 

#2946 

Snail 
Mouse 

monoclonal 
G-7 1:1000 

Santa Cruz 
Biotechnology 

sc-271977 

Sox2 
Rabbit 

polyclonal 
Polyclonal 1:3333 Abcam ab15830 

Vimentin 
Mouse 

monoclonal 
V9 1:1000 Sigma-Aldrich V6389 

B-actin 
Mouse 

monoclonal 
AC-15 1:5000 Sigma-Aldrich A5441 

2.3.2. IMMUNOFLUORESCENCE 

For immunofluorescence analysis, adherent cells were seeded on coverslips and 

cultured until they reached 80% confluence and tumorspheres were resuspended in PBS 

at a final concentration around 5 x 105cell/mL. 100 µL of cell suspensions were 

centrifuge at 400 g for 5 min using a cytospin3 (Thermo Shandon). Cells were fixed in 4% 

paraformaldehyde in PBS pH 7.4 at RT for 15 min and washed three times with PBS for 

5 min. Permeabilization of cell membranes was carried out using 0.4% Triton X-100 in 

PBS for 10 min. Next, cells were washed three times and blocked in PBS containing 10% 

BSA and 0.4% Triton X-100 for 1 hour at RT. Immunodetection was performed using the 

antibodies listed in Table 16. 
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Table 16. Characteristics of the primary antibodies used for protein detection by 
immunofluorescence. 

Antibody Antibody type Clone 
Working 
dilution 

Supplier Catalog number 

ALDH1A1 
Rabbit 

polyclonal 
Polyclonal 1:400 Abcam ab23375 

Β-catenin 
Rabbit 

polyclonal 
Polyclonal 1:1000 Sigma-Aldrich C2206 

CD44 
Mouse 

monoclonal 
156-3C11 1:400 

Cell Signaling 
Technology 

#3570 

CD133 
Rabbit 

polyclonal 
Polyclonal 1:100 

Novus 
Biologicals 

NB120-16518 

CD166 
Rabbit 

monoclonal 
EPR2759(2) 1:100 Abcam ab109215 

E-cadherin 
Mouse 

monoclonal 
G-10 1:150 

Santa Cruz 
Biotechnology 

sc-8426 

Integrin α6 
Mouse 

monoclonal 
F-6 1:50 

Santa Cruz 
Biotechnology 

sc-374057 

Nanog 
Mouse 

monoclonal 
1E6C4 1:250 

Santa Cruz 
Biotechnology 

sc-293121 

Notch3 
Mouse 

monoclonal 
A-6 1:50 

Santa Cruz 
Biotechnology 

sc-515825 

p21 Waf1/Cip1 
Mouse 

monoclonal 
DCS60 1:100 

Cell Signaling 
Technology 

#2946 

Snail 
Mouse 

monoclonal 
G-7 1:50 

Santa Cruz 
Biotechnology 

sc-271977 

Vimentin 
Mouse 

monoclonal 
RV202 1:500 Abcam ab8978 

 

Cells were incubated overnight at 4°C with primary antibodies in blocking buffer 

and washed with PBS three times for 5 min each washing step. Thereafter, cells were 

incubated with Alexa Fluor 488 donkey anti-Mouse IgG (A21202, Molecular Probes) or 

Alexa Fluor 555 donkey anti-Rabbit IgG (A31572, Molecular Probes) in blocking solution 

for an hour at RT. Finally, nuclear staining was done incubating cells with 1:1000 DAPI 

(Thermo Fisher Scientific) in PBS for 5 min at RT and washing with PBS for 5 min. For 

mounting, coverslips were immersed for a few seconds in distilled water to avoid crystal 

precipitation from buffer salts and placed face-down on the slides, where previously a 

drop of mounting media (Fluoromount Aqueous Mounting Medium, Sigma-Aldrich) was 

added. Mounted slides were dried, sealed with nail polish and analyzed under a Leica 

TCS-SP2-AOBS confocal microscope (Leica Microsystems). 
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2.3.3. IMMUNOHISTOCHEMISTRY 

The histopathological study was carried out in lung tumor tissue for the 

determination of ALK and ROS1 rearrangements and in primary cultures to analyze 

CD56, carcinoembryonic antigen, cytokeratin 5/6, cytokeratin 7 and p63. Tumor tissue 

was fixed in 10% formaldehyde at room temperature for 15 min, washed and embedded 

in paraffin, whereas cell cultures were fixed in 4% paraformaldehyde at room 

temperature for 15 min, washed and embedded in Richard-Allan ScientificTM HistoGel 

(Thermo Scientific) prior to paraffin. Each formalin-fixed paraffin-embedded (FFPE) 

sample was cut in 5 µm sections for hematoxylin and eosin (HE) staining and for Dako 

charged slides (Code K8020, Dako).  

HE staining was used to assess the morphology of the tissue studied. Briefly, 

deparaffinization was performed by incubating slides at 60°C for 20 minutes and then 

submerging in xylene. Slides were hydrated with ethanol (absolute/96°/80°/70°) and 

rinsed with water. They were then stained with hematoxylin, decolorized with acid 

chloride, and immersed in lithium carbonate. Slides were counterstained with eosin, 

dehydrated with ethanol (96°/absolute) and cleared with xylene. Samples were 

mounted with a cover slip using DPX Mountant for histology (Sigma). Immunodetection 

was done using the antibodies listed in Table 17 from Master Diagnostica and comprised 

the following steps. 

One charged slide was analyzed for each sample and antibody. Sections were 

dried at 60°C for 60 minutes prior to immunohistochemistry (IHC) and loaded into the 

PT Link instrument where the antigen retrieval/dewaxing process took place. This 

consisted in a temperature rise to 95°C over a period of 20 minutes, incubation of the 

samples for 20 minutes with the high pH EnVisionTM FLEX Target Retrieval Solution 

(Dako) and cooling for an additional 10 minutes. Sections were transferred to a Dako 

Autostainer Link 48 instrument, which is a compact, bench-top, open system that allows 

decoupled pre-treatment, an in which up to 48 IHC slides can be run at the same time. 

The immunostaining was done with Dako FLEX Ready-to-Use format. Samples were 

incubated with peroxidase blocking reagent for 10 minutes followed by an incubation 

with the primary antibody for 5 to 40 minutes. The detection was carried out by an 
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incubation for 20 minutes with the Dako EnVisionTM FLEX detection system, which 

consists of a dextran backbone to which a large number of HRP and secondary antibody 

molecules have been coupled. A final incubation with the chromogen (3,3’-

diaminobenzidine, DAB, Sigma-Aldrich) for 10 minutes was performed. Afterwards, 

slides were flooded with distilled water and then manually counterstained with 

hematoxylin, dehydrated and cover slipped. Positive and negative controls were fixed, 

processed in the same way than the rest of the samples and included in each run. Human 

normal tonsil tissue was used as a positive control, whereas a duplicate of one of the 

samples was included in the run without incubation with the primary antibody as a 

negative control. 

Table 17. Characteristics of the primary antibodies and conditions used to detect each protein by 
immunohistochemistry. 

Antigen Antibody type Clone 
Incubation 

time 
Dilution 
buffer 

Catalog number 

ALK/p80 
Mouse 

monoclonal 
5A4 20 minutes 

Tris-EDTA 
buffer pH9 

MAD-001720QD 

ROS1 
Rabbit 

monoclonal 
D4D6 40 minutes 

Tris-EDTA 
buffer pH9 

MAD-000746QD 

CD56/NCAM-1 
Mouse 

monoclonal 
123C3.D5 10 minutes 

Tris-EDTA 
buffer pH8 

MAD-000749QD 

CEAm 
Mouse 

monoclonal 
COL-1 5 minutes 

Tris-EDTA 
buffer pH8 

MAD-002095QD 

CEAp 
Rabbit 

polyclonal 
Polyclonal 15 minutes 

Tris-EDTA 
buffer pH8 

MAD-001115QD 

Cytokeratin 
5/6 

Rabbit 
monoclonal 

EP64+EP2
4 

10 minutes 
Tris-EDTA 

buffer pH8 
MAD-000651QD 

Cytokeratin 7 
Mouse 

monoclonal 
OV-

TL12/30 
10 minutes 

Tris-EDTA 
buffer pH8 

MAD-001004QD 

p63 
Mouse 

monoclonal 
4A4 20 minutes 

Tris-EDTA 
buffer pH8 

MAD-000479QD 

ALK, anaplastic lymphoma kinase; CEA, carcinoembryonic antigen. 
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2.4. BIOINFORMATIC AND STATISTICAL ANALYSIS 

First, we evaluated if the variables followed a normal distribution by using the 

Kolmogorov-Smirnov test. Because the variables did not follow a normal distribution, 

statistical analyses were conducted by non-parametric tests. Expression of paired 

adherent cells and tumorspheres was analyzed using Wilcoxon signed-rank test. 

Continuous variables were compared using non-parametric Mann Whitney U and 

Kruskall Wallis tests. Spearman rank test was used to test for correlations between 

continuous variables, and the association between discrete variables was evaluated by 

the Chi-square test. In order to reduce the dimensionality and remove possible collinear 

expression of genes, a logistic regression model was built using a stepwise selection and 

minimizing Akaike’s Information Criterion (AIC) to select the genes which more 

contributed to differentiate tumorspheres from adherent cells. 

To study the correlation between genes overexpressed in tumorspheres 

compared to adherent cells and survival, in silico analyses were performed using two 

lung cancer data sets from TCGA consortium (28,43).  Clinical and RNA-seq information 

was directly downloaded from The International Cancer Genome Consortium (ICGC) 

Data Portal (289). Overall survival (OS) and relapse-free survival (RFS) were calculated 

from the date of surgery to the end point of the study or to the last recorded follow-up 

and patient progression was assessed following the Response Evaluation Criteria in Solid 

Tumors (RECIST) criteria (290). The survival analysis was performed using a univariate 

Cox regression method using clinicopathological variables and dichotomized gene 

expression markers. Survival curves were created using the Kaplan-Meier method, and 

the statistical significance between survival curves was assessed using the log-rank test. 

Furthermore, we also calculated the gene expression scores based on multi-gene 

signatures, which can provide more accurate predictions than a model, using single 

genes. For this purpose, we constructed a gene expression score using a method 

previously reported by Lossos et al. (291). All the genes analyzed were included, and 

expression values were introduced as continuous variables. First, a univariate COX 

regression analysis was performed to identify which genes were moderately associated 

with OS, which were those that had a |Z-score| higher than 1.5 (p < 0.13). Z-scores are 
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defined as the regression coefficient (b) obtained from univariate Cox regression, 

divided by their standard error. The selected genes were included in a multivariate 

model and regression coefficients from this model were multiplied by the gene 

expression values and summed to build the expression score. For multivariate 

regression models, missing values for genes were replaced with the average values 

(292). 

Finally, to assess the independent value of the tested biomarkers, a Cox 

proportional hazard model for multivariate analyses was used. All significant variables 

(both biomarker and clinicopathological markers) from the univariate analyses were 

entered into the multivariate analyses in a forward stepwise Cox regression analysis. A 

probability of 95% (p < 0.05) was considered statistically significant for all analyses. 

Statistical analyses were performed using the Statistical Package for the Social Sciences 

(SPSS, Chicago, IL, USA) version 15.0. Principal component analysis (PCA) were 

performed with the SIMCA-P software (Umetrics, Umea, Sweden) version 13.0 using unit 

variance (UV) scaling method. RNA-seq data analyses were performed using Linux 

platform (Ubuntu). GraphPad Prism (GraphPad Software Inc.) version 5.0 and R version 

3.5 were used in order to build some of the graphics presented here. 
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1. ESTABLISHMENT OF ADHERENT AND NON-ADHERENT 

CULTURES 

In this study, we processed 20 tumor specimens from early-stage NSCLC patients 

who underwent surgery (lobectomies or pneumonectomies). Primary patient-derived 

lung cancer cell cultures were maintained for at least four weeks before they were split 

for the first passage. Cultures were successfully established in 8 out of 20 cases (40%), 

being possible to grow tumor cells as monolayers and tumorspheres. A primary culture 

was considered established when cancer cells were free of stromal fibroblasts and could 

be cryopreserved, thawed, and re-grown, whereas it was classified as a failed culture 

when exhibiting no cancer cells after 6 months of culture. No significant associations 

were found between the establishment of primary cultures and clinicopathological 

variables, including sex, age, histology, progression or mutational status (see Table 5). 

However, a tendency in favor of never or former smokers was observed (p = 0.06) 

probably associated with healthier tissues. The success rate for the establishment of 

primary cultures of our study was in line with the results previously obtained for some 

other groups (293). For instance, Eramo et al. were the first to identify and expand lung 

CSCs, with a success rate of 37% (98). Intriguingly, Wang and colleagues performed 

another study including primary lung cancer patient samples, and reported a success 

rate of 75% (123). Some other studies have included lung cancer primary cultures, but 

no data about unviable cultures is given (294–296).  

Several external causes have been described to influence the success rate of 

primary cell culture establishment, such as excessive necrosis of tumor samples, 

deficient preservation of tumor samples, fibroblast outgrowth or lack of cancer cells 

(293). Fibroblast outgrowth was the main reason that caused primary cultures failure in 

this study. Therefore, as we gained experience in the culture process, we used a number 

of techniques to overcome this issue. We took advantage of the fact that, in some cases, 

fibroblasts detached faster and adhered more slowly than cancer cells to use differential 

trypsinization timing and re-adhesion to separate cancer cells from fibroblasts. In 

addition, cancer cell colonies were sometimes specifically picked from the plate to 

separate them from the stromal fibroblasts. Furthermore, we tried to add 0.5M D-
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valine, which has been historically used to inhibit fibroblast growth due to their lack of 

enzyme D-amino acid oxidase, allowing the selective growth of epithelial cells (297). 

However, only one fibroblast was enough to keep on their expansion. We also 

attempted culturing cells with Defined Keratinocyte-Serum Free Medium (Gibco, 

Paisley, UK). The medium is formulated to inhibit fibroblast proliferation and has a low 

calcium concentration (<0.1 mM) allowing for the isolation and culture of other cell 

populations. However, the growth of tumor cells was also affected, with cells showing 

altered morphology and dying in some cases. Finally, we used Anti-Fibroblast 

Microbeads kit (Miltenyi Biotech, Teterow, Germany), which showed better results. 

Here, fibroblasts are magnetically labeled and the cell suspension is loaded onto a 

MACS® Column, which is placed in the magnetic field of a MACS Separator. The 

magnetically labeled fibroblasts are retained within the column whereas the unlabeled 

cells run through depleted of fibroblasts. In all cases, established primary cultures were 

carefully examined using a light phase-contrast microscope and the absence of 

fibroblasts was confirmed as visualized by eye and using immunofluorescence staining 

with anti-cytokeratin 7 (anti-CK7, a lung epithelial cell marker) and anti-fibroblast 

surface protein (anti-FSP), in which tumor cells react with both markers whereas 

fibroblasts are negative for anti-CK7 (Figure 12). 
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Figure 12. Representative immunofluorescence images of fibroblast controls and tumor cells. 
Primary tumor cultures react with both anti-fibroblast surface protein (anti-FSP) and anti-cytokeratin 
7 (anti-CK7), whereas fibroblasts react only with anti-FSP. 

The examination of patient-derived cultures using the light phase-contrast 

microscope revealed great heterogeneity between the adherent-cultured cells (Figure 

13A). Cells from patients FIS299 and FIS301 grew as multilayers and formed cell colonies. 

These cell cultures showed abundant cell-cell interactions in the form of filopodia and 

lamellipodia and presence of giant cells and vesicles, which can be seen in Figure 14. 

FIS317 cells were cubic, grew as a monolayer, but showed tight cell-cell contact with 

filopodia and a high number of vesicles. In contrast, cells from patients FIS302, FIS303, 

and FIS315 were more elongated, with brighter nuclei, fewer interactions and a more 

isolated growth. FIS320 and FIS343 cells were similar to patients FIS302, FIS303, and 

FIS315 with minor differences in their morphology.  

Regarding tumorspheres, differences in their morphologies were noticed as well. 

FIS299, FIS301, and FIS315 formed tight spheroids, whereas FIS302, FIS303, FIS317, and 

FIS320 formed more loose and irregularly-shaped spheres, and FIS343 showed a mixed 

behavior (Figure 13B). 
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Figure 13. Representative images of the primary patient-derived cancer cells cultured under 
adherent (A) and non-adherent (B) conditions. All pictures were taken in well-established cultures 
(passage > 10). 

 
Figure 14. Representative images of adherent FIS299 and FIS301 primary cultures. These primary 
cultures showed abundant cell-cell interactions in the form of filopodia (solid arrows) and 
lamellipodia (dashed arrows) and presence of giant cells and vesicles. 
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Simultaneously, cell line cultures were established using both culture conditions 

and included in further analyses (Figure 15). Adherent-cultured cells from A549, NCI-

H1975, NCI-H1993, NCI-H460, PC9 showed few interactions and isolated growth, but 

were notably different in terms of morphology. A549 cells were triangular with a well-

defined nuclear membrane, whereas PC9 cells were elongated with less marked nuclei. 

H23 cells were circular, formed lamellipodia and tend to have big nucleus occupying 

most of the cell volume. In addition, H460 cells were cubic and small, but with presence 

of some giant cells. Similarly, some cells from H1993 were giant and others had marked 

nucleus, showed filopodia and a high number of vesicles. On their behalf, HCC827, NCI-

H1395, NCI-H1975, NCI-H2228, NCI-H358, and SW900 cells formed cell colonies, 

whereas NCI-H1650 cells showed mixed behavior with abundant cell-cell interactions. 

NCI-H1395 cells were small and circular and grew as multilayers similar to cells from 

FIS299 and FIS301 patients. HCC827 and NCI-H1975 cells formed abundant filopodia and 

lamellipodia, but cells from HCC827 cell line were polygonal with marked nuclei in 

contrast to NCI-H1975 cells, which were more elongated and with more discreet nuclei. 

In terms of shape, SW900 cells resemble NCI-H1975 cells and NCI-H1650 resemble 

HCC827, although cells were smaller in both cases. Finally, some NCI-H2228 cells were 

giant, wedge-shaped and tend to form filopodia. Regarding tumorspheres, tight 

spheroids were formed by HCC827, NCI-H1395, NCI-H1650, NCI-H1975, NCI-H1993, NCI-

H2228 and NCI-H358 cultures, whereas A549, NCI-H23, NCI-H460, PC9, and SW900 

formed more loose and irregularly-shaped tumorspheres. 
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Figure 15. Representative images of the human non-small cell lung cancer cell lines included in the 
study cultured under (A) adherent and (B) suspension conditions. 
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1.1. PHENOTYPIC CHARACTERIZATION OF PRIMARY CULTURES 

One of the aims of this study was to analyze if patient-derived tumorspheres 

display CSCs phenotype. For that purpose, multiple analyses were performed to 

determine their proliferation, chemoresistance, invasion and differentiation capacities 

in vitro and their tumor initiation capacity in vivo since these are fundamental features 

of this population. 

1.1.1. SELF-RENEWAL, PROLIFERATION AND DIFFERENTIATION 

CAPACITIES 

Self-renewal potential and growth characteristics of primary cultures were 

assessed in vitro. In order to do so, tumor cells were seeded at low density in suspension 

conditions and maintained for more than six months. Tumorspheres were formed and 

exhibited stable unlimited growth even in later passages (p>30), being able to continue 

growing limitlessly (Figure 16). As it is characteristic of CSCs, patient-derived 

tumorspheres had the potential to proliferate with minimal niche support indefinitely, 

being able to undergo cell division with maintenance of the undifferentiated state. 

 
Figure 16. Self-renewal and unlimited exponential growth potential of tumor cells grown under 
suspension conditions. Tumorspheres displayed stable growth without declining in number. Images 
show the growth of FIS301 patient tumorspheres over time. 

In turn, the growth of adherent-cultured cells was evaluated by calculating their 

growth curves. Tumor cells were plated at a density of 1,000 cells and cell viability was 

evaluated 24, 48 and 72h after seeding using MTS assay. FIS299 and FIS301 were slow 

growth cultures with low rates compared to the rest of primary cultures. In contrast, 

FIS303 showed the highest growth rate, whereas the growth rates of the rest of the 

cellular lines were as follows: FIS303 > FIS315 > FIS343 > FIS320 > FIS317 > FIS302 (Figure 

17).  
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Figure 17. Cell growth curves from the primary adherent-cell cultures established in the study. 

The differences observed in the growth rates of the primary cultures established 

were in consonance with results previously reported for lung cancer cell lines (298). For 

instance, NCI-H1395 was described as a slow growth cell line which do not reach a real 

exponential phase, whereas A549 cell line shows a remarkable exponential phase with 

a very fast growth (298). 

Another characteristic of CSCs is their differentiation ability. CSCs cannot only 

form daughter CSCs by symmetric cell division, but also generate high proliferative bulk 

cancer populations by asymmetric cell division. To assess the differentiation potential of 

tumorspheres, we seeded them in conventional flask using serum-containing medium 

and found that tumorspheres were able to adhere and acquire the same morphology 

than their corresponding adherent-cultured cells (Figure 18). Moreover, further gene 

expression profiles showed no differences between adherent cells directly established 

from tissue and those established from tumorspheres, confirming that tumorspheres 

are able to adhere and differentiate, losing the expression of the stemness markers 

reported in the next section. 
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Figure 18. Differentiation capacity of lung tumorspheres. Under adherent culture conditions, 
tumorspheres adhere and acquire the morphologic features of the cells directly established from 
tumor tissue. Images show the growth of the FIS343 patient tumorspheres under suspension 
conditions and their differentiation capacity under adherent culture conditions. 

1.1.2. INVASION AND TUMOR INITIATION CAPACITIES 

To determine the invasive and tumorigenic capacities of the primary cultures, 

tumorspheres were cultured in suspension conditions with 0.2% methylcellulose in a 

non-adhesive convex environment for 12 hours and then mixed with collagen matrix. 

Time-lapse video microscopy revealed the high invasive capacity of lung tumorspheres, 

being able to migrate through the collagen matrix over time (Video 1). 

 
Video 1. Representative video of the invasion capacity of patient-derived lung tumorspheres in 
vitro through collagen matrix. Video available from: https://www.nature.com/articles/s41419-019-

1898-1. 

https://www.nature.com/articles/s41419-019-1898-1
https://www.nature.com/articles/s41419-019-1898-1
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We also evaluated the ability of the tumorspheres and their corresponding 

adherent counterparts to develop tumors in vivo by subcutaneous transplantation of 

tumor cells into immunocompromised mice. Both, cells derived from tumorspheres and 

adherent cultures were able to initiate tumors, but a 100% success rate was only 

achieved by tumorspheres, and tumor latency was significantly higher in tumors induced 

by adherent cells (Figure 19). 
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Figure 19. Tumor development capacity of adherent (ADH) cells and tumorspheres (SPH). A-E plots 
show the tumor growth variation in mice after injection of ADH and SPH from patients FIS302, FIS303, 
FIS315, FIS317, and FIS320 with different cell densities at the indicated time points. F plot shows the 
average tumor size after injection of ADH and SPH at the indicated time points. Error bars represent 
SEM. *p<0.01. 

1.1.3. RESISTANCE TO CLASSICAL CHEMOTHERAPEUTIC AGENTS 

It is characteristic of CSCs to be highly resistant to the cancer treatments 

currently used in clinical practice, therefore, the resistance of adherent cells and 

tumorspheres to conventional chemotherapy was analyzed. Cell viability was assessed 

after 48 hours of exposure to cisplatin 50 µM, docetaxel 10 µM, paclitaxel 10 µM, 

vinorelbine 10 µM and pemetrexed 50 µM. Salinomycin, a selective agent against stem 

cells, was also tested at 1 µM. Figure 20 shows the results obtained for three patients 

(FIS302, FIS320, and FIS343) and three cell lines (HCC827, NCI-H1650, and PC9). Overall, 

tumorspheres were significantly more resistant to all the drugs tested, but salinomycin.  

Pemetrexed was the less effective drug, not reaching the IC50 for any of the conditions. 

Tumorspheres were also more resistant to docetaxel and paclitaxel than their adherent 

counterparts, except for FIS343 tumorspheres, which show no significant differences 

between both culture conditions. The cytotoxic effect of cisplatin and vinorelbine was 

higher, especially against cells from HCC827 cell line. In contrast, salinomycin showed 

higher cytotoxic activity against tumorspheres with most of the cells dead after 48 hours 

of exposure to the compound.  
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Figure 20. Cell viability of FIS302, FIS320, and FIS343 patients and NCI-H1650, PC9 and HCC827 cell 
lines after 48 hours of exposure to cisplatin 50 µM, docetaxel 10 µM, paclitaxel 10 µM, vinorelbine 
10 µM, pemetrexed 50 µM, and salinomycin 1µM. Cell viability of paired adherent cells and 
tumorspheres was statistically analyzed using non-parametric Wilcoxon signed-rank test. *p<0.05. 
*p<0.01. 
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All these results suggest that our lung tumorspheres were enriched in cells with 

stem-like properties. Patient-derived tumorspheres had self-renewal and unlimited 

exponential growth abilities, higher tumorigenic potential in vivo than adherent control 

cells, were able to differentiate and acquire the properties of their adherent 

counterparts, showed high invasion capacity, and were very resistant to high doses of 

chemotherapeutic agents. These results are in line with those previously reported on 

CSCs isolated from lung cancer (99,150,154) and confirm that this approach can be used 

for their enrichment in a simple and cost-effective way. 

2. GENE EXPRESSION ANALYSIS 

In addition to all the properties described, CSCs share with other stem 

populations the overexpression of stemness pathways, cytoprotective enzymes and 

efflux pumps (94,153,299). Different genes and molecules have been proposed as 

characteristic of lung CSCs, but most studies are focused on few cell lines and analyzed 

the expression of small groups of genes, being very challenging to determine which ones 

are characteristic of a particular cell line or patient and which ones are governing 

stemness in lung CSCs (103,120,135). For these reasons, we analyzed the gene 

expression profiles of this tumor population, trying to identify genes and molecules that 

could have a prognostic role or constitute the basis for developing novel therapies. 

2.1. RNA QUANTIFICATION AND QUALITY ASSESSMENT 

For relative gene expression analysis, RNA from cellular pellets was isolated using 

standard trizol extraction procedure. RNA concentration and quality was assessed using 

a nanospectrophotometer. Only the samples with an optimal concentration (≥ 40 ng/L) 

and quality were included in the study. The mean RNA concentration for adherent-

cultured cells was 1054.4 [171.2-2681.8] ng/L and 889.5 [80.3-2131.2] ng/L for 

tumorspheres. Regarding the quality of the RNA obtained, the ratios A260/280 and A260/230 

showed values from 1.8 to 2.0 and from 2.0 to 2.2, respectively, meaning that all samples 

included in this study could be considered optimal for further analysis. Therefore, this 
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RNA extraction protocol from cellular pellets allows obtaining enough quantity of good 

quality RNA for gene expression analysis by qPCR. 

2.2. RELATIVE mRNAs EXPRESSION 

The relative expression of 50 genes described as potential lung CSC markers 

(CD44, THY1/CD90, CD133, CD166/ALCAM, CD326/EPCAM1, LIN28B), detoxifying 

molecules (ABCG2, ALDH1A1), pluripotency (SOX2, NANOG, OCT4, KLF4, MYC) and cell 

cycle (BMI1, CCND1, CDKN1A, CDKN2A, MDM2, MUC1, WEE1) regulators, invasion 

promoters (CDH1, CEACAM5, ITGA2, ITGA6, ITGB1, JUNB, MMP2, MMP9, SNAI1, VIM), 

and components of Notch (DLL1, DLL4, NOTCH1, NOTCH2 ,NOTCH3, HES1, HEY1, JAG1), 

Wnt (CTNNB1, DKK1, FZD7, GSK3B, WNT1, WNT2, WNT3, WNT5A) and Hedgehog (GLI1, 

PTCH1, SHH, SMO) signaling pathways was analyzed in tumorspheres and differentiated 

adherent cells from patient-derived cells and cell lines using RTqPCR. The relative 

expression levels of LIN28B, CD133, WNT1, WNT2, SHH, and GLI1 were below the limit 

of detection of the technique in most samples and were excluded from the final analysis. 

Remarkably, the expression of WNT1 and CD133 could not be detected even when using 

two and three different sets of gene expression assays, respectively. As mentioned 

before, the efficiency of each TaqMan® was evaluated using the Cp slope method. In the 

Supplementary Table 1, a list of the slopes and efficiency values for each assay can be 

found. All the assays used in this study showed an amplification efficiency near to 100%.  

The expression of five endogenous genes (ACTB, GAPDH, GUSB, HPRT1, and 

CDKN1B) was tested in all samples in order to establish the best internal control. For this 

purpose, we used GeNorm software (see materials and methods), which indicated that 

the most stable option was the ACTB, GUSB, and CDKN1B combination. Following the 

procedure proposed by Vandesompele et al., a normalization factor based on the 

expression of these three endogenous genes was calculated using the geometric mean 

(287). Finally, gene expression levels of each sample were examined, looking for 

abnormal distributions which could affect further analyses. As shown in Figure 21, all 

the samples showed similar distribution and, taking into account all the genes analyzed 

in the study, aberrant differences were not found in their transcriptomic levels. 
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Figure 21. Analysis of the transcriptomic distribution of the samples included in this part of the 
study. The results shown are the log2 of the transcription levels in 44 CSCs-related. Error bars 
represent SEM and dots represent outliers. mRNA was measured by RTqPCR. 

We analyzed the relative gene expression pairing samples from both culture 

conditions in a Wilcoxon signed-rank test which included primary cultures and cell lines. 

Tumorspheres showed higher expression of 37 out of 44 genes compared to adherent-

cultured cells, being a group of 17 genes (ALDH1A1, KLF4, NANOG, CD44, THY1, CDKN1A, 

JUNB, MDM2, MMP9, SNAI1, ITGA6, NOTCH1, NOTCH3, DLL4, JAG1, CTNNB1, and 

GSK3B) significantly overexpressed according to this test (Figure 22).  

The gene encoding for the detoxifying molecule ALDH1A1 was found to be the 

most overexpressed one. ALDH1A1 is a NAD(P)+-dependent enzyme which catalyzes the 

oxidization of aldehydes into carboxylic acids, acting as drug-detoxifying and being 

responsible for therapeutic resistance (181). This enzyme has been proposed as a 

potential marker of CSCs in lung malignancies. For instance, Karimi-Busheri et al. 

proposed the overexpression of ALDH1A1 along with EPCAM1 as a signature of enriched 

CSCs in H460 NSCLC cell line (136). Moreover, isolated ALDH+ lung cancer cells have been 

reported to be highly tumorigenic and clonogenic as well as capable of self-renewal in 

contrast to their ALDH- counterparts (185,186). We found the levels of the pluripotency 

genes KLF4 and NANOG significantly elevated as well. The expression of these factors 
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are determinant for stem cell induction and maintenance, being included in cocktails to 

induce pluripotent stem cells (300,301)  (Takahashi and Yamanaka 2006; Goldman 2008) 

and frequently related to tumor initiation, EMT induction, drug resistance and 

metastasis (302,303), which explains their overexpression in tumorspheres enriched in 

CSCs. Pointing the focus on the cell cycle regulators, CDKN1A and MDM2 were 

significantly overexpressed in tumorspheres. Both molecules are described as p53 

inhibitors, inducing a quiescent state when needed, preserving self-renewal potential 

and resisting cancer treatment against highly proliferative cells (304). CDKN1A encodes 

for p21, whose phosphorylation state changes under stressful conditions, determining 

its cellular location and modulating cell cycle (305–307). On the other hand, MDM2 

oncogene has been reported to enhance stemness, being required for the efficient 

generation of induced pluripotent stem cells (308). In that sense, its inhibition promotes 

cell apoptosis and differentiation (309), whereas its increased expression is associated 

with poor clinical outcome in NSCLC patients (310). 

