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Resum 

Les cèl·lules mare del càncer (cancer stem cell, CSC) són una petita població que forma part 

del tumor i que es caracteritza per les seves capacitats d'autorenovació, pluripotència i 

resistència a les teràpies anticàncer. A més, aquest subgrup de cèl·lules és responsable de 

l'inici, recurrència, progressió i metàstasis del tumor. Per tant, es requereix l'eliminació de 

les CSCs per aconseguir un tractament efectiu contra el càncer. 

El càncer de mama triple negatiu (triple negative breast cancer, TNBC) no disposa d'una 

diana terapèutica, de forma que l'únic tractament disponible és la quimioteràpia. Tot i que 

hi ha una bona resposta al tractament, la tassa de recurrència és d'aproximadament el 30%. 

A més, aquest subtipus de càncer de mama és molt agressiu i presenta un mal pronòstic. 

D'altra banda, el càncer de pulmó de cèl·lula no petita (non-small cell lung cancer, NSCLC) 

representa al voltant del 85% de tots els casos de càncer de pulmó. Tot i que la identificació 

de les mutacions en el receptor del factor de creixement epidèrmic (epidermal growth factor 

receptor, EGFR) va permetre el desenvolupament dels inhibidors de tirosina quinasa d'EGFR 

(EGFR tyosine kinase inhibitors, EGFR-TKIs), la majoria de pacients desenvolupa resistència a 

aquesta teràpia. Així mateix, els pacients amb NSCLC solen ser diagnosticats en un estat 

avançat de la malaltia, quan el tractament ja no és eficaç. Per tant, les CSCs són una potencial 

diana terapèutica pel TNBC i el NSCLC amb EGFR mutat (EGFR-mutated NSCLC, EGFRm 

NSCLC). Desafortunadament, no existeix una teràpia disponible aprovada per les agències 

estatals contra aquesta població maligna. 

Addicionalment, l'estudi de les CSCs es troba limitat a causa de la seva baixa representació 

dintre dels tumors o línies cel·lulars. A més, el cultiu cel·lular en dues dimensions (2D) 

modifica el comportament de les cèl·lules i la seva expressió gènica i/o proteica, que resulta 

en la inducció de la diferenciació de les CSCs, convertint-les en cèl·lules normals de càncer. 

Llavors, es requereixen nous sistemes de cultiu cel·lular que permetin l'estudi d'aquesta 

població maligna, de manera que els investigadors puguin trobar noves teràpies contra les 

CSCs. Amb aquest propòsit, s'han desenvolupat diferents sistemes de cultiu cel·lular en tres 

dimensions (3D). Un dels sistemes de cultiu cel·lular 3D que existeix són les estructures 

polimèriques fabricades per diferents tècniques, destacant la fabricació per filament fos 

(fused filament fabrication, FFF) i l'electrofilat (electrospinning, ES). 
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Per tant, el primer objectiu d'aquesta tesi va ser avaluar l'àcid polilàctic (poly(lactic acid), 

PLA) com a material per a la fabricació de suports 3D mitjançant FFF i ES. Els scaffolds 

("bastides", traduït directament) resultants van ser testats com a sistema de cultiu cel·lular 

3D per a l'expansió de les CSCs de mama (breast cancer stem cell, BCSC), sembrant la línia 

cel·lular de TNBC MDA-MB-231. Referent als PLA-FFF scaffolds, es va realitzar un cribratge 

de diferents paràmetres de fabricació de l'aparell de FFF que va permetre la creació d'un 

scaffold anomenat SS1. El SS1 presentava la proliferació cel·lular més gran aconseguida amb 

aquest tipus de suports 3D, aproximadament un 24% en comparació al 2D, i també, un 

augment significatiu de la població ALDH+, relacionada amb les BCSCs en comparació al 2D 

en temps curts de cultiu. Referent als PLA-ES scaffolds, les cèl·lules MDA-MB-231 sembrades 

en aquests suports presentaven una proliferació cel·lular molt elevada, d'aproximadament 

un 70% en comparació al 2D. No obstant això, en tots els marcadors de BCSCs analitzats, 

només augmentava l'expressió gènica de SOX2 després de 3 dies de cultiu. En definitiva, el 

cultiu cel·lular mitjançant els scaffolds de PLA no mostrava un enriquiment significatiu de les 

BCSCs. 

Estudis anteriors van demostrar que les cèl·lules MDA-MB-231 sembrades en els ES scaffolds 

de policaprolactona (PCL), un altre material polimèric, augmentaven significament la seva 

població de BCSCs. Així doncs, el segon objectiu d'aquesta tesi va ser l'avaluació dels PCL-ES 

scaffolds com a sistema de cultiu cel·lular 3D per a l'expansió de les CSC de pulmó (lung 

cancer stem cells, LCSC) utilitzant models cel·lulars sensibles i resistents amb EGFRm NSCLC, 

les PC9 i les PC9-GR3. La microarquitectura dels PCL-ES scaffolds va permetre una adhesió i 

proliferació cel·lular adequades i una major elongació cel·lular. Així mateix, les cèl·lules PC9 

i PC9-GR3 sembrades en els PCL-ES scaffolds van mostrar un increment significatiu de 

múltiples marcadors de LCSCs, com una major resistència als EGFR-TKIs i un augment de 

l'expressió de gens i proteïnes relacionades amb el procés d'EMT, stemness, marcadors de 

superfície i l'activació de la via de senyalització de Hedgehog. A més, es va analitzar 

l'expressió tumoral de dos marcadors de LCSCs, CD133 i vimentina, en mostres provinents 

de biòpsies de pacients i els resultats obtinguts van validar la utilització dels PCL-ES scaffolds 

com a plataforma 3D. D'aquesta mantera, les cèl·lules es comporten de forma més fisiològica 
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i, per tant, els resultats assolits utilitzant aquestes estructures 3D, sigui provant un nou 

fàrmac o descobrint nous biomarcadors, seran més fiables. 

A més de tot això, la sintasa d'àcids grassos (fatty acid synthase, FASN) és un enzim 

fonamental en la lipogènesis de novo, i les cèl·lules canceroses el solen sobreexpressar i/o 

sobreactivar com a mecanisme de resistència a les teràpies anticàncer. Recentment, FASN 

ha sigut descrita com a mecanisme essencial per a la supervivència de les cèl·lules amb 

EGFRm NSCLC resistents als EGFR-TKIs. Així mateix, la sobreexpressió d'aquest enzim s'ha 

relacionat amb les CSCs. Per tant, el tercer objectiu d'aquesta tesi va ser l'avaluació de la 

inhibició de FASN com a estratègia terapèutica pel tractament de cèl·lules sensibles i 

resistents amb EGFRm NSCLC i per l'eliminació de les LCSCs. El tractament amb els inhibidors 

de FASN (EGCG, G28 i AZ12756122) va produir un efecte citotòxic similar en tots els models 

cel·lulars, independentment de la seva resistència als EGFR-TKIs. No obstant això, només el 

G28 i l'AZ12756122 inhibia l'activitat de l'enzim, de manera que els efectes citotòxics del 

EGCG eren independents a la inhibició de FASN. Així mateix, la combinació del G28 o 

l'AZ12756122 amb els EGFR-TKIs en cèl·lules resistents va resultar en una interacció 

sinèrgica, superant la resistència als EGFR-TKIs, i inhibint la via de senyalització 

EGFR/AKT/mTOR. Finalment, la inhibició de l'enzim va provocar la reducció de les LCSCs. 

Curiosament, els resultats obtinguts in vitro i derivats de l'expressió tumoral de FASN en 

pacients van revelar que els tumors amb NSCLC i mutacions sensibilitzadores d'EGFR i amb 

expressió de FASN van mostrar una millor resposta als EGFR-TKI de primera generació, com 

el gefitinib. 

En resum, aquesta investigació demostra que els PCL-ES scaffolds són un òptim sistema de 

cultiu cel·lular que permet l'expansió de les LCSCs, i consegüentment, facilita el seu estudi in 

vitro, per així poder trobar noves teràpies dirigides contra aquesta població. En paral·lel, 

també s'ha provat que la inhibició de FASN és una teràpia prometedora pels tumors 

sensibles i resistents amb EGFRm NSCLC, així com per a l'eliminació de les LCSCs. A més, la 

combinació de la inhibició de FASN i EGFR sembla ser una interessant estratègia terapèutica 

per superar la resistència als EGFR-TKIs. 
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Resumen 

Las células madre del cáncer (cancer stem cell, CSC) son una pequeña población que forma 

parte del tumor y que se caracteriza por sus capacidades de autorrenovación, pluripotencia 

y resistencia a las terapias anticáncer. Además, este subgrupo de células es responsable del 

inicio, recurrencia, progresión y metástasis del tumor. Por lo tanto, se requiere de la 

eliminación de las CSCs para conseguir un tratamiento efectivo contra el cáncer. 

El cáncer de mama triple negativo (triple negative breast cancer, TNBC) no dispone de una 

diana terapéutica, de forma que el único tratamiento disponible es la quimioterapia. Aunque 

hay una buena respuesta al tratamiento, la tasa de recurrencia es de aproximadamente el 

30%. Además, este subtipo de cáncer de mama es muy agresivo y presenta un mal 

pronóstico. Por otro lado, el cáncer de pulmón de célula no pequeña (non-small cell lung 

cancer, NSCLC) representa alrededor del 85% de todos los casos de cáncer de pulmón. A 

pesar de que la identificación de las mutaciones en el receptor del factor de crecimiento 

epidérmico (epidermal growth factor receptor, EGFR) permitió el desarrollo de los 

inhibidores de tirosina quinasa de EGFR (EGFR tyosine kinase inhibitors, EGFR-TKIs), la 

mayoría de pacientes desarrollan resistencia a esta terapia. Asimismo, los pacientes con 

NSCLC suelen ser diagnosticados en un estado avanzado de la enfermedad, cuando el 

tratamiento ya no es eficaz. Por lo tanto, las CSCs son una potencial diana terapéutica para 

el TNBC y el NSCLC con EGFR mutado (EGFR-mutated NSCLC, EGFRm NSCLC). 

Desafortunadamente, no existe una terapia disponible aprobada por las agencias estatales 

contra esta población maligna. 

Adicionalmente, el estudio de las CSCs se encuentra limitado debido a su baja 

representación dentro de los tumores o líneas celulares. Además, el cultivo celular en dos 

dimensiones (2D) modifica el comportamiento de las células y su expresión génica y/o 

proteica, que resulta en la inducción de la diferenciación de las CSCs, convirtiéndolas en 

células normales de cáncer. Entonces, se requieren nuevos sistemas de cultivo celular que 

permitan el estudio de esta población maligna, de manera que los investigadores pueden 

encontrar nuevas terapias contra las CSCs. Con este propósito, se han desarrollado 

diferentes sistemas de cultivo celular en tres dimensiones (3D). Uno de los sistemas de 

cultivo 3D que existe son las estructuras poliméricas fabricadas por distintas técnicas, 
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destacando la fabricación por filamento fundido (fused filament fabrication, FFF) y el 

electrohilado (electrospinning, ES).  

Por tanto, el primer objetivo de esta tesis fue evaluar el ácido poliláctico (poly(lactic acid), 

PLA) como material para la fabricación de soportes 3D mediante FFF y ES. Los scaffolds 

(“andamios”, traducido directamente) resultantes fueron testados como sistema de cultivo 

celular 3D para la expansión de las CSCs de mama (breast cancer stem cell, BCSC), sembrando 

la línea celular de TNBC MDA-MB-231. En referencia a los PLA-FFF scaffolds, se realizó un 

cribado de diferentes parámetros de fabricación del aparato de FFF, que permitió la creación 

de un scaffold llamado SS1. El SS1 presentaba la mayor proliferación celular conseguida con 

este tipo de soportes 3D, aproximadamente un 24% en comparación al 2D, y también, un 

aumento significativo de la población ALDH+, relacionada con las BCSCs en comparación al 

2D en tiempos cortos de cultivo. En referencia a los PLA-ES scaffolds, las células MDA-MB-

231 sembradas en estos soportes presentaban una proliferación celular muy elevada, de 

aproximadamente un 70% en comparación al 2D. No obstante, de todos los marcadores de 

BCSCs analizados, solamente aumentaba la expresión génica de SOX2 después de 3 días de 

cultivo. En definitiva, el cultivo celular mediante los scaffolds de PLA no mostraba un 

enriquecimiento significativo de las BCSCs. 

Estudios anteriores demostraron que las células MDA-MB-231 sembradas en los ES scaffolds 

de policaprolactona (PCL), otro material polimérico, aumentaban significativamente su 

población de BCSCs. Por ende, el segundo objetivo de esta tesis fue la evaluación de los PCL-

ES scaffolds como sistema de cultivo celular 3D para la expansión de las CSC de pulmón (lung 

cancer stem cells, LCSC) utilizando modelos celulares sensibles y resistentes de EGFRm 

NSCLC, las PC9 y las PC9-GR3. La microarquitectura de los PCL-ES scaffolds permitía una 

adhesión y proliferación celular adecuadas y una mayor elongación celular. Asimismo, las 

células PC9 y PC9-GR3 sembradas en los PCL-ES scaffolds mostraron un incremento 

significativo de múltiples marcadores de LCSCs, como una mayor resistencia a los EGFR-TKIs 

y un aumento de la expresión de genes y proteínas relacionadas con el proceso de EMT, 

stemness, marcadores de superficie y la activación de la vía de señalización de Hedgehog. 

Además, se analizó la expresión tumoral de dos marcadores de LCSCs, CD133 y vimentina, 

en muestras provenientes de biopsias de pacientes y los resultados obtenidos validaron la 
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utilización de los PCL-ES scaffolds como plataforma 3D. De esta manera, las células se 

comportan de forma más fisiológica y, por tanto, los resultados obtenidos utilizando estas 

estructuras 3D, ya sea probando un nuevo medicamento o descubriendo nuevos 

biomarcadores, serán más fiables. 

Además de todo esto, la sintasa de ácidos grasos (fatty acid synthase, FASN) es una enzima 

fundamental en la lipogénesis de novo, y las células cancerosas la suelen sobreexpresar y/o 

sobreactivar como mecanismo de resistencia a las terapias anticáncer. Recientemente, FASN 

ha sido descrita como mecanismo esencial para la supervivencia de las células de EGFRm 

NSCLC resistentes a los EGFR-TKIs. Así mismo, la sobreexpresión de esta enzima se ha 

relacionado con las CSCs. Por lo tanto, el tercer objetivo de esta tesis fue la evaluación de la 

inhibición de FASN como estrategia terapéutica para el tratamiento de células sensibles y 

resistentes de EGFRm NSCLC y para la eliminación de las LCSCs. El tratamiento con los 

inhibidores de FASN (EGCG, G28 y AZ12756122) produjo un efecto citotóxico similar en 

todos los modelos celulares, independientemente de su resistencia a los EGFR-TKIs. Sin 

embargo, solamente el G28 y el AZ12751622 inhibía la actividad de la enzima, de manera 

que los efectos citotóxicos del EGCG eran independientes a la inhibición de FASN. Asimismo, 

la combinación del G28 o el AZ12756122 con los EGFR-TKIs en células resistentes resultó en 

una interacción sinérgica, superando la resistencia a los EGFR-TKIs, e inhibiendo la vía de 

señalización EGFR/AKT/mTOR. Finalmente, la inhibición de la enzima provocó la reducción 

de las LCSCs. Curiosamente, los resultados obtenidos in vitro y derivados de la expresión 

tumoral de FASN en pacientes revelaron que los tumores NSCLC con mutaciones 

sensibilizadoras de EGFR y con expresión de FASN mostraban una mejor respuesta a los 

EGFR-TKI de primera generación, como el gefitinib. 

En resumen, esta investigación demuestra que los PCL-ES scaffolds son un óptimo sistema 

de cultivo celular que permite la expansión de las LCSCs, y, por consiguiente, facilita su 

estudio in vitro, para así poder encontrar nuevas terapias dirigidas contra esta población. En 

paralelo, también se ha probado que la inhibición de FASN es una terapia prometedora para 

los tumores sensibles y resistentes de EGFRm NSCLC, así como para la eliminación de las 

LCSCs. Además, la combinación de la inhibición de FASN y EGFR parece ser una interesante 

estrategia terapéutica para superar la resistencia a los EGFR-TKIs.  
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Summary 

Cancer stem cells (CSCs) are a small population that is part of the tumor and is characterized 

by their features, such as self-renewal, pluripotency, and resistance to anti-cancer therapies. 

Additionally, this subgroup of cells is responsible for tumor initiation, recurrence, 

progression, and metastasis. Therefore, the elimination of CSCs is required for effective 

cancer treatment. 

Triple negative breast cancer (TNBC) does not have a therapeutic target; hence, 

chemotherapy is the only available treatment. Although there is a good response to 

treatment, the recurrence rate is approximately 30%. Furthermore, it is very aggressive and 

has a poor prognosis. Non-small cell lung cancer (NSCLC) accounts for around 85% of all lung 

cancer cases. Although the identification of mutations in the epidermal growth factor 

receptor (EGFR) allowed the development of EGFR tyrosine kinase inhibitors (EGFR-TKIs), 

most patients develop resistance to this therapy. Patients with NSCLC are also frequently 

diagnosed at an advanced stage when treatment is no longer effective. Therefore, CSCs are 

a potential therapeutic target for TNBC and NSCLC with EGFR-mutated (EGFRm NSCLC). 

Unfortunately, there are no available therapies approved by state agencies for this 

malignant population. 

In addition, the study of CSCs is limited because of their low representation within tumors 

or cell lines. Moreover, two-dimensional (2D) cell culture modifies the behavior of the cells 

and their gene and/or protein expression, which results in the induction of CSCs 

differentiation, converting them into normal cancer cells. Thus, new cell culture systems are 

required to study this malignant population to find new therapies against CSCs. Different 

three-dimensional (3D) cell culture systems have been developed for this purpose. One of 

the existing 3D culture systems is polymeric structures fabricated by different techniques, 

notably fused filament fabrication (FFF) and electrospinning (ES). 

Therefore, the first objective of this thesis was to evaluate poly(lactic acid) (PLA) as a 

material for the fabrication of 3D supports by FFF and ES. The resulting scaffolds were tested 

as a 3D cell culture system for expanding breast CSCs (BCSCs) by seeding the TNBC cell line 

MDA-MB-231. Regarding the PLA-FFF structures, different manufacturing parameters of the 

FFF apparatus were screened, which allowed the creation of a scaffold named SS1. SS1 
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exhibited the highest cell proliferation achieved with this type of 3D support, about 24% 

compared to 2D-cultured cells, and a significant increase in the ALDH+ population, related 

to BCSCs compared to 2D at short culture times. Concerning the PLA-ES platforms, MDA-MB-

231 cells seeded on these supports showed a very high cell proliferation of approximately 

70% compared to 2D-cultured cells. However, of all the BCSCs markers analyzed, only SOX2 

gene expression increased after 3 days of culture. Ultimately, cell culture using PLA scaffolds 

did not demonstrate significant enrichment of BCSCs. 

Previous studies proved that MDA-MB-231 cells cultured on ES scaffolds manufactured using 

polycaprolactone (PCL), another polymeric material, significantly enriched the BCSC 

population. Hence, the second objective of this thesis was the evaluation of PCL-ES scaffolds 

as a 3D cell culture system for lung cancer stem cell (LCSC) expansion using EGFRm NSCLC 

sensitive and resistant cell models, PC9 and PC9-GR3. The microarchitecture of the PCL-ES 

scaffolds enabled proper cell adhesion, proliferation, and higher cell elongation. 

Additionally, PC9 and PC9-GR3 cells seeded on PCL-ES scaffolds showed a significant 

enhancement of multiple LCSC markers, such as higher resistance to EGFR-TKIs and elevated 

expression of genes and proteins related to the EMT process, stemness, surface markers, 

and activation of the Hedgehog signaling pathway. Tumor expression of two LCSC markers, 

CD133 and vimentin, was also analyzed in samples from patient biopsies, and the results 

obtained validated the use of PCL-ES scaffolds as a 3D platform. Cells cultured on these 3D 

supports behave more physiologically; therefore, the results obtained, whether testing a 

new drug or discovering new biomarkers, will be more reliable. 

In addition, fatty acid synthase (FASN) is a key enzyme in de novo lipogenesis. Its 

overexpression and/or hyperactivation are often observed in cancer cells as a mechanism of 

resistance to anti-cancer therapies. Recently, FASN was described as an essential mechanism 

for the survival of EGFR-TKI-resistant EGFRm NSCLC cells. The overexpression of this enzyme 

has also been associated with CSCs. Thus, the third objective of this thesis was the evaluation 

of FASN inhibition as a therapeutic strategy for the treatment of sensitive and resistant 

EGFRm NSCLC cells and the removal of LCSCs. Treatment with FASN inhibitors (EGCG, G28, 

and AZ12756122) produced similar cytotoxic effects in all cell models, regardless of their 

resistance to EGFR-TKIs. However, only G28 and AZ12751622 inhibited enzyme activity; 
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hence, the cytotoxic effects of EGCG were independent of FASN inhibition. The combination 

of G28 or AZ12756122 with EGFR-TKIs in resistant cells resulted in a synergistic interaction, 

overcoming resistance to EGFR-TKIs, and inhibiting the EGFR/AKT/mTOR signaling pathway. 

Finally, the inhibition of the enzyme resulted in a reduction in LCSCs. Interestingly, results 

obtained in vitro and derived from FASN tumor expression in patients revealed that NSCLC 

tumors with EGFR-sensitizing mutations and FASN expression showed a better response to 

first-generation EGFR-TKIs, such as gefitinib. 

In summary, this research demonstrates that PCL-ES scaffolds are an optimal cell culture 

system that allows the expansion of LCSCs and facilitates their study in vitro to find new 

therapies directed against this population. In parallel, FASN inhibition has also proven to be 

a promising therapy for sensitive and resistant EGFRm NSCLC tumors as well as for the 

elimination of LCSCs. Furthermore, the combination of FASN and EGFR inhibition is an 

interesting therapeutic strategy for overcoming resistance to EGFR-TKIs.  
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1. Cancer 

According to the World Health Organization (WHO), cancer is a group of diseases that can 

originate in any organ or tissue of the body when abnormal cells proliferate uncontrollably, 

invade adjacent tissues, and/or spread to other organs through a process named metastasis 

[1]. When normal cells are damaged or aged and not replaced, the expansion of abnormal 

cells results in the appearance of a tumor [2]. Cancer development is caused by genetic 

changes (both inherited and spontaneous errors during cell division) and by physical, 

chemical, and biological carcinogens [1,2]. Risk factors for cancer include age, alcohol 

consumption, tobacco smoking, unhealthy diet, physical inactivity, obesity, ultraviolet 

radiation, and air pollution [1,2]. 

Cancer is a leading cause of death on a global scale. The rapid increase in cancer incidence 

and mortality is associated with aging, population growth, and socioeconomic development 

[3]. In 2020, there were an estimated 19.3 million new cases diagnosed and 10 million 

cancer-related deaths worldwide [3]. In Spain, there were an estimated 282,421 new cases 

diagnosed and 113,054 cancer-related deaths [4]. 

In 2000, Hanahan and Weinberg summarized a set of essential acquired capabilities that 

govern the multistep transformation of normal cells into tumor cells. The authors proposed 

six hallmarks of cancer: sustaining proliferative signaling, evading growth suppressors, 

activating invasion and metastasis, enabling replicative immortality, inducing angiogenesis, 

and resisting cell death [5]. In 2011, Hanahan and Weinberg added two additional hallmarks: 

reprogramming of cellular metabolism and avoiding immune destruction. The authors also 

introduced the term “enabling characteristics”. These molecular and cellular mechanisms 

allow tumor cells to adopt the hallmarks. Tumor-promoting inflammation and genome 

instability and mutation were proposed as enabling characteristics. Furthermore, the tumor 

microenvironment plays an integral role in tumorigenesis and the development of 

malignancy [6]. Recently, Hanahan has reviewed and added two new emerging hallmarks — 

unlocking phenotypic plasticity and senescent cells — and two new enabling characteristics 

— non-mutational epigenetic reprogramming and polymorphic microbiomes —, as shown 

in Figure 1 [7].  
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Figure 1. Hallmarks of cancer. Schematic representation of the ten hallmarks of cancer and the four 

enabling characteristics. Adapted from Hanahan, 2022 [7]. 

There are over 100 types of cancer, often named for the tissues or organs where tumors 

develop, for instance, breast cancer or lung cancer. Cancer is also classified based on the 

type of cell that forms it [2]:  

• Carcinoma. It begins in the epithelial cells. 

• Sarcoma. It originates in the bone and the soft tissues. 

• Leukemia. It starts in the blood-forming tissue of the bone marrow. 

• Lymphoma. It originates in the lymphocytes. 

• Myeloma. It begins in the plasma cells. 

• Melanoma. It starts in the melanocytes. 

• Brain and spinal cord tumors. They begin in the central nervous system (CNS).  
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2. Lung Cancer 

Lung cancer is the second most diagnosed cancer and the first cause of cancer-related 

mortality worldwide, with an estimated 2.2 million (11.4%) new cases and 1.8 million (18%) 

deaths [3,4]. In Spain, lung cancer is the fourth most diagnosed cancer, with 29,188 new 

cases (10.3%), and is the leading cause of cancer-related mortality, with 22,930 deaths 

(20.3%) [4]. Lung cancer is more frequent in men and women aged 70 and over [8]. 

Additionally, African-American men exhibit the largest incidence and mortality rates, while 

Hispanic women show the lowest [9].  

The 5-year relative survival rate for lung cancer is 22%, which is strongly influenced by the 

stage at diagnosis (60% in the localized stage, 33% in the regional stage, and 6% in the distant 

stage) [8]. Moreover, the proportion of individuals living at least 3 years after diagnosis rose 

from 19% in 2001 to 31% in 2017 [8]. Although lung cancer survival has increased over the 

years, this improvement is limited to non-small cell lung cancer owing to the advances in 

diagnostic and surgical procedures, the development of targeted therapies against the most 

common driver mutations (for example, epidermal growth factor receptor (EGFR) tyrosine 

kinase inhibitors), and the recent introduction of immunotherapy as a treatment for this 

disease [10–13]. 

Tobacco smoking is the most important risk factor for lung cancer, with 81% of male and 

72% of female patients between 20 and 49 years of age being smokers or former smokers 

[14]. Thus, the vast majority of lung cancer cases can be prevented by tobacco prevention 

and cessation [15]. Nevertheless, more than 25% of lung cancer patients worldwide are non-

smokers, with men accounting for 15% of the cases and women accounting for 53% [15]. 

Other risk factors associated with lung cancer have been described, such as air pollution, 

chronic lung diseases, asbestos exposure, a high-fat diet, or a sedentary lifestyle [15]. 
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2.1. Lung Cancer Classification 

2.1.1 Histological Classification of Lung Cancer 

Lung cancer is classified into two categories: non-small cell lung cancer (NSCLC) and small 

cell lung cancer (SCLC) [16,17].  

NSCLC is the most common subtype representing 80-85% of all lung cancer cases [16,17]. It 

can be managed if detected and treated early [18]. Nevertheless, most patients with NSCLC 

are diagnosed at an advanced stage of the disease when therapies are ineffective [19]. 

NSCLC is susceptible to drug resistance, toxicity, and malignant migration [20]. Several 

treatments have been used to treat NSCLC, such as platinum-based chemotherapy, targeted 

therapy, and immunotherapy [18], but the 5-year survival rate is less than 15% [19]. 

Additionally, the nature of the disease and its tendency to metastasize are the main causes 

of death in NSCLC and are already present at the time of diagnosis and treatment [21]. Thus, 

therapeutic strategies against NSCLC must continue to be investigated to achieve reliable 

and safe treatments without causing resistance. 

The three predominant histological types of NSCLC are adenocarcinoma, squamous cell 

carcinoma, and large cell carcinoma. These three types, which arise from distinct types of 

lung cells, are classified together as NSCLC because their behavior, response to treatment, 

and prognoses are frequently similar [16,17]. 

• Adenocarcinoma. Adenocarcinoma is the most frequent histological type, 

representing approximately 40% of all lung cancer cases in both sexes [22,23]. It 

originates from mucus-producing gland cells lining the airways. This subtype is 

usually detected in the outer regions of the lungs before dissemination [16,17]. 

Moreover, around 54% of patients with lung adenocarcinoma exhibit genetic 

mutations [24]. Comprehensive molecular profiling of lung adenocarcinoma 

revealed that 62% of these patients harbor activating mutations in known driver 

oncogenes, for instance, EGFR (14%), KRAS (33%), or BRAF (10%) [25]. 

• Squamous cell carcinoma. Squamous cell lung carcinoma (SCC) is the second most 

frequent subtype, accounting for roughly 20% of all primary lung neoplasms [22]. It 

grows in flat cells lining the airways. Generally, this cancer develops in the center 
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of the lungs and is associated with a smoking history [16,17,26]. Genetic mutations 

usually found in this subtype of lung cancer differ from those observed in 

adenocarcinoma [26]. Some genes that are frequently mutated in squamous cell 

carcinoma are PIK3CA (16%), CDKN2A (15%), PTEN (%), and NOTCH1 (8%) [24,27]. 

• Large cell carcinoma. Large cell carcinoma represents 15% of all lung cancer cases 

[28]. This uncommon subtype, with large and rounded cells, can develop in any 

region of the lungs [16,17]. It also shows a poorly differentiated morphology and 

lacks cytological, architectural, and immunohistochemical markers [29,30]. Large 

cell carcinomas proliferate and spread aggressively, exhibiting resistance to 

treatment [16,17]. Although most cases show known genetic alterations (e.g., EGFR 

or KRAS), about 40% of the patients do not exhibit any genetic alteration. However, 

these patients usually show a high expression of programmed death ligand-1 (PD-

L1) [29,30]. 

Approximately 15-20% of all lung cancer cases are identified as SCLC. These patients often 

show metastasis at diagnosis; thus, this subtype has a poor prognosis and a low 5-year 

survival rate. Patients with SCLC usually exhibit a good initial response to therapy. 

Unfortunately, drug resistance and aggressive relapses are observed in SCLC cases a few 

months later. Despite the identification of different potentially actionable mutations, no 

targeted treatments for SCLC have been authorized [31]. 

 

2.1.2. TNM Classification of Lung Cancer 

The classification of tumor stage is a tool routinely used by physicians to determine the 

anatomic extent of the disease, which is characterized by three components: (1) the T 

component, which describes the extension of the primary tumor; (2) the N component, 

which explains the involvement of lymph nodes; and (3) the M component, which defines 

the presence of distant metastases [32]. Furthermore, each component is classified into 

various groups, which are defined by several features known as descriptors (Table 1).  
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Table 1. Categories and descriptors of T, N, and M components. Modified from [32] 

T component (Extension of Primary Tumor) 

T0  No primary tumor 

 Tis Carcinoma in situ (squamous or adenocarcinoma) 

T1  Tumor ≥ 3 cm 

 T1a Minimally invasive adenocarcinoma, superficial spreading 

tumor in central airways, and tumor ≤1cm 

 T1b Tumor >1 but ≤2cm 

 T1c Tumor >2 but ≤3cm 

T2  Tumor >3 but ≤5cm or tumor involving visceral pleura or main 

bronchus (not carina), atelectasis to hilum. 

 T2a Tumor >3 but ≤4cm 

 T2b Tumor >4 but ≤5cm 

T3  Tumor >5 but ≤7cm, or invading chest wall, pericardium, 

phrenic nerve, or separate tumor nodule(s) in the same lobe 

T4  Tumor >7 cm, or tumor invading mediastinum, diaphragm, 

heart, great vessels, recurrent laryngeal nerve, carina, 

trachea, esophagus, spine; or tumor nodule(s) in a different 

ipsilateral lobe 

   

N component (Regional Lymph Nodes) 

N0  No regional node metastasis 

N1  Metastasis in ipsilateral pulmonary or hilar nodes 

N2  Metastasis in ipsilateral mediastinal/subcarinal nodes 

N3  Metastasis in contralateral mediastinal/hilar, or 

supraclavicular nodes 

   

M component (Distant Metastasis) 

M0  No distant metastasis 

M1a  Malignant pleural/pericardial effusion, or pleural/pericardial 

nodules, or separate tumor nodule(s) in a contralateral lobe 

M1b  Single extrathoracic metastasis 

M1c  Multiple extrathoracic metastases (1 or >1 organ) 

   

 

The combination of T, N, and M components is grouped into four stages (Table 2). Staging is 

essential for choosing the initial treatment at the moment of diagnosis, and it is the most 

significant prognostic indicator after tumor resection [10,32]. For example, patients with 

stage I, II, and some cases of stage IIIA tumors undergo surgical resection, while patients 

with stage IV tumors receive chemotherapy, targeted therapy, and/or immunotherapy [33]. 
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Table 2. Stage Groups of Lung Cancer. Modified from [32] 

T/M N0 N1 N2 N3 

T1a IA1 

IIB IIIA IIIB T1b IA2 

T1c IA3 

T2a IB 
IIB IIIA IIIB 

T2b IIA 

T3 IIB IIIA IIIB IIIC 

T4  IIIA IIIA IIIB IIIC 

M1a 
IVA 

M1b 

M1c IVB 

 

2.1.3. ECOG Performance Status Scale 

The ECOG Performance Status is a standard criterion for determining how an illness affects 

a patient's daily living capacities, also known as the patient's performance status. This scale 

represents a patient's degree of functioning in terms of self-care, daily activities, and physical 

capabilities (e.g., walking, working). The ECOG Functional Status Scale (Table 3) is employed 

in clinical trials to both identify the patient population to be evaluated and to assess changes 

in patient functioning as a result of treatment during the investigation [34].  