 
Figure 22. Transcription levels of the CSCs-related genes in tumorspheres versus adherent-cultured 
cells. The results shown are the log2 of the ratio between the gene expression of tumorspheres and 
the gene expression of adherent-cultured cells. Error bars represent SEM and dots represent outliers. 
*p<0.05, *p<0.01. mRNA was measured by RTqPCR. 
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 Regarding the CSCs markers analyzed in this study, we found the expression of THY1 

and CD44 increased in tumorspheres. Although THY1 (CD90) was suggested as a 

promising CSC marker for lung cancer, few data is available in patient specimens, and 

previous investigation had only associated its overexpression to the CSC phenotype in 

A549, NCI-H2122, NCI-H226 and NCI-H1437 cell lines (311). CD44 has been also reported 

as a CSC marker in many solid tumors, including lung cancer, and functionally is involved 

in cell growth, survival, differentiation and migration through regulation of Wnt/β-

catenin pathway (312). The results shown here confirm the potential role of CD44 in the 

identification of CSCs and are in line with the previous results obtained by our group, 

where three compounds which alter the expression of CD44, ALCAM, and EPCAM1 

triggering cell death and differentiation of ADC tumorspheres were identified (313). It is 

of note that we could not evaluate the expression of CD133 even when using three 

different sets of assays. There are a number of publications that focused on CD133 as a 

potential lung CSC marker (314–316). Nevertheless, some authors have reported that 

the use of CD133 expression to discriminate lung CSCs can be overstated (101). For 

example, CD133- lung cancer cells also possess self-renewal ability and can generate 

xenograft when transplanted into recipient mice (154). In addition, CD133 expression in 

lung cancer was not associated with patient prognosis in some studies (317) and in many 

lung cancer samples, it could not be detected by qPCR (318–320), as it is reported in this 

study. 

Our analyses also showed that tumorspheres have greater expression of the 

metastasis-related genes ITGA6, SNAI1, and MMP9. ITGA6 is a member of the integrin 

family, which reprogram tumor cells to promote invasion and metastasis. Among these, 

integrin α6 (encoded by ITGA6) is the most widely observed enriching for CSCs in breast 

(321), prostate (322), and colorectal (323) cancers. Integrin α6 forms with integrin β4 an 

extracellular matrix receptor implicated in carcinoma development (324). During cancer 

progression, the integrin α6β4 is released from hemidesmosomes, activating RhoA, 

leading to membrane ruffling, lamellae formation, and enabling cell migration and 

invasion (325). In line with our results, integrin α6β4 was previously proposed as a lung 

CSC marker associated with CD44 expression, venous invasion, metastasis, and 

decreased OS (326,327). On the other hand, the overexpression of SNAI1 has been 
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related with CSCs properties in a number of solid tumors such as  thyroid (328), 

colorectal (329), head and neck (330), pancreatic (331), and lung (332) cancer. It is a 

known transcriptional repressor of CDH1, one of the key inductors of EMT and it was 

reported to correlate with NANOG expression and increased malignancy in mice models 

(333). In regard to MMP9, this gene encodes for a matrix metalloproteinase involved in 

extracellular matrix degradation and induction of both, tumor growth and metastasis, 

in lung cancer (334). As expected, increased expression of MMP9 has been found in 

NSCLC patients and cell lines, especially in cells with enhanced migratory capacity like 

CSCs (335,336). 

The genes encoding for Notch receptors (NOTCH1 and NOTCH3) and ligands (DLL4 

and JAG1) were also overexpressed in tumorspheres, suggesting a possible activation of 

this pathway in lung CSCs. A possible role of Notch signaling in lung cancer was first 

suggested when the overexpression of Notch components was first detected in NSCLC 

correlating with poor prognosis (203). In CSCs, Hassan et al. demonstrated the decisive 

function of this signaling cascade for sphere formation and self-renewal in vitro and also 

for tumor initiation in vivo (216). NOTCH1 overexpression has been significantly 

correlated with disease progression, metastasis and poorer prognosis of NSCLC patients 

(215), whereas targeting of Notch3 with Tarextumab inhibited tumor growth and 

decreased the tumor-initiating cell frequency in patient-derived xenografts (219). 

Concerning Notch ligands, ectopic expression of JAG1 on lung cancer cells enhanced cell 

migration and invasion in vitro as well as metastasis in vivo, suggesting a potential role 

of this marker in lung cancer. In addition, a Phase IB trial targeting Delta-like 4 (encoded 

by DLL4) with Demcizumab in metastatic non-squamous NSCLC patients showed a 50% 

of objectives responses, recommending a phase II trial in combination with standard 

carboplatin and pemetrexed chemotherapy (337).  

The overexpression detected in key genes of the Wnt pathway, CTNNB1 and GSK3B, 

which encode for β-catenin and GSK-3β, respectively, suggests an activation of this 

signaling network in lung CSCs and correlates with some findings already reported. 

Increased expression of CTNNB1 has been associated with OCT4 and CCND1 

overexpression and resistance to a number of chemotherapeutic drugs in lung CSCs 
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(249). Furthermore, knockdown of CTNNB1 suppressed the metastatic potential of lung 

tumor xenografts (338). Regarding GSK3B, in the absence of Wnt proteins, GSK-3β 

phosphorylates -catenin, resulting in its ubiquitination and proteosomal degradation 

(242,339). However, when Wnt proteins are present, GSK-3β functions remain unclear. 

Tivantinib has been found to target GSK-3β and that pharmacological inhibition caused 

apoptosis in NSCLC cells (251). Additionally, in a lung xenograft model, astrocyte 

elevated gene-1 (AEG-1) behaved as a critical protein in the activation of EMT by directly 

targeting GSK3B (252). 

2.3. UNSUPERVISED PRINCIPAL COMPONENT ANALYSIS 

Next, an unsupervised principal component analysis (PCA) including adherent 

cells and tumorspheres from primary cultures and cell lines was performed in order to 

group samples according to gene expression. This analysis revealed that the adherent-

cultured cell population is very homogeneous, being closely plotted, in comparison with 

tumorspheres, which were scattered along the score plot (Figure 23).  

This suggest that tumorspheres can gain CSCs properties from the activation of 

multiple complementary pathways. As a result, principal component 1 (PC1) slightly 

separated some tumorspheres from adherent cells, so we decided to apply a supervised 

partial least square-discriminant analysis (PLS-DA) to better discriminate between 

tumorspheres and adherent-cultured cells. As shown in Figure 24A, PC1 separated CSCs 

from differentiated tumor cells. Tumorspheres from A549, HCC827, NCI-H2228 and NCI-

H358 were the most similar to adherent cells in terms of gene expression, whereas 

tumorspheres from NCI-H1650, NCI-H1993 PC9 and patients 303, 315 and 317 differed 

the most. Loading plot (Figure 24B) revealed that the expression of SNAI1, GSK3B, CD44, 

CDKN1A, NOTCH3, NANOG, and CTNNB1 genes in tumorspheres and DKK1, SMO, 

ALCAM, PTCH1 and FZD7 in monolayers contributed the most to this separation. 
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Figure 23. A. PCA score plot of primary cultures and cell lines based on the gene expression of 44 
CSCs-related genes. Green dots represent adherent-cultured cells whereas blue dots represent 
tumorspheres. B. Loading plot of PCA analysis showing the contributing of each gene to culture 
distribution. 
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Figure 24. A. PLS-DA score plot of primary cultures and cell lines based on the gene expression of 
44 CSCs-related genes. Green dots represent adherent-cultured cells whereas blue dots represent 
tumorspheres. B. Loading plot of PLS-DA analysis showing the contributing of each gene to culture 
distribution. 
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Based on the results obtained, it seems that other factors could be contributing 

more to sort samples than culture conditions. Thus, we postulated that most unwanted 

variation could be due to differences between immortalized cell lines and primary 

patient-derived cultures, so we decided to apply PCA analyses separately. The PCA score 

plot for cell lines exhibited the high variability between them (Figure 25A), being only 

able to separate NCI-H1650, NCI-H1975, NCI-H1993, NCI-H23, PC9, and SW900 

tumorspheres from adherent cultures. In addition to CDKN1A, CD44, GSK3B, and SNAI1, 

these tumorspheres showed high expression levels of EPCAM, NOTCH1, ALDH1A1, and 

WNT3 (Figure 25B). On the contrary, in the PCA score plot corresponding to the patient-

derived cultures, PC2 clearly distinguished differentiated cells from lung tumorspheres, 

whereas PC1 separated FIS343 and FIS320 from the rest of primary cultures (Figure 26). 

When comparing the gene expression profiles, it was observed that the expression of 

BMI1, CD166, CDKN2A, MDM2, HEY1, NUMB, ITGA6, and NOTCH3 was induced in 

tumorspheres from FIS343 and FIS320 patients, while tumorspheres from the rest of 

patients showed higher expression of EPCAM, NOTCH1, NOTCH2, CD44, CTNNB1, 

MMP9, and CDKN1A. 

Sphere-forming assays are well-described culture methods that have been used 

for stem cells isolation, identification and enrichment from different tissues 

(76,79,80,98). Starting material for these cultures can also be commercial cell lines, but 

using cells directly isolated from surgical resections specimens reflects in vivo conditions 

better than they do, since immortal cell lines do not behave as primary cells and long-

term manipulation alters phenotype, functions and responsiveness to stimuli. In 

addition, clinicopathological information from primary cultures can be correlated with 

each culture behavior, whereas this information is limited for most cell lines. However, 

in spite of not completely mimic primary cultures, cell lines are a powerful tool which 

offer several advantages over primary cells, triggering that most of the studies to date 

have been carried out on them with diverse, and sometimes conflicting, data reported. 

For instance, CD133 and CD44 molecules have been successfully used to identify lung 

cancer cells with CSCs properties in some studies (99,319), whereas other publications 

reported that CD133- or CD44- cell populations also possess the ability for self-renewal 

and enhanced tumor initiation capacity when transplanted into recipient mice 
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(150,154). As a result, although the establishment of primary cultures can be 

problematic and time-consuming, experiments including primary cells are required to 

strengthen findings, especially when studying stem properties, markers, pathways, and 

novel approaches. 

 
Figure 25. A. PCA score plot of cell lines based on the gene expression of 44 CSCs-related genes. 
Green dots represent adherent-cultured cells whereas blue dots represent tumorspheres. B. Loading 
plot of PCA analysis showing the contributing of each gene to culture distribution. 
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For these reasons, and based on PCA analyses, we decided to perform further 

analyses only on primary cultures. In order to reduce the dimensionality of our data and 

remove possible collinear expression of genes, we built a logistic regression model 

considering the 17 statistically significant overexpressed genes (p<0.05, Wilcoxon 

signed-rank test). Based on this model, CDKN1A, NOTCH3, CD44, ITGA6, NANOG, and 

SNAI1 were selected as the best contributors to separate CSCs from monolayers, so the 

expression of the proteins encoded by these genes was selected for further analysis. 

 
Figure 26. A. PCA score plot of primary cultures based on the gene expression of 44 CSCs-related 
genes. Green dots represent adherent-cultured cells whereas blue dots represent tumorspheres. B. 
Loading plot of PCA analysis showing the contributing of each gene to culture distribution. 
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3. PROTEIN EXPRESSION ANALYSIS 

According to our gene expression results, the expression of six genes can be used 

to identify lung CSCs. We sought to determine if the overexpression found at the 

transcriptomic level could be detected at protein level as well, so the expression of p21, 

Notch3, CD44, Integrin α6, Nanog and Snail proteins encoded by CDKN1A, NOTCH3, 

CD44, ITGA6, NANOG, and SNAI1 genes, respectively, was analyzed in the primary 

cultures established. 

3.1. IMMUNOBLOTTING 

Firstly, we performed immunoblotting analyses and found notable differences 

between ADC and SCC cultures. All protein expressions were significantly higher in 

tumorspheres from lung ADC patients than in their adherent counterparts. Only one 

patient (FIS320) showed higher levels of Integrin α6 and Snail in the adherent-cultured 

cells than in tumorspheres (Figure 27). 

 
Figure 27. A. Representative immunoblotting images of p21, Notch3, CD44, Integrin α6, Nanog and 
Snail in adherent-cultured cells and tumorspheres from ADC patients. B. Relative protein 
expression of the same proteins in adherent-cultured cells and tumorspheres from ADC patients. 

In contrast, variability was greater for SCC patients. No significant differences 

were found for p21, CD44 and Integrin α6, whereas higher expression of Notch3, Nanog 

and Snail were detected in adherent-cells in this histological subtype, suggesting that 

diverse molecular alterations govern CSCs in this tumor subtype (Figure 28).  
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In consonance with these notable changes we identified between CSCs from 

different histological subtypes, diverse and sometimes opposed roles have been 

described for some of these genes in ADC and SCC. A previous study performed on lung 

cancer cell lines reported that Notch3 expression was induced in tumorspheres from 

lung ADC, but not in lung SCC ones (340). In this study, Notch3 was found to regulate 

asymmetric cell division in lung ADC and that it was necessary for tumorigenic behavior 

in vitro and in vivo (340). Another study analyzed Notch3 gene expression in a cohort of 

97 lung cancer patients including ADC and SCC and concluded that NOTCH3 was 

associated with poor prognosis only in ADC (341). Our findings confirm these differences 

described in tumorspheres derived from cell lines and expand those results to primary 

cells. Regarding Nanog, elevated levels of this pluripotency regulator have been found 

in lung CSCs, showing a positive correlation with different CSCs markers, and association 

with poor prognosis (123,302). Interestingly, Park et al. found, in a retrospective study 

including 368 NSCLC patients, that Nanog expression is a negative independent factor 

associated with poor prognosis in lung ADC, but not in lung SCC (342). These findings 

suggest once again that there are significant differences between NSCLC subtypes and 

that markers to identify CSCs are tissue-dependent and different from lung cancer 

subtypes. Similarly, a study performed on 341 lung cancer specimens reported that the 

overexpression of Snail determined by tissue microarray analysis significantly decrease 

survival of lung ADC patients whereas no significant differences in prognosis were found 

for SCC (343). However, in our study, one ADC patient (FIS320) showed higher 

expression of Snail in adherent cells than in their corresponding tumorspheres. A recent 

study reported that Snail was upregulated in differentiated cells compared to 

tumorspheres from one lung ADC patient as well, concluding that this could challenge 

the association of CSCs with EMT (296). We found this situation only in one out of six 

cases, so it is difficult to estimate its frequency and implications. 
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Figure 28. A. Representative immunoblotting images of p21, Notch3, CD44, Integrin α6, Nanog and 
Snail in adherent-cultured cells and tumorspheres from SCC patients. B. Relative protein 
expression of the same proteins in adherent-cultured cells and tumorspheres from SCC patients. 

Thus, a clearer expression pattern was obtained for ADC than for SCC, probably 

because of the small sample size, since only 1 out of the 12 lung cancer cell lines and 3 

out of 8 patients were lung SCC in the gene expression analysis where these six 

molecules were selected. Complementary immunoblot analyses were carried out, 

analyzing the expression of E-cadherin, β-catenin, Vimentin, ALDH1A1, EpCAM and Sox2 

because of their frequently reported implications in the CSCs biology (Figure 29). As 

expected, E-cadherin was higher expressed in adherent cells from all the primary 

cultures, but FIS303 and FIS299. In contrast, Vimentin was only detected in 

tumorspheres from FIS343. Β-catenin, EpCAM and Sox2 were generally overexpressed 

in tumorspheres, whereas ALDH1A1 showed a more heterogeneous expression pattern. 

Sox2 was the only molecule analyzed to show overexpression in all SCC tumorspheres, 

suggesting this molecule as a potential CSC marker for this histological subtype. 

 
Figure 29. A. Representative immunoblotting images of E-cadherin, β-catenin, Vimentin, ALDH1A1, 
EpCAM and Sox2 in adherent-cultured cells and tumorspheres from primary cultures. 
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3.2. IMMUNOFLUORESCENCE  

In addition to the western blotting, we performed immunofluorescence (IF) of 

these proteins in order to analyze their localization patterns in both culture conditions 

from ADC patients (Figure 30). The secondary antibody control can be found in 

Supplementary Figure 1. 

Interestingly, IF showed differential subcellular localization of p21, which was nuclear 

and cytoplasmic in cells forming lung tumorspheres and only nuclear in adherent tumor 

cells. Phosphorylation of p21 by AKT1 has been reported to induce p21 cytoplasmic 

accumulation, where it binds to and inhibits the activity of proteins directly involved in 

the induction of apoptosis (305). Consequently, cytoplasmic p21 correlates positively 

with aggressive tumors and poor prognosis (306,307). Notch3 expression was observed 

in the cytoplasmic membrane and nuclei in both adherent cells and lung tumorspheres, 

although the localization was preferentially cytoplasmic for tumorspheres and nuclear 

for adherent cells. Notch3 is a cytoplasmic membrane receptor from the Notch family, 

which has been identified as a key driver of stemness. Particularly, overexpression of 

Notch3 receptor has been reported in chemoresistant tumors and related to poor 

prognosis in NSCLC (344). Therefore, the higher cytoplasmic detection of this 

component of Notch pathway maybe related to the aggressive phenotype characteristic 

of CSCs.  In addition to Notch3, all cells forming tumorspheres expressed both CD44 and 

Nanog, although signals showed polarity, being higher on cell membranes of cells 

located in the periphery of the lung tumorspheres for CD44 and nuclear for Nanog. In 

contrast, the expression of Nanog and CD44 was notably lower in adherent cells. As 

previously discussed, CD44 is a potential stem cell marker frequently overexpressed in 

lung CSCs. Elevated levels of the pluripotency regulator Nanog have been found in lung 

CSCs, showing a positive correlation with different CSCs markers, and association with 

poor prognosis (123). Moreover, clear correlations between Nanog and lung CSCs 

features, including self-renewal, EMT induction, drug resistance, and metastasis have 

been reported (302). As expected, Integrin α6 showed similar expression pattern to 

CD44, with higher expression in cytoplasm, especially in the cell membrane. Lastly, Snail 

was overexpressed in tumorspheres and showed a non-uniform nuclear location along 
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them. In differentiated cells, a more homogeneous expression was detected in nuclei, 

which was weaker than that observed on their corresponding tumorspheres. Snail is a 

zinc finger protein which acts as a transcriptional repressor of E-cadherin and as a key 

regulator of EMT. It was reported that Snail overexpression induces CSCs properties in 

lung cancer as well as regulating Nanog status during EMT via the Sma1/AKT/GSK3β 

signaling pathway (332). Furthermore, Snail upregulation was found on high-grade but 

not low-grade NSCLC tumors (333). 

 
Figure 30. Representative immunofluorescence images of p21, Notch3, CD44, Integrin α6, Nanog 
and Snail in adherent-cultured cells and tumorspheres from ADC patients. Green channel shows 
the indicated antibody staining, blue channel shows DAPI staining, and merge shows all channels 
merged. Scale bar represents 25 µm. 
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The results obtained from the immunoblotting and IF analyses are in line with 

the mRNA expression and permitted to differentiate the CSCs population according to 

the tumor histology, so we concluded that the expression of p21, Notch3, CD44, Integrin 

α6, Nanog and Snail can be used to identify CSCs populations from lung ADC. 

Complementary IF analyses of other potential CSCs-related proteins were also 

performed in adherent-cultured cells and tumorspheres (Figure 31). Interestingly, the 

expression of CD133 could be detected by IF and was generally overexpressed in 

tumorspheres. The expression of CD166 was also elevated in tumorspheres from 

patients FIS302, FIS303, and FIS315 compared to their adherent counterparts, but barely 

detectable in FIS317 and FIS320. Expression patterns were more heterogeneous for the 

rest of proteins analyzed. ALDH1A1 and β-catenin were overexpressed in tumorspheres 

from patients FIS315 and FIS317, whereas few differences between them and the 

adherent-cultured cells where found for the other primary cultures. Expression was 

generally weak for E-cadherin, while Vimentin expression was notably stronger in FIS303 

and FIS320 tumorspheres compared to their corresponding adherent cells. No other 

remarkable differences were found between both culture conditions. 

In addition, although tumorspheres from FIS320 and FIS343 shared the features 

characteristic of CSCs (self-renewal capacity, anchorage-independent growth ability or 

enhanced drug resistance, among others) mechanisms governing them seem to be 

different from the rest of primary cultures based on their expression profiles. We 

hypothesize that the molecular changes that conferred stem-like properties to CSCs 

from FIS343 and FIS320 could be different from those that conferred these features to 

CSCs from the other analyzed patients. As a result, tumorspheres from FIS320 and 

FIS343 showed higher expression of NOTCH3, NUMB, HEY1, BMI1, CDKN2A and MDM2. 

In contrast, tumorspheres derived from the rest of patient tumors showed higher 

expression of NOTCH1, NOTCH2, CTNNB1, MMP9, CD44 and CDKN1A. In turn, this would 

also explain the differences noticed at the protein level. However, we found that there 

are significant changes between the CSCs population from different histological 

subtypes, so we decided to check if any histological transformation of these cultures 

could have taken place from ADC to SCC or a poorly differentiated neuroendocrine 

phenotype like SCLC. 
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Figure 31. Representative immunofluorescence images of CD133, CD166, ALDH1A1, B-catenin, E-
cadherin and Vimentin in adherent-cultured cells and tumorspheres from FIS302, FIS303, FIS315, 
FIS317, and FIS320 patients. Green channel shows the indicated antibody staining, blue channel 
shows DAPI staining, and merge shows all channels merged. Scale bar represents 25 µm. 
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3.3. IMMUNOHISTOCHEMISTRY 

To test the histological subtype of FIS320 and FIS343 primary cultures, we 

analyzed the expression of common immunohistochemical markers used in the 

diagnosis of lung tumors: carcinoembryonic antigen (CEA), cytokeratin 7, p63, 

cytokeratins 5/6 and CD56. SCC samples are frequently positive for cytokeratins 5/6 and 

p63, whereas ADC samples are frequently positive for cytokeratin 7, and 

neuroendocrine samples are commonly positive for CD56. Images of the 

immunohistochemical staining can be found in Figure 32. 

FIS320 was positive for CEA, cytokeratins 5/6 and cytokeratin 7 and negative for 

CD56, whereas FIS 343 was positive for cytokeratin 7 and CEA. In both cases, primary 

cultures showed the histological characteristics described in the pathological report 

from the primary tumor tissue. Patient FIS320 was diagnosed of a moderately 

differentiated adenocarcinoma with tumor cells positive for cytokeratin 7 in 

concordance with the positive staining detected in adherent cells and tumorspheres. 

Patient FIS343 was diagnosed of a poorly differentiated lung adenocarcinoma with 

signet ring cells, which can be identified in the primary culture (Figure 33). These results 

confirm that the differences in expression that were detected between the ADC 

tumorspheres are not due to changes in the histological subtype and suggest that 

different molecules and pathways can be activated to confer CSCs properties to tumor 

cells. 
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Figure 32. Representative immunohistochemical staining for CEA, CD56, CK5-6, CK7 and p63 in 
tumorspheres and adherent cells from FIS320 and FIS343 primary cultures. 40X magnification. H-E: 
show hematoxylin and eosin staining. CEA: carcinoembryonic antigen; CK: cytokeratin. 
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Figure 33. Hematoxylin and eosin staining of a tumorsphere from FIS343 patient. This patient was 
diagnosed of a poorly differentiated lung adenocarcinoma with signet ring cells in the tumor tissue 
that can be found in the established cultures. 

4. IN SILICO SURVIVAL ANALYSIS 

In order to determine the prognostic implications of the CSC population and to 

identify potential targets against this tumor population, we correlated the expression of 

the genes significantly overexpressed in tumorspheres with the survival of an in silico 

cohort of resected NSCLC patients from TCGA and validated the results in a second 

cohort of resected patients from Hospital General Universitario de Valencia. 

4.1. CLINICOPATHOLOGICAL VARIABLES 

Of the 661 resected NSCLC patients from TCGA included in this part of the study, 

208 (31.5%) relapsed and 261 (39.5%) died during the follow-up. However, relapse 

information was not available for 59 (8.9%) patients. The median follow-up was 23.08 

months [range: 1.02-231.54]. The prognostic value of the different clinicopathological 

variables was assessed using the univariate Cox regression method for RFS and OS, and 

are shown in Table 18 along with the hazard ratios and p-value for each variable. 

Significant results obtained from the univariate Cox regression method were also 

analyzed using the Kaplan-Meier method (log-rank) in order to obtain the survival plots. 

This univariate analysis showed that patients over 65, with large tumors, lymph node 

(LN) involvement, or more advanced stage had shorter RFS and worse OS (Figure 34), 

which agrees with previously published results (345,346). 
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Figure 34. Kaplan-Meier plots for RFS and OS according to clinicopathological variables for the 
entire cohort. A-B. Age; C-D. TNM staging; E-F. Tumor size; G-H. LN involvement. P-values from the 
Kaplan-Meier test. LN: lymph node. 

The prognostic value of the clinicopathological variables was also assessed 

according to the tumor histology. The ADC subcohort comprised 345 patients, 123 

(35.7%) of whom relapsed and 114 (33.0%) who died. Again, in the univariate analysis, 

TNM staging, tumor size and LN involvement were associate with RFS and OS, whereas 

age was significantly associated with RFS (p = 0.035; Table 19). Survival plots from 

Kaplan-Meier survival analysis are represented in Figure 35. 

Table 18. Results for survival analysis based on clinicopathological variables for the entire cohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 0.859 0.679-1.088 0.208 0.798 0.619-1.029 0.081 

Age 

 > 65 vs. ≤ 65 1.305 1.020-1.671 0.034* 1.327 1.019-1.727 0.036* 

TNM staging  
III vs. II vs. I 1.252 1.081-1.450 0.003* 1.312 1.125-1.529 0.001* 

Histology 

ADC vs. SCC 0.893 0.708-1.126 0.338 1.204 0.941-1.541 0.141 

Tumor size 

T3/T4 vs. T2 vs. T1 1.469 1.221-1.767 0.000* 1.362 1.116-1.663 0.002* 

LN involvement  
Yes vs. No 1.297 1.023-1.646 0.032* 1.565 1.219-2.008 0.000* 

Smoking status  
Former/Current vs. Never 0.895 0.664-1.205 0.464 0.923 0.663-1.286 0.638 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival; PS, performance status. The results were obtained using the univariate Cox regression 
method. *p < 0.05. 
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Table 19. Results from survival analysis based on clinicopathological variables for the ADC cohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 0.909 0.663-1.247 0.555 0.899 0.622-1.299 0.570 

Age 

 > 65 vs. ≤ 65 1.431 1.026-1.995 0.035* 1.339 0.908-1.975 0.140 

TNM staging  
III vs. II vs. I 1.407 1.158-1.709 0.001* 1.547 1.232-1.943 0.000* 

Tumor size 

T3/T4 vs. T2 vs. T1 1.700 1.313-2.201 0.000* 1.481 1.086-2.02 0.013* 

LN involvement  
Yes vs. No 1.587 1.153-2.185 0.005* 2.118 1.461-3.07 0.000* 

Smoking status  
Former/Current vs. Never 0.831 0.586-1.178 0.298 0.744 0.497-1.113 0.150 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival; PS, performance status. The results were obtained using the univariate Cox regression 
method. *p < 0.05.  

The SCC subcohort comprised 316 patients, 85 (26.9%) of whom relapsed and 

147 (15.5%) who died. In contrast to the findings in ADC patients, no significant 

associations were found between clinicopathological variables and relapse or survival in 

this group (Table 20). 

Table 20. Results from survival analysis based on clinicopathological variables for the SCC cohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 0.712 0.48-1.055 0.090 0.766 0.521-1.127 0.176 

Age 

 > 65 vs. ≤ 65 1.184 0.815-1.721 0.376 1.292 0.898-1.86 0.168 

TNM staging  
III vs. II vs. I 1.083 0.863-1.36 0.489 1.142 0.926-1.408 0.215 

Tumor size 

T3/T4 vs. T2 vs. T1 1.263 0.966-1.651 0.088 1.269 0.976-1.65 0.076 

LN involvement  
Yes vs. No 1.021 0.712-1.464 0.909 1.203 0.855-1.694 0.289 

Smoking status  
Former/Current vs. Never 1.295 0.658-2.548 0.454 1.311 0.642-2.677 0.457 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival; PS, performance status. The results were obtained using the univariate Cox regression 
method. *p < 0.05. 
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Figure 35. Kaplan-Meier plots for RFS and OS according to clinicopathological variables for the ADC 
subcohort. A-B. TNM staging; C-D. Tumor size; E-F. LN involvement. P-values from the Kaplan-Meier 
test. LN: lymph node. 
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4.2. INDIVIDUAL BIOMARKERS 

The prognostic value of the genes significantly overexpressed in lung 

tumorspheres was assessed using the univariate Cox regression method for RFS and OS. 

Gene expression levels were dichotomized according to their median, and the results 

obtained are shown in Table 21. 

Table 21. Results from survival analysis based on gene expression biomarkers for the entire cohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

ALDH1A1 
High vs. Low 0.828 0.669-1.024 0.082 1.037 0.837-1.285 0.741 

CD44 

High vs. Low 0.916 0.740-1.133 0.417 1.097 0.885-1.359 0.398 

CDKN1A 
High vs. Low 1.136 0.918-1.405 0.241 1.251 1.010-1.551 0.041* 

CTNNB1 
High vs. Low 1.094 0.884-1.354 0.408 1.014 0.819-1.257 0.897 

DLL4 
High vs. Low 1.187 0.957-1.471 0.119 1.013 0.817-1.257 0.904 

GSK3B 
High vs. Low 0.830 0.670-1.027 0.086 0.967 0.780-1.197 0.756 

ITGA6 
High vs. Low 1.063 0.859-1.314 0.576 1.276 1.029-1.582 0.026* 

JAG1 
High vs. Low 0.987 0.798-1.221 0.904 1.209 0.975-1.500 0.083 

JUNB 
High vs. Low 1.233 0.997-1.527 0.054 1.035 0.836-1.283 0.752 

KLF4 
High vs. Low 0.924 0.746-1.144 0.469 1.085 0.875-1.345 0.458 

MDM2 
High vs. Low 0.916 0.740-1.133 0.417 0.990 0.799-1.227 0.927 

MMP9 
High vs. Low 1.114 0.900-1.379 0.320 1.031 0.832-1.277 0.781 

NANOG 
High vs. Low 1.137 0.882-1.466 0.321 1.062 0.821-1.374 0.648 

NOTCH1 
High vs. Low 0.861 0.695-1.066 0.169 1.004 0.810-1.244 0.972 

NOTCH3 
High vs. Low 0.935 0.756-1.157 0.536 0.942 0.760-1.167 0.585 

SNAI1 

High vs. Low 1.340 1.081-1.660 0.007* 1.350 1.089-1.674 0.006* 

THY1 
High vs. Low 1.463 1.181-1.813 <0.001* 1.420 1.144-1.762 0.001* 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 
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Univariate Cox regression analysis revealed that high levels of SNAI1 were 

associated with shorter RFS [HR, 1.340; 95% CI 1.081-1.660; p = 0.007] and worse OS 

[HR, 1.350; 95% CI 1.089-1.674; p = 0.006], as well as high levels of THY1, RFS [HR, 1.463; 

95% CI 1.181-1.813; p < 0.001] and OS [HR, 1.420; 95% CI 1.144-1.762; p = 0.001]. 

Moreover, high expression levels of CDKN1A and ITGA6 were associated with worse OS 

as well [HR, 1.251; 95% CI 1.010-1.551; p = 0.041] and [HR, 1.276; 95% CI 1.029-1.582; p 

= 0.026], respectively. Kaplan-Meier analyses were carried out in order to obtain the 

survival plots (Figure 36 and 37).  

 
Figure 36. Kaplan-Meier plots for RFS according to gene expression levels for the entire cohort. A. 
THY1; B. SNAI1. Gene expression levels were dichotomised according to the median. Blue lines 
represent patients with low levels of expression, whilst green lines represent patients with high levels 
of expression. P-values from the Kaplan-Meier test. 

As expected, these four genes, which were found significantly overexpressed in 

lung tumorspheres compared to adherent cells, are associated with worse prognosis. 

The overexpression of Snail analyzed by immunohistochemistry was previously 

associated with poor prognosis in different cohorts of resected NSCLC patients 

(347,348). In contrast, few results have been published regarding the prognosis impact 

of THY1 in lung cancer. Flow cytometry studies suggested the co-expression of CD90, 

CD326 and CD133 as a signature with prognostic value in patients with NSCLC (157), and 

co-expression of CD90 and CD44 was associated with significantly reduced RFS in NSCLC 

patients (349). Controversial data has been published about the correlation between 

p21 expression and survival for NSCLC patients (350,351). However, most studies did 
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not take into account the cellular localization of p21, and those publications where 

cytoplasmic and nuclear differentiation were performed, agreed in the poor prognosis 

of cytoplasmic p21 (306,307). In addition, previous in silico analysis correlated high 

ITGA6 expression with poor prognosis (352), and elevated levels of the integrin α6β4 

heterodimer determined by immunohistochemistry were associated with decreased OS 

in another cohort of 216 NSCLC patients (326). 