Table 3. ECOG Performance Status Scale. Modified from [34]. 

Grade ECOG 

0 Totally active, capable of performing all pre-disease functions without limitation 

1 Limited in physically intense activities but ambulatory and capable of performing light 

or sedentary labor, e.g., light housework, office work 

2 Ambulatory and able to self-care but unable to do any job tasks;  

awake for more than 50% of waking hours 

3 Only able to minimal self-care;  

confined to chair or bed for more than 50% of waking hours 

4 Completely physically disabled; incapable of self-care; confined to a chair or bed 

5 Dead 

 



Introduction 

 

24 

 

2.2. EGFR-mutated NSCLC 

2.2.1. Epidermal Growth Factor Receptor 

The EGFR is a receptor with tyrosine kinase (TK) activity and is part of the ErbB family. It is 

located on the cell membrane and has three domains: extracellular, transmembrane, and 

cytoplasmic. Under normal conditions, receptor activation requires ligand binding to the 

extracellular domain, which causes a conformational change that facilitates dimerization and 

phosphorylation of the cytoplasmic or TK domain. This phosphorylation results in the 

activation of downstream signaling pathways, such as rat sarcoma (RAS)/ MAPK/ERK kinase 

(MEK)/ mitogen activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/ protein 

kinase B (AKT), and janus kinase (JAK)/ signal transducer and activator of transcription 

(STAT), as well as self-regulation (Figure 2) [35,36].  

 

 

Figure 2. Epidermal growth factor receptor (EGFR) and its downstream signaling pathways (RAS, Rat 

sarcoma; MEK, MAPK/ERK kinase; MAPK, Mitogen activated protein kinase; PI3K, Phosphoinositide 3-

kinase; AKT, Protein kinase B; JAK, Janus kinase; STAT, signal transducer and activator of 

transcription). 
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This receptor is encoded by the EGFR gene, which is located on the short arm of chromosome 

7 at position 11.2 (7p11.2) and contains 28 exons [37]. EGFR regulates cell proliferation, 

differentiation, and survival. Thus, EGFR is an oncogenic driver in several types of cancer, 

including NSCLC [38]. 

 

2.2.2. EGFR Mutations 

EGFR mutations are commonly found in adenocarcinomas, young women, and never-

smokers [39]. Their incidence varies significantly by ethnicity, with rates of 17% reported in 

the Caucasian population [40], 26% in Latin Americans [41], and 62% in Asians [42]. 

The most prevalent EGFR mutations are the deletion in exon 19 (Ex19Del) and the missense 

mutation in exon 21 (L858R) (Figure 3). Approximately 80-90% of EGFR-mutated (EGFRm) 

NSCLC cases exhibit one of these activating or sensitizing mutations, which are susceptible 

to treatment using TK inhibitors (TKIs) [43]. Hence, EGFR-TKIs have been used as first-line 

therapy for patients with EGFRm NSCLC since the approval of gefitinib in 2010. 

Another important mutation is the substitution of methionine for threonine at position 790 

(T790M) in exon 20 of EGFR (Figure 3), which results in decreased affinity for first- and 

second-generation EGFR-TKIs. Hence, it is responsible for around 50% of the acquired 

resistance cases [44–46]. 

It also should be noted that approximately 10% of EGFR-activating mutations correspond to 

insertion in exon 20 of EGFR (EGFRins20) (Figure 3). Nonetheless, the first EGFR-TKIs 

developed did not have the same sensitivity to this mutation as Ex19Del and L858R. The US 

Food and Drug Administration (FDA) recently approved amivantamab as a therapy for 

patients with EGFRins20 mutation [47]. Additionally, patients with rare EGFR mutations have 

been reported, such as G719X, S768I, and L861Q (Figure 3), and have been treated with 

osimertinib, a third-generation EGFR-TKI [48]. 
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Figure 3. Mutations in the EGFR gene. Mutations associated with drug resistance are indicated above 

and mutations associated with drug sensitivity are indicated at the bottom. The most frequent 

mutations are highlighted in bold. 

 

2.2.3. EGFR Tyrosine Kinase Inhibitors 

The identification of specific genetic mutations in EGFR has resulted in substantial advances 

in the management of patients with lung cancer in recent years since it has allowed the 

development of targeted therapies. EGFR-TKIs are the standard treatment for most patients 

with EGFRm NSCLC. Additionally, patients can be treated with multiple EGFR-TKIs before 

requiring chemotherapy, because several drugs are available. Currently, three generations 

of EGFR-TKIs are authorized to treat patients with EGFRm NSCLC (Figure 4). 

Gefitinib was the first EGFR-TKI used. It competitively and reversibly binds to the adenosine 

triphosphate (ATP)-binding site in the TK domain of EGFR, inhibiting its activity [49]. The 

results obtained from clinical trials showed that patients harboring EGFR-sensitizing 

mutations treated with gefitinib had a significantly longer progression-free survival (PFS) 

than those treated with standard chemotherapy [50,51]. In 2010, gefitinib received FDA 

approval as first-line therapy for patients with EGFRm NSCLC. In addition to gefitinib, there 

are two more first-generation EGFR-TKIs: erlotinib and icotinib. Patients who received 
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treatment with any of these drugs significantly improved PFS compared to those in the 

chemotherapy group [52,53]. Although patients treated with first-generation EGFR-TKIs 

often experience rash and diarrhea, as drugs also inhibit wild-type EGFR, all three inhibitors 

had a safer profile and greater efficacy as first-line treatment than standard chemotherapy 

in patients with EGFRm NSCLC. Nevertheless, the therapeutic effectiveness was limited 

because the majority of patients develop acquired resistance, primarily the secondary 

T790M mutation, within 9—14 months during or after EGFR-TKI treatment [54]. Hence, 

second-generation EGFR-TKIs were used to address acquired resistance to first-generation 

EGFR-TKIs.  

 

 

Figure 4. Timeline of approval of EGFR-TKIs in EGFR-mutated NSCLC (FDA, US Food and Drug 

Administration; NMPA, China National Medical Products Administration; KFDA, Korea Food and Drug 

Administration). 

 

Second-generation EGFR-TKIs irreversibly inhibit the TK domain of EGFR. Various clinical 

trials have demonstrated that patients treated with afatinib have longer PFS than those 

treated with standard chemotherapy [55,56]. It was also observed that patients with the 

L858R mutation may be less sensitive to the afatinib therapy than those with the Ex19Del 

mutation [57]. Furthermore, afatinib showed a prolonged time to treatment failure and a 
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longer objective response rate (ORR) and PFS, and dacomitinib had a higher PFS and overall 

survival (OS) as first-line treatment than gefitinib [58–61]. However, no clinical effectiveness 

of second-generation EGFR-TKIs was found in patients with the T790M mutation. More 

importantly, these drugs also caused this secondary mutation in the tumor, acquiring 

resistance to treatment, and have a higher incidence of treatment-related adverse effects 

than first-generation TKIs. Therefore, the success of the treatment is limited using first- and 

second-generation EGFR-TKIs. 

The first third-generation EGFR-TKI authorized for the treatment of patients with metastatic 

NSCLC with the T790M mutation was osimertinib. This drug irreversibly binds to the ATP-

binding site (concretely, the cysteine at position 797 (C797)) of the TK domain of EGFR. 

Osimertinib has high selectivity and reduced toxicity. Specifically, the drugs target EGFR-

activating mutations and the T790M mutation while avoiding wild-type EGFR. It also has an 

enhanced capacity to cross the blood-brain barrier and is potentially effective against central 

nervous system metastases [62]. The superior effectiveness of osimertinib compared to 

chemotherapy and first-generation EGFR-TKIs was demonstrated in the AURA3 and FLAURA 

trials in patients with the T790M mutation as second-line therapy and in patients with EGFR-

sensitizing mutations as first-line treatment, respectively [63,64]. Additionally, osimertinib 

treatment did not cause the development of the T790M mutation [65]. It was also revealed 

that afatinib demonstrated more benefit in OS compared to osimertinib in NSCLC patients 

with the L858R mutation [66]. In 2020, the FDA approved osimertinib as an adjuvant therapy 

for patients with EGFRm NSCLC after resection [67]. Recent results from the ADAURA study 

support osimertinib as an adjuvant treatment for these patients, with or without previous 

adjuvant chemotherapy [68]. Other third-generation EGFR-TKIs are effective against the 

acquired mutation T790M: aumolertinib, furmonertinib, and lazertinib [69–71]. 

Regrettably, the acquisition of osimertinib resistance has also been described through 

several mechanisms [72]. At this point, the most common therapeutic option for patients is 

chemotherapy because other approved treatments, such as immune checkpoint inhibitors 

are ineffective in these patients [73] and there is no fourth-generation EGFR-TKI authorized 

for the treatment of these patients. 
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2.2.4. Resistance Mechanisms to EGFR-TKIs 

Resistance usually emerges after patients are treated with EGFR-TKI. Consequently, resistant 

clones can flourish again in the same tumor and/or other locations in the patient's body [18]. 

There are several mechanisms by which tumors acquire resistance to EGFR-TKIs, that can be 

broadly divided into EGFR-dependent or EGFR-independent. 

Acquisition of additional EGFR mutations is the most common EGFR-dependent mechanism. 

These mutations are characterized by variations in amino acid residues that modify the ATP-

binding site of the TK domain of the receptor, interfering with drug action, and consequently, 

causing resistance. 

The most frequently acquired mutation due to the treatment using first- and second-

generation EGFR-TKIs is the T790M point mutation. More than 50% of patients with EGFRm 

NSCLC who received a first- or second-generation EGFR-TKI as initial treatment developed 

resistance because of the acquisition of this secondary mutation in exon 20 [44–46]. It has 

been observed that the T790M mutation is more common in patients with Ex19Del than the 

L858R mutation [74]. Other uncommon secondary mutations involved in gefitinib or 

erlotinib resistance have been documented, including L747S [75], D761Y [45], and T854A 

[76] (Figure 3). 

Regarding treatment using third-generation EGFR-TKIs, specifically osimertinib, the most 

recurrent mutation is the substitution of cysteine for serine at position 797 (C797S) point 

mutation in exon 20 (Figure 3). The incidence of this mutation varies between 7-15% 

depending on whether osimertinib is administered as first-line or second-line therapy, 

respectively [77,78]. It has also been observed that approximately half of the patients had 

T790M loss [79], which may be related to intratumor heterogeneity, selection pressure, and 

clonal expansion. Researchers have reported the acquisition of other EGFR mutations that 

allow for the development of resistance to osimertinib, such as G796X, G724X [79], L972X, 

or L718X [80] (Figure 3). 

Other EGFR-dependent resistance mechanisms to EGFR-TKIs are the amplification of wild-

type EGFR (which has a lower affinity to EGFR-TKI drugs) [81], EGFR ligand overexpression 

[82], and tertiary EGFR mutations [83]. 
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Different mechanisms of EGFR-independent resistance have been identified. Some of these 

are detailed below. 

• MET amplification. This oncogene encodes c-Met, a TK receptor responsible for cell 

migration, proliferation, and apoptosis. c-Met is able to activate EGFR downstream 

signaling pathways by bypassing [84]. This mechanism has been reported in 5-20% 

of patients resistant to EGFR-TKIs [77,78,85–87]. 

• HER2 amplification. HER2 is a TK receptor that also belongs to the ErbB receptor 

family. HER2 directly activates EGFR downstream signaling, such as 

RAS/MEK/MAPK, PI3K/AKT, or JAK/STAT, as they share downstream signaling 

pathways. Thus, it mediates resistance to EGFR-TKIs [88]. HER2 amplification was 

detected in 2-13% of patients who acquired resistance to EGFR-TKIs [77,78,89]. 

• PIK3CA mutations. These mutations lead to continuous activation of the PI3K/AKT 

pathway, which promotes carcinogenesis, cell migration, invasion, and proliferation 

[90]. Approximately 1-17% of patients who developed resistance to EGFR-TKIs 

carried these mutations [78,86,91]. 

• STAT3 activation. The activation of STAT3 is involved in cell proliferation, 

differentiation, apoptosis, angiogenesis, and the immune response [92–94]. In 

addition, it has been reported as a resistance mechanism for EGR-TKI treatment 

[95]. In patients, STAT3 activation is associated with poorly differentiated tumors, 

an advanced clinical stage, and metastasis [96,97]. Neither gefitinib nor osimertinib 

can block STAT3 activation [98,99]. 

• Histological transformation. Among the patients who failed to respond to EGFR-

TKI therapy, 3-14% had tumors that exhibited histologic transition from NSCLC to 

SCLC [86,89,91]. Recently, some cases have also documented the transformation 

from NSCLC to SCC [100]. Furthermore, the epithelial-to-mesenchymal transition is 

another histologic alteration proposed as a mechanism of resistance to EGFR-TKIs 

[101]. 

In addition, other mechanisms of resistance to EGFR-TKIs have been described, such as KRAS 

(1-4%) and BRAF (1-4%) mutations [78,91,102], Axl and IGF1R overexpression [103,104], 
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PTEN loss [105], changes in proteins related to apoptosis, such as BIM and Bcl-2 [106], or 

EphA2 activation [107]. 

 

2.2.5. Novel Therapies to Overcome Resistance to EGFR-TKIs 

Tumor heterogeneity promotes the variety and complexity of molecular resistance 

mechanisms. Furthermore, the changes and the coexistence of different resistance 

mechanisms complicate the development of efficient therapies, resulting in unsatisfactory 

results. 

Recently, the advancement of fourth-generation EGFR-TKIs has been emphasized, with 

many drugs showing promising outcomes in clinical studies. The first fourth-generation 

EGFR-TKI is EAI045. However, preclinical results determined that it had no effect as a single 

agent [108]. Consequently, this new EGFR-TKI was modified and improved to obtain JBJ-04-

12502, a novel allosteric inhibitor with better effectiveness, reduced toxicity, and efficacy 

against L858R/T790M/C797 EGFR mutations [109]. Although still in the research stage, this 

drug has a more potent beneficial effect when combined with osimertinib [110]. Another 

fourth-generation EGFT-TKI is TQB3804. It not only overcomes osimertinib resistance 

associated with EGFR-activating mutations/T790M/C797S, but is also effective against the 

double mutation implicated in the resistance to first- and second-generation EGFR-TKIs 

[111]. This drug is currently being studied in patients with advanced malignant tumors 

(NCT04128085).  

Amivantamab is a bispecific antibody against EGFR and MET. This drug has also been defined 

as a fourth-generation EGFR-TKI. After acquiring osimertinib resistance, amivantamab was 

found to be effective against tumors harboring the C797S mutation and MET amplification. 

Moreover, the combination of amivantamab and lazertinib successfully overcame 

osimertinib resistance, since the disease control rate was 60% with a median follow-up time 

of 4 months [112,113].  

Other drugs with the potential to address resistance to osimertinib are antibody-drug 

conjugates. U3‑1402, for example, combines patritumab, which acts on HER3 antibodies, 
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with the topoisomerase inhibitor DX‑8951. U3‑1402 is effective against several resistance 

mechanisms derived from EGFR‑TKI treatment and has shown tolerable safety in the phase 

I ongoing trial (NCT03260491) in patients with advanced or unresectable NSCLC [114]. 

Several studies have focused on the treatment using bevacizumab, an antibody against the 

vascular endothelial growth factor (VEGF). Cui et al. reported the effectiveness and safety of 

osimertinib with bevacizumab vs. chemotherapy with bevacizumab in patients with 

osimertinib resistance. Both PFS and OS significantly improved in the osimertinib-

bevacizumab group [115]. Lu et al. studied the combination of sintilimab (PD-1 inhibitor)-

bevacizumab-chemotherapy vs. standard chemotherapy alone in patients with T790M loss 

after the treatment with third-generation EGFR-TKI. It was observed that the PFS was longer 

in the triple-treatment group [116].  