 
Figure 37. Kaplan-Meier plots for OS according to gene expression levels for the entire cohort. A. 
THY1; B. SNAI1; C. ITGA6; D. CDKN1A. Gene expression levels were dichotomised according to the 
median. Blue lines represent patients with low levels of expression, whilst green lines represent 
patients with high levels of expression. P-values from the Kaplan-Meier test. 

Furthermore, it is known that NSCLC is one of the most genomically diverse 

tumors, and there are a variety of molecularly-defined subsets of patients. Different 

driver mutations have been identified in SCC and ADC histologies and we found 
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significant differences between them in vitro, which led to the assumption that they are 

molecularly different diseases. For this reason, survival analysis was also performed 

according to patient’s histology. Results from univariate Cox regression analysis for ADC 

patients are provided in Table 22. 

Table 22. Results from survival analysis based on gene expression biomarkers for the ADC 
subcohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

ALDH1A1 
High vs. Low 0.758 0.567-1.013 0.061 0.881 0.645-1.203 0.425 

CD44 
High vs. Low 1.031 0.773-1.374 0.837 1.047 0.768-1.428 0.772 

CDKN1A 
High vs. Low 1.014 0.761-1.351 0.926 1.161 0.851-1.584 0.345 

CTNNB1 
High vs. Low 0.911 0.684-1.214 0.526 0.814 0.594-1.114 0.198 

DLL4 
High vs. Low 0.880 0.660-1.173 0.384 0.849 0.620-1.161 0.305 

GSK3B 
High vs. Low 0.923 0.692-1.230 0.584 0.739 0.539-1.013 0.060 

ITGA6 
High vs. Low 1.208 0.906-1.610 0.198 1.444 1.057-1.973 0.021* 

JAG1 
High vs. Low 1.042 0.782-1.388 0.779 1.368 1.001-1.869 0.049* 

JUNB 
High vs. Low 1.365 1.023-1.822 0.035* 1.116 0.818-1.523 0.488 

KLF4 
High vs. Low 0.953 0.711-1.277 0.747 1.296 0.947-1.772 0.105 

MDM2 
High vs. Low 0.893 0.669-1.191 0.440 0.941 0.689-1.284 0.701 

MMP9 
High vs. Low 1.321 0.989-1.765 0.060 1.263 0.923-1.728 0.145 

NANOG 
High vs. Low 0.980 0.700-1.373 0.907 0.928 0.648-1.330 0.684 

NOTCH1 
High vs. Low 0.734 0.549-0.982 0.038* 0.805 0.586-1.105 0.179 

NOTCH3 
High vs. Low 0.957 0.717-1.277 0.764 1.121 0.821-1.530 0.472 

THY1 
High vs. Low 1.227 0.920-1.637 0.163 1.321 0.966-1.807 0.082 

SNAI1 
High vs. Low 1.277 0.957-1.703 0.096 1.250 0.915-1.707 0.162 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 
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The univariate Cox regression model performed with ADC patients showed 

similar association between high ITGA6 and worse prognosis to that found in the entire 

cohort, OS [HR, 1.444; 95% CI 1.057-1.973; p = 0.021]. Remarkably, JAG1 was also 

associated with worse OS [HR, 1.368; 95% CI 1.001-1.869; p = 0.049]. Kaplan-Meier plots 

represented in Figure 38 show the survival differences between the two groups of 

patients. As happened with the genes associated with prognosis in the entire cohort, we 

found JAG1 overexpressed in tumorspheres. JAG1 encodes for one of the five canonical 

ligands for Notch receptors and its increase has been correlated with metastasis 

induction and poor survival in NSCLC (353). 

 
Figure 38. Kaplan-Meier plots for OS according to gene expression levels for the ADC subcohort. A. 
ITGA6; B. JAG1. Gene expression levels were dichotomised according to the median. Blue lines 
represent patients with low levels of expression, whilst green lines represent patients with high levels 
of expression. P-values from the Kaplan-Meier test. 

Interestingly, high JUNB expression correlated with shorter RFS [HR, 1.365; 95% 

CI 1.023-1.822; p = 0.035] in contrast to NOTCH1, whose high expression was associated 

with better prognosis, RFS [HR, 0.734; 95% CI 0.549-0.982; p = 0.038] (Figure 39). 

However, we found both genes significantly overexpressed in tumorspheres compared 

to adherent cells as well. JunB is a member of the activator protein-1 (AP-1), which plays 

an important role in a number of cellular processes, including proliferation, 

differentiation, apoptosis, cell migration, and transformation (354). However, opposite 

roles have been proposed for this molecule and its implication in lung cancer remains 

unclear (355). Many studies have been performed to analyze the prognostic value of 
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NOTCH1 reporting disparate results. A big meta-analysis including 2,369 NSCLC patients 

found no significant associations between OS and Notch1 expression in ADC or SCC 

patients (356), although it seems that high Notch1 expression could correlate with 

greater possibility of lymph node metastasis and higher tumor stages. Unexpectedly, we 

found that higher expression of NOTCH1 in ADC patients from TCGA is associated with 

better prognosis, suggesting that more studies including this gene could be interesting 

to clarify the role of this molecule in NSCLC. 

 
Figure 39. Kaplan-Meier plots for RFS according to gene expression levels for the ADC subcohort. 
A. JUNB; B. NOTCH1. Gene expression levels were dichotomised according to the median. Blue lines 
represent patients with low levels of expression, whilst green lines represent patients with high levels 
of expression. P-values from the Kaplan-Meier test. 

Regarding SCC patients, univariate Cox regression analysis showed that SNAI1 

and THY1 have similar association with relapse and survival than that observed in the 

entire cohort (Table 23 and Figure 40) and no other significant correlations were found. 
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Table 23. Results from survival analysis based on gene expression biomarkers for the SCC 
subcohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

ALDH1A1 
High vs. Low 0.826 0.602-1.134 0.238 0.943 0.701-1.270 0.701 

CD44 
High vs. Low 0.934 0.679-1.285 0.675 1.037 0.770-1.396 0.811 

CDKN1A 
High vs. Low 1.325 0.962-1.823 0.085 1.310 0.972-1.766 0.076 

CTNNB1 
High vs. Low 1.092 0.795-1.500 0.587 1.067 0.793-1.436 0.667 

DLL4 
High vs. Low 1.252 0.910-1.723 0.168 1.161 0.862-1.562 0.326 

GSK3B 
High vs. Low 1.117 0.813-1.535 0.495 1.187 0.880-1.601 0.261 

ITGA6 
High vs. Low 1.275 0.928-1.752 0.134 1.166 0.866-1.569 0.312 

JAG1 
High vs. Low 1.033 0.753-1.418 0.839 0.911 0.677-1.226 0.539 

JUNB 
High vs. Low 1.190 0.866-1.636 0.283 1.100 0.817-1.481 0.529 

KLF4 
High vs. Low 1.149 0.836-1.579 0.392 0.976 0.725-1.314 0.872 

MDM2 
High vs. Low 0.925 0.674-1.271 0.632 0.971 0.721-1.307 0.846 

MMP9 
High vs. Low 1.045 0.758-1.441 0.789 0.972 0.722-1.310 0.853 

NANOG 
High vs. Low 1.029 0.700-1.514 0.884 1.110 0.767-1.608 0.579 

NOTCH1 
High vs. Low 1.281 0.930-1.764 0.129 1.176 0.872-1.587 0.288 

NOTCH3 
High vs. Low 0.976 0.710-1.342 0.883 0.766 0.568-1.034 0.081 

THY1 
High vs. Low 1.598 1.160-2.201 0.004* 1.532 1.137-2.065 0.005* 

SNAI1 
High vs. Low 1.718 1.242-2.377 0.001* 1.416 1.051-1.908 0.022* 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 
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Figure 40. Kaplan-Meier plots for RFS and OS according to gene expression levels for the SCC 
subcohort. A-B. SNAI1; C-D. THY1. Gene expression levels were dichotomised according to the 
median. Blue lines represent patients with low levels of expression, whilst green lines represent 
patients with high levels of expression. P-values from the Kaplan-Meier test. 

4.3. GENE EXPRESSION SCORE 

We also decided to create a gene expression score based on a multi-gene 

signature, which can provide more accurate predictions than a model using single genes. 

For this purpose, we followed the steps described in the bioinformatics and statistical 

analysis section of Materials and Methods. Based on univariate Cox regression analysis, 

expression of SNAI1, ITGA6, and CDKN1A were moderately associated with mortality 

(|Z-score| >1.5; Figure 41). 
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Figure 41. Univariate analysis of the expression of the 17 genes overexpressed in lung 
tumorspheres for OS. The genes are ranked based on their predictive power (univariate Z-score). 
Dashed lines indicate |Z-score|= 1.5. This criterion was used to select genes to include in the 
multivariate Cox regression model used to calculate the expression score. 

 

These genes were selected to construct a prognostic signature by introducing 

them into a multivariate model, using their absolute regression coefficients from this 

analysis to calculate the expression prognostic score, called CSCs score. The results from 

the multivariate model including these 3 genes can be found in Table 24. 

Table 24. Results from the multivariate model for OS with genes included in the expression score. 

Variable 
Regression 
coefficient 

SE p-value HR 95% CI 

CDKN1A 0.123 0.164 0.452 1.131 0.821-1.559 

ITGA6 0.196 0.102 0.054 1.217 0.997-1.486 

SNAI1 0.255 0.133 0.056 1.290 0.994-1.674 

CI, confidence interval; HR, hazard ratio; SE, standard error. 

The formula to calculate the signature was the following: 

 
(CDKN1A x 0.123) + (ITGA6 x 0.196) + (SNAI1 x 0.255) 
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Kaplan–Meier log-rank analysis showed that patients from the entire cohort with 

high CSCs score have shorter OS (37.70 vs. 60.36 months, p = 0.001, Figure 42A). 

Furthermore, to evaluate the potential use of the score as a biomarker and based on 

our previous results, we did a stratified analysis by histology. We observed that when 

we stratified patients according to histology, the association between the ADC patient 

score and the prognosis was similar to that found in the entire cohort for OS (36.56 vs. 

53.51 months, p = 0.003, Figure 42B), whereas no significant association was found for 

SCC patients (p = 0.100). 

 
Figure 42. Kaplan-Meier plots for OS according to the gene expression score levels. A. Global cohort; 
B. ADC subcohort. Gene expression levels were dichotomised according to the median. Blue lines 
represent patients with low levels of expression, whilst green lines represent patients with high levels 
of expression. P-values from the Kaplan-Meier test. 

Here, we identified a prognostic score based on the expression of three CSCs-

related genes which is associated with OS in NSCLC. NSCLC patients with high expression 

score and therefore high expression levels of these genes, which were significantly 

overexpressed in lung tumorspheres enriched in CSCs, had decreased survival. This score 

was also applicable for ADC patients, which showed a similar correlation between the 

expression of these three genes, SNAI1, ITGA6, and CDKN1A, and survival. 

4.4. MULTIVARIATE ANALYSIS  

In order to determine the prognostic value of the CSCs score identified, we 

interrogated all the biomarkers that were significantly associated with prognosis (p < 
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0.05) and included them in a multivariate model for OS. In the multivariate model the 

following variables were included: age, TNM staging, tumor size, LN involvement, 

CDKN1A, ITGA6, SNAI1, THY1 and the CSCs score.  Results obtained from this 

multivariate analysis indicated that age, TNM staging and the CSCs score were 

independent biomarkers for OS in the entire cohort (Table 25). Multivariate analysis was 

also performed with significant results for ADC patients. The following variables were 

included in the model: TNM staging, tumor size, LN involvement, ITGA6, JAG1, and the 

CSCs score. In this case, TNM staging, LN involvement and the CSCs score proved to be 

independent prognostic biomarkers. Our results indicate that the CSCs score is an 

independent biomarker for OS, and moreover, its prognostic value proved to be stronger 

for OS than other factors such as TNM staging in the entire cohort and in ADC patients. 

Table 25. Multivariate Cox regression model results, including all the significant variables. 

  Global cohort ADC subcohort 

Variables HR 95% CI p-value HR 95% CI p-value 
Age 
>65  vs. ≤65 

 
1.398 

 
1.069-1.827 

 
0.014 

 
- 

 
- 

 
- 

TNM staging 
IIIA vs. II vs. I 

 
1.353 

 
1.161-1.578 

 
0.0001 

 
1.515 

 
1.097-2.092 

 
0.012 

LN involvement 
Yes vs. No 

 
- 

 
- 

 
- 

 
2.108 

 
1.453-3.059 

 
<0.0001 

CSCs signature 
High vs. low 

 
1.498 

 
1.167-1.922 

 
0.001 

 
1.869 

 
1.275-2.738 

 
0.001 

ADC, adenocarcinoma; LN, lymph node; CI, confidence interval; HR, hazard ratio. 

Many studies have tried to correlate the expression of genes associated with 

CSCs to patients’ prognosis (353,357). Nevertheless, most of them are focused on single 

pathway-specific markers with limited prognostic value. Finding gene expression 

signatures that identify altered pathways in carcinogenesis could lead to the discovery 

of molecular subclasses and predict patients’ outcomes better (358,359). In this study, 

we created a score combining the expression of CDKN1A, ITGA6 and SNAI1 which was 

an independent prognostic biomarker for early-stage resected lung cancer patients and 

even stronger than factors currently used in clinical practice like the TNM staging. These 

results are of great importance because current clinicopathological staging methods 

have limited success in predicting patient survival and today we still cannot predict 

which patients will be cured, and which ones will relapse after surgery. The CSCs score 
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proposed can help in future clinical practice, since high scores may reflect a bigger CSCs 

population with enhanced cell migration, invasion and tumor initiation capacity that will 

be able to modulate cell cycle and persist after cancer treatments. As a result, patients 

with high values on this score may need adjuvant treatment and should be closely 

followed after a successful surgery, because they have a higher risk to die. To validate 

this score, the prognostic value of the expression of these three genes was evaluated in 

an independent cohort of resected lung patients from our hospital. 

5. VALIDATION OF THE PROGNOSTIC GENE EXPRESSION SCORE 

To validate the prognostic value of the CSCs score proposed, the gene expression 

of ITGA6, CDKN1A and SNAI1 was evaluate in an independent cohort of 245 patients 

diagnosed of NSCLC who underwent surgery at Consorci Hospital General Universitari de 

València. 

5.1. CLINICOPATHOLOGICAL VARIABLES 

Of the 245 resected NSCLC patients included in this part of the study, 101 (41.4%) 

relapsed and 117 (48.0%) died during the follow-up. The median follow-up was 32.27 

months [range: 1.00-161.70]. The prognostic value of the different clinicopathological 

variables was assessed using the univariate Cox regression method for RFS and OS, and 

are shown in Table 26 along with the hazard ratios and p-value for each variable. 

Significant results obtained from the univariate Cox regression method were also 

analyzed using the Kaplan-Meier method (log-rank) in order to obtain the survival plots. 

This univariate analysis showed that patients with large tumors, LN involvement, worse 

PS, more advanced stage of the disease, and smokers and former smokers had shorter 

RFS. In addition, those with worse PS, more advanced disease or mutated in KRAS had 

worse OS as well, which agrees with our previous finding in the entire cohort from TCGA 

(Figure 43). 
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Table 26. Results for survival analysis based on clinicopathological variables for the validation 
cohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 1.471 0.856-2.528 0.162 1.504 0.822-2.752 0.185 

Age 

 > 65 vs. ≤ 65 1.198 0.830-1.730 0.335 1.358 0.912-2.023 0.132 

TNM staging  
III vs. II vs. I 1.435 1.147-1.794 0.002* 1.436 1.129-1.826 0.003* 

Histology 

ADC vs. SCC 1.055 0.785-1.419 0.721 1.012 0.738-1.388 0.942 

Tumor size 

T3/T4 vs. T2 vs. T1 1.452 1.018-2.070 0.039* 1.312 0.892-1.931 0.168 

LN involvement  
Yes vs. No 1.761 1.208-2.567 0.003* 1.501 0.992-2.271 0.055 

Pleural involvement 
Yes vs. No 1.432 0.992-2.069 0.055 1.476 0.984-2.214 0.060 

Performance status 
1 vs. 0 1.593 1.106-2.294 0.012* 1.678 1.121-2.513 0.012* 

Differentiation grade 
Poor vs. Moderate vs. 
Well 1.199 0.923-1.558 0.175 1.088 0.819-1.446 0.559 

Surgical margin 
R1/R2 vs. R0 1.553 0.991-2.433 0.055 1.470 0.899-2.403 0.124 

Smoking status  
Former/Current vs. Never 2.074 1.010-4.261 0.047* 1.817 0.840-3.933 0.129 

EGFR 
Mutated vs. Wild type 1.115 0.501-2.480 0.790 0.985 0.415-2.339 0.972 

KRAS 
Mutated vs. Wild type 1.530 0.961-2.435 0.073 1.657 1.003-2.737 0.049* 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival; ADC, adenocarcinoma; SCC, squamous cell carcinoma. The results were obtained using the 
univariate Cox regression method. *p < 0.05. 
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Figure 43. Kaplan-Meier plots for RFS and OS according to clinicopathological variables for the 
validation cohort. A. Smoking status; B. Tumor size; C. LN involvement; D. KRAS status; E-F. TNM 
staging; G-H. Performance status. P-values from the Kaplan-Meier test. LN: lymph node; MUT: 
mutated; WT: wild type. 

The prognostic value of clinicopathological variables was also assessed according 

to histology. The ADC subcohort comprised 114 patients, 41 (36.6%) of whom relapsed 

and 48 (42.9%) who died. In the univariate analysis, LN involvement and surgical margins 

of non-tumorous tissue around resected tumors were the only variables to be 

significantly associated with prognosis (Table 27). Nevertheless, other variables which 

were significantly associated with prognosis in the TCGA cohort, such as tumor size, 

showed the same tendency in the validation cohort, suggesting that a bigger sample size 

is required to get significant results for those correlations. Survival plots from Kaplan-

Meier survival analysis are represented in Figure 44. 
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Table 27. Results for survival analysis based on clinicopathological variables of the ADC validation 
subcohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 1.422 0.720-2.809 0.311 1.380 0.651-2.926 0.401 

Age 

 > 65 vs. ≤ 65 1.217 0.678-2.185 0.510 1.510 0.790-2.886 0.212 

TNM staging  
III vs. II vs. I 1.301 0.889-1.905 0.176 1.245 0.812-1.911 0.315 

Tumor size 

T3/T4 vs. T2 vs. T1 1.695 0.944-3.044 0.077 1.205 0.628-2.310 0.575 

LN involvement  
Yes vs. No 2.273 1.201-4.302 0.012* 1.836 0.901-3.741 0.095 

Pleural involvement 
Yes vs. No 1.536 0.824-2.863 0.177 1.447 0.727-2.883 0.293 

Performance status 
1 vs. 0 1.463 0.752-2.846 0.262 1.217 0.572-2.589 0.610 

Differentiation grade 
Poor vs. Moderate vs. 
Well 0.975 0.635-1.497 0.907 0.943 0.584-1.523 0.810 

Surgical margin 
R1/R2 vs. R0 2.358 1.086-5.118 0.030* 1.732 0.719-4.172 0.221 

Smoking status  
Former/Current vs. Never 2.097 0.887-4.959 0.092 1.900 0.739-4.887 0.183 

EGFR 
Mutated vs. Wild type 1.030 0.426-2.487 0.948 0.949 0.360-2.501 0.916 

KRAS 
Mutated vs. Wild type 1.588 0.815-3.094 0.174 1.360 0.638-2.896 0.426 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival. The results were obtained using the univariate Cox regression method. *p < 0.05. 

 
Figure 44. Kaplan-Meier plots for RFS according to clinicopathological variables for the ADC 
validation cohort. A. LN involvement; B. Surgical margins. P-values from the Kaplan-Meier test. LN: 
lymph node. 
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Regarding SCC, this subcohort comprised 111 patients, 50 (45.0%) of whom 

relapsed and 58 (52.3%) who died. In contrast to the findings in ADC patients and in 

concordance with our findings in TCGA analysis, no significant associations were found 

between clinicopathological variables and relapse or survival in this group (Table 28). 

Interestingly, only 3 out of the 111 SCC patients were never smokers, so statistical 

analysis for smoking status could not be performed. 

Table 28. Results for survival analysis based on clinicopathological variables of the SCC validation 
subcohort. 

  RFS OS 

Variable HR 95% CI p-value HR 95% CI p-value 

Gender  
Male vs. Female 1.171 0.161-8.489 0.876 1.036 0.142-7.535 0.972 

Age 

 > 65 vs. ≤ 65 1.231 0.727-2.083 0.439 1.615 0.901-2.895 0.108 

TNM staging  
III vs. II vs. I 1.338 0.970-1.846 0.076 1.295 0.918-1.826 0.141 

Tumor size 

T3/T4 vs. T2 vs. T1 1.096 0.650-1.850 0.730 1.127 0.641-1.982 0.677 

LN involvement  
Yes vs. No 1.358 0.794-2.321 0.263 1.128 0.629-2.025 0.686 

Pleural involvement 
Yes vs. No 1.191 0.701-2.025 0.518 1.258 0.705-2.242 0.437 

Performance status 
1 vs. 0 1.321 0.773-2.256 0.309 1.595 0.887-2.868 0.119 

Differentiation grade 
Poor vs. Moderate vs. 
Well 1.268 0.836-1.924 0.264 1.090 0.695-1.710 0.708 

Surgical margin 
R1/R2 vs. R0 0.930 0.469-1.845 0.837 1.134 0.566-2.274 0.723 

Smoking status  
Former/Current vs. Never - - - - - - 

EGFR 
Mutated vs. Wild type 5.076 

0.565-
45.572 0.147 3.277 

0.379-
28.349 0.281 

KRAS 
Mutated vs. Wild type 2.068 0.639-6.700 0.225 1.749 0.420-7.279 0.442 

CI, confidence interval; HR, hazard ratio; LN, lymph node; OS, overall survival; RFS, relapse-free 
survival. The results were obtained using the univariate Cox regression method. *p < 0.05. 
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5.2. INDIVIDUAL BIOMARKERS 

The prognostic value of CDKN1A, ITGA6 and SNAI1 was assessed using the 

univariate Cox regression method for RFS and OS. Gene expression levels were 

dichotomized according to their median. The results obtained are shown in Table 29. 

Table 29. Results from survival analysis based on gene expression biomarkers of the validation 
cohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

CDKN1A 
High vs. Low 1.063 0.723-1.563 0.755 1.136 0.751-1.719 0.546 

ITGA6 
High vs. Low 0.993 0.672-1.469 0.973 1.077 0.710-1.633 0.727 

SNAI1 

High vs. Low 1.135 0.768-1.676 0.526 1.210 0.798-1.835 0.368 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 

No significant results were obtained for the entire validation cohort. However, 

we found significant differences between the histological subtypes for the 

clinicopathological variables, so we decided to perform survival analysis according to the 

patient histology as well. Results from univariate Cox regression analysis for ADCs are 

provided in Table 30. 

Table 30. Results from survival analysis based on gene expression biomarkers of the ADC validation 
subcohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

CDKN1A 
High vs. Low 1.551 0.810-2.971 0.185 1.733 0.859-3.494 0.124 

ITGA6 
High vs. Low 1.844 0.948-3.588 0.072 2.117 1.031-4.344 0.041* 

SNAI1 

High vs. Low 1.849 0.968-3.530 0.062 2.248 1.092-4.629 0.028* 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 

Univariate Cox regression analysis revealed that high levels of ITGA6 and SNAI1 

were associated with worse OS [HR, 1.350; 95% CI 1.089-1.674; p = 0.006] and [HR, 
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1.350; 95% CI 1.089-1.674; p = 0.006], respectively. Survival plots from Kaplan-Meier 

analyses are shown in Figure 45. 

 
Figure 45. Kaplan-Meier plots for OS according to the gene expression levels of the ADC validation 
cohort. A. ITGA6; B. SNAI1. P-values from the Kaplan-Meier test. 

Regarding SCC, univariate Cox regression showed no associations between the 

expression of these genes and prognosis (Table 31).  

Table 31. Results from survival analysis based on gene expression biomarkers of the SCC validation 
subcohort. 

         RFS    OS  

Gene HR 95% CI p-value HR 95% CI p-value 

CDKN1A 
High vs. Low 1.074 0.637-1.812 0.789 1.281 0.726-2.258 0.393 

ITGA6 
High vs. Low 1.146 0.680-1.933 0.608 1.143 0.650-2.009 0.642 

SNAI1 

High vs. Low 1.167 0.696-1.954 0.558 0.982 0.560-1.722 0.950 

Gene expression levels dichotomized as high and low according to their medians. The results were 
obtained using the univariate Cox regression method. CI, confidence interval; HR, hazard ratio; OS, 
overall survival; RFS, relapse-free survival; *p < 0.05. 

5.3. GENE EXPRESSION SCORE 

In order to validate the gene expression score, which we built for OS based on 

the expression of TCGA patients, we applied the same equation to the expression of 

CDKN1A, ITGA6 and SNAI1 of patients from the validation cohort. Due to the differences 

we found according to histology we also applied analysis separately. We found no 
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significant associations for the entire cohort including subcohorts and the SCC subcohort 

(p = 0.116 and p = 0.434, respectively). On the contrary, the CSCs score showed that ADC 

patients with a high CSCs expression score have shorter OS (42.90 vs. NR months, p = 

0.020, Figure 46). 

 
Figure 46. Kaplan-Meier plot for OS according to the gene expression score levels of ADC validation 
subcohort. Gene expression levels were dichotomised according to the median. Blue lines represent 
patients with low levels of expression, whilst green lines represent patients with high levels of 
expression. P-values from the Kaplan-Meier test. 

The association between high CSCs score and worse prognosis was confirmed in 

an independent ADC cohort, validating its prognostic power for this lung cancer subtype. 

In order to do so, we have used RTqPCR, which is the gold standard method for gene 

expression quantification, because of its high sensitivity and specificity. Other 

advantages of this technology are that it requires a low RNA input, it is less time 

consuming than other methods, and it is robust and flexible. Thus, RTqPCR is clinically 

applicable for detecting patient subgroups with specific prognostic characteristics.  Gene 

expression scores based on RTqPCR have demonstrated being useful for classifying 

tumors and predicting prognosis, being even approved as prognostic tools in clinical 

practice (360). Moreover, this technology is a well-implemented methodology in our 

group for biomarkers’ research, previously reporting angiogenesis and immune 

checkpoint scores for NSCLC (361,362).  

However, although this CSCs score seems promising, the development of target 

therapies against this tumor population is essential to prevent relapse of patients and 

improve their future outcome. We found that the genes constituting the CSCs score, 
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CDKN1A, ITGA6 and SNAI1, were significantly overexpressed in tumorspheres with a 

more aggressive phenotype and higher resistant to chemotherapeutic agents than their 

adherent counterparts, so we decided to assess if the molecules encoded by these genes 

could be potential targets against CSCs. 

6. PHARMACOLOGICAL INHIBITION OF CSCs POTENTIAL 

TARGETS 

In order to determine the value of Snail, Integrin α6, and p21 as potential 

therapeutic targets against CSCs, we analyzed the effect of 10 µM Curcumin (integrin 

α6β4 inhibitor), 10 µM Apigenin (Snail pathway inhibitor), and 10 µM UC2288 (p21 

inhibitor) in three primary cultures derived from patients (FIS302, FIS320, and FIS343) 

and three cell lines (NCI-H1650, HCC827, and PC9). Cell viability results after 48 hours of 

exposure to each inhibitor are displayed in Figure 47. Cell viability was significantly lower 

in tumorspheres from FIS320, FIS343, NCI-H1650, and PC9 after treatment with 

curcumin, although more than 50% were alive in all cases except for PC9 tumorspheres. 

Regarding Apigenin, cell viability was high in both conditions after 48 hours, although 

significantly lower in tumorspheres than in adherent cells for all the cultures tested 

except for FIS343, which showed no significant differences. UC2288 achieved the 

highest reduction in cell viability after exposure, being it significantly lower in 

tumorspheres than in adherent cells from all cases except for FIS320. To date, curcumin, 

also known as diferuloylmethane, is the only molecule which has been reported to 

target integrin α6 (363). It is a highly pleiotropic molecule that exhibits antibacterial, 

anti-inflammatory, hypoglycemic, antioxidant, wound-healing, and antimicrobial 

activities (364). Due to these properties, curcumin has been investigated for the 

treatment and supportive care of clinical conditions including proteinuria, breast cancer, 

multiple myeloma, depression, and NSCLC.  However, it has been reported as pan-assay 

interference compound, which often gives false positive results in high-throughput 

screens (365), challenging its therapeutic efficacy. We also analyzed the effect of 

Apigenin as a Snail pathway inhibitor, since no specific molecules against the 

transcription factor Snail are available (366). Apigenin, known chemically as 4′,5,7-

trihydroxyflavone, belongs to the flavone subclass and is abundant in vegetables and 
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fruits. It is reported to have anti-inflammatory, antioxidant, anti-telomerase, 

antidepressant, and anti-cancer properties (367). Moreover, it is also known for its low 

toxicity, so combinatorial strategies have been proposed to enhance the anti-cancer 

effect of Apigenin on various cancers and its use as an adjuvant chemotherapeutic agent 

to overcome cancer drug resistance or to alleviate other adverse effects of 

chemotherapy (368). Simultaneously, a small molecule structurally related to sorafenib, 

UC2288, was used to target p21. This molecule selectively downregulates the expression 

of p21 and has no significant effect on the activities of Raf kinases, VEGFR2 kinase and 

ERK (369). We consider that the results obtained after the inhibition of these molecules 

are promising, but more experiments are needed in other to determine the depleting 

effect that this molecule have in their targets and trying different approaches, such as 

RNA interference, CRISPR or small interfering RNA, to obtain robust results and select a 

proper approach before trying their efficacy in vivo. 

 
Figure 47. Cell viability of FIS302, FIS320, and FIS343 patients and NCI-H1650, PC9 and HCC827 cell 
lines after 48 hours of exposure to (A) curcumin, (B) apigenin and (C) UC2288 10µM. Cell viability 
of paired adherent cells and tumorspheres was statistically analyzed using non-parametric Wilcoxon 
signed-rank test. *p<0.05. *p<0.01. 



Results & Discussion 

135 

 

7. INTEGRATION OF RESULTS 

Cancer is a generic term that defines a large group of diseases that can affect 

almost any part of the body. Indeed, there are more than 100 types of cancer, and 

subtypes of tumors can be found in each specific organ. Among them, lung cancer is the 

most commonly diagnosed and the leading cause of death cancer-related worldwide, 

with a five-year survival rate around 15% after diagnosis. There are two main reasons 

why lung cancer has such a poor prognosis. Firstly, it is mainly diagnosed in advances 

states, when curative surgery is no longer possible, and secondly, patients frequently 

develop resistance against the rest of treatments currently used in clinical practice. In 

that sense, it is known that cancer cells are heterogeneous, causing that some subclones 

in tumors are more affected by certain treatments than others. Indeed, there is strong 

evidence pointing out that elevated resistance against cancer therapies and recurrence 

are linked to CSCs, a population of tumor cells with stem-like properties for which many 

questions remain unexplained. 

In this study, we processed 20 tumor samples from early-stage resected NSCLC 

patients and successfully established eight primary cultures using two conditions: 

sphere-forming assays for CSCs enrichment and standard adherent conditions for their 

corresponding control counterparts. We found that external factors, such as fibroblast 

presence or tissue preservation, contribute more to the success in the establishment of 

cultures than clinicopathological variables, like tumor histology or the mutational status. 

Remarkably, phenotypical changes between primary cultures were found. Adherent-

cultured cells show either tight growth, forming colonies or abundant cell-cell 

interactions in the form of filopodia and lamellipodia or isolated growth, whereas 

tumorspheres were spherical and tight or more irregularly-shaped and loose. Regardless 

of the shape, tumorspheres from all cases showed unlimited exponential growth, 

differentiation and invasion capacities and compared to their control counterparts, 

showed greater tumor development potential when injected in NOD/SCID mice and 

higher resistance to classical chemotherapeutic agents, including cisplatin, docetaxel, 

paclitaxel, vinorelbine and pemetrexed. 
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We also analyzed the gene expression profile of tumorspheres and adherent 

cells, trying to identify genes and molecules which could have prognostic role or be 

potential therapeutic targets against CSCs. In this part of the study, we also included 

commercial cell lines in order to compare their expression with that from primary 

cultures. The relative gene expression of potential lung CSCs markers, detoxifying 

enzymes, pluripotency and cell cycle regulators, invasion promoters, and components 

of Notch, Wnt and Hedgehog signaling pathways was determined by RTqPCR, which is 

considered the gold standard in gene expression quantification with major advantages 

like its speed, sensitivity, and the low amount of RNA required. Using Wilcoxon signed-

rank test and PCA analyses, ALDH1A1, KLF4, NANOG, CD44, THY1, CDKN1A, JUNB, 

MDM2, MMP9, SNAI1, ITGA6, NOTCH1, NOTCH3, DLL4, JAG1, CTNNB1, and GSK3B were 

found significantly overexpressed in tumorspheres and the gene expression from 

immortalized cell lines was found more heterogeneous than that from primary cultures. 

At that point, we built a logistic regression model considering the 17 statistically 

significant overexpressed genes with the purpose of reducing the data dimensionality 

and removing possible collinear expression of genes. Based on this model, CDKN1A, 

NOTCH3, CD44, ITGA6, NANOG, and SNAI1 were selected as the best contributors to 

separate CSCs from monolayers, so the expression of the proteins encoded by these 

genes was selected for further analysis. Immunoblotting analysis revealed that these are 

significantly higher in tumorspheres than in adherent-cultured cells from ADC patients, 

in contrast to tumorspheres from SCC patients, which showed greater variability. 

Immunofluorescence analysis confirmed the higher expression of these molecules in 

tumorspheres and showed differential localization pattern between both culture 

conditions, which are related to tumor cells with more aggressive phenotypes. 

In the light of these results, the expression of the 17 genes significantly 

overexpressed in tumorspheres was correlated in silico with the RFS and OS of a cohort 

of 661 early-stage NSCLC patients from TCGA. Individual survival analysis revealed 

associations between elevated CDKN1A, ITGA6, JAG1, JUNB, SNAI1, and THY1 and worse 

outcomes. Furthermore, following a mathematical model, a score with the expression 

of CDKN1A, ITGA6, and SNAI1 was constructed, since these genes showed the highest 

association with mortality. The score was named CSCs score and was demonstrated to 
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be an independent prognostic biomarker for OS in NSCLC patients. Because of the 

significant differences reported for lung cancer histologies and based on our previous 

results, survival analyses were also applied according to tumor histology. We found that 

the CSCs score proposed is an independent prognostic biomarker for ADC patients, but 

not for SCC patients. Furthermore, we validated the prognostic value of the CSCs score 

proposed in an independent cohort of 245 patients from Consorcio Hospital General 

Universitario de Valencia, finding that high levels of the CSCs score was associated with 

worse OS in ADC patients. 

Finally, in order to determine the value of p21, Integrin α6 and Snail (encoded by 

CDKN1A, ITGA6, and SNAI1, respectively) as potential therapeutic targets against CSCs, 

we analyzed the effect of Curcumin, Apigenin and UC2288 in adherent cells and 

tumorspheres. We found a higher reduction of cell viability in tumorspheres for the 

three compounds tested which indicates that these molecules constitute promising 

targets that could change the current management of lung ADC patients. 

In summary, our approach allowed the establishment of long-term lung CSCs 

cultures, being a powerful tool for identifying the molecular alterations present in this 

tumor-cell population and providing new insight into the field of CSCs in NSCLC. 

Tumorspheres can be used for CSCs enrichment and a common set of genes were found 

to be significantly and consistently overexpressed in them. We created a gene score 

based on molecules overexpressed in this tumor-cell population which predicts worse 

outcome in two independent cohorts of patients. This score represents an independent 

prognostic biomarker that can help in future clinical practice, since patients with high 

values can be followed up closely after a successful surgery to prevent their relapse and 

death. Developing new therapeutic strategies against these molecules could have major 

implications in patients’ survival, since targeting cells with the ability to resist current 

cancer treatment is an unresolved matter and it will improve the future outcome of lung 

cancer patients. 
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1. Sphere-forming assays allow the establishment of long-term cultures 

enriched in lung CSCs from resected NSCLC tissue and cell lines in a simple 

and cost-effective way. 

2. Lung tumorspheres have self-renewal and unlimited exponential growth 

abilities, differentiation and invasion capacities, higher tumorigenic potential 

in vivo and higher resistance to chemotherapeutic agents than adherent cells 

in vitro. 

3. Tumorspheres also recapitulate tumor histology and allow isolating DNA, 

RNA and protein to perform extensive expression analysis and profiling, 

becoming suitable in vitro models for CSCs study. 

4. The expression of cytoprotective enzymes (ALDH1A1), pluripotency inducers 

(KLF4 and NANOG), cell cycle regulators (CDKN1A, JUNB and MDM2), 

metastasis-related genes (CD44, THY1, MMP9, SNAI1 and ITGA6), and 

components of Notch (NOTCH1, NOTCH3, DLL4 and JAG1) and Wnt (CTNNB1 

and GSK3B) was significantly increased in lung tumorspheres. 

5. According to this gene expression analysis, CDKN1A, ITGA6, NOTCH3, 

NANOG, SNAI1, and CD44 were the major contributors to distinguish 

tumorspheres from adherent cells. In consonance, the proteins encoded by 

these genes were found increased in tumorspheres from ADC patients and 

showed in some cases differential localization patterns compared to their 

adherent control counterparts. 

6. We demonstrated that a CSCs score, defined by CDKN1A, SNAI1 and ITGA6 

expressions, is an independent prognostic factor for early-stage NSCLC 

patients’ survival, so that patients with high CSCs score have significantly 

shorter OS. 

7. Pharmacological inhibition of proteins encoded by CDKN1A, SNAI1 and ITGA6 

revealed that these molecules are promising therapeutic targets against lung 

CSCs. 
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1. SUPPLEMENTARY MATERIAL  

Supplementary Table 1. Efficiency results for the assays used in this study. The efficiency of each 
TaqMan® assay was evaluated by carrying out serial dilutions of a reference cDNA. 

Gen Slope Efficiency 
Percentage 
Efficiency 

ABCG2 -3,396 1,970 99 

ACTB -3,322 2,000 100 

ALDH1A1 -3,165 2,070 104 

BMI1 -3,322 2,000 100 

CCND1 -3,993 1,780 89 

CD133 -3,322 2,000 100 

CD166 -3,422 1,960 98 

CD44 -3,644 1,881 94 

CD45 -3,654 1,878 94 

CDH1 -3,322 2,000 100 

CDKN1A -3,623 1,888 94 

CDKN1B -3,704 1,862 93 

CDKN2A -3,475 1,940 97 

CEACAM5 -3,322 2,000 100 

CTNNB1 -3,932 1,796 90 

DKK1 -3,186 2,060 103 

DLL1 -3,322 2,000 100 

DLL4 -3,322 2,000 100 

EPCAM1 -3,165 2,070 104 

FZD7 -3,845 1,820 91 

GAPDH -3,322 2,000 100 

GLI1 -3,805 1,831 92 

GSK3B -3,322 2,000 100 

GUSB -3,322 2,000 100 

HES1 -3,322 2,000 100 

HEY1 -3,743 1,850 93 

HPRT1 -3,570 1,906 95 

ITGA2 -3,322 2,000 100 

ITGA6 -3,475 1,945 97 

ITGB1 -3,644 1,881 94 

JAG1 -3,551 1,929 96 

JUNB -3,810 1,830 92 

KLF4 -3,541 1,916 96 

LGALS2 -3,464 1,944 97 
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LIN28B -3,831 1,824 91 

MDM2 -3,617 1,890 95 

MMP2 -3,899 1,805 90 

MMP9 -3,947 1,792 90 

MUC1 -3,322 2,000 100 

MYC -3,743 1,850 93 

NANOG -3,541 2,000 100 

NOTCH1 -3,881 1,810 91 

NOTCH2 -3,932 1,796 90 

NOTCH3 -3,396 1,970 99 

OCT4 -3,322 2,000 100 

PTCH1 -3,711 1,860 93 

SHH -3,388 1,973 99 

SMO -2,946 2,185 109 

SNAI1 -3,322 2,000 100 

SOX2 -4,001 1,778 89 

THY1 -3,928 1,790 90 

VIM -3,393 1,971 99 

WEE1 -4,073 1,760 88 

WNT1 -3,814 1,829 91 

WNT2 -3,322 2,000 100 

WNT3 -3,682 1,869 93 

WNT5A -3,710 1,860 93 

Efficiency values were measured using the CT slope method. This method involves generating a 
dilution series of the target template and determining the CT value for each dilution. A plot of CT 
versus log cDNA concentration is constructed.  

 
Supplementary Figure 1. Representative immunofluorescence images of the secondary antibody 
control. Green channel shows the secondary antibody staining, blue channel shows DAPI staining, 
and merge shows all channels merged. Scale bar represents 25 µm. 
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Lung tumorspheres reveal cancer stem cell-like
properties and a score with prognostic impact in
resected non-small-cell lung cancer
Alejandro Herreros-Pomares1,2, Juan Diego de-Maya-Girones3, Silvia Calabuig-Fariñas1,2,4, Rut Lucas5, Alicia Martínez6,
José Miguel Pardo-Sánchez3, Sergio Alonso 7, Ana Blasco8, Ricardo Guijarro9, Miguel Martorell10, Eva Escorihuela1,2,
María Dolores Chiara2,11, Elena Duréndez1,2, Carolina Gandía3, Jerónimo Forteza12, Rafael Sirera2,13,
Eloísa Jantus-Lewintre 1,2,13, Rosa Farràs3 and Carlos Camps1,2,8,14

Abstract
The high resistance against current therapies found in non-small-cell lung cancer (NSCLC) has been associated to
cancer stem-like cells (CSCs), a population for which the identification of targets and biomarkers is still under
development. In this study, primary cultures from early-stage NSCLC patients were established, using sphere-forming
assays for CSC enrichment and adherent conditions for the control counterparts. Patient-derived tumorspheres
showed self-renewal and unlimited exponential growth potentials, resistance against chemotherapeutic agents,
invasion and differentiation capacities in vitro, and superior tumorigenic potential in vivo. Using quantitative PCR, gene
expression profiles were analyzed and NANOG, NOTCH3, CD44, CDKN1A, SNAI1, and ITGA6 were selected to distinguish
tumorspheres from adherent cells. Immunoblot and immunofluorescence analyses confirmed that proteins encoded
by these genes were consistently increased in tumorspheres from adenocarcinoma patients and showed differential
localization and expression patterns. The prognostic role of genes significantly overexpressed in tumorspheres was
evaluated in a NSCLC cohort (N= 661) from The Cancer Genome Atlas. Based on a Cox regression analysis, CDKN1A,
SNAI1, and ITGA6 were found to be associated with prognosis and used to calculate a gene expression score, named
CSC score. Kaplan–Meier survival analysis showed that patients with high CSC score have shorter overall survival (OS)
in the entire cohort [37.7 vs. 60.4 months (mo), p= 0.001] and the adenocarcinoma subcohort [36.6 vs. 53.5 mo, p=
0.003], but not in the squamous cell carcinoma one. Multivariate analysis indicated that this gene expression score is
an independent biomarker of prognosis for OS in both the entire cohort [hazard ratio (HR): 1.498; 95% confidence
interval (CI), 1.167–1.922; p= 0.001] and the adenocarcinoma subcohort [HR: 1.869; 95% CI, 1.275–2.738; p= 0.001].
This score was also analyzed in an independent cohort of 114 adenocarcinoma patients, confirming its prognostic
value [42.90 vs. not reached (NR) mo, p= 0.020]. In conclusion, our findings provide relevant prognostic information
for lung adenocarcinoma patients and the basis for developing novel therapies. Further studies are required to identify
suitable markers and targets for lung squamous cell carcinoma patients.

Introduction
Lung cancer is the most commonly diagnosed cancer

and the leading cause of cancer death worldwide, with
~15% of patients surviving 5 years after diagnosis1. Eighty-
five percent of diagnosed patients are classified as non-
small-cell lung cancer (NSCLC), which includes adeno-
carcinoma (ADC), squamous cell carcinoma (SCC), and
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large-cell carcinoma, and 75% are diagnosed at advanced
stages, when surgery is not possible2. Significant advances
in the development of treatments against driver mutations
and immune-based therapies for these patients were
achieved in recent years3,4, but many patients still develop
treatment resistance, progress, and die5,6. Curative sur-
gery is the standard of care for early-stage patients with a
good performance status, but the recurrence rate ranges
from 35 to 50% and, after an apparently successful sur-
gical treatment, appearance of secondary tumors often
leads to the relapse of resected patients7. This poor
prognosis greatly supports the efforts to establish prog-
nostic biomarkers and therapeutic targets for improving
the management of NSCLC.
Among these targets, cancer stem-like cells (CSCs) are

proposed as a promising tumor population, since they are
believed to survive after conventional cancer treatments
and regenerate tumors even when are undetectable8.
These slow-diving cells are characterized by their self-
renewal potential, the capacity to undergo asymmetric
division to highly proliferative cells, and a great tumori-
genic activity, acting like tumor-initiating cells and pro-
ducing aggressive tumors when transplanted in immune-
compromised mice9. Additionally, CSCs share with other
stem cells the overexpression of cytoprotective enzymes,
enhanced ability to efflux molecules, and the anchorage-
independent growth ability, which can be used for
enriching cell cultures in this population. Nevertheless,
specific strategies against CSCs are not approved in
clinical practice and a better understanding of their
impact on patients’ prognosis is required.
CSCs have been analyzed in several solid tumors,

including brain, lung, breast, colon, or pancreas, finding
aberrant expression of different molecules and signaling
pathways10–14. However, most of the studies have been
performed on cell lines and conflicting data can be found.
For instance, CD133 and CD44 molecules have been
successfully used to identify lung cancer cells with CSC
properties in some studies15,16, whereas other publica-
tions reported that CD133− or CD44− cell populations
also possess the ability for self-renewal and enhanced
tumor initiation capacity when transplanted into
mice17,18. Cell lines are a powerful tool and offer several
advantages over primary cells, but they do not completely
mimic them and studies including primary cultures are
required when analyzing stemness properties, markers,
pathways, and novel approaches. To date, few publica-
tions include primary cultures from NSCLC patients’
tissue and, if included, the number of patients is small,
since primary culture establishment is difficult and CSCs
constitute an uncommon population19–21.
The aim of this study was to characterize the population

of CSCs derived from resected NSCLC patients to identify
genes and molecules that could have a prognostic role or

constitute the basis for developing novel therapies
focusing on this tumor population. We have confirmed
that tumorspheres from NSCLC patients are enriched in
cells with stem properties, identified potential targets
against this aggressive population, and established a three-
gene signature that is an independent prognostic marker
for patients’ OS.

Materials and methods
Patients and tissue samples
This study included 134 patients from the General

University Hospital of Valencia who underwent surgery
between 2004 and 2016 and who fit the eligibility criteria:
resected, non-pretreated stage I–IIIA patients (according
to the American Joint Committee on Cancer staging
manual) with a histological diagnosis of NSCLC. Lung
tumor specimens were obtained at the time of surgery.
Tumor samples from 20 patients were immediately pro-
cessed for primary culture establishment. The rest of
samples were preserved in RNAlater (Applied Biosystems,
USA) to avoid degradation of RNA and were frozen at
−80 °C until gene expression analyses. The mutation
status of KRAS, TP53, EGFR, ALK, and ROS1 was assessed
for the whole cohort. KRAS gene mutations in codons 12,
13, and 61 were quantitatively detected by pyrosequen-
cing using the theraScreen® KRAS Pyro® kit (Qiagen,
Germany). EGFR mutations were analyzed by quantitative
real-time PCR (RTqPCR) using the theraScreen® EGFR
RGQ PCR (Qiagen, Germany), whereas TP53 mutations
were determined using standard PCR followed by Sanger
sequencing. ALK and ROS1 rearrangements were deter-
mined by immunohistochemistry (IHC) using ALKp80
(MAD-001720QD) and ROS1 (MAD-000746QD). Anti-
bodies were from Master Diagnostica (Granada, Spain),
respectively.

Establishment of primary cell cultures
Unless specified, all reagents were obtained from Gibco

Paisley, UK. Surgical tumor specimens were washed and
minced into small pieces. Tumor dissociation was carried
out by enzymatic digestion (1 mg/mL collagenase type IV,
1 mg/mL dispase, and 0.001% DNAse, Sigma, St. Louis,
USA) for 3 h at 37 °C. Half of cells were cultured in
collagen-coated flasks with Advanced DMEM-F12 sup-
plemented with 10% fetal bovine serum (FBS), 200 µg/mL
penicillin/streptomycin, and 2mM L-glutamine. The rest
of the cells were seeded at low density in ultra-low
attachment plates (Corning, Lowell, MA, USA) with
serum-free Advanced DMEM-F12 medium supplemented
with 0.4% bovine serum albumin (BSA), 50 µg/mL epi-
dermal growth factor (EGF), 20 µg/mL basic fibroblast
growth factor (bFGF), 5 µg/mL insulin-transferrin-
selenium (ITS) PREMIX (Corning, Lowell, MA, USA),
2% B-27, 200 µg/mL penicillin/streptomycin, and 2 mM L-
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glutamine to support their growth as undifferentiated
tumorspheres. Cultures were expanded by mechanical
dissociation of spheres, followed by re-plating of both
single cells and residual small aggregates in complete
fresh medium. In all cases, cells were maintained at 37 °C
in 5% CO2 atmosphere and the medium was replaced
twice a week.

Cell line cultures
A549, NCI-H1395, NCI-H1650, NCI-H1975, NCI-

H1993, NCI-H2228, NCI-H23, NCI-H358, NCI-H460,
HCC827, PC9, and SW900 cells were purchased from
American Type Culture Collection (Supplementary Table
S1). Cell lines were cultured in RPMI-1640 containing
10% FBS, 200 µg/mL penicillin/streptomycin, and 0.001%
non-essential amino acids. To obtain tumorspheres, the
cells were trypsinized using 0.05% trypsin-EDTA when
they reached 80% confluence. The cells were seeded at
low density in ultra-low attachment flasks with serum-free
RPMI-1640 medium supplemented with 0.4% BSA, 50 µg/
mL EGF, 20 µg/mL bFGF, 5 µg/mL ITS PREMIX, 2% B-
27, 200 µg/mL penicillin/streptomycin, and 2mM L-
glutamine.

Animals and xenografts
To test the tumorigenic potential of adherent cells and

tumorspheres, 6-week-old NOD.CB17-Prkdcscid/NcrCrl
mice (Jackson Laboratories) were subcutaneously trans-
planted with cell suspensions in serum-free medium and
Matrigel (BD) (1:1). Tumor volume (TV) measurements
were recorded once a week using the formula: TV (mm3)
= d2 ×D/2, where d and D are the shortest and the
longest diameter, respectively22. Animals were terminated
when xenografts were 1000 mm3.

Cell invasion assays and time-lapse video recording
For cell invasion assays, cells were cultured in the

medium used for tumorsphere formation supplemented
with 0.2% methylcellulose in a non-adhesive convex
environment for 12 h at 37 °C and 5% CO2. Tumorspheres
were mixed with collagen matrix (2.5 mg/ml) and incu-
bated for 30min at 37 °C prior to microscopic analysis.
Time-lapse microscopy imaging was performed on a Zeiss
AxioObserver Z1 microscope with a Plan-Apochromat
×40 /1.3 (NA= 1.3, working distance= 0.21 mm), a
camera, and an Apotome attachment (Carl Zeiss, Ger-
many). Mosaic images were collected using AxioVision
software over a period of 20 h with a time resolution of
30 min.

Cell growth curves
Cultures were trypsinized at 80% confluence and

counted in a Neubauer camera with Trypan Blue dye
exclusion (Sigma, USA). Tumor cells were plated at a

density of 1000 cells per well in 96-well plates and cell
viability was evaluated 24, 48, and 72 h after seeding with
the CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (Promega, WI, USA) according to standard proto-
cols and analyzed with a Victor 3 plate reader (Wallac,
Turku, Finland). Data represented are the mean of three
replicates in three independent experiments.

Cytotoxicity assays
Adherent cells and lung tumorspheres were cultured at

desired density according to their growth curves into 96-
well plates. Chemotherapeutic agents were added after
24 h at the following final concentrations: cisplatin 50 µM,
docetaxel 10 µM, paclitaxel 10 µM, vinorelbine 10 µM,
and pemetrexed 50 µM (Selleckchem, Germany). The
selective agent against CSCs, salinomycin, was added at
1 µM (Selleckchem, Germany). Cells treated with dime-
thyl sulfoxide (vehicle control) served as controls. Cell
viability was evaluated after 48 h with the CellTiter 96®

Aqueous One Solution Cell Proliferation Assay and ana-
lyzed with a Victor 3 plate reader. Data represented are
the mean of three replicates in three independent
experiments.

Gene expression analysis
RTqPCR was performed to analyze the relative expres-

sion of 51 CSC-related genes on a Roche LightCycler®480
II system (Roche Ltd., Basel, Switzerland) (Supplementary
Table S2). RNA from cell pellets and frozen tissue sam-
ples was extracted using standard TRIZOL (Invitrogen)
method. Reverse transcription reactions were performed
from 1.0 µg of total RNA using random hexanucleotides
and a High-Capacity cDNA (complementary DNA)
Reverse Transcription Kit (Applied Biosystems, USA)
following the manufacturer’s instructions. The thermal
cycling conditions were as follows: 10 min at 25 °C,
120min at 37 °C, and 5 s at 85 °C. RTqPCR was performed
with assays based on hydrolysis probes using 1 µL of
cDNA, TaqMan Gene Expression Master Mix, and a
TaqMan Gene Expression Assay (Applied Biosystems,
USA) in a 5 µL final reaction volume. The thermal cycling
parameters were as follows: 2 min at 50 °C and 10min at
95 °C, followed by 40 cycles of 15 s at 95 °C and 1min at
60 °C. For efficiency calculations, we used random-primed
qPCR Human Reference cDNA (Clontech, USA). ACTB,
GUSB, and CDKN1B were selected as endogenous con-
trols using GeNorm software. Relative gene expression
levels were expressed as the ratio of target gene expres-
sion to the geometric mean of the endogenous gene
expressions according to Pfaffl formula23.

Immunoblot analysis
Tumorspheres were washed with cold phosphate-

buffered saline (PBS) and lysed on ice with lysis buffer
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(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.02% NaN3,
0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, 2 mg/ml
leupeptin, 2 mg/ml aprotinin, and 1mM phe-
nylmethylsulfonyl fluoride), whereas adherent cells were
washed with cold PBS and scraped out of the dishes
before lysis. Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride membranes, probed with the
indicated antibodies (Supplementary Table S3), and
detected by chemiluminescence. Densitometric analysis
was performed using ImageJ (NIH, USA) and all results
were normalized over β-actin.

Immunofluorescence analysis
Cells were fixed in 4% paraformaldehyde in PBS at room

temperature for 15min, washed and permeabilized with
0.4% Triton X-100 in PBS for 10min, and washed again.
Fixed cells were blocked in PBS containing 10% BSA and
0.4% Triton X-100 for 1 h. Immunodetection was carried
out using the same antibodies described above (Supple-
mentary Table S3). Cells were incubated overnight at 4 °C
with primary antibodies in blocking buffer. Thereafter,
secondary antibodies contained in the blocking buffer
were incubated for 1 h. Slides were incubated with 4′,6-
diamidino-2-phenylindole for 3 min, mounted with
Fluoromount Aqueous Mounting Medium (Sigma, USA),
and analyzed using a Leica confocal microscope (Leica
Microsystems, IL, USA).

IHC analysis
Adherent cells and tumorspheres were fixed in 4%

paraformaldehyde in PBS at room temperature for 15min,
washed, and embedded in Richard-Allan Scientific™ His-
toGel (Thermo Scientific, UK) prior to paraffin. Immu-
nodetection was done using CD56 (MAD-000749QD),
CEAm (MAD-002095QD), CEAp (MAD-001115QD),
cytokeratin 5/6 (MAD-000651QD), cytokeratin 7 (MAD-
001004QD), and p63 (MAD-000479QD) antibodies from
Master Diagnostica (Granada, Spain).

Bioinformatic analysis
In silico analysis was performed using two lung cancer

data sets from the The Cancer Genome Atlas (TCGA)
consortium24,25. Clinical and RNA-sequencing (Illumina
HiSeq platform) information was directly downloaded
from the ICGC Data Portal26, https://dcc.icgc.org/
releases/current/projects/LUAD-US, and https://dcc.icgc.
org/releases/current/projects/LUSC-US.

Statistical analysis
Expression of paired adherent cells and tumorspheres

were analyzed using non-parametric Wilcoxon’s signed-
rank test. In order to reduce the dimensionality and
remove possible collinear expression of genes, a logistic

regression model was built using a stepwise selection and
minimizing Akaike’s information criterion to select the
genes, which contributed more to differentiate tumor-
spheres from adherent cells. Continuous variables were
compared by non-parametric Mann–Whitney U and
Kruskal–Wallis tests. A Spearman’s rank test was used to
test for correlations between continuous variables and the
association between discrete variables was evaluated by
the χ2 test. Survival analyses were performed using uni-
variate Cox regression analysis and Kaplan–Meier (log-
rank) test method with clinicopathological variables and
dichotomized gene expression levels. To assess the inde-
pendent value of the tested biomarkers, a Cox propor-
tional hazard model for multivariate analyses was used.
All significant variables from the univariate were entered
into the multivariate analyses in a forward stepwise Cox
regression analysis. Furthermore, we also calculated gene
expression score based on multi-gene signature using a
method previously reported27,28. Univariate Cox regres-
sion analysis was used to select genes associated with
mortality (Z-score >1.5), which were afterwards included
in a multivariate risk model. All genes were included for
these purposes, and expression values for all analyses were
continuous variables. A probability of 95% (p < 0.05) was
considered statistically significant for all analyses. Statis-
tical analyses were performed using the Statistical Package
for the Social Sciences (SPSS, Chicago, IL, USA) version
15.0. Principal component analysis (PCA) for gene
expression analyses were performed with the SIMCA-P
software (version 13.0, Umetrics, Umea, Sweden) using
unit variance scaling method.

Results
Generation of adherent and non-adherent primary NSCLC
cultures
Clinicopathological information from each of the 20

patients included in this part of the study is summarized
in Table 1. The median patient age was 68 years [range:
54–83], 65% were males, 65% had ADC, and 55% of
patients were diagnosed at stage I of the disease. The
median follow-up was 17.32 months [range: 5.1–33.23],
and eight (40%) relapsed or died during the follow-up
period.
Primary patient-derived lung cancer cell cultures were

maintained for 4 weeks before they were split for the first
passage. Patient-derived cultures were successfully
established in 8 out of 20 cases (40%), being able to grow
tumor cells as monolayers and tumorspheres. No sig-
nificant associations were found between the analyzed
clinicopathological variables and the establishment of
primary cultures. The morphology of cells from patient-
derived cultures was examined and heterogeneity was
observed on the adherent-cultured cells between samples
(Fig. 1a). Cells from patients FIS299 and FIS301 grew as
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multilayers and formed cell colonies. These cell cultures
showed abundant cell–cell interactions in the form of
filopodia and lamellipodia and presence of giant cells and
vesicles (Supplementary Fig. S1). FIS317 cells were cubic,
grew as a monolayer, but showed tight cell–cell contact
with filopodia and a high number of vesicles. In contrast,
cells from patients FIS302, FIS303, and FIS315 were more
elongated, with brighter nuclei, fewer interactions, and a
more isolated growth. FIS320 and FIS343 cells were
similar to patients FIS302, FIS303, and FIS315 in terms of
growth rate (Supplementary Fig. S2), but had a different
morphology. Regarding tumorspheres, tight spheroids

were formed by FIS299, FIS301, and FIS315 cultures,
whereas FIS302, FIS303, FIS317, and FIS320 formed more
loose and irregularly shaped spheres, and FIS343 showed
a mixed behavior (Fig. 1b). Simultaneously, cell line cul-
tures were established in both conditions, adherence and
suspension, and were included in further gene expression
analyses (Supplementary Fig. S3).

Lung tumorspheres exhibit stemness features
One of our aims was to analyze if lung tumorspheres

displayed stemness properties. To determine the self-
renewal and growth potentials of lung tumorspheres, we

Table 1 Clinicopathological characteristics and lung tumorspheres formation of the patients included in the studya

Patient code Gender Age

(years)

TNM stage Histology Smoking status Progression/

exitus

DFS

(months)

Mutational status Tumorspheres

formation

FIS291 Male 66 IIA (T2aN0M0) SCC Current Yes 25.77 KRAS G12C No

FIS299 Male 69 IIIA (T4N1M0) SCC Former Yes 6.10 TP53 K132E Yes

FIS301 Male 71 IIB (T3N0M0) SCC Former No 30.77 TP53 D259fs*84 Yes

FIS302 Female 74 IIA (T2aN0M0) ADC Never No 33.23 KRAS G12D,

TP53 E285K

Yes

FIS303 Female 57 IB (T2aN0M0) ADC Former Yes 11.13 TP53 R175H Yes

FIS308 Male 72 IIB (T3N0M0) SCC Current No 27.80 No mutation

detected

No

FIS310 Male 68 IIIA (T3N2M0) ADC Former Yes 6.43 TP53 V157F

R213SNP

No

FIS312 Male 62 IA (T1bN0M0) ADC Current No 24.80 No mutation

detected

No

FIS315 Female 65 IA (T1aN0M0) ADC Never No 20.93 No mutation

detected

Yes

FIS317 Male 76 IIB (T3N0M0) SCC Current Yes 18.40 No mutation

detected

Yes

FIS320 Male 65 IB (T2aN0M0) ADC Current No 23.60 TP53 P153fs*26 Yes

FIS321 Male 83 IB (T2aN0M0) SCC Current No 22.50 TP53 Q156* No

FIS325 Female 67 IB (T2aN0M0) ADC Never No 16.97 EGFR L858R No

FIS326 Female 64 IB (T2aN0M0) ADC Former Yes 6.97 EGFR L858R,

TP53 G244C

No

FIS330 Male 54 IA (T1aN0M0) ADC Current No 5.10 TP53 R283P No

FIS331 Male 75 IIA (T2aN1M0) ADC Current Yes 6.20 TP53 R175H No

FIS337 Male 73 IB (T2aN0M0) ADC Former No 8.27 KRAS G12S No

FIS343 Female 60 IB (T2aN0M0) ADC Former Yes 7.00 TP53 R158L Yes

FIS345 Male 74 IIIA (T1aN2M0) SCC Current No 7.80 No mutation

detected

No

FIS347 Female 68 IB (T2aN0M0) ADC Never No 17.67 No mutation

detected

No

DFS disease-free survival, ADC adenocarcinoma, SCC squamous cell carcinoma, WT wild type
aNo significant associations were found between clinicopathological characteristics and tumorspheres formation

Herreros-Pomares et al. Cell Death and Disease          (2019) 10:660 Page 5 of 14

Official journal of the Cell Death Differentiation Association



Fig. 1 (See legend on next page.)
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maintained the suspension cultures for more than
6 months. In all cases, lung tumorspheres exhibited stable
unlimited exponential growth even in later passages (>30
passages) (Fig. 1c). To determine the invasive and
tumorigenic capacities of tumorspheres, time-lapse video
microscopy was performed, revealing that tumorspheres
possess a high invasive capacity, being able to migrate
through collagen matrix (Supplementary Video 1). We
also evaluated the ability of tumorspheres and its corre-
sponding adherent counterparts to develop tumors in vivo
by subcutaneous transplantation of cells into immuno-
compromised mice. Both cells derived from tumorspheres
and adherent cultures were able to initiate tumors in vivo,
being the tumor latency higher in tumors induced by
adherent cells (Fig. 1d). It is characteristic of CSCs to be
highly resistant to conventional therapies as well. We
investigated the cytotoxic activity of cisplatin, paclitaxel,
vinorelbine, and pemetrexed at high doses. A selective
agent against stem cells, salinomycin, was also tested at
lower concentration. All chemotherapeutic drugs had a
mild effect on tumorspheres from primary cultures after
48 h of exposure to antineoplastic agents, not reaching the
half-maximal inhibitory concentration (Fig. 1e). Cisplatin,
docetaxel, and pemetrexed displayed a modest cytotoxic
effect with 83.5%, 86.9%, and 76.2% of cells alive after
treatment, respectively. Paclitaxel and vinorelbine were
more effective with 68.2% and 56.9% of cells alive after
exposure, respectively. In contrast, salinomycin showed
higher cytotoxic activity against tumorspheres with 21.7%
of cells alive after 48 h exposure. Moreover, these drugs
were more effective in cells cultured under adherent
conditions (Supplementary Fig. S4). Finally, we assessed
the differentiation potential of tumorspheres. Using
serum-containing medium and conventional flask, we
seeded them and found that tumorspheres were able to
adhere and acquire the same morphology than their
corresponding adherent-cultured cells (Fig. 1f). Moreover,
gene expression profiles showed no differences between
adherent cells directly established from tissue and those
established from tumorspheres, confirming that tumor-
spheres are able to adhere and differentiate, losing the
expression of stemness markers reported in the next
section.