Another strategy being evaluated is the use of osimertinib in combination with inhibitors of 

EGFR downstream signaling pathways. Several clinical trials are currently ongoing to 

evaluate the use of osimertinib in combination with selumetinib (a MEK inhibitor) 

(NCT03392246), dactolisib (a dual PI3K and mTOR inhibitor) (NCT02503722), and itacitinib 

(a JAK1 inhibitor) (NCT02917993) to inhibit the RAS/MEK/MAPK, PI3K/AKT, and JAK/STAT 

pathways, respectively. 

To sum up, different fourth-generation EGFR-TKIs are being developed and several 

combinations of approved drugs are being tested; unfortunately, there is still no standard 

therapy to treat many patients resistant to EGFR-TKIs. Therefore, new therapeutic strategies 

are needed to overcome drug resistance. 

 

3. Breast Cancer 

Breast cancer is the most diagnosed cancer and the fifth leading cause of cancer-related 

mortality worldwide, accounting for 2.2 million (11.7%) new cases and 658,000 (6.9%) 

deaths [3,4]. In Spain, it is the third most commonly diagnosed cancer, representing 34,088 

(12.1%) new cases, and the fourth cause of cancer-related mortality, with 6,606 (5.8%) 

deaths [4]. More than 99% of patients with breast cancer are women because of anatomical 
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variations between genders [2]. In most countries, the incidence of this disease has 

increased owing to higher exposure to specific risk factors, for example, hormonal status, 

advanced age at first pregnancy, fewer pregnancies, shorter or no periods of breastfeeding, 

prolonged exposure to menstruation, and family history of breast cancer [117,118]. 

Nonetheless, survival has risen owing to early detection and the development of new 

therapeutic strategies over the last decade [119].  

 

3.1. Breast Cancer Classification 

Owing to the high diversity of the disease, different subtypes of breast cancer have been 

described [120]. It is commonly classified by clinicians according to the presence or absence 

of three cell membrane receptors: the estrogen receptor (ERe), the progesterone receptor 

(PR), and the human epidermal growth factor receptor 2 (HER2) (Figure 5). This classification 

aids in prognosis prediction and treatment selection. 

• Hormone-positive breast cancer. It is the most common subtype, accounting for 

60–70% of all breast cancer cases. Patients exhibit overexpression of ERe and/or PR 

and have a better prognosis than other types [121]. Selective estrogen modulators 

and aromatase inhibitors are targeted therapies for hormone-positive breast 

cancers [122,123]. 

• HER2-positive breast cancer. It represents 20–30% of patients with breast cancer 

and is characterized by the amplification of HER2. These patients show a high risk 

of metastasis and a poor prognosis [124,125]. Monoclonal antibodies and small 

molecule TKIs are examples of targeted therapies available against this subtype 

[126]. 

• Triple negative breast cancer (TNBC). It is identified by the lack of ERe, PR, and 

HER2 [127], and accounts for 15–20% of all breast cancer cases. Compared to the 

other subtypes, patients with TNBC are younger, have larger tumors, and have a 

higher rate of recurrence, distant metastasis, and mortality [128–130]. Hence, 

TNBC is highly aggressive and has a poor prognosis [128]. Chemotherapy is the only 

therapeutic option for these patients due to the lack of validated targeted therapies 
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[131]. Although there is a good initial response to treatment, the recurrence rate 

within 5 years after diagnosis is approximately 30% [132]. 

 

 

Figure 5. Clinical classification of breast cancer (ERe, Estrogen receptor; PR, Progesterone receptor; 

HER2, human epidermal growth factor receptor 2). 

 

Additionally, molecular classifications have been reported to clarify breast cancer 

heterogeneity [133–135].  

• Luminal A. It usually shows increased expression of ERe- and PR-regulated genes 

and low expression of proliferation-associated genes. Moreover, the luminal A 

subtype has no HER2 amplification. It corresponds to 40% of all breast tumors and 

has the best prognosis compared to other subtypes [134]. 

• Luminal B. It exhibits a lower expression of ERe- and PR-regulated genes and a 

higher expression of proliferative-associated genes. Patients may also have HER2 

amplification. The luminal B subtype represents 10% of all breast cancer cases and 

has an intermediate prognosis [134]. 

•  HER2-enriched. The main features of this subtype are the overexpression of the 

HER2 gene and/or protein levels and the low expression of ERe- and PR-regulated 

genes and basal-like genes. The HER2-enriched tumors account for 10% of all breast 

cancer patients and have a poor prognosis [136]. 
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• Basal-like. It shows a low or absent expression of ERe-, PR-, and HER2-related 

genes, high expression of proliferative-associated genes, and the expression of a 

basal cluster formed by different cytokeratins and EGFR. The basal-like subtype 

corresponds to 75% of TNBC cases and has a poor prognosis [137,138] 

• Mesenchymal-like. It exhibits a low expression of HER2, luminal cytokeratins, 

proliferative-associated genes, and cell-cell adhesion-related genes (claudin genes) 

[135]. The mesenchymal-like subtype is enriched in immune system responses and 

mesenchymal genes [135,139]. It represents 5–10% of all breast tumors and has a 

poor prognosis [134,140]. 

Although clinical subtypes can be correlated with molecular groups, the two classifications 

do not completely overlap [137,141,142].  

 

3.2. Triple Negative Breast Cancer: Characteristics, Prognosis, and Treatment 

As aforementioned, TNBC is characterized by the lack of expression of ERe and PR and HER2 

amplification [127], representing 15-20% of all patients with breast cancer [128]. Patients 

with TNBC are premenopausal younger women, usually of African-American and Black 

ethnicity, and exhibit a higher grade, larger tumor size, and lymph node positivity [128,143]. 

In fact, the prognosis of younger patients with TNBC is worse than that of patients older than 

70 years [144]. Other risk factors associated with developing TNBC are young age at first 

pregnancy, higher waist/hip ratio, and multiparty [145]. 

Although patients with TNBC show high chemosensitivity, there is a high probability of 

relapse during the first few years after surgery, and more than 45% of these patients develop 

distant metastasis [146,147]. The mortality rate within the first five years following diagnosis 

is 40% [128]. Moreover, the median survival time after metastasis is only 13.3 months and 

the mortality rate within three months following recurrence is more than 75% [148,149]. 

Thus, the risk of death is higher after the first metastatic event [146]. Usually, metastases in 

patients with TNBC are located in the viscera, brain, and lungs [148,149].  
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At a molecular level, TNBC is classified as basal-like or mesenchymal-like, accounting for 49% 

and 30% of all breast cancer cases, respectively [141,142]. Because of the difficulty to 

identify both subtypes using immunohistochemistry (IHC), the technique used in the clinic, 

some markers are added in the procedure to improve breast cancer classification, for 

instance, cytokeratins 5/6 (CK5/6) or EGFR to identify basal-like subtype [138,150,151], or 

vimentin and E-cadherin to identify mesenchymal-like subtype [152,153]. 

Owing to the high diversity of TNBC, it is challenging to find new therapeutic biomarkers and 

develop targeted therapies. Therefore, TNBC has limited treatment options, including the 

following: 

• Surgery. Breast-conservative surgery is the predominant treatment for patients 

with small tumors, whereas mastectomy and neoadjuvant chemotherapy are the 

chosen option for patients with larger and/or multifocal tumors [154]. 

• Radiotherapy. This therapeutic preference depends on the extent of surgery and 

lymph nodes. It is usually given in combination with breast-conservative surgery, 

resulting in better long-term outcomes. Nonetheless, some researchers reported 

radioresistance in TNBC tumors due to ERe-negative status [155,156] 

• Chemotherapy. It is the only systemic therapy available for patients with TNBC. The 

use of neoadjuvant chemotherapy improves substantially the prognosis of patients 

with TNBC [132,154,157]. The tumor size is reduced by neoadjuvant treatment, 

allowing breast-conservative surgery. The absence of ERe expression shows a 

better response to chemotherapy [158,159]. TNBC is often treated with 

combination regimens based on taxanes [160], anthracyclines [161], 

cyclophosphamide [162], platinum drugs [163,164], and fluorouracil [165]. 

Chemotherapy is the primary treatment for metastatic relapse, but its prognosis is poorer 

than that of other breast cancer subtypes [132,149]. The response to chemotherapeutic 

treatment is unsatisfactory, resulting in the rapid progression of the disease [146]. 

Additionally, changes in ERe, PR, or HER2 status occur in a few patients with TNBC during 

metastasis, thereby increasing their therapeutic options [166].  
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Therefore, new targeted treatments are needed for patients with TNBC. However, their 

development is complicated due to the high heterogeneity of the disease. Despite this, a 

significant number of clinical trials are currently ongoing in which some therapeutic targets 

are VEGF (NCT04739670), EGFR (NCT04485013), the mammalian target of rapamycin 

(mTOR) (NCT02531932), poly (ADP-ribose) polymerase (PARP) (NCT05203445), or 

programmed cell death-ligand 1 (PD-L1) (NCT03125902). 

 

4. Cancer Stem Cells 

Cancer stem cells (CSCs) are a small population of cells within a tumor responsible for cancer 

initiation, progression, relapse, and metastasis. These cells, which only account for 0.1–2% 

of tumor cells, exhibit unlimited self-renewal and pluripotency capacities, as well as 

resistance to anti-cancer therapies. After treatment, CSCs are involved in tumor regrowth 

due to the reversibility of their quiescent state. The therapy also selectively enriches CSCs 

owing to the removal of sensitive non-stem cancer cells, promoting de-differentiation to 

produce more CSCs. This population also transdifferentiates into other multi-lineage cells to 

control tumorigenesis [167–170]. 

In 1937, Furth & Kahn were the first to describe cancer cells with stem features. The 

researchers implanted derived-leukemia single cells into inbred mice. Tumors with 

characteristics similar to those of the original clinical tumor were initiated by only 5% of 

these cells, demonstrating the presence of a subpopulation of cells with tumorigenic 

features and capable of extensive growth [171]. After several investigations in this field, the 

identification and purification of human acute myeloid leukemia CSCs using the specific 

expression of clusters of differentiation (CD) CD34+/CD38- was accomplished for the first 

time in 1997 [172].  

CSCs can grow as spheres in suspension. This methodology was described to allow the in 

vitro propagation of stem cells due to their abilities to proliferate in anchorage-independent 

conditions, differentiate into other lineages, and form complex and functional three-
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dimensional structures [173,174]. Additionally, CSCs can form colonies, which are used for 

the separation and identification of different types of tumors [175]. 

 

4.1. Origin of Cancer Stem Cells 

CSCs originate from various sources [176]: 

• Random mutations during DNA replication can convert normal stem cells to CSCs 

[177]. 

• Genomic instability causes cell transformation and cancer initiation at both 

chromosomal and molecular levels. This process occurs in stem and progenitor cells 

as well as in differentiated cells [178]. 

• Through horizontal gene transfer, normal stem cells can capture fragmented DNA, 

leading to genetic reprogramming and CSC generation. It is well known that cancer 

cells can phagocytose or capture fragmented DNA that can be transferred to 

recipient cancer cells [179–181]. 

• Microenvironmental factors play an essential role in CSC formation. For example, 

arsenic triggers the conversion of normal stem cells to CSCs [182].  

• Cell fusion is implicated in tumor initiation and progression. For instance, 

leukocytes and cancer cells can fuse, starting the development of metastatic cancer 

cells [183]. 

• Metabolic reprogramming is also involved in CSC formation. Folmes et al. 

demonstrated that somatic differentiated cells changed from oxidative 

phosphorylation to glycolysis, reprogramming these cells into pluripotent cells 

[184]. 
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4.2. Cancer Stem Cells Identification 

4.2.1. Surface Markers 

Identification of CSCs is essential for researchers and clinicians as it may allow for better 

diagnosis and treatment of patients. Differential expression of cell surface markers has 

entailed the identification of CSCs such as CD24, CD133, and CD166 (Figure 6). 

• CD24. It is a glycosyl-phosphatidyl-inositol (GPI)-anchored glycoprotein expressed 

by various cells from the immune system [185]. As a result of the study by Al‐Hajj 

et al., which showed tumorigenesis after transplantation of CD44+CD24−/low cells 

into NOD/SCID mice [186], CD24 began to be used as a marker to identify CSCs. 

Moreover, the ectopic expression of CD24 was associated with tumor formation, 

growth, and metastasis [187]. 

• CD133. It is a transmembrane glycoprotein, a member of the prominin family, that 

preserves the lipid content in cell membranes [188,189]. Although it was first 

identified in hematopoietic stem cells, it has been reported to be highly expressed 

in CSCs from several human cancers, such as the lung, colorectum, or pancreas 

[190–192]. Concretely, CD133+ cells have a higher tumorigenic potential, stemness, 

adhesion, motility, and drug efflux [193].  

• CD166. It is a cell surface glycoprotein, structurally similar to immunoglobulin 

superfamily members, that was first reported in activated leukocytes [194]. Its 

expression is associated with different CSC features, i.e., tumorigenesis, in lung, 

colorectal, and head and neck cancers [195–197]. Additionally, CD166 expression is 

related to some biological functions, such as angiogenesis, anti-apoptosis, and cell 

migration [198].  

 

4.2.2. Aldehyde Dehydrogenase (ALDH) 

ALDH belongs to a family of enzymes responsible for the transformation of retinol to retinoic 

acid [199]. These enzymes protect organisms against harmful aldehydes and cytotoxic 

agents by their detoxification role and control hematopoietic stem cell differentiation 

[200,201]. Among the 19 members of the ALDH family, ALDH1 has been identified as a CSC 
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biomarker (Figure 6), and its high activity is associated with stemness, tumorigenesis, 

chemoresistance, and rapid proliferation [202–204]. Additionally, ALDH1 is higher expressed 

in TNBC than in other breast cancer subtypes [205]. 

 

 

Figure 6. Diagram of the differential features of CSCs that allow their identification. 

 

4.2.3. Epithelial-to-Mesenchymal Transition (EMT) 

The epithelial-to-mesenchymal transition (EMT) is a critical biological process that allows the 

transformation of epithelial cells into a mesenchymal phenotype, arranging along the 

epithelial-mesenchymal axis [206]. Epithelial cells show epithelial cell-to-cell junctions and 

apical-basal polarity. In contrast, mesenchymal cells possess increased motility and 

invasiveness, and a spindle shape that lacks apical-basal polarity [207].  

Researchers have reported that the EMT process is triggered by EMT transcription factors, 

including Snail, Slug, Twist, and Zeb [208,209]. These events are followed by the 

downregulation of the epithelial biomarker E-cadherin [210] and the enhancement of 

vimentin and N-cadherin, among others [211].  
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Under normal conditions, EMT has significant functions during embryogenesis; however, this 

process is abnormally activated in cancer [212]. Cancer cells use the EMT process to locally 

invade the main tumor site, intravasate into blood arteries, translocate via circulation, 

extravasate into distant tissue parenchyma, and survive as micrometastases [213]. EMT is 

frequently reversible, allowing cancer cells to return to more epithelial stages via 

mesenchymal-to-epithelial transition (MET). Through a process known as colonization, this 

phenotypic plasticity enables micrometastases to spread into macroscopic metastases 

(Figure 7) [214]. Nevertheless, cancer cells do not often lose all epithelial traits and acquire 

a complete spectrum of mesenchymal characteristics [206]. 

 

 

Figure 7. Schematic representation about the role of epithelial-to-mesenchymal transition (EMT) and 

mesenchymal-to-epithelial transition (MET) in metastasis. Extracted from Roy et al., Frontiers in 

Bioscience, 2021 [211]. 

 

The activation of EMT in non-CSCs also leads to their conversion into CSCs (Figure 6). Some 

studies have demonstrated that non-CSC populations spontaneously acquire EMT under the 

right circumstances, obtaining cell surface markers comparable to CSCs, and improved 

potential to generate tumors. Because CSCs serve as stem cells, they have the capacity to 
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differentiate into non-CSCs, presumably through MET stimulation [215,216]. Furthermore, 

EMT activation induces multiple drug resistance in cancer cells through different 

mechanisms such as slow cell growth, increased production of anti-apoptotic proteins, and 

upregulation of ATP-binding cassette (ABC) transporters that mediate drug efflux [217,218]. 

 

4.2.4. Stemness Markers 

The transcription factors Sox2, Oct3/4, and Nanog trigger genes that are involved in self-

renewal and pluripotency and repress genes related to differentiation. These transcription 

factors have been reported as biomarkers for CSC identification (Figure 6) [219]. 