Lung tumorspheres overexpress genes related to stemness
and invasion
The expression at mRNA level of 51 genes described as

potential lung CSC markers, pluripotency and cell cycle
regulators, invasion promoters, and components of
Notch, Wnt, and Hedgehog signaling pathways was ana-
lyzed in tumorspheres and adherent cells from patient-
derived cells and cell lines using RTqPCR. The relative
expression levels of LIN28B, CD133,WNT1,WNT2, SHH,
and GLI1 were below the limit of detection of the tech-
nique in most samples and were excluded from the final
analysis. Remarkably, the expression of CD133 could not
be detected using three different sets of gene expression
assays. Tumorspheres showed higher expression of 37 out
of 44 genes compared to adherent-cultured cells, being a
group of 17 genes: ALDH1A1, KLF4, NANOG, CD44,
THY1, CDKN1A, JUNB, MDM2, MMP9, SNAI1, ITGA6,
NOTCH1, NOTCH3, DLL4, JAG1, CTNNB1, and GSK3B,
significantly overexpressed according to Wilcoxon’s
signed-rank test (Fig. 2).
Unsupervised PCA including patient samples and cell

lines was performed in order to group samples according
to gene expression. PCA score plot revealed that the
adherent-cultured cells population is more homogeneous
than tumorspheres in terms of gene expression (Supple-
mentary Fig. S5). Next, a supervised partial least square-
discriminant analysis was applied to discriminate tumor-
spheres and adherent-cultured cells. As shown in Sup-
plementary Fig. S6, principal component 1 (PC1) was able
to separate most CSCs from adherent tumor cells.
Loading plot revealed that the expression of SNAI1,
GSK3B, CD44, CDKN1A, NOTCH3, NANOG, and
CTNNB1 genes in tumorspheres contributed the most to
this separation. To analyze the differences between cell
lines and patient-derived cultures in their gene expression
profile, PCA analyses were applied separately to cell lines
and patient-derived cultures. The PCA score plot from
cell lines exhibited the high variability between them.
PC1 separated 7 out of 12 tumorspheres cultures from
adherent cells (Supplementary Fig. S7). On the contrary,
in the PCA score plot corresponding to the patient-
derived cultures, PC1 separated FIS343 and FIS320 from
the rest of primary cultures, whereas PC2 clearly

(see figure on previous page)
Fig. 1 Results for the primary cultures establishment and characterization. a Representative images of the primary patient-derived cancer cells
grown under adherent conditions. b Representative images of cells from the same patients under suspension conditions. c Self-renewal and
unlimited exponential growth potentials of suspension cultures. Tumorspheres displayed stable growth without declining in number. d Tumor
development capacity of adherent cells (blue line) and tumorspheres (red line) in vivo. The graph shows tumor growth in mice after injection of
tumorspheres and their adherent counterparts at the indicated time points. Error bars represent SEM. *P < 0.01. e Representative images of the
cytotoxic effects of the exposure of FIS301 patient tumorspheres to chemotherapeutic agents and salinomycin. Bar chart represents the cell viability
of tumorspheres from primary cultures after 48 h exposure to cisplatin 50 µM, docetaxel 10 µM, paclitaxel 10 µM, vinorelbine 10 µM, pemetrexed
50 µM, and salinomycin 1 µM. a,b,c,dBars with different superscripts are statistically different (p < 0.05). f Differentiation capacity of lung tumorspheres.
Under adherent conditions, tumorspheres adhere and acquire the morphologic features of cells directly established from tumor tissue
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distinguished adherent tumor cells from lung tumor-
spheres (Supplementary Fig. S8). When comparing the
gene expression profiles, it was observed that expression
of BMI1, CD166, CDKN2A, MDM2, HEY1, NUMB,
ITGA6, and NOTCH3 was induced in tumorspheres from
FIS343 and FIS320 patients, while tumorspheres from the
rest of patients showed higher expression of EPCAM,
NOTCH1, NOTCH2, CD44, CTNNB1, MMP9, and
CDKN1A. Thereafter, a logistic regression model was
used to reduce dimensionality and remove collinear
expression of genes. The model was built considering the
17 statistically significant overexpressed genes (p < 0.05,
Wilcoxon’s signed-rank test), being CDKN1A, NOTCH3,
CD44, ITGA6, NANOG, and SNAI1 the genes selected for
further analyses.

Lung adenocarcinoma tumorspheres overexpress p21,
Notch3, CD44, integrin α6, Nanog, and Snail
Gene expression analyses were complemented with

immunoblotting (IB) and immunofluorescence (IF) ana-
lyses of the proteins encoded by these six genes in primary
cultures. All protein expressions were significantly higher
in tumorspheres than in adherent cells in lung ADC
patients according to IB and only one patient (FIS320)
showed higher levels of integrin α6 and Snail in the
adherent-cultured cells than in tumorspheres (Fig. 3a).
Interestingly, IF showed differential subcellular

localization of p21, which was nuclear and cytoplasmic in
cells forming lung tumorspheres and only nuclear in
adherent tumor cells (Fig. 3b, secondary antibody control
Supplementary Fig. S9). For Notch3, membrane localiza-
tion in addition to cytoplasmic and nuclear was detected
in both adherent cells and lung tumorspheres. In addition,
all cells forming tumorspheres expressed both CD44 and
Nanog, although signals showed polarity, being higher on
cell membranes of cells located in the periphery of the
lung tumorspheres for CD44 and nuclear for Nanog. In
contrast, the expression of Nanog and CD44 was notably
lower in adherent cells. Integrin α6 showed similar
expression pattern to CD44 with higher expression in
cytoplasm, especially in the cell membrane. Finally, Snail
was overexpressed in tumorspheres and showed a non-
uniform nuclear location along them. In adherent cells, a
more homogeneous expression was detected in nuclei,
which was weaker than that observed on their corre-
sponding tumorspheres.
In contrast to ADC patients, variability was greater for

SCC patients (Supplementary Fig. S10). No significant
differences were found for p21, CD44 and integrin α6,
whereas higher expression of Nanog, Snail, and Notch3
were detected in adherent cells in this histology, sug-
gesting that different molecular changes govern CSCs in
this tumor subtype. Complementary analyses of other
potential CSC-related proteins (CD133, CD166,

Fig. 2 Transcription levels of CSC-related genes in tumorspheres vs. adherent-cultured cells. mRNA was measured by RTqPCR. The results
shown are the log 2 of the ratio between the gene expression of tumorspheres and the gene expression of adherent-cultured cells. Error bars
represent SEM. Asterisks indicate p < 0.05 (yellow) and p < 0.01 (red)
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Fig. 3 Analysis of CSC-related proteins in primary cultures. Representative immunoblots (a) and immunofluorescence (b) images of Nanog,
CD44, integrin α6, Notch3, p21, and Snail in adherent-cultured cells and tumorspheres from ADC patients. Bar chart represents the relative expression
of each protein according to immunoblots. Asterisks indicate p < 0.05 (yellow) and p < 0.01 (red). β-Actin was used to assess equal loading in
immunoblots. Green channel in immunofluorescence shows the indicated antibody staining, blue channel shows DAPI staining, and merge shows all
channels merged. Scale bar represents 25 µm
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ALDH1A1, β-catenin, E-cadherin, and vimentin) and
histological markers (carcinoembryonic antigen, cytoker-
atin 7, p63, cytokeratins 5/6, CD56) were performed and
can be found in the Supplementary Figs. S11 and S12.

A CSCs score is a prognostic biomarker for OS in NSCLC
Data from TCGA for ADC and SCC patients were used

to associate genes significantly overexpressed in tumor-
spheres with survival. Clinicopathological characteristics
of these patients are summarized in Table 2 (in silico set).
Patients with post-surgical complications were excluded
from the survival analysis, and only those patients who
had at least 1 month of follow-up were included (N=
661). Cox regression and Kaplan–Meier analyses indi-
cated that patients with high levels of THY1, SNAI1,
ITGA6, and CDKN1A presented worse OS (Supplemen-
tary Table S4 and Supplementary Fig. S13). Survival
analyses were also performed according to patient his-
tology, associating high ITGA6 and JAG1 with worse
prognosis in ADC patients. No other significant associa-
tions were found between survival and clinicopathological
variables or gene expression.
Thereafter, we intended to create a gene expression

score that can provide more accurate predictions for
patients’ prognostic27,28. Univariate Cox regression ana-
lysis was performed considering OS as a dependent vari-
able. Genes were ordered on the basis of their prognostic
power (univariate Z-score, Supplementary Fig. S14), and
according to this ranking, the expression of CDKN1A,
SNAI1, and ITGA6 were found to be associated with
survival (Z-score >1.5), and therefore were selected to
create a risk signature. We constructed a model based on
the relative contribution of these three genes in the
multivariate analysis (considering absolute regression
coefficients, see Supplementary Table S5), and the
resulting score was named CSCs score, with the
following equation: (CDKN1Ax0.123)+ (ITGA6x0.196)
+ (SNAI1x0.255). Kaplan–Meier analysis showed that
patients with high CSC score (>median) had shorter OS
(37.7 vs. 60.4 mo, p= 0.001; Fig. 4a). We also performed a
stratified analysis by histology and found a similar asso-
ciation between high CSC score and prognosis for ADC
patients (36.6 vs. 53.5 mo, p= 0.003; Fig. 4b). To evaluate
the potential use of the CSC score as an independent
prognostic biomarker, a multivariate analysis was per-
formed including all the significant variables from the
univariate analyses (age, tumor node metastasis (TNM)
staging, tumor size, lymph node involvement, CDKN1A,
ITGA6, SNAI1, and the CSC score). Results obtained from
this multivariate analysis indicated that age, TNM staging,
and the CSC score in the entire cohort and TNM staging,
lymph node involvement, and the CSC score in the ADC
cohort were independently associated with survival (see
Table 3).

An independent cohort of patients with resected lung
ADC was used for validation of the CSC signature. Clin-
icopathological characteristics of these patients are sum-
marized in Table 2 (validation set). Cox regression and
Kaplan–Meier analyses of individual genes indicated that
patients with high expression levels of SNAI1 and ITGA6
presented worse OS (Supplementary Table S4 and Sup-
plementary Fig. S13). In addition, the association between
high CSC score and worse prognosis was confirmed in

Table 2 Clinicopathological characteristics of the
patients included in the study

In silico set Validation set

Global cohort ADC cohort ADC cohort

N= 661 % N= 345 % N= 114 %

Age at surgery

(median, range)

68 [38–88] 67 [38–88] 65 [37–84]

Gender

Male 395 59.8 165 47.8 77 67.5

Female 266 40.2 180 52.2 37 32.5

Stage

I 375 56.7 197 57.1 73 64.0

II 179 27.1 90 26.1 26 22.8

IIIA 107 16.2 58 16.8 15 13.2

Histology

ADC 345 52.2 345 100.0 114 100.0

SCC 316 47.8 0 0.0 0 0.0

Others 0 0 0 0 0 0.0

Performance status

0 NS NS 79 69.3

1 35 30.7

Differentiation grade

Poor NS NS 17 14.9

Moderate 38 33.3

Well 27 23.7

NS 32 28.1

Smoking status

Current 165 25.0 83 24.1 52 45.6

Former 382 57.8 179 51.9 39 34.2

Never 114 17.2 83 24.1 23 20.2

Exitus

No 400 60.5 231 67.0 65 57.0

Yes 261 39.5 114 33.0 49 43.0

ADC adenocarcinoma, NS non-specified
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this cohort (42.90 vs. not reached (NR) mo, p= 0.020;
Fig. 4c).

Discussion
Cancers exist in an extraordinary variety of types and

subtypes, making each cancer individually unique.
Tumors are heterogeneous and many cancer cell popu-
lations with different features are present. Among these
tumor populations, cells with stemness properties, com-
monly called CSCs, have been described and associated to
more aggressive phenotypes. There is strong evidence
suggesting that cancer cells with stem properties selec-
tively resist current cancer therapies, indicating the
important role that CSCs play in tumor evolution, relapse,
and metastasis8,9. In this context, evaluation of their gene
expression profiles could provide the basis for identifying
biomarkers and therapeutic targets, which could improve
patients’ outcomes. Sphere-forming assays are well-
described culture methods that have been used for stem
cells isolation, identification, and enrichment from dif-
ferent tissues10–14. Starting material for these cultures can

also be commercial cell lines, but using cells directly
isolated from surgical resections specimens reflect in vivo
conditions better than they do, since immortalized cell
lines do not behave as primary cultures and long-term
manipulation alters phenotype, functions, and respon-
siveness to stimuli. In addition, clinicopathological infor-
mation from primary cultures can be correlated with each
culture behavior, whereas this information is limited for
most cell lines. As a result, although the establishment of
primary cultures can be problematic and time-consuming,
experiments with this type of approach are required to
strengthen the findings, especially when studying stem-
ness properties. In addition, the expression of some sur-
face markers has been proposed as characteristic of lung
CSCs, although contradictory data can be found between
different studies, even when using the same cell lines15–18.
For these reasons, in this study we used unsorted pri-

mary tumor cells to form tumorspheres without selecting
them according to the expression of a single marker or
combination that could misrepresent the cell population
with stem properties. Under these conditions, the success

Fig. 4 Prognostic value of the CSC score. Kaplan–Meier plots for OS according to the CSC score in the entire cohort (a) and the adenocarcinoma
subcohort (b) from TCGA and the validation cohort (c). The signature was divided as low and high according to its median. Green and orange lines
represent patients with high levels of expression, whereas blue and purple lines represent patients with low levels of expression. P values were
calculated using the Kaplan–Meier test

Table 3 Results from the multivariate Cox regression model for OS

Global cohort (N= 661) ADC cohort (N= 345)

HR 95% CI P value HR 95% CI P value

Age (>65 vs. ≤65) 1.398 1.069–1.827 0.014 – – –

TNM staging (IIIA vs. II vs. I) 1.353 1.161–1.578 0.0001 1.515 1.097–2.092 0.012

LN involvement (yes vs. no) – – – 2.108 1.453–3.059 <0.0001

CSC signature (high vs. low) 1.498 1.167–1.922 0.001 1.869 1.275–2.738 0.001

ADC adenocarcinoma, LN involvement, lymph node involvement, OS overall survival, HR hazard ratio, CI confidence interval
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rate in the establishment of primary cultures from lung
cancer patients was 40%, which is in consonance with
results previously reported12,29. Although EGFR, ALK, and
ROS1 are common driver mutations in lung adenocarci-
noma with effective targeted therapies approved for
use30,31, we found no correlations between their muta-
tional status, KRAS or TP53 mutational status, or other
clinicopathological variables and the establishment of
primary cultures.
To ensure that our lung tumorspheres were enriched in

cells with stem-like properties, multiple analyses were
performed to determine if they have the fundamental
features of this population. Patient-derived tumorspheres
had self-renewal and unlimited exponential growth abil-
ities, higher tumorigenic potential in vivo than adherent
control cells, were able to differentiate and acquire the
properties of their adherent counterparts, showed high
invasion capacity, and were very resistant to high doses of
chemotherapeutic agents. These results are in line with
those previously reported on CSCs isolated from lung
cancer16–18 and confirm that this approach can be used
for their enrichment in a simple and cost-effective way. In
addition to all these properties, CSCs share with other
stem populations the overexpression of stemness path-
ways, cytoprotective enzymes, and efflux pumps32–34.
Different genes and molecules have been proposed as
characteristic of lung CSCs, but most studies are focused
on few cell lines and analyzed the expression of small
groups of genes, being very challenging to determine
which ones are characteristic of a particular cell line or
patient and which ones are governing stemness in lung
CSCs33–37.
In this study, lung tumorspheres exhibited increased

expression of genes encoding for cytoprotective enzymes
(ALDH1A1), pluripotency inducers (KLF4, NANOG), cell
cycle regulators (CDKN1A, JUNB, MDM2), metastasis-
related genes (CD44, THY1, MMP9, SNAI1, ITGA6), and
components of Notch (NOTCH1, NOTCH3, DLL4, JAG1),
and Wnt (CTNNB1, GSK3B) pathways. To reduce the
dimensionality of our data, a mathematical algorithm was
used, selecting CDKN1A, NOTCH3, CD44, ITGA6,
NANOG, and SNAI1 to distinguish tumorspheres from
adherent tumor cells. Protein analyses of the selected
genes confirmed gene expression results and showed that
proteins encoded by these genes are overexpressed in
tumorspheres from ADC patients and in some cases dif-
ferentially located along the cells. These molecules are
widely related to features observed in CSCs and could
constitute potential targets. For instance, cytoplasmic p21
(encoded by CDKN1A) and Notch3 were associated with
self-renewal, tumorigenic behavior, and aggressive
tumors38–41. Additionally, Snail has been reported to
regulate Nanog, inducing stemness properties in lung
cancer and, along with integrin α6, Snail, and CD44, has

been associated with cell migration, invasion, and
metastasis42–46. In contrast, variability was greater for
SCC patients, for whom no significant results were found
for p21, CD44, and integrin α6, whereas the expression of
Notch3, Nanog, and Snail seemed higher in adherent cells
than in tumorspheres. Differences in the role of these
molecules have been previously reported according to
tumor histology47,48, highlighting that there are significant
changes between NSCLC subtypes and that markers to
identify CSCs are not only tissue-dependent but also
histological. In this study, only one 1 of the 12 cell lines
and 3 out of the 8 primary cultures were lung SCC, so a
greater number of cases could be required to properly
identify markers and targets for this tumor subtype.
Complementary, the protein expression of other mole-
cules was analyzed, finding differential expression of
CD133, CD166, ALDH1A1, β-catenin, E-cadherin, and
vimentin in patients’ tumorspheres. Our group previously
reported the association of some these molecules to CSCs,
being their expression associated to the response to
compounds targeting cell stemness49.
Many studies have tried to correlate the expression of

genes associated with CSCs to patients’ prognosis50,51.
Nevertheless, most of them are focused on single
pathway-specific markers with limited prognostic value.
Finding gene expression signatures that identify altered
pathways in carcinogenesis could lead to the discovery of
molecular subclasses and predict patients’ outcomes bet-
ter52,53. TCGA data of the genes significantly over-
expressed in tumorspheres was ranked according to their
prognostic power, trying to find a gene signature, which
could provide valuable prognostic information24,25. We
created a score combining the expression of CDKN1A,
ITGA6, and SNAI1, which was an independent prognostic
biomarker for lung cancer patients. To validate it, the
expression of these genes was evaluated in an indepen-
dent cohort of resected lung ADC patients, finding that
patients with elevated CSC score had shorter OS. These
results are of great importance because current clin-
icopathological staging methods have limited success in
predicting patient survival and today we still cannot pre-
dict which patients will be cured, and which ones will
relapse after surgery. Gene expression scores based on
RTqPCR have demonstrated being useful for classifying
tumors and predicting prognosis, being even approved as
prognostic tools in clinical practice54. This technology is a
well-implemented methodology in our group for bio-
markers’ research, previously reporting angiogenesis and
immune checkpoint scores for NSCLC55,56. The CSCs
score proposed can help in future clinical practice, since
high scores may reflect a bigger CSC population with
enhanced cell migration, invasion, and tumor initiation
capacity that will be able to modulate cell cycle and persist
after cancer treatments. As a result, patients with high
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values on this score may need adjuvant treatment and
should be closely followed after a successful surgery,
because they have a higher risk to die. The development
of targeted therapies against this tumor population is
essential to prevent relapse of patients and improve their
future outcome.
Our approach allows the establishment of long-term

lung CSCs cultures, being a powerful tool for identifying
the molecular alterations present in this tumor cell
population and providing new insight into the field of
CSCs in NSCLC. Tumorspheres can be used for CSC
enrichment and a common set of genes were found to be
significantly and consistently overexpressed in them.
Developing new therapeutic strategies against these
molecules could have major implications in patients’
survival. In addition, a gene score based on molecules
overexpressed in this tumor cell population predicts
worse outcome in two independent cohorts of patients,
representing an independent prognostic biomarker that
can be used to determine the outcome in resectable lung
ADC patients.
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Abstract
A driver mutation is an alteration that gives a cancer cell a fundamental growth advantage for its neoplastic transformation. It differs from passenger mutations in 
that these do not necessarily determine the development of the cancer. Genomic instability and high mutation rates cause cancer to acquire numerous mutations 
and chromosomal alterations during its somatic evolution; most are termed passengers because they do not confer cancer phenotypes. Studies suggest that mildly 
deleterious passengers accumulate and can collectively slow cancer progression. Clinical data also suggest an association between passenger load and response to 
therapeutics, yet no causal link between the effects of passengers and cancer progression has been established. Although in the biology of cancer, driver mutations have 
been given more importance, the new evidence shows that passenger mutations are more important because they impact areas such as epigenetics, in mitochondrial 
DNA, immunogenicity or in the response to chemotherapy. We present an extensive review of the scientific literature on the role of passenger mutations in the 
evolution of cancer.
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Introduction
Tumorigenesis is the result of the accumulation of genomic 

alterations and is driven by somatic evolution: alterations that occur 
because of defects in the regulatory circuits governing normal cell 
proliferation and homeostasis [1,2]. There are many kinds of cancer 
and tumor subtypes, in every location in the body and this complexity 
means that many questions about tumorigenic processes remain 
to be answered. For instance, many distinct regulatory circuits 
within each type of target cell must be disrupted for them to become 
cancerous [3]. However, even though carcinogenesis is very complex, 
genomic instability (i.e., a high frequency of genetic, epigenetic, and 
chromosomal alterations, collectively referred to as ‘mutations’) is a 
hallmark of this process [4].

Over the past decade, next generation sequencing (NGS) has 
allowed the integration of cancer genomics into clinical care. This has 
facilitated several major mass-sequencing genome projects—such as 
the International Cancer Genome Consortium (ICGC) and The Cancer 
Genome Atlas (TCGA)—for almost every key type of cancer and has 
identified tens of thousands of tumor mutations (including lung, kidney, 
and breast cancer mutations) [5]. In addition, studies conceptualizing 
the clonal hierarchy and phylogeny of cancer have demonstrated that 
intra-tumoral mutational and chromosomal heterogeneity is high 
[6-8]. Within this context, NGS technology has allowed the scientific 
community to characterize the molecular classification of cancer 
to define mutations as ‘drivers’ or ‘passengers’, depending on their 
proliferative and invasive capacity [9], also providing evidence that 
genomic instability is the cornerstone of cancer initiation. 

Driver mutations are usually defined as mutations that induce 
cell proliferation and tumour growth, while passenger or ‘hitchhiker’ 
mutations, which represent approximately 97% of all cancerous 
mutations do not [10]. However, the role of passenger mutations has 
recently become more controversial, with some authors describing 
them as ‘mini drivers’ [11], also referred to as latent drivers of neutral 
mutations [12]. This contrasts with the prevailing hypothesis that 
the accumulation of passenger mutations is detrimental to cancer by 
slowing tumor growth and reducing metastatic progression [13,14]. 
In this review we discuss recent evidence in support of this latter 
hypothesis, the main arguments against the importance of passenger 
mutations, and the clinical consequences of tumor evolution based 
on their mutational rate. We argue that current approaches should be 
applied in new targeted cancer therapies.

Genomic instability as a cornerstone of cancer 
The ability to detect genomic variations in cancer by genome, 

exome, and transcriptome sequencing analysis has led to the increased 
use of these technologies in large-scale molecular characterization 
projects such as the ICGC [5] and TCGA [15], facilitating the discovery 
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of oncogenic drivers and candidate drug targets. The genomic 
characterization of cancer, progress in the understanding of cancer 
biology, and new ways of identifying its etiology of cancer, stratifying 
patients, managing the disease, and monitoring its responses have been 
especially beneficial.

Genomic instability is considered the cornerstone of the molecular 
classification of cancer; the acquisition of higher mutational rates 
caused by inducing genomic instability leads to the accelerated 
accumulation of ‘adaptive drivers’. In turn, this causes an increased 
passenger load that can cancel out the effects of these drivers, thus 
modulating tumorigenesis and tumor progression [16]. Chromosomal 
instability, the occurrence of a high rate of chromosome structural 
alterations in tumor cells, is the most common type of genomic 
instability. Another form is characterized by an increased nucleotide 
mutation rate; microsatellite instability is a special case of this type 
of genomic instability and is characterized by the expansion or 
contraction of the oligonucleotide repetitions present in microsatellite 
sequences [17,18].

Current molecular cancer classifications divides detected 
mutations into driver and passenger mutations. Within this paradigm, 
driver mutations confer a growth advantage to cancer cells and are 
positively selected for in the cancer-tissue microenvironment and 
are therefore causally involved in oncogenesis. Conversely, passenger 
mutations do not confer the advantage of clonal growth and therefore, 
do not contribute to the development of cancer. A driver mutation 
is not required for the maintenance of a cancer, but must have been 
present at some point during the cancer’s evolution. Passenger 
mutations are present in cancer genomes because they often occur 
during somatic cell division and have no functional consequences. 
Therefore, any cell that acquires a cancerous driver mutation already 
contains biologically-inert somatic passenger mutations in its 
genome which, through clonal expansion, will be duplicated in every 
subsequent daughter cancer cell [19]. Genomics-driven discovery of 
novel driver mutations and the molecular classification of cancer have 
accelerated the design of rational strategies for cancer prevention, 

patient stratification, the development of new drugs, and treatment 
options in clinical settings, thereby establishing the concept of 
precision medicine in cancer.

Passenger versus driver mutations
Only a small fraction of the total mutations present in a tumor 

are thought to be driver mutations. Tumors typically contain 40-100 
gene-coding alterations, including 5-15 driver mutations [20-22], some 
of which may be important for tumor initiation (e.g., APC in colon 
cancer) [23], while others could play a role in tumor growth (e.g., 
VEGF) or metastasis ( e.g., TWIST1) [24]. In addition, it is important 
to note that there is a fundamental difference between a driver gene 
and a driver gene mutation. A driver gene produces driver mutations 
but may also produce passenger mutations. For example, APC is a large 
driver gene, but only mutations that truncate the protein encoded in 
the 1,600 amino acids in its N-terminal are driver-gene mutations; 
missense mutations throughout the gene, as well as protein-truncating 
mutations in the 1,200 amino acids in its C-terminal, are normally 
passenger mutations [13] (Figure 1).

Because driver events are so important for cancer progression, 
the primary goal of cancer sequencing is usually their discovery 
throughout the genome [22]. Therefore, most research aims to isolate 
and analyse driver mutations, although for most types of cancer, these 
alterations in the early stages of tumorigenesis are poorly understood. 
Conversely, little attention has been paid to passenger mutations, which 
constitute the vast majority of the somatic alterations present in cancer. 
Evolutionary and genomic simulation studies in cancer suggest that 
passenger mutations accumulate and, collectively, can decrease cancer 
progression [13,14,16]. Clinical data also imply an association between 
therapeutic responses and passenger mutation loads. Furthermore, 
the antitumor effects of chemotherapy may be because this treatment 
induces genomic instability and increases the passenger mutation load.

The number of somatic passenger mutations accumulated in 
a tumor can provide valuable information about its evolutionary 

 
Increase in MIN or CIN

Normal 
mucosa

Colorectal 
carcinoma 

Tumor 
growth

66 Non-
inherited
muta�ons

APC
KRAS
P53

VEGF

Metastasis

TWIST1

APC
Driver
gene 1.600 amino acids

Driver muta�ons
1.200 amino acids
Passenger muta�ons

Figure 1. Mutational evolution associated with genomic instability in colorectal cancer



Aparisi F (2019) Passenger mutations in cancer evolution

 Volume 3: 3-8Cancer Rep Rev, 2019         doi: 10.15761/CRR.1000188

history because they can be used as a molecular clock to calculate the 
approximate age of the tumor lineage. In other words, the number of cell 
divisions that have occurred in the lineage of the dominant clone from 
the patient’s birth to the time of biopsy. Passengers can also become 
immunotherapy targets or cause treatment resistance. Likewise, their 
accumulation can explain several clinical phenomena such as slow 
progression, long latency periods, the prevalence of small subclinical 
cancers, spontaneous regression, and the observed range in cancer 
growth rates. However, these events are not easily explained without 
considering deleterious passengers.

The incorporation of passengers into cancer evolution 
models

In 1976, genetic instability started to be considered a mechanism of 
tumorigenesis, even in the presence of very few chromosomal changes 
(such as in acute diploid leukemia and chronic granulocytic leukemia) 
resulting in a ‘clonal evolution model’. In this paradigm, carcinogen-
induced changes in normal progenitor cells produced diploid tumor 
cells with a growth advantage that allowed their initial clonal expansion 
[25]. Over the past four decades, this classic model of cancer evolution 
has focused exclusively on driver mutations to describe how these 
sequentially-acquired alterations provide an advantage to the growth 
of tumor cells. However, the integration of mathematical frameworks 
into the analysis of cancer genome sequencing data has resulted in new 
models: (a) in the ‘Big Bang model’, clonal and subclonal mutations 
arise early and the tumor grows as a single intermixed population; (b) 
in the ‘neutral model’ there is no significant difference between clonal 
populations; and (c) in the ‘punctuated evolution model’ clones rapidly 
arise between periods of relative mutational equilibrium [26] (Figure 
2).

There is also a commonly used ‘two-hit model’ in which the first 
driver mutation produces no fitness benefit but the combination of two 
driver mutations can have a strong cumulative effect. Furthermore, 
the recently proposed evolutionary ‘stochastic model’ can explain the 
dynamics of cancer progression and describes how individual cells 
can divide and potentially acquire driver or passenger alterations, 
which may be involved in cell death. The size of tumors changes with 
the production and death of individual cells, which usually depends 
on the effect of accumulated drivers and passengers and the cellular 

environment. Thus, assuming that all driver and passenger mutations 
have equal fitness advantages and disadvantages, these rates are changed 
by the number of drivers and passengers and the total hyperplasia, or 
cell population size [13].

The stochastic evolutionary model of cancer progression indicates 
that deleterious passengers can accumulate in cancer and that these 
usually have a negative selection effect on tumor cells; genomic analysis 
shows that the passengers present in sequenced cancers have harmful 
phenotypes (to the cancer). Importantly, the origin of many properties 
of cancer may be explained if their phenotype is considered as a balance 
between drivers and the deleterious effect of passenger mutations—
phenomena not considered in the original model. These include (a) 
slow initial and rapid late growth; (b) a critical cancer size for dormancy 
or spontaneous regression; and (c) short-term responses to mutagenic 
therapies. 

In addition, cancers that accumulate alterations in passengers, 
better respond to treatments are observed. This detrimental effect on 
cancer is currently an untapped therapeutic target which could be 
leveraged by increasing either the overall mutation rate (to augment the 
rate of passenger mutation accumulation) or the deleterious effect of 
these passengers [13,14]. This evolutionary model led to the discovery 
of useful treatments via molecular oncology and has facilitated the 
proposal of new therapeutic targets for the field of precision medicine. 
In the following sections, we discuss how the effects of passenger 
mutations could be enhanced in current and future therapies.

Passenger mutations as molecular clocks
The number of passenger mutations accumulated in each tumor 

lineage can provide information about its approximate age which also 
corresponds to the age of the tumor itself. The mean age of ovarian and 
lung tumor lineages is 1,113 and 749 cell divisions, respectively [26]. 
This is because the ovarian epithelium self-renews regularly [27] while 
the pulmonary epithelium renews slowly but this process is stimulated 
after injury [28]. Given that the cell division time for lung tumor cells 
is about 8 days [29], by multiplying this rate by the average lung tumor 
lineage age, we can say that most cancers of this type are detected 16.4 
years after they first started.

Using computational methods and cell division rates for different 
tumor types (based on mutational signatures from genome sequencing 

Figure 2. a) In the classical model, sequentially acquired driver mutations offer growth advantage; (b) in the Big bang model, clonal and subclonal mutations arise early, and tumor grows 
as a single intermixed population; (c) in neutral model, there is no major difference in fitness between the clonal populations, and (d) in the punctuated evolution model, clones arise rapidly 
between periods of relative mutational equilibrium
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data), approximations of tumor chronological age could offer important 
clues into their biology. These include information about the intrinsic 
and extrinsic mutagenic influences present during the period of tumor 
initiation and the clonal evolution of the tumor. This data may also 
help our understanding of intratumoral heterogeneity and differences 
in patient prognosis and responsiveness to treatment. Together with 
clinical data, this can help elucidate the time required for benign 
tumors to become invasive and metastatic and help design methods for 
their early detection and treatment [26].