• Sox2. It is a transcription factor from the sex-determining region of the Y 

chromosome (SRY)-related high-mobility group (HMG)-box (SOX) family, which 

plays a key role in the early development and maintenance of an undifferentiated 

cell phenotype [220]. A study demonstrated that upregulation of Sox2 may help to 

identify poorly differentiated/stem cell phenotype in TNBC [221]. Moreover, Sox2 

overexpression is related to resistance to EGFR-TKIs [222] and chemotherapy [223]. 

Moreover, high expression of Sox2 has been reported in lung cancer cells cultured 

as in vitro spheroids [224].  

• Oct3/4. Octamer-binding transcription factor 3/4 (Oct3/4), also called POU51, is a 

member of the POU homeobox gene family [225]. In 1998, it was first reported as 

a pluripotency regulator in a mammalian stem cell population [226]. Oct3/4 is 

increased in a variety of human malignancies, including TNBC [227] and NSCLC 

[228], and is associated with a poor differentiation degree, high pathological tumor 

size, a worse TNM stage, and more lymphatic metastasis. Moreover, high levels of 

Oct3/4 are linked to enhanced tumorigenesis and tumor progression, leading to 

poor prognosis in NSCLC [229].  

• Nanog. It is a homeobox protein that promotes pluripotency and self-renewal while 

suppressing differentiation. Aberrant expression of this transcription factor is 

common in human malignancies [230]. In breast cancer, Nanog upregulation 

promotes EMT, contributes to metastasis, and is correlated with poor prognosis 
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[231]. In NSCLC, Nanog activation is associated with metastasis, self-renewal, and 

EMT [232]. 

 

4.2.5. Wnt, Notch & Hedgehog 

CSCs share several features with embryonic or tissue stem cells, including the continuous 

activation of one or more highly conserved signaling pathways implicated in the 

development and tissue homeostasis, for instance, Wnt, Notch, and Hedgehog signaling 

pathways (Figure 6). 

• The Notch signaling pathway. It plays an essential role in cell proliferation, stem 

cell maintenance, differentiation, and homeostasis in a multicellular organism 

[233]. Researchers have found that the Notch pathway is activated in various 

human cancers, including breast, lung, and colorectal cancers [234–236]. Induction 

of angiogenesis, inhibition of apoptosis, initiation of EMT, increase in drug 

resistance, maintenance of stem phenotype, and contribution to metastasis are the 

main oncogenic effects of this signaling pathway [237].  

• The Hedgehog signaling pathway. It is associated with embryonic development, 

tissue patterning, homeostasis, and stem maintenance in adults. This signaling 

pathway also controls cell growth, survival, differentiation, and angiogenesis 

[238,239]. Sonic Hedgehog (Shh) is the most studied Hedgehog ligand. The binding 

of the ligand removes the inhibition of Patched (PTCH) on Smoothened (Smo), 

enhancing the expression of glioma-associated oncogene (Gli) transcription factors. 

Gli triggers the expression of Hedgehog target genes [240]. Activation of the 

Hedgehog pathway leads to tumorigenesis, progression, and metastasis in various 

human cancers, such as lung, breast, and ovarian cancers [241–243]. Aberrant 

activation could be caused by (I) mutations in some elements of the pathway 

resulting in Hedgehog ligand-independent activation, (II) Hedgehog protein 

overexpression that causes Hedgehog ligand-dependent activation, and (III) 

Hedgehog signaling activation via crosstalk with other signaling cascades, such as 

EGFR or PI3K [238,239].  
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• The Wnt signaling pathway. It plays a vital role in cell migration, differentiation, 

and polarization during embryonic development. Wnt ligand can activate either the 

canonical β-catenin dependent or two β-catenin independent pathways, the planar 

cell polarity (PCP) pathway and Ca2+ Wnt pathway [244,245]. Dysregulation of this 

pathway contributes to tumorigenesis, metastasis, alterations in the cell cycle, and 

cell migration and is strongly related to the EMT process [246–249]. 

 

4.3. Novel Therapies Against Cancer Stem Cells 

Eradication of CSCs is essential for effective cancer treatment, particularly for tumors that 

relapse after apparently successful therapy. Hence, different therapeutic strategies have 

been designed against this malignant population, such as drugs targeting CSC-associated 

surface markers or CSC-associated signaling pathways. 

Monoclonal antibodies that target CSC-specific surface markers have emerged as promising 

therapies. For example, CX-2009 is an antibody-drug conjugate directed against CD166 and 

conjugated to DM4, a potent microtubule inhibitor. A first-in-human study of CX-2009 was 

conducted in patients with metastatic or locally advanced unresectable solid tumors 

(specifically, breast cancer, NSCLC, head and neck cancer, and ovarian cancer) with high 

CD166 expression and microtubule inhibitor sensitivity (NCT03149549). Disease stabilization 

was the most observed outcome, although some patients had a partial response [250]. A 

phase II clinical study has been initiated in patients with advanced metastatic breast cancer 

that expressed hormone receptors (NCT04596150). The treatment against CSC also focuses 

on the Notch, Hedgehog, and Wnt signaling pathways. For instance, Sonidegib, an SMO 

antagonist, showed encouraging results; thus, it was approved for locally advanced basal cell 

carcinoma that recurred after surgery or radiotherapy [251]. In patients with SCLC, the drug 

exhibited sustained PFS in patients with Sox2 amplification when combined with cisplatin 

and etoposide in a phase I study [252].  

Despite the promising findings, multiple obstacles still need to be overcome to eradicate 

successfully CSCs [167]. For instance, CSCs from specific types of tumors have not been well 

identified [253]. Another example is that the survival of CSCs is related to a specific 
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microenvironment, which most studies do not consider as they isolate CSCs [254]. 

Additionally, anti-cancer therapy must consider cell metabolism or epigenetics, for example, 

due to its contribution to CSCs [255,256]. Thus, the research focused on this malignant 

population is crucial to obtain a definitive treatment. 

 

5. Three-Dimensional (3D) Cell Culture 

5.1. Origin and Development of Cell Culture 

In vitro cell culture is a fundamental methodology in cell biology research because it allows 

the maintenance of cells outside of a living organism. In vitro cell culture is widely used in 

laboratories worldwide, enabling the study of cell behavior and biological mechanisms [257].  

At the end of the 19th century, researchers started the first experiments related to in vitro 

cell culture to maintain living tissues and cells outside the organism. For instance, in 1882, 

Sidney Ringer succeeded in preserving the heartbeat of frog hearts outside their bodies using 

Ringer's solution, an established mixture of salts [258,259]. However, these experiments 

were conducted for only a few days. Hence, subsequent attempts were focused on 

extending the duration of in vitro cell culture and achieving cell division. In 1907, the modern 

cell culture was originated when Ross G. Harrison accomplished in vitro cell culture of frog 

nerve fibers and cell growth for several weeks [260]. Subsequently, the first immortalized 

animal cell line, the L strain, was created in 1943 [261], and the first immortalized human 

cell line, HeLa cells, was established in 1951 [262]. The creation of both cell lines promoted 

the use of in vitro cell culture and the establishment of different cell culture protocols. 

Two-dimensional (2D) polystyrene supports are commonly used in cell-based assays because 

of their simplicity, high performance, cost-effectiveness, and reproducibility [263]. However, 

2D cell culture systems have several limitations, including the lack of a three-dimensional 

(3D) structure that simulates the extracellular matrix (ECM). Therefore, more dependable 

and appropriate in vitro cell culture platforms are needed for cell biology research. 
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5.2. 3D Cell Culture 

Under physiological conditions, cells are surrounded by ECM, a non-cellular physical support 

for the organization and expansion of cells to maintain morphogenesis and provide tissue 

homeostasis, integrity, and elasticity. It is mostly composed of fibrous-forming proteins such 

as collagen, fibronectin, elastin, glycoproteins, laminins, glycosaminoglycans, and 

proteoglycans. ECM is also a rich reservoir of growth factors and metabolic precursors. 

Moreover, ECM plays an essential role in several cellular processes, such as molecular 

signaling, morphology, differentiation, and proliferation [264,265]. Cancer cells also 

influence ECM deposition, degradation, and remodeling, thereby affecting tumor 

progression and invasiveness [266]. Therefore, monolayer cell cultures do not properly 

mimic the physiological architecture or microenvironment. Flat surfaces alter nutrient and 

oxygen distribution, apical-basal polarity, soluble gradients, cell morphology and 

proliferation, cell-cell and cell-matrix interactions, and signal transduction [263,267]. 

Animal models have also been employed in cancer research. Although they provide a 

realistic environment, these models are expensive, time-consuming, and inconsistent owing 

to variations among species, and their use is discouraged due to the 3R principle 

(Replacement, Reduction, and Refinement) [268]. Additionally, only 8% of drugs tested in 

animals remain in clinical trials and less than 5% of anti-cancer therapies are finally approved 

by the regulatory agencies [268,269]. Thus, the establishment of new models is required to 

address the inaccuracy among monolayer cell cultures, animal models, and clinical trials 

Recently, researchers have reported different 3D in vitro cancer models to investigate cancer 

pathogenesis and new biomarkers and therapies in a more realistic environment [270]. 

Several 3D cell culture systems have been described, including cell-line spheroids [271], 

patient-derived organoids [272], hydrogels [273], tumor-on-chip [274], and biopolymeric 

structures [275], among others. Cells cultured on 3D cell culture change their cell 

proliferation and viability, genetic and protein expression, cellular responses to stimuli (i.e., 

anti-cancer drugs), or cell-cell interactions compared to 2D cell culture [267,276]. Moreover, 

researchers have discovered that mechanical signals induced by cell-generated physical 

forces cause changes in cell morphology, alignment, adhesion, migration, and differentiation 

[277]. 
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More specifically, the scientific community has focused on translating tissue engineering 

technologies and concepts into cancer research. That has resulted in the fabrication of 3D 

structures using different biopolymeric materials through several additive manufacturing 

(AM) techniques, thus mimicking the ECM and achieving more physiological cell behavior. 

 

5.3. Additive Manufacturing Techniques for the Fabrication of a Polymeric 

Scaffolds 

5.3.1. Fused Filament Fabrication 

Fused Filament Fabrication (FFF) is a 3D printing technique widely used in research because 

of its cost-effectiveness, a significant degree of flexibility in design, user-friendly, and high 

efficiency compared with traditional manufacturing processes. Moreover, the machine is 

compact and inexpensive [257,278]. This methodology was created in the late 1980s and 

Stratasys Inc. began marketing in the 1990s [279].  

During the FFF process, the selected material, in a filament form, is predominantly melted 

and extruded by a heated nozzle. Then, successive layers are printed following a software-

controlled path resulting in the designed scaffold, using computer-aided design (CAD) 

software, after cooling and solidification [281,282] (Figure 8). The FFF technique allows the 

rapid fabrication of 3D scaffolds with a medium resolution and good accuracy, and post-

printing treatment is not required. This process is also low polluting because no solvents are 

needed. However, the process has some disadvantages, such as the high temperature 

required, rough surfaces, high porosity, the need for the material to be in filament form, or 

the difficulty of scale-up. In addition, depending on the geometry, the printing of support 

structures is required [281,283]. 

Generally, the width of the printed trajectory corresponds to the nozzle diameter (which 

ranges from 0.2 to 0.4 mm), and its height is equal to half of the breadth. However, these 

values can be modified owing to the properties of the selected material and/or by adjusting 

different printer parameters, such as the flow or infill density. The final resolution of the 
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printed 3D scaffolds will be influenced by both the nozzle diameter and layer height 

[281,283]. 

 

 

Figure 8. Schematic representation of fused filament fabrication (FFF) process. Extracted from Grivet-

Branco et al., Macromol. Biosci., 2022 [280]. 

 

Different aspects related to this technique must be considered to avoid processing issues, 

such as: 

• The mechanical properties of a 3D structure are correlated to the number of 

contours of the external wall of the scaffold and the infill pattern (e.g., linear or 

hexagonal) [281]. 

• The rheological properties of the materials (particularly viscosity, relaxation 

dynamics, and surface tension) influence the processability of FFF. Specifically, 

these properties affect the adhesion of the layer and intralayer, and consequently, 

the accuracy and resolution of 3D scaffolds [284,285].  

• The thermal properties of materials affect the configuration of FFF parameters and 

are crucial for fiber reduction and deformation [284].  
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The most common applications of the FFF technique are tissue engineering and regenerative 

medicine [280], drug delivery systems in different forms (polypills, tablets, or films), medical 

devices [281], and the creation of 3D models for the study of several diseases, such as cancer 

[286].  

  

5.3.2. Electrospinning 

Electrospinning (ES) is a cost-effective, versatile, and simple technique used extensively for 

manufacturing micro- and nanofibers with continuous morphology, small fiber diameter, 

high surface area, and great flexibility [287,288]. The elements required to perform this 

process are a syringe pump, stainless-steel needle, high-voltage power supply (1-30 kV), and 

grounded collector [289,290] (Figure 9). 

 

 

Figure 9. Schematic representation of a typical electrospinning (ES) machine. Extracted from Yan et 

al., SN Applied Sciences, 2022 [290]. 

 

During the ES procedure, the polymer solution is expelled from the needle at a specific flow 

rate regulated by a syringe pump. The initially ejected solution has the shape of spherical 
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droplets because of the surface tension. However, the high voltage between the metal 

needle and the collector generates an electrostatic repulsion that modifies the droplet from 

a spherical to a conical shape, forming the Taylor cone. The applied voltage has to surpass a 

threshold value and the fluid surface tension has to overcome by the electrostatic force. 

Consequently, a stable charged jet of the polymer solution is produced, and the filament is 

extended from the tip of the Taylor cone [289,291–293]. During this step, the charged jet 

rapidly solidifies and the resulting polymer fibers are deposited and collected by an 

electrically charged grounded collector maintained at an optimal distance. Hence, the ES 

technique generates 3D structures [294].  

Polymer fiber’s composition, properties, and structure can be customized by controlling the 

materials and number of variables. These variables directly affect the electrospinning 

process [295–299]: 

• The spinning conditions. They involve the flow rate controlled by the pump, the 

distance between the emitter and collector, the intensity of the applied high 

voltage, and the geometry of the collector.  

• The polymer solution. The process may be modified by the polymer concentration, 

selected polymer and solvent, conductivity and viscosity of the solution, surface 

tension, and polymer molecular weight. 

• The environmental conditions. The temperature and humidity may also influence 

the electrospinning process.  

Tissue engineering, wound dressing, and the study, diagnosis, and treatment of different 

diseases, such as cancer, are some of the applications of ES fibers, as reviewed in [290]. 

  

5.4. Materials Used to Manufacture Scaffolds 

To date, more than 200 natural and synthetic materials have been employed to manufacture 

scaffolds. Among these, biodegradable polymers have a broad spectrum of biomedical 

applications in tissue engineering and regenerative medicine. Polycaprolactone (PCL) and 
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poly(lactic acid) (PLA) are examples of polyesters that have been used to manufacture 

scaffolds with both FFF and ES technologies [300]. 

 

5.4.1. Polycaprolactone  

PCL is a thermoplastic polyester obtained via a polymerization method based on the ring-

opening of ε-caprolactone monomers. Several polymerization techniques under various 

conditions have been described, resulting in the production of PCL with different molecular 

weights and polydispersity indices, which cause variations in mechanical strength and 

degradation behavior [301–303]. Because of the existence of amorphous regions, this non-

hazardous polymer is semi-crystalline at physiological temperature and exhibits high 

elasticity and low tensile strength [280,300]. Regarding the solubility of PCL, it is very high in 

chloroform, carbon tetrachloride, or benzene, whereas it is less soluble in ethyl alcohol, 

acetone, or water [300,302,304].  

PCL offers many advantages for its use as a biomaterial. It is biodegradable, biocompatible, 

and inexpensive. This synthetic polymer is also simple to produce blends, copolymers, and 

composites and is commercially accessible in medical grade [305–307]. The other properties 

and chemical structures of PCL are listed in Table 4. Its degradation is affected by several 

parameters, such as molecular weight, residual monomer concentration, and pH of the 

medium. Moreover, the degradation products of PCL do not remain in the body 

[306,308,309].  

PCL has been previously selected in different investigations for the fabrication of scaffolds 

for 3D cell culture using the FFF methodology as well as the ES technique. Additionally, these 

PCL structures allowed the culture of different cell lines of both animal and human origin, 

including cancer cell models [310–315]. 

 

5.4.2. Poly(Lactic Acid) 

PLA is an aliphatic polymer and an environmentally friendly material because it is created 

from renewable sources such as wheat, corn, sugars, and organic acids [316–318]. This 
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thermoplastic polymer can be produced by ring-opening polymerization of cyclic lactide 

dimers using a catalyst or direct condensation polymerization of lactic acid monomers 

[319,320]. PLA has two enantiomers of lactic acid: poly(L-lactic acid) (PLLA) and poly(D-lactic 

acid) (PDLA). Hence, there are two pure homopolymers (PLLA and PDLA) and poly(D,L-lactic 

acid) (PDLLA), which have varying proportions of D and L monomers [321,322]. The 

mechanical properties of PLA depend on the distribution of these stereoisomers along the 

polymer chains and molecular weight. For example, the degree of crystallinity is higher for 

pure PLLA and PDLA. In contrast, PDLLA is amorphous, which directly affects the ultimate 

tensile strength, degradation time, and melting temperature (Tm) but not its glass transition 

temperature (Tg) (Table 4). Consequently, PDLLA is better processed via extrusion, molding, 

and casting [280,322]. Moreover, PLLA and PDLA are only soluble in benzene or 

dichloromethane at high temperatures, whereas PDLLA can be dissolved in several organic 

solvents, such as chloroform, acetone, or methylene chloride [323].  

 

Table 4. Different characteristics of polycaprolactone (PCL) and poly(lactic acid) (PLA). 

 
Polycaprolactone  

(PCL) 

Poly(lactic acid) 

(PLA) 

Glass Transition Temperature 

(Tg) (°C) 
-60 50 - 64 

Melting Temperature (Tm) (°C) 60 130 - 250 

Degradation Time (years) 2 - 3 2 - 8 

General Chemical Structure 

  

 

PLA is probably the most commonly used polymer for biomedical applications (i.e., drug 

delivery, surgical instruments, tissue engineering, or scaffolding) because of its 

biodegradability, biocompatibility, safety, commercial availability of medical grade PLA, 

capacity to form blends and composites, and versatility. However, PLA has some 
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disadvantages: its price is higher than that of several non-biodegradable polymers, and it 

has low impact strength and toughness [320,324–326].  

Although many studies have used PLA together with FFF technology for bone tissue 

engineering [327], to our knowledge, there is no literature regarding its use in 3D cancer cell 

cultures. However, FFF scaffolds have been tested using cancer cell models but 

manufactured using other materials [313,314]. Furthermore, PLA mixed with other 

materials, such as poly(γ-benzyl L-glutamate) (PBLG) or methoxypolyethylene glycol (mPEG)/ 

poly(lactic-co-glycolic acid) PLGA, have been used to manufacture ES-scaffolds in to grow 

tumor-like structures with cancer cell lines [328,329]. 

 

5.5. The Study of Cancer Stem Cell Population Using 3D Cell Culture 

As mentioned above, researchers have traditionally employed flat surfaces for cell culture. 

Monolayer culture does not adequately mimic the tumor microenvironment, as there is a 

lack of a matrix, resulting in changes in cell proliferation, gene and protein expression, 

among others [257,263,276]. 2D cell culture also causes CSC differentiation during cell 

propagation, losing the stemness behavior [330,331]. Additionally, this malignant 

population represents a very low percentage of tumors [170]. Therefore, new culture 

systems are required to allow the study of CSCs to identify new therapies or biomarkers. 

Previous studies have shown that polymeric structures are useful for the expansion of both 

normal and cancer stem cells. For example, Islami et al. demonstrated that PLLA-ES fibers 

coated with fibroin recreated an environment that allowed the proliferation of umbilical 

cord blood stem cells [332]. Sims-Mourtada et al. also reported the enrichment of breast 

CSCs using PCL/chitosan-ES fibers [331]. Furthermore, our research group previously 

demonstrated that PCL structures fabricated by FFF or ES techniques allowed the culture of 

breast CSCs and their expansion [312,314]. 
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6. Fatty Acid Synthase 

6.1. Lipid Metabolism in Cancer 

Dysregulation of energy metabolism is a hallmark of cancer cells and supports their high 

growth and division [6]. Oncogenic events and the tumor microenvironment are responsible 

for these modifications in metabolic pathways [333]. Otto Warburg observed that cancer 

cells practically based their energy production on “aerobic glycolysis”, even in the presence 

of oxygen, due to the reprogramming of their glucose metabolism [334,335]. This process is 

energetically poor. However, it produces different glycolytic intermediates that are used in 

some biosynthetic pathways to generate new macromolecules and organelles required for 

the assembly of new cells [336,337]. Although most studies have focused on the 

dysregulation of carbohydrate metabolism, researchers have recently studied alterations in 

lipid metabolism in cancer cells. 

Cancer cells obtain free fatty acids mostly via de novo synthesis. In the cytoplasm, excess 

citrate from the tricarboxylic acid (TCA) cycle is catalyzed to acetyl-CoA by ATP-citrate lyase 

(ACYL). Acetyl-CoA carboxylase (ACACA) then converts acetyl-CoA to malonyl-CoA. Fatty acid 

synthase (FASN) catalyzes the condensation of acetyl-CoA and malonyl-CoA into palmitate 

in a nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)-dependent reaction 

[338]. Palmitates can be modified further to form more complex fatty acids. Generally, these 

lipogenic enzymes are overexpressed and/or hyperactivated in cancer cells [339]. 

The role of lipids in cancer is widely diverse because they are involved in cell proliferation, 

survival, migration, invasion, angiogenesis, tumorigenesis, tumor progression, and 

metastasis [340,341]. In addition to their structural function as part of the cell membrane, 

lipids play an essential role in the energy and redox homeostasis of cancer cells and the post-

translational modification of proteins [340,341]. They also act as signaling molecules and 

second messengers and as specific binding sites for proteins in the cell membrane [341,342]. 

Lipids initiate various signal transduction pathways and are involved in autophagy, initiation 

of apoptosis, and growth arrest [341,343]. 
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6.2. Fatty Acid Synthase Function 

FASN is a 270 kDa multifunctional and homodimeric enzyme. Dimer formation is required 

for enzyme activation. FASN has seven catalytic domains: β-ketoacyl synthase (KS), 

malonyl/acetyl transferase (MAT), β-hydroxyacyl dehydratase (DH), enoyl reductase (ER), β-

ketoacyl reductase (KR), acyl-carrier protein (ACP), and thioesterase (TE). The domains work 

together to generate palmitate, the final product of FASN, in an NADPH-dependent reaction 

[344,345] (Figure 10). FASN has three main domains: (I) contains KS, MAT, and DH; (II) 

includes ER, KR, and ACP; and (III) contains TE. The interdomain/core region between 

domains I and II is essential for dimer formation [344,345]. 

 

 

Figure 10. Linear structure of fatty acid synthase (FASN) domains: β-ketoacyl synthase (KS), 

malonyl/acetyl transferase (MAT), β-hydroxyacyl dehydratase (DH), enoyl reductase (ER), β-ketoacyl 

reductase (KR), acyl-carrier protein (ACP), and thioesterase (TE). 

 

As previously mentioned, FASN catalyzes the final step of FA synthesis. Specifically, the MAT 

domain transfers the acetyl group (from acetyl-CoA) and malonyl group (from malonyl-CoA) 

to ACP, and then the KS domain generates the β-ketoacyl-ACP intermediate. Afterward, the 

β-carbon position is changed by the KR, DH, and ER domains to produce a saturated acyl 

group product with two extra carbon units, the substrate for the subsequent elongation 

reactions to obtain a 16-carbon fatty acid. Finally, the TE domain released fatty acids from 

ACP [346] (Figure 11). 

Under normal conditions, fatty acids are obtained from the diet; therefore, de novo 

lipogenesis is negligible. FASN expression has been reported in neural stem cells, cerebral 

neurons, basket cells of the cerebellum, type II alveolar cells, adipocytes, sebaceous glands, 

hepatocytes, in the epithelium of the stomach, duodenum, and colon, corpus luteum, 
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decidua, uroepithelium, epididymis, and hormone-sensitive cells from the breast, prostate, 

endometrium, anterior pituitary, adrenal cortex, seminal vesicles, and apocrine glands [347–

351]. FASN expression is also essential for early embryo development and the production of 

milk components during lactation [352,353]. 

 

 

Figure 11. Role of each domain of fatty acid synthase (FASN) during the synthesis of fatty acids. 

 

Nevertheless, cancer cells obtain fatty acids from both de novo lipogenesis and diet. FASN 

overexpression and/or hyperactivation have been frequently reported in several cancers, 

including lung, breast, colorectal, endometrial, and prostate cancers. It is associated with 

cancer progression, aggressiveness, and poor prognosis [354–359].  

Focusing on lung cancer, several researchers found that FASN expression and activity were 

higher in tumor tissues than in normal lung tissues [360–362]. Visca et al. demonstrated that 
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FASN+ expression in stage I patients was associated with worse survival [354]. Furthermore, 

FASN+ expression was found in patients with vascular invasion or bone metastasis [363] and 

was associated with malignant grades of tumor cells [362]. However, none of these 

investigations considered mutations in oncogenes such as EGFR or KRAS. 

 

6.3. Fatty Acid Synthase Regulation 

The regulation of FASN expression is mainly controlled by PI3K/Akt and MAPK signaling 

pathways, which are triggered by growth factor receptors, such as EGFR or HER2. Moreover, 

the interaction between sex hormones, growth factors, and their receptors can increase 

FASN expression. PI3K/Akt and MAPK signaling transduction cascades activate the 

transcription of FASN through the expression of transcription factors such as sterol 

regulatory element binding protein-1c (SREBP-1c) [339,344]. Active SREBP-1c enters the 

nucleus and transcripts FASN by binding to the sterol regulatory elements within the FASN 

promoter [364].  

Although the regulation of FASN expression by PI3K/Akt and MAPK signaling pathways is 

similar between normal and cancer cells, there are some differences. Nutritional and 

hormonal stimulations trigger the transcription of SREBP-1c in normal cells [365,366]. In 

contrast, cancer cells are insensitive to nutritional levels, and the transcription of SREBP-1c 

is controlled by abnormal growth factors and excessive steroid hormone signaling [344]. 

FASN stabilization by post-translational modifications to prevent its degradation also 

contributes to the high levels of FASN observed in tumors [367–369]. 

Other transcription factors also regulate FASN transcription in cancer, such as carbohydrate-

activated transcription factor response element binding protein (ChREBP), NAC1, P300 

acetyltransferase, and the ubiquitous nuclear transcription factor Y (NF-Y) [370–372]. 

In EGFRm NSCLC, EGFR is directly involved in the regulation of Akt/SREBP1/FASN to 

palmitoylate the receptor and localize it into the cell membrane in sensitive cells or the 

cytoplasm and nucleus in resistant cells. Moreover, EGFR palmitoylation is relevant to the 

growth and survival of resistant cells [373]. 
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6.4. Fatty Acid Synthase Inhibition 

Differences in the expression and activity of FASN between normal tissues and cancer cells 

have allowed researchers to develop different FASN inhibitors.  

Several mechanisms have been proposed to identify the anti-cancer effect seen after FASN 

inhibition: lack of phospholipids for cell membranes, modification of lipid raft assembly 

impairing the proper localization and/or function of tyrosine kinase receptors (e.g., EGFR) at 

the cell membrane, inhibition of DNA replication, initiation of apoptosis in non-functioning 

p53 cancer cells, growth arrest in functioning p53 cells, accumulation of malonyl-CoA, which 

leads to the induction of pro-apoptotic genes, and inhibition of anti-apoptotic proteins (e.g., 

Akt) [374]. 

Cerulenin, a natural compound isolated from Cephalosporium caerulens, was reported as 

the first FASN inhibitor, binding irreversibly to the KS domain, and demonstrated 

effectiveness against several tumor cell lines and xenograft models [375–377]. However, 

cerulenin is highly reactive due to its cysteine-reactive epoxide groups and off-target 

activities. To address this issue, C75, a synthetic analog of cerulenin, was developed, which 

interacts with FASN in TE, KS, and ER domains [378]. C75 showed a great anti-cancer activity 

both in vitro and in vivo, but some side effects were observed, such as anorexia and severe 

body weight loss [379–382].  

Orlistat is another FASN inhibitor widely studied. This drug is a reduced form of the natural 

product lipstatin, isolated from the Actinobacterium Streptomyces toxytricini. Although the 

compound was approved for the treatment of obesity, researchers found that it inhibited 

FASN activity by interacting with the TE domain [383,384]. Several studies have 

demonstrated anti-tumor activity both in vitro and in vivo [373,385]. Nevertheless, Orlistat 

exhibits some limitations that have hampered its progress in clinical trials, such as its 

instability, low solubility in water, and poor gastrointestinal absorption [386].  

TVB-2640 was developed by Sagimet Biosciences. A phase I clinical trial of TVB-2640 in 

patients with solid tumors, including KRAS-mutated NSCLC, ovarian cancer, and breast 

cancer, was completed. The compound was administered as a daily oral dose and bound to 

FASN in the KR domain. TVB-2640 has demonstrated anti-tumor effects alone and in 
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combination with paclitaxel, with non-serious and reversible side effects [387]. Currently, 

this compound is in phase II clinical trials for metastatic HER2+ breast cancer 

(NCT03179904), KRASm NSCLC (NCT03808558), resectable colon cancer (NCT02980029), 

and astrocytoma (NCT03032484).  

(−)-epigallocatechin-3-gallate (EGCG) is a polyphenolic compound extracted from green tea. 

This natural FASN inhibitor competes with NADPH for the binding to the KR domain of the 

enzyme [388]. Different researchers have reported its cytotoxic effect in vitro and in vivo in 

a wide range of cancers [381,382,389]. EGCG also exhibited synergistic effects when 

combined with other anti-cancer therapies [390,391]; it has activity against cancer stem cells 

[392,393], increased chemotherapy efficacy by changing the microenvironment and 

microvasculature [394], and did not show side effects, such as body weight loss [395]. 

Because of the low bioavailability and limited stability of EGCG under physiological 

conditions, several synthetic derivatives have been developed, such as G28 [396–398]. The 

G28 compound has been extensively investigated in both sensitive and resistant breast 

cancer cells. The compound demonstrated strong FASN activity inhibition, an anti-tumor 

effect both in vitro and in vivo, alone or in combination with other treatments, and activity 

against cancer stem cells [391–393,399].  
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Hypothesis 

The generation of a 3D cell culture system using an optimal fabrication technique and 

materials allows cells from aggressive cancers, such as TNBC and EGFRm NSCLC, to behave 

more physiologically and expand the CSC population. Additionally, FASN inhibition is a new 

therapeutic strategy for sensitive and resistant EGFRm NSCLC cells and CSCs niche. 

 

Objectives 

The main objective of this thesis was the evaluation of various types of in vitro 3D cell culture 

for the study of the CSC population and the inhibition of FASN as different approaches for 

the study and treatment of aggressive cancers.  

Three specific objectives were stated to achieve the main objective: 

 

1. Evaluation of poly(lactic acid) (PLA) scaffolds for 3D cell culture of breast CSCs 

(BCSC) 

• Determine the influence of different manufacturing parameters of FFF technology 

on cell adhesion and proliferation of the MDA-MB-231 TNBC cell model following 

the experiment design via the Taguchi method.  

• Select the optimal PLA-FFF scaffold designs, verify their suitability for cell adhesion 

and proliferation, and analyze the capacity to enrich BCSCs using the MDA-MB-231 

cell model. 

• Characterize the microstructure of PLA scaffolds manufactured by ES technology 

and evaluate cell adhesion and proliferation of the MDA-MB-231 cell model 

cultured on PLA-ES scaffolds. 

• Assess a possible BCSC enrichment of the MDA-MB-231 cell model cultured on PLA-

ES scaffolds through mammosphere forming capacity and gene expression of BCSC-

related markers.  
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2. Evaluation of polycaprolactone (PCL) scaffolds manufactured by ES technology 

for 3D cell culture of lung CSCs (LCSC) 

• Perform a thermal characterization of PCL-ES scaffolds through thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), and dynamic mechanical 

analysis (DMA). 

• Characterize the microstructure of PCL-ES scaffolds by scanning electron 

microscopy (SEM) images. 

• Study the effect of the sterilization process and medium soaking on PCL-ES 

scaffolds. 

• Examine possible changes in cell morphology of sensitive and resistant EGFRm 

NSCLC cell models, PC9 and PC9-GR3 cells, cultured on PCL-ES scaffolds. 

• Evaluate cell viability of EGFRm NSCLC cell models cultured on PCL-ES scaffolds. 