Using passengers to identify mutator phenotypes
The mutator-phenotype hypothesis suggests that the mutation rate 

of normal cells is too slow to produce the large number of alterations 
found in human tumors and that the elevated mutation rate of human 
tumor cells increases their likelihood of acquiring advantageous 
mutations. The hypothesis predicts that tumors contain cells harboring 
hundreds of thousands of mutations rather than only a few specific 
driver mutations [30], and that malignant cells within a tumor therefore 
constitute a highly heterogeneous population [31,32]. Probabilistic 
mathematical models can identify mutator genes that cause point 
mutations or increased chromosomal alteration rates and can estimate 
their effect during carcinogenesis.

Data for ovarian cancer reveals that alterations in the genes or 
regions that result in a mutator phenotype tend to occur early. For non-
mutator genes and regions, those containing MYC, KRAS, CCNE1, and 
RB1 tend to be altered early, while CSMD3, USH2A, and the region 
containing MECOM and WWOX tend to be altered late. In lung 
cancer, TP53 and PRKDC increase the rate of mutations; EGFR, KRAS, 
STK11, and TP53 tend to mutate early while LRP1B and PTPRD tends 
to become mutated late. However, this method of identifying altered 
driver genes by correlating them to passenger mutations generates 
many false positives because mutator genes cannot be distinguished 
from genes that alter later [26].

Genomic instability can be caused by dysfunction of DNA repair 
and cell-cycle checkpoint control genes. DNA repair genes altered in 
cancers include BRCA1/2, MSH2/6, MLH1/2, BLM, RAD50, MRE11, 
NBS1, PRKDC, NBS1, BLM, RECQL4, BAP1, WRN, RAD51L3, RAD52, 
FANCA, and PALB2 [18,33]. In lung and ovarian cancer, BRCA1/2, 
PRKDC, and PPP2R2A in the 8p21.2 region are mutator genes, and 
PPP2R2A plays a role in inducing chromosomal instability in ovarian 
cancer. Cell-cycle checkpoint pathway genes that are altered in cancers 
include TP53, ATM, MDM2/4, BUB1, and STK12, of which, TP53 is a 
mutator gene.

Epigenetic modifications: Driver methylation 
NGS has helped to promote knowledge of epigenetics and its 

standing as a field. Epigenetics is the study of transmissible chanes that 
does not involve DNA sequences. The three major types of epigenetic 
regulators are post-translational modification of histone tails, DNA 
methylation by covalent modification of cytosine-5’, and the regulation 
of microRNA gene expression [34]. In particular, DNA methylation has 
been extensively assessed in breast, colon, esophageal, lung, pancreatic, 
ovarian, prostate, and other cancers [35]. Because epigenetic changes 
affect genomic stability and gene expression, they influence every stage 
of carcinogenesis over a person’s whole life, and sometimes even across 
generations [36]. The challenge is now to identify methylation changes 
that are crucial to the processes of tumor initiation, progression, or 
metastasis and to distinguish these from non-carcinogenic passengers 
accompanying the transformation process [37]. 

Global DNA hypomethylation and gene-specific hypermethylation 
are among the prominent hallmarks of cancer genomes [38]. Some 
hypermethylated genes in cancer may be tumor suppressor genes, 
but it is unlikely that all of these numerous methylation changes play 
a causative role in tumorigenesis; rather, the majority of promoter 
CpG islands are probably methylated as a consequence of, or in 
association with, carcinogenesis (passenger methylation). Thus, key 
genes that are susceptible to methylation-associated gene silencing 
and that are functionally important in preventing tumorigenesis 
(driver methylation) must be pinpointed. This is perhaps an analogous 
situation to that of mutational changes in cancer: genome-wide DNA 
sequencing of either a large number of coding sequences or of entire 
cancer genomes have revealed the presence of a staggering number of 
mutational changes [39].

Driver methylation can be considered a methylation event which 
promotes tumorigenesis. If the tumor-driving or initiating event is a 
methylation change, it is more likely to occur during the early stages 
of tumorigenesis. In mouse models and in early-stage human tumor 
specimens and premalignant lesions, methylation changes can be 
observed from preneoplastic tissues up until late malignant disease 
[40]. Thus, early changes in methylation most probably drive the cancer 
phenotype, and later changes may simply reflect the transformed 
phenotype. Driver methylation can both directly and indirectly 
inactivate suppressor genes or activate oncogenes and this methylation-
based gene silencing mechanism can be considered one of the hallmarks 
of cancer [4]. 

Mitochondrial DNA mutations
Mitochondrial DNA (mtDNA) is a small, circular, double-stranded 

DNA molecule approximately 16.6 Kb long that encodes 2 ribosomal 
RNAs (12S and 16S), 22 transfer RNAs required for protein synthesis, 
and 13 protein subunits that are essential for oxidative phosphorylation 
[41]. mtDNA is more susceptible to mutations than nuclear DNA 
because it lacks histones and chromatin-protective structures, has 
very few introns, its mtDNA repair mechanisms are inefficient, and 
because it is exposed to high levels of deleterious reactive oxygen 
species generated during ATP synthesis [42]. In 1956, Otto Warburg 
defined mitochondrial dysfunction as a hallmark of cancer progression; 
this led to the proposal of the Warburg effect—that cancer cells favor 
aerobic glycolic metabolism over oxidative phosphorylation. Genetic 
and pharmacological studies have conclusively shown that this effect 
is required for tumor growth, although the reason for this remains 
controversial [43,44]. Nonetheless, targeting damaged mtDNA could 
represent a promising anticancer therapy target [45].

Another characteristic cancer marker is the ability of tumor 
cells to reprogram their own metabolism to cope both with the 
abnormal protein-building requirements of their uncontrolled cell 
proliferation and to adapt to their everchanging microenvironments 
[4]. Demonstration that mitochondrial metabolism can be triggered 
by activation of oncogenes such as BRAF and c-Myc [46,47], loss of 
tumor suppressors such as p53 [48], and activation of the mTORC1 
pathway [49] resulted in the redefinition of the Warburg effect. Even 
so, it has become evident that accelerated mitochondrial function, 
including ATP production, is required for cell proliferation and tumor 
progression [50], at least in specific phases such as adaptation to 
nutrient and oxygen deprivation [51].

To maintain physiological energy levels, cells have developed a 
sensitive molecular system that integrates multiple upstream inputs 
and regulates enzyme activity and transcriptional responses. The core 
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enzyme in this system is the AMP-activated protein kinase, AMPK. 
This enzyme restores energy levels when intracellular ATP drops, for 
instance, in response to mitochondrial dysfunction or stress. AMPK has 
been widely implicated in tumor initiation, progression, and metastasis 
[52]. However, genetic ablation resulting in AMPK loss is not sufficient 
to induce cell transformation in vitro or in vivo models [53]. To 
further complicate this scenario, AMPK is differentially expressed and 
activated in different cancer types and disease stages and is associated 
with varying outcomes and prognoses [51]. 

It is commonly believed that mtDNA variants arise due to positive 
selection of those “driver” variants conferring clonal growth advantage. 
Accordingly, we observed that likely non-pathogenic mtDNA variants 
(“passengers”) reverted to the wild-type homoplasmic status dur- ing 
tumor progression in colorectal cancer patients [54]. On the contrary, 
the mtDNA variants that are positively selected during the tumor 
progression might be considered the most tolerable alterations for 
neoplastic cells. However, a deleterious impact of mtDNA passenger 
variants on cancer progression may not be completely excluded, as it 
has previously been evidenced in nuclear DNA passenger alterations 
[55].

Passenger mutations in different tumor types
The association between immunotherapy response the passenger 

mutation load has been widely studied. Furthermore, numerous studies 
have estimated the mutational load in different tumor types: melanoma, 
lung squamous carcinoma, lung adenocarcinoma, and bladder cancer 
are usually associated with a higher mutational load, while pilocytic 
astrocytoma, acute lymphoblastic leukemia, medulloblastoma, 
and acute myeloid leukemia are commonly associated with lower 
mutational loads [56]. In addition to the overall frequency of mutations, 
there is also a different spectrum of mutations in each tumor type. For 
instance, C→A mutations related to exposure to polycyclic aromatic 
hydrocarbons in tobacco smoke are associated with lung cancers [57] 
melanomas often show C→T mutations caused by the misrepair of 
ultraviolet-induced DNA breaks [58] gastrointestinal tumors, show 
high frequencies of CpG dinucleotide transition mutations, which may 
reflect higher methylation levels in these tumor types [59] and finally, 
tumors with a mutator phenotype caused by microsatellite instability 
bear a mutational load that far exceeds even that of melanomas [60,61].

Overall survival and tumoral progression
Another hallmark of cancer is genomic instability, which causes 

many chromosomal disorders and cellular lineage mutations [62] 
and both driver and passenger mutations. Passengers account for an 
estimated 97% of tumor cell mutations [11]; they have always been 
presumed to be neutral and have largely been ignored in cancer 
research. Passengers are potential biomarkers for patient responses to 
mutagenic therapies, and increasing evidence now suggests that they 
might be deleterious to cancer cells, making them important both in 
clinical and cancer progression outcomes. Because of the limitations in 
whole-genome analyses, the properties of passenger mutations remain 
unclear although varying arguments suggest that they are ‘mini-drivers’ 
[12], ‘latent drivers’ [63], neutral [13], or potentially deleterious to 
cancer [14,15]. 

The ‘tug-of-war’ resulting both from the cumulative effect 
and presence of high numbers of passengers and drivers in tumor 
cells may explain some paradoxical cancer treatment outcomes. 
Furthermore, their accumulation can even cause tumor extinction by 
mutational meltdown [64], although this is not yet fully understood. 

Some hypotheses that can explain better prognoses resulting 
from the accumulation of passengers include: (a) increased tumor 
immunogenicity [65]; (b) the correlation of high genomic instability 
with improved clinical outcomes [66]; and (c) reduced cell proliferation 
[67]. More research is still required, but preliminary studies indicate 
that clinical phenomena such as long periods of dormancy, slow 
progression, growth-rate heterogeneity, spontaneous regression, and 
the prevalence of small subclinical cancers, could be the result of high 
deleterious passenger accumulation altering the dynamics of cancer 
progression. For example, budding yeast [68], primary mouse cells [63], 
and human aneuploid cells [69] with high passenger burdens all show 
evidence of a proliferative tumor cell growth disadvantage. 

Another indirect example is Lynch syndrome which results from 
a germline mutation in the MLH1, MSH2, MSH6, or PMS2 DNA 
mismatch repair (MMR) genes or in EPCAM. The DNA MMR system 
maintains genomic integrity by correcting base substitutions and 
small insertion-deletion mismatches generated by base-pairing errors 
during DNA replication. Inactivation of both alleles of an MMR gene 
leads to defective MMR and may result in high mutability and target-
gene inactivation. These mutations better survive in Lynch syndrome 
patients than in patients without MMR defects [70]. Simultaneously, 
many studies suggest that single-agent adjuvant fluoropyrimidine-
based chemotherapy is less beneficial, or is even potentially harmful, to 
patients with microsatellite instable or MMR tumors [71,72]. However, 
the prognostic influence of microsatellite instable is less clear in patients 
with metastatic colorectal cancer, a population in which the prevalence 
of MSI-H disease is low (approximately 3.5 percent) . One hypothesis 
that can explain it, is the adverse influence of the higher frequency 
of BRAF mutations in this population [73].

Passenger mutations, chemotherapy and immunother-
apy

Tumor cell growth and survival depends on several mechanisms, 
including angiogenesis and immune-system avoidance; limitless 
replication potential is a major factor because constant biosynthesis 
requires continued genetic material. Thus, classical chemotherapy 
and radiotherapy aims to impede tumor growth by damaging DNA 
[74] and this may also allow the accumulation of mutations that can 
become neoantigens—new targets for immune-system detection. 
In support of this hypothesis, new data suggests that targeted tumor 
irradiation combined with dual CTLA-4/PD-1 blockade in melanoma 
is a promising treatment option. Similarly, cisplatin and checkpoint 
blockade has proven a successful first-line treatment for non-small 
cell lung cancer (NSCLC). Another strategy is the development 
of drug combinations such as olaparib with immunotherapy [75]. 
Colorectal cancer patients with germline loss-of-function mutations in 
DNA mismatch repair genes have a 4 to 7-fold greater response rate 
to pembrolizumab than patients without them. Furthermore, DNA 
damage response (DDR)-deficient tumors harbor 10 to 100 times more 
somatic mutations than DDR-proficient patient tumors. 

Nitrogen mustard, an analogue of the sulfur mustard gas used as 
a weapon during the First World War, was introduced in 1942 as the 
first clinically useful alkylating agent [76] its discovery was the first step 
towards cancer chemotherapy (17). As a general rule, the cell cycle is 
always affected by drugs (such as chemotherapy agents) that interact 
with DNA, although final outcomes depend on the extent of the 
interaction and the speed at which DNA reparation can overcome any 
negative effects. Indeed, one of the mechanisms of tumor cell resistance 
to alkylating and platinum agents is attributed to enhanced DNA 
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cross-link repair. Therefore, a new interpretation for the effectiveness 
of traditional genotoxic chemotherapy is that, aside from directly 
inhibiting tumor cell growth, these agents increase passenger load 
which may at least temporarily decrease the malignant potential of 
cancer development [77].

The accumulation of genetic alterations in cancer cells during 
tumorigenesis results in tumor neoantigens; these are increasingly 
considered to be immuno-determinants and in the context of 
immunotherapy treatment, there is abundant proof that they are related 
to early tumor recognition and destruction by antigen-specific T cells 
[78,79]. The expression of neoantigens in cancer cells highlights the 
‘foreignness’ of cancer within the human body. Specifically, mutational 
load (a surrogate marker for tumor neoantigen load) correlates with the 
expected result of experiments to block T-cell checkpoint inhibitors in 
melanoma and NSCLCs [80]. 

Two classes of antigens provide cancer-rejection epitopes: the first 
are created by nonmutated proteins that are not completely tolerated 
by T-cells (partly because of their restricted tissue expression patterns). 
The second type—neoantigens—are created by proteins that are 
missing from normal human genome, usually in tumors without a viral 
etiology in which tumor-specific DNA alterations cause the formation 
of new protein sequences. In virus-associated tumors such as cervical 
cancer and a subgroup of head and neck cancers, antigens derived 
from viruses also add to the pool of neoantigens [81]. Compared with 
non-mutated self-antigens, neoantigens may be especially important in 
tumor control because the quality of the T cell pool available for these 
antigens is not affected by central T-cell tolerance [82]. 

Deep-sequencing technologies make it relatively easy to identify 
mutations present that are potential neoantigens and they can be 
confidently predicted [83]. Two studies in mouse models provided 
proof that this approach can identify neoantigens recognizable by T 
cells [84,85]. To leverage this phenomena, neoantigens would ideally 
be derived from essential oncogenes common to most cancers, thus 
reducing the probability of their escape from the immune system. For 
instance, in MHC class I- and class II-restricted neoantigens [86] in 
validated oncogenes shared between patient subgroups [87] which are 
known to produce T-cell responses. Cancers with substantial exogenous 
mutagenic exposure, such as ultraviolet light in the case of melanoma 
or exposure to tobacco smoke carcinogens in lung cancers, have very 
high mutation rates. A single case report of a melanoma tumor found 
187 non-synonymous mutations [57] and an average of 201 mutations 
across 14 other melanoma cases [88], and another study identified 
94 non-synonymous mutations in a lung cancer cell line [89] and 
4,300 mutations in one primary tumor [78]. In addition, tumors with 
mismatch repair deficiencies also carry large numbers of mutations 
[90].

Most of these mutations are ‘neutral passengers’, implying that 
T-cell reactivity towards neoantigens is usually directed against 
mutated gene products dispensable for tumor growth. Indeed, selective 
attack by the immune system may cause the loss of mutated genes; in 
line with this, intriguing work by Schreiber et al. in a murine model 
demonstrated the loss of expression of a passenger mutation after T-cell 
exposure [47,75]. It is unknown whether T-cell pressure during human 
cancer development is sufficient to lead to a similar immune selection, 
and so this important question should be addressed in future research. 
There are also ‘essential passenger’ mutations which occur in essential 
(housekeeping) genes in cases where the wild-type copy is lost, then 
T-cell reactivity against the neoepitope can only lead to immune escape 
by mutation reversal. Coulie et al. were the first to describe an essential 

passenger, by identifying a mutant malate dehydrogenase enzyme 
epitope recognized by autologous T cells [91].

The formation of any one neoantigen by a given mutation is a 
probabilistic ‘lottery’. This means that although tumor foreignness can 
likely be guaranteed for tumors with very high mutational loads, the 
odds of tumor foreignness can only likely be inferred for tumors with 
an intermediate or low mutational load. Nevertheless, mutational load 
represents an imperfect biomarker, even specific cases where neoantigen 
reactivity is the only tumor-specific T cell reactivity relevant to tumor 
control. Additionally, the success of the immune system attacks on 
cancer cells depends on several factors, including the formation of 
tumor-specific antigens. This concept was well described by the myriad 
of inhibitory and stimulatory factors involved in the cancer-immunity 
cycle introduced by Chen and Mellman [92].

Conclusions
Traditionally, cancer research has paid less attention to 

passengers, even though these represent the overwhelming majority 
of mutations. However, these may now take the spotlight in early 
diagnosis and in the improvement of future treatments because they 
appear to slow tumor growth and reduce metastatic progression. 
Cancers with the highest burden of chromosomal alterations 
have the best prognoses which is thought to be because passenger 
mutations interfere with the acquisition of new drivers and thus, 
reduce genetic diversity. This information will be very useful for 
devising new anti-cancer therapies, and therefore, we argue that 
current approaches in targeted cancer therapy should be carefully 
reconsidered. For instance, the induction of genomic instability and 
increased passenger-mutation loads is now considered alternative 
therapeutic possibilities for cancer treatment in immunotherapy. 
However, a greater understanding of the complexity of tumors with 
mutations, both driver and passenger mutations, can help us to 
better manage the treatment of patients with cancer, increasing their 
survival. The introduction of the Next Generation Sequencing is 
allowing this greater integration of all players present in the tumor.
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A B S T R A C T

EpCAM, known as an epithelial cell adhesion molecule, plays an essential role in cell adhesion, migration,
metastasis and cell signalling. Rather than acting as an apoptosis antagonist, it induces cellular proliferation that
impacts the cell cycle, and as a signalling transducer it uses and enhances the Wnt pathway, which is sig-
nificantly relevant in cell renewal and cancer. EpCAM has become a marker of circulating tumour cells (CTCs) in
lung cancer due to its specificity, and its high and stable expression level. Recent findings have allowed us to
relearn and discover EpCAM again as a CSCs marker by demonstrating its role in human epithelial cancer
progression. In line with this, the focus of attention on EpCAM has become an appealing therapeutic target,
although the literature shows a clear controversy in information about its clinical significance. Despite this
contradictory fact, solid evidence has demonstrated its dual role as a molecule with oncogenic and tumour
suppressor properties, in which the microenvironment is influential. Therefore, its dual role appears to be both
tissue- and tumour- dependent. In this review, we summarised the novel and updated insights in the EpCAM field
by simplifying the understanding of the biological role of this fascinating molecule, and by showing the pro-
mising therapeutic tools that have been developed by various approaches which use antibodies and vaccines for
different cancer types for the clear purpose of improving patient outcome.

1. EpCAM: a critical player in physiological and pathological
conditions

The epithelial cell adhesion molecule (EpCAM), also known as the
cluster of differentiation 326 (CD326), is a pleiotropic type I trans-
membrane glycoprotein that was first described as an epithelial-specific
intercellular cell-adhesion molecule. However, many data suggest that
its role is not limited to cell adhesion. We know that the EpCAM protein
is not exclusively expressed in epithelial cells, but is also found in
various tissue stem cells, precursors, and in embryonic stem cells (ESC)
(Ng et al., 2010). EpCAM expression is required for the maintenance of
self-renewal and the pluripotent phenotype in murine and human ESC
(Lu et al., 2010). Its high expression in healthy tissue is involved in
cellular signalling and migration by playing a crucial role in the balance
of cell proliferation and differentiation during morphogenesis and
tissue regeneration (Kuechlin et al., 2017). Alterations in the expression
levels of EpCAM are associated with pathological conditions. EpCAM is

frequently overexpressed in epithelial tumours, in contrast to its low
expression in normal simple epithelia. EpCAM was discovered as a cell
adhesion molecule that mediates homophilic adhesive interactions;
therefore, it acts as a tumour suppressor (Litvinov et al., 1994). In line
with this, loss of EpCAM has been associated with increased migratory
potential (Gosens et al., 2007), and EpCAM expression in metastases
seems lower compared to primary tumours (Went et al., 2005). Ac-
cordingly, EpCAM overexpression has been associated with better
prognosis in some tumour types (see Table 1). However, several on-
cogenic functions of EPCAM have been discovered over the years, in-
cluding abrogation of E-cadherin-mediated cell-cell adhesion and as-
sociation with claudin-7 (Philip et al., 2015), which interfere with
homotypic cell-cell adhesion, and the promotion of cell motility, pro-
liferation, survival, carcinogenesis and metastasis through the Wnt
pathway (Chaves-Perez et al., 2013; Yu et al., 2017). These findings
suggest a dual role of EpCAM and explain the conflicting published
clinical data. Given its tumour-specific overexpression, EpCAM has also
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been explored for three decades as an anti-cancer target. In 2009, ca-
tumaxomab, a trispecific antibody for EpCAM, CD3 and, via the Fcc
receptor, antigen presenting cells (APC), obtained market approval in
Europe to treat malignant ascites in cancer patients. Since then, dif-
ferent approaches that target EpCAM have been tested in clinical trials
with promising results (Schmidt et al., 2010; Xiao et al., 2017; Deng
et al., 2015). Thus to the best of our knowledge, this review summarises
the current understanding of EpCAM’s role by explaining persisting
gaps and the main lines of academic debate, and by identifying new
biological features that are the groundwork for new EpCAM outlooks.

2. The dual role of EpCAM in cancer: EpEX vs. EpICD

EpCAM is a transmembrane polypeptide of 314 amino acids (aa)
that consists in a large extracellular domain of 242 aa, with only 26 aa
facing the cytoplasm. Different proteolytic cleavages are associated
with the complex regulation of EpCAM signalling (Denzel et al., 2009;
Pavsic et al., 2014). The most widely studied EpCAM-mediated sig-
nalling is activated by regulated intramembrane proteolysis (RIP). The
cleavage of EpCAM is initiated by a metalloprotease called TACE/
ADAM17 (TNF-α converting enzyme, also known as disintegrin and
metalloprotease) (Baeuerle and Gires, 2007), which cuts EpCAM at its
extracellular domain and releases the EpCAM cleaved extracellular
domain (EpEX). A second cleavage in the intracellular site by a multi-
subunit protease complex, called γ-secretase, triggers the liberation of
the cleaved intracellular domain of EpCAM (EpICD) (Denzel et al.,
2009).

EpEX starts with the signal peptide, which is cleaved off between
Ala-23 and Glu-24. Different models of the tertiary structure of EpEX
have been developed, and three motifs have been defined: a first epi-
dermal growth factor (EGF)-like domain, followed by a thyroglobulin
(TY)-like domain and a cysteine-free domain (Schnell et al., 2013a,b).
EpEX also contains three independent N-glycosylation sites in its ex-
tracellular domain at Asn74, Asn111, and Asn198 (Pavsic et al., 2014).
The point mutations of the potential N-glycosylation sites have shown
that all three sites are glycosylated in cancer, which results in a 3-fold
increase of the EpCAM half-life (from 7 h to 21 h) (Schnell et al.,
2013a,b). Since several cell surface molecules (Notch receptors, CD44,
integrins, among others) are differentially glycosylated in carcinoma
compared to simple epithelia, the differential glycosylation of EpCAM
could be an important factor that brings about differences in the
function of EpCAM in healthy versus malignant tissue. This is particu-
larly interesting as EpCAM has been shown to be hyperglycosylated in
the vast majority of head and neck carcinomas compared to healthy
tissue, and the mutation of N-glycosylation has been associated with
decreased adhesion capacity of breast cancer cells (Liu et al., 2017).
Soon after EpCAM was discovered, a cleavage between two arginine
residues at position Arg-80/Arg-81 in EpEX was identified. Following
cleavage, the domains remain bound together by the disulphide bridge
in the TY-like domain, which is broken under reducing conditions
(Schnell et al., 2013a,b). The functional consequence of this cleavage is
still under study. A protective role of EpCAM via its conserved TY motif
has been proposed in some studies where EpCAM was suggested to
inhibit cathepsins, matrix degradation proteases associated with greater
invasiveness in some tumours (Schnell et al., 2013a,b; Baeuerle and
Gires, 2007). Moreover, a possible autocrine and paracrine role of EpEX
has been proposed through experiments using soluble recombinant
EpEX, which concluded EpEX acts as an agonist for EpCAM+ cells (Liu
et al., 2017). Remarkably, the analysis of serum from cancer patients
revealed that detectable levels of circulating EpEX are frequent, but no
significant results for progression or survival have been obtained in
cohorts of patients with breast, ovarian, lung or prostate cancers (Tas
et al., 2014; Karabulut et al., 2014). However, a diagnostic value has
been found in breast and ovarian cancers, where patients’ baseline
serum EpCAM levels were significantly higher than those of controls
(Tas et al., 2014; Karabulut et al., 2014). EpCAM has also been found to

be abundantly secreted by tumour cells on exosomes, but no clinical
associations have yet been established (Rupp et al., 2011).

Cancer cell migration process is a concept that defines metastasis,
which represents the final step in the malignant process and is the main
cause of cancer patient mortality. In cancer, epithelial-mesenchymal
transition (EMT) remains at the borderline between tumoural and non-
tumoural tissues, which indicates that metastatic capability requires a
specific microenvironment, as well as an inner aberrant cell signalling
niche. Several studies have shown a clear relationship between EpCAM
expression and EMT in tumours. EpCAM mediates Ca2+-independent
cell-cell adhesion via intra- and intercellular homophilic interactions,
which take place within a globular structure formed by the EGF-like
domain and the TY-like domain in EpEX (Litvinov et al., 1997). As a
result, EpEX is believed to act as an inhibitor of invasion. In vitro ex-
periments have revealed that EpCAM expression in EpCAM− cells leads
to the aggregation of cells and the formation of cell-cell contacts
(Litvinov et al., 1994). In addition, in a mix of EpCAM+ and EpCAM−

L-cells, cell aggregates mainly consist of EpCAM+ cells (90%)
(Santisteban et al., 2009), and silencing EpCAM with short interfering
RNA (siRNA) reduces the proliferation, migration and invasion of dif-
ferent prostate cancer cell lines (Ni et al., 2013). In patients, loss of
EpCAM contributes to increased migratory potential (Gosens et al.,
2007), and EpCAM expression in metastases of renal clear cell carci-
nomas is lower compared with primary tumours (Went et al., 2005).
According to these results, EpCAM overexpression has been associated
with improved overall survival in some epithelial tumours, including
renal cell, gastric, colorectal and ovarian carcinomas (Zimpfer et al.,
2014; Dai et al., 2017; Kim et al., 2016; Battista et al., 2014). However,
some publications describe a role for EpCAM in promoting EMT
(Chaves-Perez et al., 2013; Yu et al., 2017). Interestingly, an im-
munohistochemical analysis, which included 36 thyroid carcinoma
patients, has found that nuclear and cytoplasmatic expression and loss
of membranous EpEX correlate positively with metastasis (Kunavisarut
et al., 2012). These results suggest an antagonistic role of EpEX and
EpICD, and could explain the conflicting results where a positive cor-
relation between EpCAM expression and invasion are found.

3. Relationship to β-catenin/ E-cadherin/EMT

Unlike the tumour suppressive role associated with EpEX, EpICD has
been described to be a promoter of cell motility, proliferation, survival
and metastasis formation (Yu et al., 2017; Park et al., 2016). When
soluble EpICD is released to the cytoplasm, a multi-protein nuclear
complex is formed with the β-catenin and the Lymphoid Enhancer
Factor 1 (Lef-1) (Fig. 1). The interaction between EpICD and various
signalling proteins is achieved due to a scaffolding protein named four
and one-half LIM domains protein 2 (FHL2) (Park et al., 2016). The
fourth LIM domain of FHL2 is necessary for binding EpCAM, whereas
LIM domains 2 and 3 bind β-catenin/p300. This complex may trans-
locate to the nucleus, where it binds LEF-1 and DNA, and resembles the
canonical Wnt signalling pathway (Yu et al., 2017; Ralhan et al., 2010).
EpICD seems to be a key component of the complex by, regulating
targeted genes of this evolutionarily conserved pathway involved in
several developmental processes and the maintenance of the tissue
homeostasis (Khosla et al., 2017). In most epithelia, E-cadherin and
EpCAM are co-expressed during development and in post-natal life. We
know that EpCAM overexpression is often associated with tumoural
transformation, and cross-talk between EpCAM signalling and E-cad-
herin-mediated cell adhesion via the PI3K kinase pathway has been
described. Winter et al. reported that EpCAM overexpression weakens
the cadherin-mediated adhesions (Winter et al., 2007). Although the
exact mechanism is unknown, it seems that EpCAM is able to increase
the level of soluble β-catenin, which may be stabilised and protected
from degradation due to an association with EpICD and FHL2 by en-
hancing its nuclear signalling via the Wnt pathway (Schnell et al.,
2013a,b; Litvinov et al., 1997; Winter et al., 2007). Cadherins are
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generally crucial in both epithelial tissue morphogenesis and epithelial
cell polarity maintenance; in addition, E-cadherin acts as a transcrip-
tional repressor of Snail1, Twist, ZEB1/2 and Slug, and therefore plays a
role as a suppressor of invasive phenotypes (Sanchez-Tillo et al., 2010).
Elsewhere, EpCAM enhances the proliferation and invasive potential;
indeed, EpCAM’s effects on cadherin relate its expression level with
invasion and metastasis in epithelial cancer. EpCAM mutation, which
affects EpICD, has been reported to break the cadherin-adhesion com-
plex, and suggests that EpICD negatively regulates the cell-cell inter-
action (Lin et al., 2012). Thus, the cells that undergo an EMT transition
are subjected to a process in which epithelial cells lose their polarity,
cell-cell contact and undergo cytoskeleton remodelling. Indeed, EpCAM
promotes the invasion of breast cancer cells by interrupting E-cadherin,
and consequently loss of cadherin could be the result of the inhibition
by transcriptional repression through EMT-inducing genes, which act as
repressors of E-cadherin (Lin et al., 2012). Besides, in parallel EpCAM
and reprogramming factors, such as Oct4, Sox2, Nanog, and c-Myc, are
frequently overexpressed (Lin et al., 2012). The nuclear translocation of
EpICD regulates the expression of these stemness genes by exerting
clear control in tumour cell self-renewal, hence it plays a critical role in

EpCAM signalling. EMT induction by EpCAM signalling promotes in-
vasion and metastasis, but simultaneously induces cells with a stemness
profile (Sankpal et al., 2017). Previous reports have demonstrated that
EpCAM knockdown simultaneously inhibits the expression of plur-
ipotency factors and EMT genes (Lin et al., 2012). Thus, EpCAM si-
lencing leads to a cytoplasmic β-catenin decrease for the Wnt pathway
and, consequently, the down-regulation of its target genes.

4. Relationship to cancer stem cells

Cancer Stem Cells (CSCs) have been repeatedly reported to rely on
Wnt-inducing signals from their microenvironment to maintain their
phenotype and, consequently, the EpCAM protein has been proposed as
a strategic molecule in CSCs (Pirozzi et al., 2013). To date, a number of
EpCAM-regulated target genes has been identified, including CD44,
cyclin D1, and other key factors, such as c-Myc, Nanog, Klf4, Sox2 and
Oct4, which are master regulators of pluripotency, and are critical for
the conversion of somatic cells into induced pluripotent stem cells
(iPSCs) (Chaves-Perez et al., 2013; Park et al., 2016). Thus, deregula-
tion of EpCAM expression and signalling could trigger characteristic

Fig. 1. Schematic representation of the cross-talk between EpCAM intracellular domain (EpICD), E-cadherin and the Wnt pathway. Following cleavage by γ-
secretase, EpICD forms a multiprotein complex with β-catenin and the scaffolding protein FHL2. This complex may translocate to the nucleus where it binds
Lymphoid Enhancer Factor 1 (Lef-1) and the promoters of genes related to stemness and cell cycle. It seems that EpICD is able to increase the level of soluble β-
catenin inhibiting E-cadherin and protecting β-catenin from degradation, which enhances the Wnt signalling pathway.