• Determine EGFR status of EGFRm NSCLC cell models cultured on PCL-ES scaffolds. 

• Assess a possible LCSC enrichment of EGFRm NSCLC cell models cultured on PCL-ES 

scaffolds by resistance to the treatment, and gene and protein expression of multi-

drug efflux pumps, EMT and stemness markers, membrane receptors, and 

Hedgehog and Canonical pathways. 

• Validate in vitro results through the evaluation of CD133 and Vimentin tumor 

expression of samples from patients with EGFRm NSCLC. 

 

3. Inhibition of FASN as a new therapeutic strategy for the treatment of EGFRm 

NSCLC 

• Determine gene and protein expression of FASN in sensitive and resistant EGFRm 

NSCLC cell models. 

• Evaluate cytotoxic effect and the capacity to inhibit FASN activity of EGCG, a 

synthetic derivative of EGCG, G28, and a novel synthetic compound, AZ12756122 

in sensitive and resistant EGFRm NSCLC cell models. 



Hypothesis and Objectives 

 

 

65 

 

• Analyze the molecular effect caused by FASN inhibition on FASN, EGFR, STAT3, 

AKT/PRAS40, and MAPK pathways in sensitive and resistant EGFRm NSCLC cell 

models, alone and in combination with EGFR-TKIs. 

• Assess FASN inhibition as a therapeutic strategy against LCSCs in sensitive and 

resistant EGFRm NSCLC cell models. 

• Validate in vitro results through the evaluation of FASN tumor expression of 

samples from patients with EGFRm NSCLC. 
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Abstract 

This chapter aimed to evaluate PLA as a material for manufacturing scaffolds for 3D cell 

culture and BCSC enrichment.  

First, PLA scaffolds fabricated using FFF were tested. Following the Taguchi experimental 

design, the effect of different fabrication parameters (layer height, infill density, infill 

pattern, infill direction, and flow) on 3D cell growth was investigated using the MDA-MB-231 

TNBC cell model through the MTT assay. Moreover, the BCSC population cultured on the 

optimal PLA-FFF structures was determined using the ALDEFLUORTM assay. Subsequently, 

PLA scaffolds fabricated using ES were assessed. Two PLA concentrations, 12 and 15%, were 

used for the manufacturing. The microarchitectures were characterized through SEM 

images. The MDA-MB-231 cell model was also used to evaluate 3D cell growth and BCSC 

enrichment of cells cultured on PLA-ES structures. Concretely, BCSCs were quantified by 

mammosphere-forming capacity and gene expression of BCSC-related markers. 

Regarding the results obtained with the PLA-FFF platforms, 27 different configurations were 

manufactured according to the Taguchi experimental design. Infill density and infill direction 

significantly influence cell growth, with optimal values of 70% and 45°, respectively. Three 

more scaffold configurations (named SS) were designed and fabricated using these optimal 

parameters, differing in their infill patterns (zigzag, triangles, and grid). The SS1 scaffold 

exhibited the highest cell growth, confirming the findings obtained with the Taguchi 

experimental design. Furthermore, cells cultured on SS1 matrices showed a higher ALDH+ 

population at short culture times than 2D-cultured cells. This feature is directly related to 

BCSCs. 

Regarding the results obtained with the PLA-ES scaffolds, few differences were observed in 

filament diameter, porosity, and pore area between both PLA-ES structures. Consequently, 

no differences in cell growth were observed between the 12%- and 15%-PLA-ES structures. 

Thus, 15%-PLA-ES scaffolds were selected for the following experiments. EGFR gene 

expression and phosphorylation levels were lower in MDA-MB-231 cells cultured in 3D 

culture, whereas STAT3 phosphorylation levels were upregulated. Mammosphere formation 

also tended to increase in 3D-cultured cells. Although no differences in EMT-related gene 

expression were found, there was a significant increase in SOX2 expression after 3 days of 
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culture in PLA-ES scaffolds. Therefore, the 15%-PLA-ES scaffolds did not show significant 

enrichment of BCSCs. 
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Abstract 

Although PLA scaffolds were useful for 3D cell culture, these structures did not show a 

significant BCSC expansion. Moreover, previous studies demonstrated that the use of PCL-

ES scaffolds to culture TNBC cell models provided an enrichment of the BCSC niche. 

This chapter aims to evaluate PCL-ES scaffolds for culturing LCSCs in sensitive and resistant 

EGFRm NSCLC cell models. First, thermal characterization of these 3D structures was 

performed by TGA, DSC, and DMA. The microstructure was also described through the 

analysis of SEM images. Then, the effect of the sterilization process and medium soaking on 

PCL-ES scaffolds was tested through the weight degradation assay and the adsorption 

protein capacity. Second, cell morphology and viability of sensitive and resistant EGFRm 

NSCLC cell models, PC9 and PC9-GR3 cells, cultured on PCL-ES matrices were examined 

through confocal laser scanning microscope (CLSM) and the MTT assay, respectively. 

Additionally, EGFR status was determined in cell models seeded on 3D scaffolds. Third, 

several LCSC features were investigated to asses a potential LCSC enrichment of PC9 and 

PC9-GR3 cells grown on PCL-ES structures, such as resistance to the treatment, or gene and 

protein expression of multi-drug efflux pumps, EMT and stemness markers, membrane 

receptors, and Hedgehog and Canonical pathways. Finally, Vimentin and CD133 tumor 

expression of samples from patients with EGFRm NSCLC was analyzed to corroborate in vitro 

results. 

The results obtained revealed that PCL-ES scaffolds were stiffer than healthy lung tissue but 

softer than 2D cell culture plates. Furthermore, only the sterilization process caused changes 

in the weight of 3D structures. The microarchitecture of PCL-ES scaffolds supported cell 

attachment, growth, and morphology changes. It was also observed that the protein 

adsorbed for these 3D matrices was correlated to cell viability. Furthermore, PC9 and PC9-

GR3 cells cultured on PCL-ES scaffolds enriched several LCSC features. Concretely, 3D-

cultured cells exhibited higher resistance to osimertinib treatment, enhanced levels of the 

multi-drug efflux pump ABCB1, upregulation of Vimentin, SNAIL, TWIST, Sox2, Oct-4, and 

CD166, downregulation of E-cadherin and CD133, and the activation of Hedgehog pathway.  
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No differences were observed in phosphorylated EGFR levels in cells seeded on PCL-ES 

scaffolds, probably as a consequence of the maintenance of LCSC properties. Moreover, the 

non-expression of CD133 from tumor samples from patients with EGFRm NSCLC was 

significantly associated with a low degree of histological differentiation, disease progression, 

and distant metastasis, features directly connected to the LCSC population. Therefore, PCL-

ES scaffolds provide a reliable 3D cell culture strategy to mimic a physiological environment 

allowing the investigation of EGFRm NSCLC to explore new biomarkers or test new drugs. 
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Abstract 

This chapter aims to evaluate the inhibition of FASN as a new therapeutic strategy for EGFRm 

NSCLC cell models. Overexpression and/or hyperactivation of this enzyme has been 

described as a resistance mechanism of cancer cells, thereby FASN is an interesting target 

for cancer treatment.  

First, gene and protein expression of FASN was determined in sensitive and resistant EGFRm 

NSCLC cell models. Second, the cytotoxic effect and the capacity to inhibit the FASN activity 

of three compounds were investigated in sensitive and resistant EGFRm NSCLC cell models. 

The compounds studied were (1) EGCG; (2) a synthetic derivative of EGCG, G28; and (3) a 

novel synthetic compound, AZ12756122. Then, the molecular effect caused by the 

compounds on FASN, EGFR, STAT3, AKT/PRAS40, and MAPK pathways was studied in 

sensitive and resistant EGFRm NSCLC cell models, alone and in combination with EGFR-TKIs. 

Third, FASN inhibition was assessed as a therapeutic strategy against LCSCs in sensitive and 

resistant EGFRm NSCLC cell models. Finally, FASN tumor expression of samples from patients 

with EGFRm NSCLC was evaluated to validate in vitro results. 

EGFRm NSCLC cell models resistant to EGFR-TKIs overexpressed FASN. Furthermore, 

treatment with the compounds showed a similar cytotoxic effect, which was independent 

of EGFR-TKI’s resistance mechanisms. Synergistic effects were observed when the synthetic 

compounds, G28 or AZ12756122, were combined with EGFR-TKIs. Additionally, the 

combinatorial treatment reduced of phosphorylated levels of EGFR, AKT/PRAS40, and 

MAPK. FASN inhibition also decreased cancer stem-like cells. Moreover, the expression of 

FASN in tumor samples obtained from the biopsy of EGFRm NSCLC patients was associated 

with a longer PFS in patients who responded to EGFR-TKI treatment.  
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1. Evaluation of poly(lactic acid) (PLA) scaffolds for 3D cell culture of breast 

CSC (BCSC) 

CSCs are a small subpopulation of tumor cells responsible for carcinogenesis, tumor 

recurrence and progression, and metastasis. This malignant group of cells has specific 

characteristics such as self-renewal, pluripotency, and resistance to therapy [167–170]. 

Hence, the eradication of CSCs is necessary for effective anti-cancer treatment.  

TNBC does not have a therapeutic target because it lacks ER, PR, and HER2 expression [127], 

and the only treatment available for these patients is chemotherapy [132,154,157]. 

Furthermore, patients with TNBC have a poor prognosis because the disease arises in young 

women, with high mortality and metastasis rates [128,146,147]. Thus, BCSCs may be a 

potential therapeutic target for this aggressive subtype of breast cancer. Unfortunately, no 

standard treatment is available for this malignant population.  

Additionally, the majority of studies do not consider the microenvironment of CSCs because 

they are isolated [254] or cultured on flat surfaces such as Petri plates, which results in 

changes in cell behavior, either in cell proliferation or in gene and/or protein expression 

[257,263,276]. Two-dimensional (2D) cell culture also induces CSC differentiation [330,331], 

making it impossible to investigate them in vitro. Consequently, culture systems that allow 

their study are required so that researchers can find novel therapeutic strategies for CSCs.  

Among the technologies that exist to manufacture 3D structures for cell culture purposes, 

the FFF and ES stand out for their simplicity and cost-effectiveness [257,278,287,288]. In 

addition, PLA is extensively used for biomedical applications due to its characteristics, such 

as biodegradability, biocompatibility, and safety [320,324–326]. However, only PLA scaffolds 

mixed with other materials, but not as sole material, have been tested for cancer cell culture 

using these two additive manufacturing techniques [328,329]. Therefore, the use of PLA for 

the manufacturing of FFF- and ES-scaffolds was evaluated in this section. Specifically, the 

ability of the scaffolds to culture a TNBC cell model, MDA-MB-231, and their capacity to 

enrich the CSC population were analyzed. 

First, 27 scaffold models were designed considering five 3D printing parameters (layer 

height, infill density, infill pattern, infill direction, and flow) according to the Taguchi 
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experimental design. Subsequently, they were manufactured using the BCN3D Sigma R17 

3D printer. Pore areas of PLA-FFF structures were very distinct among the configurations. 

For example, some of the produced PLA-FFF structures were less than 0.1 mm2, while others 

were larger than 1 mm2. Furthermore, some PLA-FFF matrices had irregular pores, for 

instance, designs 15 and 27. Pore size is essential because it is directly related to cell growth 

and migration, nutrient and gases exchange, and remission of various molecules into the 

surrounding medium [400,401]. Although all PLA-FFF platforms had a similar filament 

diameter, fibers were slightly thicker when the flow increased because more material was 

extruded [402].  

The influence of the 3D printing parameters on cell adhesion and proliferation was assessed 

by culturing MDA-MB-231 cells into PLA-FFF structures for 3 days. TNBC cells seeded on PLA-

FFF matrices showed a cell growth ranging from approximately 5 to 25% compared to 

monolayer. Scaffolds with larger pores exhibited low cell proliferation, whereas PLA-FFF 

platforms with smaller pores exhibited higher cell proliferation. These results are directly 

related to the quantity of material available for cells to adhere to it, which is in agreement 

with the literature. Guerra et al. demonstrated that the smaller the pore area and the more 

material available, the higher the cell proliferation using cardiac stents printed using the FFF 

technique [403].  

These data were analyzed using the Quantum XL software. The parameters infill density and 

infill direction had a significant influence on cell proliferation, with optimal values of 70% 

and 45°, respectively. These findings suggest that cell attachment and proliferation increase 

when more material and corners are available; thus, cells can communicate easily and grow 

faster. Several studies have shown that the scaffold geometry affects cell adhesion and 

proliferation. The orientation, layout, and stepped filaments are relevant parameters that 

affect cell behavior and must be considered. In addition, the researchers highlighted the 

importance of optimizing scaffold geometry for each cell type [404,405]. In fact, our research 

group observed that MCF-7 breast cancer cells displayed higher cell proliferation in scaffolds 

with an infill direction of 60°, whereas NIH/3T3 fibroblasts preferred scaffolds with an infill 

direction of 90° [313]. Hence, the PLA-FFF structure with the optimal theoretical values, SS1, 

was manufactured. The SS1 scaffold showed the highest cell proliferation in this study, 
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approximately 24% compared to 2D, including the initial 27 PLA-FFF matrices, validating the 

Taguchi experimental design applied. Moreover, the SS1 scaffolds exhibited the second 

lowest pore area of the study, concretely 0.054 mm2. As previously observed, the PLA-FFF 

platforms with the lowest pore areas demonstrated the highest cell proliferation. 

Regarding PLA-ES scaffolds, two 3D structures were manufactured by preparing solutions 

with different polymer concentrations: 12% and 15%. The 12%-PLA solution was chosen 

because lower concentrations resulted in electrospray. The electrospray technique is similar 

to ES, usually involving more dilute polymer solutions, and it is used to create polymeric 

particles that have been employed in the biomedical field to encapsulate other molecules, 

such as drugs or proteins [406,407]. Thus, the 12%-PLA solution was the lowest amount of 

polymer that allowed electrospinning. In contrast, solutions with concentrations greater 

than 15% were excessively viscous and difficult to manufacture. Both PLA-ES matrices had 

fibers with an average diameter of 7 µm and pore areas of approximately 0.3 µm2. However, 

the 12%-PLA platforms had another population of thinner filaments, with an average 

diameter of 385 nm, and non-filamentary elements (called beads), which are normally 

observed in low-concentration solutions [408]. The PLA–ES fibers also exhibited surface 

roughness. In contrast, a study reported that 15%-PLA-ES scaffolds had filaments with a 

diameter of 4.5 µm, and a second population of thinner fibers was present [409]. 

Additionally, the use of chloroform as a dissolvent to prepare the polymeric solution directly 

influenced the filament diameter. For example, Chi and colleagues manufactured 40%-PLA-

ES fibers with a diameter of 0.4 µm because the solvent used was trifluoroacetic acid [410]. 

MDA-MB-231 cells were seeded on PLA-ES matrices for 3 and 6 days and cell adhesion and 

proliferation were analyzed. TNBC cells exhibited a high proliferation rate of approximately 

70% compared to 2D-cultured cells, which might be attributed to the roughness of the 

filaments. This feature enhances the initial cell attachment and, consequently, cell growth 

[411]. Slight differences in the microarchitecture between both 3D platforms did not affect 

either cell adhesion or proliferation because similar proliferation values were obtained at 

both culture times tested. Although cell growth was slightly lower after 6 days, no significant 

changes were observed between the two culture periods. 
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Comparing both methodologies, PLA-FFF scaffolds had approximately 60 times thicker fibers 

than PLA-ES ones. Consequently, the pore area of PLA-FFF matrices was around 6 million 

times larger than that of the PLA-ES scaffolds. The pore area plays a fundamental role in cell 

culture, as it directly influences the infiltration of cells into the scaffold [412]. The diameter 

of most human cells is approximately 20-50 µm (except for some cases, such as adipocytes 

and oocytes) [413]. On this basis, the results suggest that PLA-FFF pores were so large that 

many cells were lost through them at the time of seeding, and thus, they did not adhere to 

the scaffold. Moreover, cell-cell and cell-matrix communications, which play a relevant 

function in cell behavior [414], are facilitated when fibers and pores are smaller. Therefore, 

PLA-ES scaffolds exhibited higher cell adhesion and proliferation than PLA-FFF ones, even 

considering the configuration SS1, which had the optimal 3D printing parameters obtained 

by the Taguchi experimental design. Lombardo and coworkers reported the direct influence 

of pore sizes on cell adhesion and the resulting morphology of the MDA-MB-231 cells 

cultured on PLA scaffolds produced by thermally induced phase separation (TIPS) [415]. 