A. Herreros-Pomares et al. Critical Reviews in Oncology / Hematology 126 (2018) 52–63

55



traits of CSCs, such as proliferative potential and multipotency in cells.
Some evidence that supports a central role of EpCAM in the CSCs
phenotype has been reported. Kamiri-Busheri et al., found that the
overexpression of EPCAM1 and ALDH1A1 can be used as a signature of
enriched CSCs in the H460 cell line, and in vivo and in vitro experiments
performed with lung primary cultures and cell lines identified CD133+/
CD326+ and CD34+/CD326+ as the population that best represents
CSCs in lung cancer (Karimi-Busheri et al., 2011). In line with these
results, three compounds were identified which target CSCs by down-
regulating the expression of EPCAM1, CD44 and ALCAM (Soto-Cerrato
et al., 2015).

Finally, the role of EpICD in tumour progression has been clearly
described in epithelial tumours. Ralhan et al. analysed the expression of
EpICD and EpEX immunohistochemically in 374 tumour samples from
ten epithelial cancers, and compared them with 74 normal samples
(Ralhan et al., 2010). The results showed increased nuclear and cyto-
plasmatic EpICD accumulation and loss of membranous EpEX in all the
epithelial cancers compared with normal tissues. Different studies into
prostate cancer, hepatocellular carcinoma (HCC), oral squamous cell
carcinoma (OSCC) and colorectal adenocarcinoma have reported a
correlation between loss of membranous EpICD expression and poor
prognosis in disease-free survival (DFS) and overall survival (OS) terms
(Park et al., 2016; Ralhan et al., 2010). The clinical relevance of these
results is discussed below (Prognostic role of EpCAM in cancer).

5. Regulation of EpCAM expression: genetics, transcription factors
and epigenetics

The gene that encodes for EpCAM (EPCAM) is located on chromo-
some 2p21 with an estimated size of 14 kb. The EPCAM gene has nine
coding exons. Exons 1–6 encode for EpCAM’s extracellular domain,
whereas the transmembrane region is encoded by exon 7, and the in-
tracellular domain by exons 8 and 9. The mRNA of EPCAM is ap-
proximately 1.5 kb and encodes a protein of 314 amino acids with no
splicing variants (van der Gun et al., 2010). Mutations in the EPCAM
gene have been identified in patients who suffer Lynch syndrome (also
known as hereditary non-polyposis colorectal cancer; HNPCC) or con-
genital tufting enteropathy (CTE). In the autosomal dominant disorder
Lynch syndrome, heterozygous germline deletions in the 3′ end of
EPCAM lead not only to the inactivation of the adjacent MSH2 gene
through the hypermethylation of the MSH2 promoter region, but also to
loss of MSH2 expression (Hegde et al., 2014). Nineteen different
EPCAM deletions, all in the last two exons, have been identified in
Lynch syndrome (Schnell et al., 2013a,b); Basal levels of EpCAM are
remarkably high in normal colon. As a result, carriers of an EPCAM
deletion eventually develop colorectal cancer, whereas tumour appa-
rition in other locations is uncommon (Kempers et al., 2011). Histolo-
gical studies have shown lack of EpCAM expression in a number of
tumours in patients with EPCAM germline deletions (Schnell et al.,
2013a,b). In these cases, EpCAM is only absent in the event of homo-
zygous EPCAM deletion as a result of the combination of a germline and
a second somatic deletion (Kloor et al., 2011). These results suggest that
lack of EpCAM might not prevent tumour formation, and therapeutic
strategies that target EpCAM should be considered in these situations.
In autosomal recessive CTE, many different point mutations have been
described, which have resulted in a single amino acid exchange, trun-
cation or the partial deletion of the EpCAM protein (Tang et al., 2016).
These mutations cause the protein from the plasma membrane to be
absent, due to either the secretion or degradation of the truncated
protein, or to the retention of the aberrant protein in the endoplasmatic
reticulum (Schnell et al., 2013a,b). The promoter region, which con-
trols the expression of EPCAM as well as the sequence upstream of the
transcription start site (TSS), has been completely characterised (Gires
et al., 2003). It seems that promoter activity is restricted to the cells that
express EpCAM, and a fragment of 3.4 kb of this regulatory sequence is
capable of controlling heterologous gene expression (van der Gun et al.,

2010). Different transcription-binding sites have been described in the
EPCAM promoter for Ets, Sp1, Lef, AP-1, nuclear factor-kappaB (NFκB)
and p53. Primary evidence has been found for Ets and Sp1: the up-
regulation of ESE-1 (epithelial-specific Ets-1) in metastatic lymph nodes
from lung, breast and pancreas cancers are associated with the ex-
pression of EpCAM (van der Gun et al., 2010), whereas strong promoter
activity has been detected in the presence of Sp1, compared with ac-
tivity in the absence of Sp1 after transfection with an EpCAM promoter
fragment presumably with binding sites for Sp1 (Tai et al., 2007). Re-
garding the Lef-1 transcription factor, it seems that EpICD exerts a
positive-feedback loop on EpCAM expression at the gene transcription
level since β-catenin activation induces EpCAM transcription via the
binding of TCF/Lef 489 bp upstream of the EpCAM TSS. In contrast, NF-
κB and p53 repress epcam. The repressive role of NF-κB was evidenced
by cotransfection studies with an inhibitor plasmid for NF-κB and a
luciferase reporter plasmid under the control of EPCAM promoter. In
addition, it was found that treatment of EpCAM+ lung squamous cell
carcinoma (SCCs) with TNF-α and interferon-α (INF-α) lowered EPCAM
gene expression (Gires et al., 2003; van der Gun et al., 2010). Strong
evidence exists for p53 regulation of the EPCAM gene. Ten possible
binding sites for p53 in the EPCAM gene have been identified and the
binding of p53 in intron 4 has been confirmed by chromatin im-
munoprecipitation (Sankpal et al., 2009). Moreover, induction of p53
negative correlates with EPCAM expression in a dose-dependent
manner, whereas ablation of p53 expression correlates with sig-
nificantly increased EPCAM levels (Sankpal et al., 2009). To demon-
strate that the increase in EpCAM expression is caused by ablation of
p53 expression, Sankpal et al. silenced p53 and EpCAM expression
using a short hairpin RNA (shRNA), and were able to control breast
cancer cell invasion in vitro (Sankpal et al., 2009).

Many authors have described the epigenetic regulation of EpCAM
expression by DNA methylation and histone modifications. In lung,
ovarian, colon and glioblastoma cancer cell lines, higher EpCAM levels
correlate with the hypomethylation of a fragment of exon 1 and the
proximal promoter, whereas lack of EpCAM expression correlates with
hypermethylation (van der Gun et al., 2008). Remarkably, CpG at the
proposed binding site for Sp1 has been found methylated in the
EpCAM− cell lines, in contrast to the EpCAM+ cell lines (Yu et al.,
2008). Modulation of EpCAM by different strategies proves the re-
lationship between the DNA methylation pattern of the EpCAM protein
and mRNA expression. Treatment of the EpCAM− cell lines with 5-aza-
2′-deoxycytidine, a DNA demethylating agent, induces EpCAM expres-
sion and also causes increased EpCAM levels in the EpCAM+cell lines
(Tai et al., 2007; van der Gun et al., 2008), whereas the persistent
down-regulation of EpCAM has been achieved via the methylation of its
promoter (van der Gun et al., 2008). Likewise, after the delivery of DNA
methyltransferase to EpCAM+ ovarian carcinoma cells, the methylation
of the EPCAM promoter resulted in a silenced EpCAM expression
through successive cell divisions (van der Gun et al., 2010, 2008).
Gommans et al. designed trimeric and hexameric zing finger proteins
(ZFP) to target the EPCAM promoter, and were able to modulate the
expression of EPCAM in colon, ovarian, astrocytoma and lung cancer
cell lines (Gommans et al., 2007). Similarly, Nunna et al., used an en-
gineered ZFP, which specifically binds the EPCAM promoter fused to
the catalytic domain of Dnmt3a DNA methyltransferase (Nunna et al.,
2014). Treatment of ovarian cancer cell line SKOV3 with this construct
increased the methylation of the EPCAM promoter, resulting in 60–80%
reduction in the EpCAM expression (Nunna et al., 2014). However,
negative results have also been reported. Treatment of the hy-
permethylated leukaemia-derived K562 cell line and 50% of the CpGs
methylated liver derived HepG2 cell line with 5-aza-2′-deoxycytidine
had no effect on EpCAM expression, even though many methylated
CpGs were converted into unmethylated (Yu et al., 2008). Moreover, no
de novo re-expression of EpCAM has been detected in the lung carci-
noma intermediated methylated EpCAM− GLC-1 cell line after 5-aza-2′-
deoxycytidine treatment (van der Gun et al., 2008). The results of in
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vitro studies correlate well with DNA methylation studies in patient
samples, which suggests that the reported opposite results are due to
differences between tumour types (van der Gun et al., 2010). A sig-
nificant unmethylation of the CpGs islands was described in colon
cancer when compared to normal tissue specimens (Yu et al., 2008). In
some cases, the expression levels of EpCAM were up to 1000-fold higher
in colon cancers than in normal tissue, which reflects the effect of
promoter methylation on EpCAM expression. Recently, Kim et al.,
analysed a large cohort of 726 colorectal carcinoma patients and found
that loss of EpCAM expression in tumour tissue significantly correlated
with a CpG island methylation phenotype (Kim et al., 2016). Accord-
ingly, EpCAM expression levels in the tissue from lung adenocarcinoma
and oral squamous cell carcinoma correlated with the methylation
status of the EpCAM promoter (Shiah et al., 2009). However, different
situation has been found in other tumours like breast cancer, where no
correlation was found (Spizzo et al., 2007).

Few studies have been published about the epigenetic regulation of
EpCAM based on histone modifications (Lu et al., 2010; Tai et al., 2007;
van der Gun et al., 2011). Tai et al. reported a clear relationship be-
tween epigenetics, EpCAM expression and invasiveness. They treated
EpCAM− cancer cells with 5-aza-2′-deoxycytidine and a histone dea-
cetylase inhibitor, named trichostatin A, and found a reactivation of
EpCAM expression and inhibited cancer invasiveness in both cases (Tai
et al., 2007). In addition, chromatin immunoprecipitation in three lung
cancer cell lines showed a correlation between low EpCAM expression
and repressive histone modifications associated to the EpCAM promoter
(Tai et al., 2007). Van der Gun et al. found a positive correlation be-
tween activating histone modifications (acH4, acH3 and H3K4me3) and
EpCAM+ cells and these correlations were negative in the case of re-
pressive histone modifications H3K9me3 and H3K27me3 (van der Gun
et al., 2011). Similarly, Lu et al. reported the reduction of active histone
marks and enhancement of repressive marks when silencing EPCAM
gene in human embryonic stem cells (Lu et al., 2010).

6. Prognostic role of EpCAM in cancer

The prognostic value of EpCAM also reflects the dual role of this
molecule in cancer. EpCAM expression levels increase in most epithe-
lium-derived tumours, but the prognosis impact of high EpCAM ex-
pression levels varies between tumour types. Table 1 summarises the
most relevant prognostic implications of EpCAM reported in cancer
patients. Roughly speaking, high EpCAM expression levels have been
reliably associated with better clinical outcome in three tumour types.
In renal cell carcinomas (RCC), multiple studies have identified EpCAM
expression as an independent prognostic factor for survival. EpCAM
overexpression significantly correlates with a better prognosis in all the
subtypes, where papillary RCC and chromophobe RCC are the histolo-
gical subtypes associated with a higher EpCAM expression rate
(75–90%) (Zimpfer et al., 2014; Eichelberg et al., 2013; Seligson et al.,
2004). Remarkably, in a cohort of 767 clear cells RCC, Eichelberg et al.,
found that negative EpCAM expression is associated with high-grade
disease and nodal metastases (Eichelberg et al., 2013). A positive im-
pact of EpCAM expression on gastric cancer has also been described. A
long-term study, including 280 patients, has concluded that patients
with no loss of EpCAM expression have a significantly better 10-year
survival rate when compared to the patients with some loss (Songun
et al., 2005). The prognostic value of EpCAM seems stronger in stages I
and II, with no significant correlation reported with metastases in any
studies (Dai et al., 2017; Songun et al., 2005). Finally, EpCAM is highly
expressed in colon tissue, and partial loss of EpCAM expression in
colorectal cancer has often been associated with a poor prognosis. A
cohort of 726 patients was analysed for EpCAM status, and the authors
found that partial loss of EpCAM expression in 50 patients was an in-
dependent poor prognostic factor (Kim et al., 2016). Similarly, multi-
variate analyses in another study with 309 colorectal cancer patients
identified EpCAM expression as an independent prognostic factor for

improved disease-specific survival (DSS) (Goossens-Beumer et al.,
2014).

The positive correlation between EpCAM and survival is less clear in
other tumour types for which studies with contrary results can be
found. Akita et al., designed a study to determine the difference of the
malignant potential between control and EpCAM-transfected pancreatic
cancer cell lines (MiaPaCa-2, Panc1 and PSN1), and the clinical prog-
nosis impact of tumoural EpCAM expression in a cohort of 95 pan-
creatic cancer patients (Akita et al., 2011). Only the PSN1 cell line
showed significantly lower growth compared with the mock-transfected
cells for the proliferation assay, but all the three cell lines significantly
showed a reduction in invasion and migration after EpCAM-transfec-
tion. Regarding the prognosis impact, EpCAMhigh patients showed a
significantly better prognosis in terms of OS (3-year survival; 56.2% vs.
19.2%, P= 0.0018) and DFS (3-year survival; 40.3% versus 14.4%,
P= 0.038) (Akita et al., 2011). However, opposing results with no
statistical significance have also been reported. Fong and colleagues
designed a retrospective study, including tissue samples from patients
with pancreatic (N=153) and ampullary cancer (N=34). Although
EpCAM expression failed to be an independent prognostic biomarker,
subgroup analyses showed that EpCAM overexpression correlated with
shorter OS among the patients with ampullary cancer and advanced
stage pancreatic cancer (Fong et al., 2008). A study which used real-
time PCR to detect EPCAM mRNA expression in the peripheral blood
and peritoneal cavity of 48 patients who had undergone pancrea-
tectomy for pancreatic ductal adenocarcinoma (PDAC) found no sig-
nificant associations between EpCAM positivity (as surrogate marker
for the quantification of circulating tumour cells) and the clinico-pa-
thological variables (Sergeant et al., 2011). In lung cancer, a study that
included 130 pulmonary adenocarcinoma (ADC) patients found that
EpCAM expression protected patients from lymph metastasis and was
associated with favourable outcome (Kobayashi et al., 2010). In line
with these results, a study performed in 370 early-stage non-small cell
lung cancer (NSCLC) patients found that high EpCAM expression is an
independent prognostic factor for recurrence and survival (Gold et al.,
2014). In contrast, two independent studies, performed in two cohorts
of lung cancer patients (n= 234 ADC and n=164 ADC and squamous
cell carcinomas, repectively), found no significant correlation between
EpCAM expression and survival (Kim et al., 2009; Pak et al., 2012). The
results of a study published by Went et al., conducted with thousands of
samples from colon, stomach, prostate and lung cancers, were also
negative. This study included a cohort of 1287 lung cancer patients and
only found a longer survival trend in patients with ADC, large cell and
bronchioloalveolar carcinomas and a strong EpCAM expression, which
was inversed in SCC (Went et al., 2006). On the contrary, a recent study
done with 118 patients suffering from early-stage lung cancer has re-
ported that EpCAM overexpression is a prognostic marker for un-
favourable survival, which correlates with lymph node metastasis
(Zhou et al., 2015). In epithelial ovarian cancer, contradictory results
have been reported. EpCAM overexpression has been associated with a
favourable prognosis in PFS and DSS terms in an unselected cohort of
117 patients (Battista et al., 2014). In fact, a recent study of 168 pa-
tients has revealed that EpCAM expression is an independent predictive
biomarker of poor prognosis in terms of chemotherapeutic response
(overall response rate (ORR): HR 11.12 [1.66–74.41], p= 0.013), PFS
and OS (Tayama et al., 2017). Consistently with these clinical ob-
servations, with five ovarian cancer cell lines, researchers have found
that the subpopulation of EpCAM+ ovarian cancer cells shows a sig-
nificantly wider viability compared with EpCAM− cells in response to
cisplatin treatment (Tayama et al., 2017). Furthermore, platinum
agents preferentially eliminate EpCAM− cells compared to EpCAM+

cells in an in vivo mouse model (Tayama et al., 2017). Contradictory
results have also been reported for head and neck cancers. The results
reported by Hwang et al., show a significant association between a low
EpCAM expression in a cohort of 84 oral SCC patients and lymph node
metastasis, cancer recurrence and survival (Hwang et al., 2009). No
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significant results were obtained in two studies (of 77 oral SCC patients
and 294 supraglottic laryngeal carcinoma patients, respectively) asso-
ciating EpCAM expression and clinico-pathologic features (Laimer
et al., 2008; Bayram et al., 2015). In contrast, a study that included 48
patients with SCC of the tongue found that EpCAM expression was
significantly associated with tumour size, regional lymph node metas-
tasis, histological differentiation and invasion pattern (Yanamoto et al.,
2007). These authors also reported that human tongue cancer cell lines
with higher EpCAM expressions had more invasive potential. Accord-
ingly, decreased invasion potential and proliferation were observed
when EpCAM expression was inhibited using RNA interference
(Yanamoto et al., 2007). In prostate cancer, a consistent association of
EpCAM expression and clinico-pathological variables is lacking, and the
Gleason score or survival rates in studies on large patients’ cohorts have
reported no significant results (Went et al., 2006).

A promoting role of EpCAM in carcinogenesis is much clearer in
some other tumour types; e.g., breast, gall bladder, urothelial bladder,
hepatocellular and oesophageal cancers. Many studies have established
an association between EpCAM overexpression and a poor prognosis in
different cohorts of breast cancer patients (Schmidt et al., 2008;
Agboola et al., 2012; Soysal et al., 2013; Sadeghi et al., 2017). Schmidt
et al., examined EpCAM expression in a cohort of 402 untreated node-
negative breast cancer patients to find a significant association between
high EpCAM levels and decreased DFS (Schmidt et al., 2008). Another
study described the same prognostic role for EpCAM expression in a
cohort of 726 breast cancer patients, especially for basal-like tumours,
where EpCAM positivity was strongly associated with the probability of
recurrence and distant metastases (Agboola et al., 2012). A larger study
performed with 1365 patients confirmed the association of EpCAM
expression with an unfavourable prognosis, and highlighted the poor
prognosis of basal-like and luminal B HER2+ subtypes with increased
EpCAM expression and the improved prognosis of the HER2 subtype
(Soysal et al., 2013). Results obtained in gallbladder and urothelial
bladder carcinomas have indicated that EpCAM expression predicts
lower survival (Prince et al., 2008; Bryan et al., 2014). Bryan et al.,
analysed urinary EpCAM in 607 patients with primary bladder tumours
and found that elevated urinary EpCAM is an independent indicator of
poor prognosis (Bryan et al., 2014). In hepatocellular carcinoma (HCC),
EpCAM expression has been associated with decreased survival, espe-
cially in advanced disease stages (Park et al., 2016), whereas Matsuda
and Kimura et al., have associated EpCAM overexpression with poor
survival in a study performed in cohorts of 74 and 138 patients suf-
fering from oesophageal cancer (Matsuda et al., 2014; Kimura et al.,
2007).

Remarkably, the detection methods used in most studies do not
distinguish between EpEX and EpICD. Given the antagonistic role
proposed for EpEX and EpICD, it is necessary to analyse them sepa-
rately. First studies that differentiate EpEX and EpICD expressions have
been performed and their results show that increased nuclear EpICD
accumulation and loss of membranous EpEX predict poor survival in
patients (Kunavisarut et al., 2012; Park et al., 2016; Kuan et al., 2017;
Fong et al., 2014). We know that the main reason for cancer treatment
failure is resistance to chemotherapy. This resistance of tumour cells to
anticancer drugs has been associated with EpCAM overexpression. This
is particularly true in epithelial tumours of breast, bladder and ovarian
cancers, where the mechanism have been studied. It has been shown
that EpCAM knockdown induces apoptosis, and produces cell-cycle
arrest that inhibits cell proliferation and is associated with PI3K/Akt/
mTOR signalling pathway inactivation (Gao et al., 2014). Thus apop-
tosis induction is enhanced by down-regulating the expression of anti-
apoptotic protein B-cell lymphoma 2 (Bcl-2), and by the parallel up-
regulation of the expression of pro-apoptotic proteins Bax and caspase3
(Gao et al., 2014). Evidence has demonstrated that an alternative to
enhance chemosensitivity is possible through EpCAM knockdown.
Since EpCAM overexpression clearly correlates with reduced OS and
PFS, and consequently worse survival of patients suffering from these

tumour types, an EpCAM-targeting therapy to overcome chemoresis-
tance and to achieve an effective cancer cytotoxic effect looks pro-
mising. Nevertheless, ongoing clinical trials results will be necessary to
address whether the best strategy will be targeting EpCAM only in
chemoresistant tumors or use this therapy alone or in combination.

7. Therapeutic role of EpCAM in cancer

EpCAM plays a role as a regulator of epithelia in normal tissue and
can be described as a cancer stem cell marker since the CSCs with a
higher EpCAM expression are considered more susceptible to metas-
tasis. However, EpCAM plays a dual biological role in tumour pro-
gression, since it has been proposed to be an adhesion molecule,
mediating cell-cell adhesion, and thus preventing metastasis and acting
as a tumour suppressor. EpCAM has clear oncogenic properties and
actively drives tumour progression through the cleavage of cell-cell
adhesion mediated by E-cadherin to thus promote metastasis. EpCAM
overexpression also supports proliferation and upregulates c-Myc, an
oncogene that triggers the stem cells transcriptional profile in normal
and cancer cells. Thus EpCAM overexpression through Wnt signalling
enhancing is associated with less differentiated tumours, larger tu-
mours, and poor patient prognosis (Gastl et al., 2000). Given its tu-
mour-specific overexpression and its potential to target CSCs, EpCAM
has been explored for three decades as an anti-cancer target (Fig. 2).
Since then, EpCAM has emerged as an attractive target and many
therapeutic methodologies, including immunotherapeutic strategies,
vaccination approaches, RNA aptamers or engineered T-cells armed
with chimeric antigen receptor (CAR-T) recognising EpCAM, have been
developed, and many others are still being developed. Therapeutic
strategies targeting EpCAM currently under development are summar-
ized in Table 2.

For monoclonal antibodies, the first EpCAM targeting test in pa-
tients was a well-tolerated murine IgG2a antibody called edrecolomab
(17-1A). Significant increase in the OS of colorectal cancer patients in
the adjuvant was found in first clinical trials and pivotal studies
(Riethmuller et al., 1994, 1998). However, subsequent larger studies
could not confirm its clinical activity may be due to the short serum
half-life of the antibody, and the rapid neutralisation by the human
anti-mouse antibody response, which exposed the need to improve anti-
EpCAM molecules (Schmoll and Arnold, 2009; Niedzwiecki et al.,
2011). Subsequent studies have used very low doses of edrecolomab
adsorbed on aluminium hydroxide as a subcutaneously administered
vaccine (IGN101) in non-small cell lung cancer (NSCLC). Phase I studies
have observed a significant reduction in circulating tumour cells,
whereas Phase II trials have shown that the vaccine induces a strong
immune response despite concomitant chemotherapy (Kirman, 2006;
Loibner et al., 2004). However, a large double-blind placebo-controlled
Phase II/III trial, with 762 NSCLC patients, found no oncological effect
of this systemic adjuvant treatment type, and an overall survival of 2
years of 67.3% for placebo versus 59.7% for the IGN101-treated patients
(p= 0.07) (Stoelben et al., 2008). Four other clinically tested anti-
EpCAM monoclonal antibodies with different targets have been de-
signed: a chimeric form of edrecolomab, humanised 3622W94, human-
engineered ING-1, and the fully human adecatumumab. Remarkably,
acute pancreatitis cases were detected after treatment with the highest
affinities antibodies (3622W94 and ING-1), even when the concentra-
tions used were low (1mg/kg) (Münz et al., 2010). On the other hand, a
phase I study in hormone-resistant prostate cancer patients reported
minimal secondary effects, such as vomits or diarrhoea, after treatment
with adecatumumab (MT201) at higher doses (2–6mg/kg) (Oberneder
et al., 2006). A few more Phase II studies with adecatumumab in
monotherapy have been performed. The first randomised metastatic
breast cancer patients according to high or low EpCAM expressions, and
revealed that patients with high EpCAM levels treated with high-dose
adecatumumb (6mg/kg) had significantly less probability of tumour
progression than patients with low EpCAM expression (Schmidt et al.,
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2010). The second study randomised early-stage prostate cancer pa-
tients to low- (2mg/kg) or high-dose (6mg/kg) adecatumumab, or a
placebo, and found that adecatumumab delayed disease progression in
the subgroup of patients with baseline prostate-specific antigen
(PSA)< 1 ng/mL and high EpCAM expression tumours (Marschner
et al., 2010). Clinical trials that studied the safety and efficacy of the
adecatumumab and standard chemotherapy combination have been
performed. A Phase IB study that combined adecatumumab and doc-
etaxel in patients with EpCAM+ relapsed or refractory advanced-stage
breast cancer has determined that this combination is safe, feasible and
potentially active (Schmidt et al., 2012). A randomised Phase II study
(NCT00866944) to evaluate the efficacy and safety of adecatumumab
alone or sequentially to FOLFOX 4 after R0 resection of colorectal liver
metastases has found that the combination therapy is safe, with a 1-year
DFS of 71.4% for the combination arm compared to 50% for the
monotherapy with FOLFOX 4. Nevertheless, these results must be
considered cautiously because of the study’s small sample size
(N= 35). Variants of monoclonal antibodies have been developed with
promising results. Catumaxomab, a hybrid mouse IgG2a/rat IgG2b
antibody that is trispecific for EpCAM, CD3 and, via the Fcc receptor,
that activates accessory cells such as macrophages, NK cells and DCs,
obtained the market approval in Europe in 2009 to treat malignant
ascites in cancer patients. Patients treated with catumaxomab receive
an intraperitoneal infusion of 10 to 150 μg 4–5 times over 9–13 days.
Most patients develop a tolerable humoural response against catu-
maxomab due to the presence of the chimeric Fcc domain, which
evokes an immunogenic reaction that correlates with improved overall
survival and controllable side effects (Jager et al., 2012). Clinical trials
in Phases I and II are ongoing or have recently been completed in

different epithelial cancers (including ovarian, gastric, colon and breast
cancers) and peritoneal carcinomatosis (Bokemeyer et al., 2015; Mau-
Sorensen et al., 2015). Their results indicate a correlation between
catumaxomab treatment and favourable clinical outcome. Another in-
teresting molecule is MT110, a single-chain EpCAM/CD3-bispecific T-
cell engaging (BiTE) antibody, which has been tested to target CSCs in
preclinical and clinical studies of different cancer types (Cioffi and
Heeschen, 2012). In vitro experiments in established primary cultures
derived from colorectal cancer patients showed that the combination of
the antibody with autologous T cells prevented tumour growth in soft
agar assays (Herrmann et al., 2010). In addition, treatment with very
low MT110 doses has eradicated established tumours in im-
munodeficient xenograft model, where mice were inoculated with co-
lonies formed in soft agar assays (Herrmann et al., 2010). These results
agree with those obtained for cell lines and primary cells of human
pancreatic cancer, where the population of highly tumourigenic CSCs
was efficiently targeted by MT110 in vitro and in vivo using a mouse
model (Cioffi et al., 2012). Another study incubated adherent cells and
spheroids from hepatic tumour cell lines with γδ T-cells and MT110,
and found that the antibody enhanced tumour cell lysis close to com-
pletion under both conditions (Hoh et al., 2013). A phase I clinical trial
(NTC00635596) in patients with advanced solid tumours with high
expression of EpCAM has already been performed, but results have not
been published yet. Variations of the trispecific approach have been
recently developed, among them, hybrid antibodies that combine anti-
EpCAM antibody HEA125 with anti-CD3 antibody OKT3 or anti-CD64/
FcγRI mAb 197. These have been used in small-scale clinical studies to
treat ovarian cancer, and have significantly reduced malignant ascites
and increased TNF-α (Souto et al., 2011). This scenario indicates strong

Fig. 2. Therapeutics approaches against epithelial tumours based on EpCAM expression. The therapeutic methodologies developed or under development
include immunotherapeutic strategies, RNA aptamers and engineered T-cells armed with chimeric antigen receptor (CAR-T) recognising EpCAM.
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local immune stimulation. Some EpCAM-specific immunotoxins are
also being used in clinical trials. Proxinium is a promising humanised
anti-EpCAM antibody with a Pseudomonas exotoxin (Brown et al.,
2014). A first phase I/II study with proxinium for the treatment of local
head and neck cancers provided an 88% of stable diseases or responses,
25% of them with a complete remission of the disease (Baeuerle and
Gires, 2007). However, subsequent Phase II trial (NCT00272181) for
treating patients with squamous cell head and neck cancers, as well as a
pivotal Phase II/III trial (NCT00412776) to compare best supportive
care versus proxinium plus the best supportive care in patients with
advanced head and neck cancers, were discontinued due to slow accrual
in North America, and also for corporate reasons unrelated to safety and
efficacy. The same antibody construct, named Vicinium for use in
bladder cancer, has shown satisfactory results in a Phase II study in
patients with urothelial carcinoma in situ of the bladder, where 44% of
patients achieved a complete response after treatment with 30mg/dose
for 6–12 weeks of intravesical vicinium (Kowalski et al., 2012). A Phase
III study (NCT02449239) is currently ongoing for patients with non-
muscle invasive bladder cancer previously treated with bacillus Calm-
ette-Guerin.

RNA aptamers against EpCAM represent an attractive therapeutic
strategy. The first aptamer against EpCAM was designed by Shigdar
et al. and was called EpDT3 (Shigdar et al., 2011). It is a 19-nt RNA
aptamer that interacts EpCAM with moderate affinity (K’d=55 nM,
362W94 and ING-1 are approximately K’d= 0.1 nM, whereas adeca-
tumumab is K’d=91 nM) and is internalized after binding to cell sur-
face. As a result, it is expected to produce manageable toxicities and to
be able to channel diverse substances (Shigdar et al., 2011). Many
variants of EpCAM aptamers are being developed and offer very en-
couraging preclinical results. Using aptamer-siRNA chimeras, the
knockdown of EpCAM was able to inhibit epithelial cancer and CSCs in
vitro and in vivo (Gilboa-Geffen et al., 2015). The conjugation of EpDT3
with Ad5-PTEN has been reported to enhance the antitumor effect of
Ad5-PTEN with a high binding ability to hepatocellular carcinoma
EpCAM+ cells (Xiao et al., 2017). Finally, Zheng et al. targeted a panel
of ovarian cancer cell lines with a bispecific aptamer from fusing single
CD44 and EpCAM aptamers and tested the results in a xenograft model.
They found that the bispecific CD44-EpCAM aptamer had greater
ability to inhibit cell growth and to induce apoptosis than single ap-
tarmers against CD44 or EpCAM alone or combined. In vivo experiments
confirmed the higher ability to suppress tumours (Zheng et al., 2017).

At present, most ongoing clinical trials are focused on determining
the safety and efficacy of CAR-T cells by recognising EpCAM (Table 2).
In these studies, PBMC is obtained from blood samples and is activated
via the antibodies of CD3 and CD28. Autologous T-cells are then
transduced by the lentivirus carrying the EpCAM CAR gene and infused
in patients. Preclinical studies using anti-EpCAM CAR in xenograft
models of prostate cancer and peritoneal carcinomatosis have reported
that a single intraperitoneal injection of the CAR-T cells inhibits tumour
growth and prolongs mouse survival, and has even eradicated tumours
in some cases (Deng et al., 2015). Based on these results, four clinical
trials are currently ongoing. Two single-arm, multicentre Phase II stu-
dies are recruiting patients with relapsed or refractory liver
(NCT02729493) and stomach (NCT02725125) cancers to evaluate the
efficacy and safety of EpCAM-targeted CAR-T cells. Another Phase I
study (NCT02915445) in EpCAM+ recurrent or refractory nasophar-
yngeal carcinoma and breast cancer patients, and a Phase I/II one
(NCT03013712) for EpCAM positive cancers (colon, oesophageal,
pancreatic, prostate, gastric or hepatic carcinomas) are ongoing, which
indicates the great potential that CAR-T-cells therapy can have in
cancer treatment.

Finally, based on recent advances on our knowledge about the role
of EpICD in the tumorigenesis of cancer, new approaches have been
proposed targeting different componets of the EpCAM signalling cas-
cade. First studies targeting EpCAM were unable to distinguish between
full-length and cleaved EpCAM and, in some cases, lacked patientTa
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randomisation according to the actual EpCAM status on tumour cells
can explains the disparate results sometimes obtained. Knowledge of
the proteases involved in the activating proteolytic cleavage of EpCAM
allows the systematic testing of combinations of the inhibitors of these
proteases; i.e. TACE and presenilin 2, therapeutic antibodies, and con-
ventional treatments that involve chemotherapeutics. Even more in-
teresting could be the inhibition of the EpICD-FHL2 interaction by small
molecules and their interaction with Wnt components, which is a pro-
mising strategy to specifically target the oncogenic role of EpCAM in
cancer.

8. Conclusions

EpCAM molecule concept has doubtlessly evolved over time.
Initially it was recognised as a cell adhesion molecule, but contrasting
evidence has demonstrated that the participation of its intracellular
domain is crucial in cellular malignant transformation, and in the
regulation of pluripotency and self-renewal in both normal and cancer
stem cells. The discovery of the antagonistic role between the extra-
cellular and intracellular domains of EpCAM could explain the con-
flicting results that have been frequently reported about the prognostic
role of EpCAM in cancer, which renders it necessary to analyse each
domain separately. Apart from this involvement in cell cycle and
stemness regulation, interest in this molecule has grown in recent years
because it is expressed highly in a wide variety of solid cancers, and it is
possible to use it to isolate CTCs and cancer cells with CSCs properties.
Consequently, many therapeutic strategies are focus on EpCAM as a
molecular target, and ongoing clinical trials employ anti-EpCAM im-
munotherapeutic approaches and CAR-T cells. Moreover, the develop-
ment of therapeutic approaches that target the cleavage control of the
EpCAM intracellular domain clearly seems promising.
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Introduction

Lung cancer is the leading cause of cancer-related mortality 
among men and women worldwide, with more than 1.8 
million estimated new cases each year (1). Despite advances 
in biomedical research and improvements in both the 
diagnostic tools and therapeutic options that have become 
available over the past few decades, lung cancer still has a 
5-year overall survival (OS) rate of 18% for all stages (2). 
The main reason for this poor outcome for this cancer 
type is late diagnosis: a high percentage of the patients are 
diagnosed at advanced stages when curative surgery is no 
longer possible. The clinical management of lung cancer in 
advanced stages is also changing; better understanding and 
descriptions of the molecular abnormalities present in lung 

cancer have opened up new therapeutic options in specific 
disease subsets.

Lung cancer: driver alterations, predictive biomarkers, and 
intratumor heterogeneity 

The development of a new generation of molecular 
techniques has led to substantial advances in the knowledge 
of cancer genomes, and specifically in lung cancer, facilitating 
the discovery of oncogenic-driver mutations/alterations that 
cause aberrant signaling and proliferation in certain tumor 
subsets. These findings have allowed the development of 
new treatment strategies based on molecular targets and thus 
have reshaped tumor classification from classical histological 
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methods towards molecular pathology approaches. Indeed, 
non-small cell lung cancer (NSCLC) is one of the most 
genomically diverse tumor types and there is a wide variety of 
molecularly-defined patient subsets characterized by specific 
driver-mutations, involving different genes such as epidermal 
growth factor receptor (EGFR), anaplastic lymphoma kinase 
(ALK), or V-Ki-ras2 Kirsten rat sarcoma viral oncogene 
homolog (KRAS) (3-7) among others. 

The identification of driver mutations located in the 
tyrosine kinase domain of EGFR as the primary oncogenic 
event in a subset of lung adenocarcinomas (8-13) led to 
the development of specific tyrosine-kinase inhibitors 
(TKIs) for this receptor, resulting in a dramatic change 
in the treatment of advanced NSCLC patients harboring 
EGFR mutations. The use of EGFR-TKIs has produced a 
particularly large increase in progression-free survival (PFS) 
with a negligible toxicity profile as well as an increase in 
OS to more than 24 months (11,14-18). Unfortunately, the 
effect of TKIs is limited over time because of the emergence 
of drug resistance. A number of molecular mechanisms 
underlying acquired resistance to EGFR-TKIs have been 
reported, including the secondary EGFR Thr790Met 
(T790M) mutation found in around 50% of patients, loss 
of the EGFR mutant allele, MET amplification, hepatocyte 
growth factor (HGF) overexpression, phosphatase and 
tensin homolog (PTEN) downregulation, epithelial-
mesenchymal transition (EMT), BRAF mutations, and 
other mechanisms (19-22). Resistance is frequently related 
to the emergence of a clone thought to be initially present 
at a low percentage in the tumor, thus emphasizing the 
role of intratumour heterogeneity as one way of explaining 
resistance mechanisms to targeted agents (23,24).

Other driver mutations in lung cancer have also been 
targeted by these new drugs but, again, the emergence 
of resistance is a common event in patients treated with 
targeted-therapies (25,26). In addition, metastases are 
responsible for roughly 90% of cancer-associated patient 
mortality, through largely unknown mechanisms. Therefore, 
future studies must aim to directly analyze metastatic cells 
in order to better understand the mechanisms of cancer 
spread (27). However, metastasis biopsy is an invasive 
procedure limited to certain locations, and additionally, 
recent work has shown that different metastatic sites harbor 
different genomic aberrations and so biopsy of only one or 
two accessible metastases may not be enough to represent 
the whole tumor genome (24,28). Finally, solid tumors also 
exhibit temporal heterogeneity, evolving over time under 
selection-pressure with treatment (29-32). Even though, 

and considering the heterogeneity of the tumors, it becomes 
difficult to have a complete scenario of the whole tumor 
based on the information obtained from small biopsies, 
and in several cases from a restringed number of tumor 
cells which, in turn, could lead to erroneous therapeutic 
decisions. 

Since the beginning of the era of targeted therapies, 
there has been a clear need to understand the mechanisms 
of resistance and therefore rebiopsies at the time of clinical 
progression or the emergence of treatment resistance were 
gradually incorporated into clinical practice. Considering 
all the above-mentioned facts about lung cancer: presence 
of driver mutations, tumor heterogeneity, tumor dynamics, 
drug sensitivity, drug resistance, it is of remarkable 
importance the development of a non-invasive way to 
obtain this valuable biologic information, which includes 
the ability to diagnose, prognose and monitor lung cancer 
evolution. At this point, liquid biopsies seem to be the 
approach that covers all these requirements. In lung cancer, 
blood samples are the most explored type of liquid biopsy, 
and have been used to improve the diagnosis as well as 
for the searching prognostic and predictive biomarkers. 
Liquid biopsies have several advantages: (I) they allow 
rapid biomarker assessment in lung cancer patients for 
whom solid biopsies are impossible because of restricted or 
extremely risky access possibilities; (II) they can easily be 
repeated during cancer patient follow-up in order to control 
treatment efficiency; and/or (III) they can be used to detect 
genomic alterations occurring as result of resistance to 
therapy.

Liquid biopsies in lung cancer

In lung cancer liquid biopsies, blood samples are mainly 
used as a sample source for analyzing circulating tumor 
cells (CTCs) or circulating tumor DNA (ctDNA), in 
addition to other biomarkers of interest, such as circulating 
microRNAs, circulating RNA, platelets, plasma/serum 
metabolites, or exosomes (Figure 1). To explore the data 
available regarding the above in this review we used 
MEDLINE to perform a comprehensive literature 
search for original and review articles related to the terms 
“liquid biopsy” and “CTCs”, “ctDNA” and “NSCLC”, 
or “lung cancer”. Furthermore, to complete our search 
we also reviewed the bibliographies of these articles; only 
those published in English and in peer-reviewed journals 
were included. Our purpose was to describe the current 
contribution of CTC and ctDNA detection and analysis 
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in lung cancer patients and to compare the advantages and 
disadvantages of these two approaches.

CTCs versus ctDNA: which one will win? 

There are an increasing number of scientific reports 
pointing out the advantages of, and difficulties in, both 
detecting mutations and isolating CTCs and ctDNA in both 
metastatic and non-metastatic lung cancer (Table 1). The 
discrepancies in sensitivity, reproducibility, and concordance 
with tissue biopsies are likely due to the different approaches 
and methodologies used as well as their clinical settings.

CTCs

CTCs are tumor cells from solid tumors that spread via 
blood and/or lymphatic vessels. CTCs are shed into the 
vasculature from primary tumors and are postulated to 
contain subpopulations of cells with the potential to spread 
and initiate distant metastases (33). They were observed for 
the first time by Thomas Ashworth in 1869 in the blood of 
a man with metastatic cancer (34), but they only became 
relevant in modern cancer research a couple of decades 
ago with the demonstration of their presence early in the 
course of malignant disease (35). Several models have been 

suggested to describe the dissemination process whereby 
tumor cells leave the primary tumor to colonize distant 
organs, either when they become competent to metastasize 
or because of physical tumor extension (27,36).

CTCs can circulate in the bloodstream of lung 
cancer patients as single cells or as aggregates known as 
circulating tumor microemboli (CTM) (37-39). In this 
regard, the phenotype of single or aggregated CTCs can 
be different and so may present different levels of potential 
aggressiveness (37,38,40,41). Similar to single migratory 
mesenchymal-like CTCs, CTMs appear to be enriched in 
mesenchymal markers, an indicator of increased potential 
plasticity, which in turn seems to be related to more 
aggressive behavior, thus supporting their role in both 
tumor cell dissemination and the initiation of metastatic 
outgrowth (38,42-44). The presence of CTMs has been 
reported as a negative prognostic factor in lung cancer 
patients (38,40,45).

Isolation and detection of CTCs

Although many technologies have been developed over the 
past few years to detect and isolate CTCs in the peripheral 
blood of NSCLC patients (44,46-48), this task remains 
challenging (Figure 2). In advanced lung cancer patients, 

Figure 1 The potential clinical benefits of CTC and ctDNA analyses in cancer care. CTC, circulating tumor cell; cfDNA, circulating free 
DNA; CTM, circulating tumor microemboli.
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Table 1 Advantages and limitations of CTCs and ctDNA liquid biopsy assays

Advantages Limitations

CTCs Constitute a minimally-invasive procedure with high specificity Prospective collection is required for targeting pre-analytical  
differences

Address intra-tumor heterogeneity and supplies an adequate 
reflection of the tumor

Constitutes a small and fragile population

Allow structural evaluation of cancer phenotype Analytical methods with very high sensitivity and specificity are 
needed

Give information about tumor progression and metastasis False-negative and false-positive errors

Permit different in vitro and in vivo assays Low signal-to-noise ratio, mostly in early-stage disease

Make molecular characterization of the disease possible Heterogeneity of CTCs complicates identification

Offer the use of immunolabeling techniques Disparity of techniques used for CTC isolation

Provide complementary information to ctDNA —

Could facilitate therapeutic decision-making —

ctDNA Constitutes a minimally-invasive procedure with high  
specificity

Prospective collection is required for targeting pre-analytical  
differences

Addresses intra-tumor heterogeneity and supplies an  
adequate reflection of the tumor

False-negative and false-positive errors

Extremely high sensitivity for detection of cancer burden even 
after curative care

Low signal-to-noise ratio, mostly in early-stage disease

Might predict acquired treatment resistance Lack of standardization of pre-analytical conditions

Could facilitate therapeutic decision-making No protein or functional studies available

CTCs, circulating tumor cells; ctDNA, circulating tumor DNA.

Figure 2 Comparison of the analysis capability and the technologies available for CTCs and ctDNA. CTC, circulating tumor cell; cfDNA, 
circulating free DNA; NGS, next generation sequencing; RTqPCR, real-time quantitative PCR; FISH, fluorescence in situ hybridization.
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CTCs are rare cells present in very low concentrations in 
the bloodstream; approximately 1 mL of whole peripheral 
blood contains 1–10 CTCs against a background of 106–107 
nucleated blood cells and around 109 red blood cells (49). 
Therefore, to reach the extreme sensitivity required to detect 
CTCs, an enrichment step is often required to increase 
their concentration before trying to detect or capture them. 
In this context, different methods for cellular enrichment, 
characterization, and identification of lung CTCs have been 
developed, including CTC microchips, filtration devices, 
quantitative reverse-transcription PCR assays, automated 
microscopy systems, etc. (46,50,51). 

CTC detection or capture methods can be broadly 
categorized as: (I) label-dependent, based on positive 
enrichment involving cell surface markers such as 
epithelial cell adhesion molecule (EpCAM); or (II) label-
independent, based on negative selection, such as size, or 
other differential biophysical properties of CTCs. Besides 
these two main approaches, other strategies include direct 
CTC imaging and functional assays (46,47,52-54). The first 
label-dependent studies tried to detect lung CTCs based 
on the assumption that circulating tumoral cells maintain 
the same characteristics as their tissue of origin, therefore 
most lung CTC categorization was based on the expression 
of epithelial-specific markers such as cytokeratin (CK) or 
intermediate filaments (IF) (41,55-60). Therefore, positive 
enrichment methods define lung CTCs as nucleated cells 
present in the bloodstream that express epithelial CKs and 
EpCAM and do not express the white blood cell surface 
antigen CD45 (59,61,62). 

One of these methodologies is the CellSearch® system 
(Veridex, Raritan, NJ, USA) which has been approved by 
the Food and Drug Administration (FDA) for monitoring 
metastatic breast cancer (63), castration-resistant prostate 
cancer (64), and colon cancer patients (65). It has also been 
shown to be of prognostic significance for small cell lung 
cancer (SCLC) but the test has not yet been FDA-approved 
for this cancer type (40,66,67). The method is based on an 
initial enrichment of EpCAM positive cells followed by 
immunofluorescent staining using epithelial markers (CK 8, 
18, 19), a leucocyte marker (CD45), and 4’, 6-diamidino-2-
phenylindole (DAPI) for nuclear staining. The CellSearch® 
definition of CTCs is any intact EpCAM+/CK+/CD45− 
cell at least 4 μm in size and with a nucleus occupying at 
least 50% of the cytoplasm (41,55-61). Using EpCAM-
dependent assays, CTCs can be detected in approximately 
20–40% of NSCLC patients (41,55-58,60). Unfortunately, 
technologies relying on EpCAM positive selection cannot 

detect CTCs that have undergone EMT or any cancer stem 
cells that have not yet started epithelial differentiation. 
In lung cancer, CK-negative CTCs, which potentially 
represent tumor cells undergoing EMT, have also been 
identified. Consequently, the use of EpCAM as a positive 
selection marker should be carefully considered when trying 
to detect CTCs in NSCLC patients. Unfortunately, so far 
no reliable surface markers, which distinguish lung CTCs 
from normal epithelial cells and can be used for such label-
dependent approaches, have yet been identified. 

Label-independent approaches to CTC detection 
in lung cancer are an attractive alternative. One such 
method, Isolation by Size of Epithelial Tumor cell (ISET®, 
developed by Rarecells Company, France), used for 
cells isolated from lung cancer patients, involves a CTC 
enrichment step based on size by using a filtration device 
followed by cytological characterization. This system has 
been used to detect lung CTCs in both metastatic and 
non-metastatic NSCLC patients and has shown increased 
sensitivity in a wider range of patients compared to label-
dependent methods such as CellSearch® (41,55,68-75). 

Another direct technology, known as ScreenCell®, is 
also based on the size of CTCs but, in addition, allows 
their isolation so that they can be subjected to further 
morphological and molecular studies (76,77). Interestingly, 
it has been shown that lung CTCs isolated with different 
systems, can be cultured in vitro which is of particular 
interest for generating in vitro and in vivo models. As a first 
step towards this goal, data has already been generated for 
successful short-term cultures (up to 28 days) of CTCs 
isolated from patients with lung cancers (78-80). Such 
model systems could be used to study drug susceptibility 
or to generate sufficient numbers of cells for systematic 
deep analysis of their molecular profiles or biological 
behavior (52,81). Several recent studies have reported the 
development of mouse xenografts generated directly from 
CTCs or from breast, colorectal, prostate, hepatocellular, 
small cell lung, or gastric cancer CTC cultures (82-87). 
In particular, CTCs enriched from blood samples from 
SCLC patients were subcutaneously implanted into 
immunocompromised mice as CTC-derived explants 
(CDX); the CTCs were tumorigenic at densities of more 
than 53 CTCs/1 mL of blood, however, such large numbers 
of CTCs are not always obtained from advanced patients, 
thus highlighting one of the biggest challenges associated 
with these approaches (86). 

Current models generated either in vitro or in vivo are 
also potentially limited if the clones they are grown from 
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do not accurately reflect the true heterogeneity of the 
tumor (e.g., there may be a selective advantage for highly 
aggressive clones). Furthermore, in vivo xenograft models 
do not recapitulate tumor-host interactions that may play 
a role in drug resistance. Direct comparison between 
label-dependent and label-independent CTC isolation 
methods shows that both approaches have pros and cons. 
Label-dependent methods are more specific but they are 
rendered ineffective when antigen expression is lost in 
certain CTC subpopulations, and the cells become less 
viable after isolation. On the other hand, label-independent 
approaches are less specific but do not depend on CTC 
phenotype, and seem to better preserve CTC viability for 
downstream applications. There are currently many other 
technological developments focused on exhaustive lung 
CTC characterization in the pipeline at several diagnostic 
companies. 

CTCs: clinical applications

CTC analysis is considered an interesting approach for early 
diagnosis, prognosis assessment, prediction of treatment 
efficacy, and early detection of lung cancer relapse. The 
most relevant lung cancer CTC studies are summarized in 
Table 2. 

Larger numbers of CTCs are recovered from SCLC 
patients than from NSCLC patients (40,56). In addition, 
some researches have reported a positive association 
between the number of CTCs and clinical stage or the 
presence of distant metastases in primary lung cancer 
(56,57,73,88,93), whereas other studies failed to find any 
significant differences (50,92). Regarding other clinical 
applications, the majority of articles on CTCs in lung 
cancer focus on their prognostic role. In a large population 
of NSCLC patients, one group showed that isolation of 
more than 50 CTCs per 10 mL sample (using ISET®) 
is of prognostic value and is associated with shorter OS 
and disease-free survival (DFS) (89). Similar results were 
reported by Krebs et al. showing that PFS and OS was 
significantly better in advanced NSCLC patients with fewer 
CTCs (41). However, in another NSCLC patient cohort 
it was reported that although the median survival time 
tends to be shorter in CTC-positive than in CTC-negative 
patients, the difference was not significant (92).

In SCLC a significant association between higher 
numbers of CTCs and shorter survival has been described, 
and at least one study has reported that CTCs are a better 
predictor of survival than disease stage and tumor response 

(40,66,90). Moreover, a reduction in the number of CTCs 
after chemotherapy was also significantly associated with 
better outcomes in SCLC (66,94). Regarding the role 
of CTCs as biomarkers for therapeutic monitoring in 
NSCLC, comparisons between studies performed on 
samples collected before and after chemotherapy have 
consistently found that survival rates were significantly 
worse for patients with CTC counts that remained positive 
during treatment (95,96). In a group of patients treated 
with erlotinib and pertuzumab, the authors found that the 
decrease in CTC count upon treatment were significantly 
associated with disease response (91).

One of the main difficulties of working with CTCs in 
the field of lung cancer is their use as a theranostic tool 
for detecting somatic mutations (97). However, in 2008 
Maheswaran and Sequist identified the presence of EGFR-
activating mutations in 11 out of 12 (92%) of CTCs isolated 
from EGFR-mutated patients. During follow-up the 
authors detected the T790M mutation (which confers drug 
resistance) in CTCs collected from patients who progressed 
to TKI treatment (98). Moreover, EGFR mutations in 
CTCs from NSCLC patients were recently successfully 
specifically assessed using sensitive next generation 
sequencing (NGS) (59). Similarly, in 2012 Paul Hofman’s 
group published results from ALK-specific fluorescence in 
situ hybridization (FISH) analyses performed on archived 
lung cancer patient CTC samples. Their blind analysis of 
CTCs and corresponding tumor tissue showed a perfect 
match: 5 patients positive for ALK rearrangement in both 
CTC and tumor tissue were found while 82 were negative 
for this mutation in both CTC and tumor tissue (99).

In summary, there are currently 343 studies registered on 
“ClinicalTrials.gov” concerning CTCs and lung cancer, but 
despite the numerous scientific publications on this topic, 
these cells are still not used in routine clinical practice. This 
can be explained by the large number of methods available 
for CTC detection, and by the difficulty of selecting a 
reliable lung CTC marker. Despite the efforts made by the 
scientific community in the CTC field to try to improve 
lung cancer management, the analytical specificity and 
clinical utility of these methods must still be demonstrated 
in large prospective multicenter studies in order to obtain 
the evidence required for their introduction into the daily 
management of lung cancer patients. 

ctDNA

The field of ctDNA analysis originally started almost 70 years 
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ago (100); higher levels of circulating free DNA (cfDNA) 
were identified in cancer patients compared to healthy 
controls, suggesting that this correlated with malignancy 
and tumor stage (101-103). To date, two main mechanisms 
for releasing ctDNA have been postulated: “passive” and 
“active”. The passive mechanism involves the release of 
nucleic acids into the bloodstream, either directly from 
apoptotic and necrotic tumor cells or indirectly by necrotic 
tumor cells engulfed by macrophages (104). Data about the 
size distribution of cfDNA has revealed an enrichment in 
150–180 bp fragments which reflects the nucleosomal pattern 
of DNA fragmentation characteristic of apoptotic processes 
(105-107). In contrast, fragments of tumoral nucleic acid 
can also be actively released into the circulation by living 
cells. One potential explanation hypothesizes that cancer 
cells release nucleic acids to transform the targeted recipient 
cells at distant locations, although the mechanisms are not 
completely understood (108). It is important to consider 
that ctDNA may represent a small proportion of the total 
cfDNA, at levels corresponding to one genome equivalent 
in 5 mL of plasma (0.01% allele fraction), and thus it may be 
undetectable with routine sampling (103,109). Apart from 
this, ctDNA levels can vary according to tumor burden and 
stage, anatomical proximity to vasculature, and biological 
features like apoptotic rate and metastatic potential (110,111).

Detection and quantification of ctDNA

The most common sample source used for ctDNA isolation 
is plasma collected in standard EDTA tubes. However, 
considering the low percentage of ctDNA present within 
total isolated cfDNA, it is important to control both the 
analytical and pre-analytical steps that can significantly 
affect ctDNA detection in blood samples (112). Plasma 
samples should be processed and stored immediately 
after blood collection to avoid increases in genomic DNA 
released from white blood cell lysis that could modify 
the relative levels of ctDNA. Therefore, the uses of 
standardized protocols in conjunction with specialized 
preservative-containing tubes (e.g., Streck Cell-Free DNA 
BCT) are strongly recommended (113). 

The amounts of ctDNA present in in lung cancer 
patient samples give important diagnostic and prognostic 
information about the disease (114,115). However, the 
most important advantage of this technology is that it 
enables such analyses via easily obtained, minimally-
invasive samples which are likely to reflect any genomic 
abnormalities present in the original neoplasm, giving 

insights into the types of mutations, indels, chromosomal 
rearrangements, chromosomal region gains or losses, and 
epigenetic modifications present (54,116-118). Given the 
small proportion of ctDNA present in the total cfDNA 
samples obtained, it is important to select the correct 
methods for its isolation and analysis; several highly 
sensitive techniques have been developed for the latter, 
ranging from PCR-based to more complex methodologies 
using NGS (summarized in Figure 2). 

In lung cancer a variety of methods have been used for 
ctDNA analysis, many of them based on real-time PCR, 
although these approaches are more applicable when a 
limited number of loci are evaluated. Such systems include 
peptide nucleic acid (PNA) or locked nucleic acid (LNA) 
mutant-enriched PCR (ME-PCR) (119-121), amplification-
refractory mutation system (ARMS) (122), digital PCR 
(including droplet-based systems) (123), and the beads, 
emulsification, amplification, and magnetics (BEAMing) 
system (124,125). Moreover, recently developed NGS 
technologies have also shown that it is possible to detect 
many cancer-associated mutations in single lung cancer 
patient blood samples (126,127). There are also protocols 
specifically intended to improve the sensitivity of NGS 
ctDNA sample analysis; these include tagged-amplicon 
deep sequencing (TAm-Seq) (128), Safe-Sequencing System 
(Safe-SeqS) (129), and cancer personalized profiling by deep 
sequencing (CAPP-seq) (109,130,131), among others.

ctDNA: clinical applications in lung cancer

The clinical applications of ctDNA can be divided into two 
main categories: (I) quantification of circulating DNA for 
early diagnosis, prognosis, and response prediction; and 
(II) analysis of ctDNA in order to profile and characterize 
molecular tumor alterations (Table 3). 

Lung cancer patients have increased plasma cfDNA 
levels compared with control individuals (142,143) and the 
amount of cfDNA has been associated with tumor stage 
and burden in lung cancer (109). However, there are data 
demonstrating that this absolute cfDNA amount is limited 
as diagnostic tool in the absence of contextual knowledge 
of any associated tumor mutations (114). High levels of 
cfDNA have been reported as an indicator of poor outcome 
in lung cancer patients (115,138,142), but in other studies 
pretreatment levels of total cfDNA were not prognostic 
of survival (144,145). One possible restriction of these 
approaches is that cfDNA is also present at high levels in 
the blood of patients with benign diseases such as hepatic 
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disorders, diabetes, cardiovascular diseases, non-neoplastic 
lung diseases, or infections (75). 

Regarding the prognostic information provided by 
ctDNA, monitoring tumor-specific alterations present in 
ctDNA isolated from plasma from early stage NSCLC 
patients following surgical resection identified patients with 
residual disease and was able to detect disease recurrence 
(109,145). However, despite the reporting of some 
controversial results, when KRAS mutations in ctDNA 
were assessed as a prognostic marker in NSCLC patients 
(135,146,147) KRAS status in plasma ctDNA was associated 
with poor tumor response to EGFR-TKIs in NSCLC 
patients and so it could be used as a predictive marker for 
selecting appropriate NSCLC patients for such treatments 
(148-150). Is in this latest aspect, the presence of circulating 
DNA containing tumor-specific sequences, where we find 
the most widespread and important applications of ctDNA.

Several reports have analyzed the concordance between 
genomic alterations (such as EGFR mutations) present in 
lung cancer tissues and corresponding ctDNA samples 
(119,125,132-134,137): depending on the technology used, 
the agreement ranges between 60% to more than 90%  
(122,123,125,138,139,149,151,152). The EURTAC trial 
was one of the first to explore the feasibility of using ctDNA 
as a surrogate for tumor biopsy and to correlate mutations 
in plasma with PFS and OS (120). Since then, several other 
clinical trials in lung cancer have incorporated the analysis 
of plasma as a sample source for studying genomic tumor 
alterations (138). 

In the context of metastatic disease the use of ctDNA is 
particularly useful for patients with tumors that are difficult 
to biopsy, those with contraindications for biopsy procedures, 
or where tumor samples have been exhausted; in these cases 
the possibility of determining the presence of genomic tumor 
alterations in ctDNA have brought forward the prospect of 
implementing precision oncology. In addition, ctDNA can 
be used for real-time monitoring of therapeutic responses to 
targeted-agents (132,136,152-154) as a valid surrogate for the 
current use of invasive rebiopsies. In this respect, a number 
of research groups have recently shown that ctDNA analysis 
can sensitively and specifically detect T790M clones early, 
i.e., before therapy or their emergence during EGFR-TKI 
treatments, demonstrating that this approach represents also 
an elegant way to overcome the problems arising from tumor 
heterogeneity(19,29,140,141,155). 

For broader applicability, ctDNA analysis platforms 
focus on not only maximizing analytical sensitivity, but 
also on providing sufficient genomic coverage to be 

able to analyze multiple molecular markers in the same 
sample, thus providing the possibility of anticipating the 
molecular alterations expected as tumors evolve. Therefore, 
ongoing and future prospective studies should aim to test if 
treatment strategies informed by the unique data provided 
by ctDNA could yield superior clinical outcomes compared 
to tissue-based approaches.

The war: strengths, and limitations

There are many studies aiming to detect and/or characterize 
CTCs or ctDNA in lung cancer patients; the question is 
which of these two approaches will become the eventual 
gold standard for managing these patients in the era of 
precision oncology. In this “war” the usefulness of CTCs 
for ex vivo models, including in functional studies such as 
cultures, mouse xenografts, or real-time in vitro assays for 
drug sensitivity evaluation, is undisputed. CTC enumeration 
as a prognostic biomarker in lung cancer research has not 
been as successful as it was in breast, prostate, and colon 
cancers for which there is a FDA-approved CTC method; 
even so, the adoption of this approach in these cancers in 
daily oncological practice remains low.

Reports on comparative mutation analyses of CTCs 
and cfDNA have shown an interesting relationship 
between them in cancer patient blood samples (57,91). 
Maheswaran et al. analyzed EGFR mutations in CTCs 
and ctDNA obtained from the same NSCLC patients and 
determined that genotyping seemed to be more sensitive 
in CTCs than in cfDNA and that the associated CTC 
quantification provided an important context in which to 
interpret these genotyping results (98). Thus, with the 
emergence of extremely sensitive technologies, complete 
genomic and transcriptomic profiles, drug sensitivity 
testing in CTC-derived cell cultures or in single cells 
might soon become a reality. Until now, the use of ctDNA 
has remained limited to research scenarios. However, an 
EGFR plasma test (TheraScreen® EGFR plasma PCR 
kit) has recently been approved in Europe and China for 
screening advanced NSCLC patients where it is impossible 
to obtain a tumor biopsy, allowing subsequent treatment 
with gefitinib in appropriate cases. Hence, new perspectives 
for implementing ctDNA in clinical settings are starting to 
open up (122).

There is mounting scientific evidence supporting the 
use of ctDNA for profiling and characterizing lung tumor 
molecular alterations as well as for monitoring therapies 
and identifying mutations associated with acquired drug 
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resistance (91,118,119,122,126,144,149). In this context 
ctDNA, rather than CTC analysis, is more appealing 
because plasma samples can be collected and analyzed 
without requiring prior enrichment and there is no need 
to isolate a rare cell population. Although pre-analytical 
conditions for ctDNA analysis must be further standardized, 
it seems that ctDNA, therefore, is likely to be the preferred 
option for genotyping and treatment-response monitoring. 
However, one important limitation of working with these 
samples is that in situ and morphological analyses using 
FISH and ICC (of particular interest in lung cancer for 
assessing ALK or ROS1 status) cannot be performed with 
these samples (49,156). Another drawback of ctDNA 
is that, because of the high sensitivity of the different 
methodologies used, it also detects clinically irrelevant 
molecular changes. 

In order to fully incorporate liquid biopsies into clinical 
practice some critical points must still be addressed: (I) a 
consensus is required regarding the best matrix of detection 
(CTC or ctDNA) for each required application; (II) a 
consensus regarding the ideal technical approach for each 
application is mandatory; (III) the pre-analytical phase 
should be standardized to obtain robust and reproducible 
results; (IV) investment and uptake of the currently available 
techniques is required in order to bring down prices which 
presently limit accessibility to patients.

Conclusions

Liquid biopsy has great potential for the management of 
lung cancer patients. Despite the numerous techniques and 
experimental approaches that have been established in this 
field, the common objective of all of them is to develop 
a useful, sensitive, specific, and real-time prognostic, 
predictive, and monitoring system using minimally-invasive 
samples, which can be easily transferred into the clinical 
practice. From our point of view, ctDNA analysis should be 
chosen for analysis of mutations, copy number aberrations, 
and DNA methylation changes, whereas CTC analysis 
provides the unique opportunity to study whole cells, 
thus allowing DNA, RNA, and protein-based molecular 
profiling, as well as use in vivo studies. It is likely that 
both CTCs and ctDNA will have complementary roles as 
cancer biomarkers and might be used in parallel for earlier 
lung cancer diagnosis, prediction of treatment responses, 
or detection of disease progression. Taking all of these 
arguments into account, we consider the real victory in this 
“war” is the genuine possibility these technologies create for 

translating the concept of precision oncology into clinical 
practice. Liquid biopsies represent an important advance in 
the management of lung cancer in which CTCs and ctDNA 
are both expected to play complementary roles based on 
their relative strengths and limitations.
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