Besides, both types of 3D structures showed inferior cell proliferation than monolayer 

culture because 3D cell culture slows down cell growth, migration through pores, and 

proliferation among layers [315,416]. 

In addition to evaluating the ability of PLA scaffolds as a 3D cell culture system, it was 

assessed whether MDA-MB-231 cells seeded on these 3D platforms showed CSC 

enrichment.  

Regarding PLA-FFF matrices, the ALDH activity was quantified to verify whether the BCSC 

population had increased in TNBC cells cultured on PLA-FFF scaffolds for 3 and 6 days. 

Elevated ALDH activity has been used as a biomarker for CSC [202–204]. Three different 

configurations were tested, but only the SS1 design significantly enhanced the ALDH+ 

population after 3 days of culture. The other configurations and days evaluated did not show 

any significant changes. Hence, the design SS1 allows for higher proliferation and expansion 

of BCSCs at short culture times. To the best of our knowledge, this is the first time PLA-FFF 

scaffolds have been employed to culture and expand this malignant subpopulation. Similar 

results were described by Rabionet et al., who reported that MCF-7 breast carcinoma cells 

seeded on PCL-FFF platforms significantly increased the mammosphere formation index 
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(MFI) [314], an ability characteristic of CSCs to grow as spheres under anchorage-

independent conditions [173,174]. 

Concerning PLA-ES structures, MDA-MB-231 cells cultured on 15%-PLA platforms showed a 

significant SOX2 upregulation after 3 days and STAT3 activation after 3 and 6 days of culture. 

These markers have been associated with BCSCs, and thus could indicate an increase in this 

malignant population [221,417]. However, a significant SOX2 decrease after 6 days of 3D cell 

culture and no significant variations in MFI were observed between cells seeded on 2D and 

15%-PLA-ES scaffolds. Although a trend was noted, significant changes in genes related to 

the EMT process, such as SNAIL, CDH1 (E-cadherin), and VIM (Vimentin), were neither 

displayed. The EMT process allows CSCs to invade other areas of the body and create 

metastases [213,215,216]. Additionally, a reduction of phosphorylated EGFR levels was 

observed in TNBC cells cultured on 15%-PLA-ES matrices. These results were surprising, as 

EGFR signaling is involved in cell proliferation, differentiation, and survival [38]. 

Nevertheless, Ekert and colleagues declared that, in contrast to 3D-cultured cells, 2D-

cultured cells are directly exposed to medium’ growth factors that induce EGFR expression 

and activation [418]. Previous investigations using the same cell model cultured in 15%-PCL-

ES scaffolds showed a significant increase in MFI and ALDH activity [312], upregulation of 

EMT- and stemness-related genes, and resistance to chemotherapy treatment [392]. 

Moreover, Li and coworkers compared the behavior of breast cancer cells on different types 

of scaffolds. Although cells seeded on PLA scaffolds had superior proliferation compared to 

decellularized lung and chitosan/gelatin scaffolds, they did not exhibit the same tumorigenic 

capacity as the other two types [419]. Researchers also found different applications for PLA 

structures concerning stem cells. On the one hand, Islami et al. reported that PLA matrices 

coated with fibronectin and collagen, two ECM proteins, were suitable for the in vitro 

expansion of stem cells from umbilical cord blood [332]. On the other hand, Enderami and 

colleagues demonstrated that PLA/PVA platforms promoted the differentiation of human 

induced pluripotent stem cells (iPSCs) [420].  

Considering these findings, PLA scaffolds are a suitable 3D cell culture system. Comparing 

both manufacturing techniques, FFF structures are more economical and user-friendly, 

whereas ES matrices are more expensive because of the purchase price of the ES machine 
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[257,278,287,288]. However, PLA-ES scaffolds are preferable because they more closely 

resemble the ECM and allow better cell-cell and cell-matrix communications than PLA-FFF 

platforms. Similar results were also observed with PCL scaffolds [312,314]. Regarding BCSC 

population expansion, PLA scaffolds did not expand this malignant population as effectively 

as PCL ones [312,314,392]. One reason for these differences between the two materials 

could be their stiffness. PLA is stiffer than PCL [421]. It is described that adequate stiffness is 

essential for cell adhesion, morphology, cell growth, and cell differentiation [422]. It is also 

known that changes in cell morphology affect gene and protein expression [423,424]. 

Another hypothesis could be that the cell morphology of MDA-MB-231 cells cultured on PCL 

structures is more similar to that in vivo, thus allowing the increase of BCSCs, than cells 

seeded on PLA ones. In fact, TNBC cells cultured on PCL matrices were more elongated than 

2D-cultured cells. However, the morphology of the MDA-MB-231 cells seeded on PLA 

matrices should be studied to confirm this hypothesis. 

Therefore, PCL-ES scaffolds were selected for further investigation with another aggressive 

cancer, non-small cell lung cancer. 

 

2. Evaluation of polycaprolactone (PCL) scaffolds manufactured by ES 

technology for 3D cell culture of lung CSCs (LCSC) 

The identification of mutations in the EGFR gene revolutionized the treatment of patients 

with EGFRm NSCLC, allowing the introduction of several EGFR-TKIs [49,62]. Nevertheless, 

the therapeutic efficacy of these drugs is limited because most patients develop resistance 

to them [72]. At this point, chemotherapy is the most frequently used therapeutic modality. 

Additionally, most patients with NSCLC are diagnosed at advanced stages of the illness when 

treatment is unsuccessful [19]. NSCLC is also prone to drug toxicity, resistance, and 

malignant migration [20]. Hence, the removal of LCSCs may be a therapeutic strategy to 

avoid treatment resistance, relapse, and metastasis. 

The importance of establishing a 3D culture system for the expansion of this malignant 

population has been discussed in the previous chapter. The results indicated that PCL-ES 

scaffolds were the best option for increasing the BCSC niche compared to other 3D 
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structures [312,392]. PCL is an inexpensive biocompatible polymer widely used in biomedical 

applications and approved by FDA [305–307]. Therefore, in this section, the ability of PCL-ES 

matrices to culture the LCSC population was evaluated in sensitive and resistant EGFRm 

NSCLC cell models. Two polymer concentrations were employed to fabricate these 3D 

platforms: 10% and 15%. 

First, thermal characterization of the PCL-ES scaffolds was performed by TGA, DSC, and DMA 

analysis. The TGA and DSC results were consistent with those found in the literature 

[425,426], and no differences were observed between the 10%- and 15%-PCL-ES structures. 

The stiffness was measured using DMA. As previously mentioned, suitable stiffness of 3D 

platforms is critical for cell attachment, morphology, proliferation, and differentiation [422]. 

PCL-ES scaffolds (4.52-5.40 MPa) proved to be softer than polystyrene surfaces (2100 MPa), 

but stiffer than healthy lung tissue (1.40 kPa) [427,428], which is in agreement with other 

studies [392]. 

Visualization of the microarchitecture of the PCL-ES matrices revealed that the 15%-PCL-ES 

structures had significantly higher fiber diameter, porosity, and pore area than the 10%-PCL-

ES ones. The results obtained depend largely on the solvent used for the solutions’ 

preparation, which in this case was acetone. The use of the same amount of polymer 

dissolved in other solvents resulted in a change in the filament diameter [429]. Besides, a 

porosity of 82% was achieved in the 15%-PCL-ES matrices, similar to the recommended value 

(~90%) to provide adequate space for cell adhesion, migration, and ingrowth into the 

scaffold, as well as optimal nutrient exchange and metabolic elimination [430]. Another 

difference observed was that only 10%-PCL-ES platforms exhibited beads, which reduced 

cell attachment and growth kinetics [431]. Comparing 15%-PLA- and 15%-PCL-ES structures, 

the average filament diameter of PLA-ES scaffolds was approximately four times greater 

than that of PCL-ES ones, but the pore area of PCL-ES was 2.3 times larger than that of PLA-

ES platforms.  

PCL-ES scaffolds were sterilized by overnight ethanol 70% and UV light for 30 minutes. This 

process resulted in a significant increase of approximately 5% in the weight of the PCL-ES 

structures. It has demonstrated that neither of these methodologies individually affects 

nanofiber morphology, molecular weight, or thermal properties [432]. However, Horakova 
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et al. only evaluated ethanol exposure for 30 minutes, whereas the exposure time was 

overnight and both approaches were employed in our study. In contrast, soaking the 3D 

meshes in the medium for 28 days did not cause any variation in their weight. 

PC9 and PC9-GR3 cells were cultured on PCL-ES matrices for 3 and 6 days, and cell 

attachment, proliferation, and morphology were analyzed. EGFRm NSCLC cell models 

exhibited higher cell viability on 15%-PCL-ES platforms than on 10%-PCL-ES ones, probably 

because of the presence of beads [431], and also after 3 days of culture than after 6 days. 

Protein adsorption influences cell-scaffold interactions, which determine cell adhesion and 

proliferation [433], and might be related to these findings. Interestingly, the 3D meshes 

showed significantly greater protein adsorption after 3 days than after 6 days. Moreover, 

the 15%-PCL-ES scaffolds had slightly higher adsorption than the 10%-PCL-ES ones. Although 

different cell models were employed, the cell proliferation of PLA-ES structure-cultured 

MDA-MB-231 cells was considerably higher than that observed in PCL-ES mesh-cultured 

EGFRm NSCLC cells, with the maximum value obtained after 3 days of culture being 

approximately 50% in PC9 cells seeded on 15%-PCL-ES platforms. These results could be 

explained by the fact that PCL fibers do not display roughness, whereas PLA filaments do. 

Fiber roughness improves cell adhesion and proliferation [411] and is critical for the protein 

adsorption capacity, as it increases the surface area for protein binding [434,435]. As 

mentioned in the previous chapter, another reason why cell proliferation in PLA-ES scaffolds 

is higher is the pore area, which is smaller than that of PCL-ES structures. 

In addition, the nucleus and cytoplasm of PC9 cells and the nucleus of PC9-GR3 cells cultured 

on 15%-PCL-ES scaffolds were significantly more elongated than those of the 2D-seeded 

cells. As previously mentioned, changes in cell morphology affect gene and protein 

expression [423,424]. In fact, PC9 cells cultured on 3D structures for 6 days showed lower 

levels of β-actin and γ-tubulin. In PC9-GR3 cells, α- and β-tubulin expression after 3 days of 

culture and γ-tubulin after 6 days increased their expression. These alterations have been 

related to a motile phenotype, tumorigenic activity, chemoresistance, and lower survival in 

patients with NSCLC. Concerning the EGFR status of sensitive and resistant EGFRm NSCLC 

cells seeded on PCL-ES matrices, total EGFR protein expression decreased compared to 

monolayer-cultured cells, which is in concordance with the literature [418]. Nevertheless, 
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EGFR activation remained unchanged, presumably to preserve LCSC characteristics like self-

renewal and pluripotency [436,437].  

Several LCSC markers were investigated to validate whether PCL-ES platforms allow the 

enrichment of the LCSC niche. Both cell models cultured on PCL-ES scaffolds demonstrated 

higher EGFR-TKI resistance, upregulation of different genes and proteins related to the EMT 

process, stemness, and surface markers, and activation of the Hedgehog pathway. Hence, 

the identification of more than three stem cell markers (88) confirmed the expansion of this 

malignant subpopulation in sensitive and resistant EGFRm NSCLC cell models seeded on 

these 3D structures. 

Concretely, PC9 and PC9-GR3 cells cultured on PCL-ES matrices exhibited significantly higher 

resistance to osimertinib, caused by the LCSC population [223], and enhanced levels of the 

multi-drug efflux pump ABCB1, which is associated with poor response to therapy [438,439]. 

Regarding the EMT process, there was upregulation of Vimentin, SNAIL, and TWIST and 

downregulation of E-cadherin. EMT activation induces resistance to treatment in cancer cells 

through the upregulation of ATP-binding cassette transporters such as ABCB1 [218]. 

Additionally, NSCLC cancer cells can change their dependence from EGFR to AXL receptor 

owing to the EMT process, producing resistance to EGFR-TKIs [440]. SNAIL is responsible for 

generating CSCs and initiating metastasis in breast cancer [441]. Both cell models seeded on 

PCL-ES platforms displayed increased levels of SOX2 and Oct-4A and activation of Sox2. 

Although Sox2 has been described as a regulator of self-renewal and pluripotency 

independent of Oct-4 and Nanog [442] and has been associated with EGFR-TKI resistance 

[222], Oct-4 can cause gefitinib resistance by modulating CSC properties in EGFRm NSCLC 

cells [443]. Guo et al. reported that Snail regulates the promotion of the EMT process and 

cancer stemness [444]. PCL-ES-cultured cells also demonstrated activation of the Hedgehog 

pathway, which supports the EMT process and drug resistance [445,446]. EGFR and the 

Hedgehog pathway can co-stimulate several LCSC markers, such as Sox2 [447]. Concerning 

surface markers, there was upregulation of CD166 and decreased CD133 protein expression. 

Different studies reported that CD166+ cells overexpressed Sox2 and Oct-4A, communicated 

with the Hedgehog pathway [198], and increased Vimentin, Snail, and Twist in NSCLC cells 

[448]. Regarding CD133, different researchers have obtained contradictory results, and 
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some have reported no difference between CD133+ and CD133- cells [192,193,195,449–

451]. However, none of these studies considered the mutational status of oncogenes. 

Therefore, this variability in the results could be due to the inherent heterogeneity of NSCLC.  

Although both 3D platforms allowed the expansion of LCSCs, the 15%-PCL-ES scaffolds were 

a better 3D cell culture system than the 10%-PCL-ES ones, which is in agreement with 

previous findings using breast cancer cells [312]. The 15%-PCL-ES matrices were bead-free, 

exhibited higher cell adhesion, elongation, and proliferation, and some LCSC markers were 

upregulated only in the 15%-PCL-ES structures. Moreover, changes due to 3D culture, mainly 

in the EMT process and stemness and pluripotency abilities, were observed in PC9-GR3 cells 

after 6 days of culture, whereas in PC9 cells, these variations were already visible after 3 

days. EGFR-TKI resistance has been associated with the EMT process and the abilities of 

stemness and pluripotency. Hence, resistant EGFRm NSCLC cells may already have a baseline 

overexpression of these characteristics, and additional days are required to visualize the 

differences between 2D- and 3D-culture. 

In addition, vimentin and CD133 expression were analyzed in tumor biopsies from 36 

patients with EGFRm NSCLC. Patients with vimentin expression tended to have low PFS, 

which is in agreement with other studies [452,453]. In contrast, patients with CD133 non-

expression had low OS, disease progression, distant metastasis, and a poor degree of 

histological differentiation. To the best of our knowledge, basal CD133 expression levels in 

patients with EGFRm NSCLC have not been explored previously. Similar to the in vitro results, 

different investigations found contradictory results in the use of CD133 as a prognostic 

marker for patients with NSCLC [454–457]. Thus, our study highlights the importance of 

reviewing LCSC biomarkers because the mutational status has been shown to determine the 

presence of these markers. 

Therefore, the results observed in the patients’ biopsies reinforce the PCL-ES scaffolds as a 

suitable 3D culture system for culturing sensitive and resistant EGFRm NSCLC cells, which is 

consistent with the in vitro findings. In addition to expanding LCSCs, these 3D structures 

allow the cells to behave similarly to the physiological environment; therefore, the findings 

made, whether it is the testing of a new drug or the discovery of a new biomarker, will have 

higher reliability. 
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3. Inhibition of FASN as a new therapeutic strategy for the treatment of 

EGFRm NSCLC 

The deregulation of cellular energy metabolism has been established as a hallmark of cancer 

[6]. In cancer, lipids are involved in multiple processes, such as tumorigenesis, cell survival, 

proliferation, migration, invasion, and metastasis, and they play a key role in the post-

translational modification of proteins [340,341]. FASN is a fundamental enzyme for de novo 

lipogenesis [338], and its overexpression and/or hyperactivation have been reported as a 

resistance mechanism in cancer cells [339]. Additionally, the upregulation of FASN has been 

related to the ability to grow in anchorage-independent conditions [458], a trait associated 

with the CSC population [173,174]. Although there are many unresolved questions about 

the relationship between EGFRm and FASN, Ali et al. reported that palmitoylation of EGFRm 

was essential for the survival of resistant EGFRm NSCLC cells [373]. As mentioned previously, 

the efficacy of EGFR-TKIs is limited because most patients develop resistance to treatment 

[72]. CSCs are responsible for tumor relapse, progression, metastasis, and therapy resistance 

[167–170]. Hence, the inhibition of FASN, alone or in combination with EGFR-TKIs, may be a 

therapeutic approach for sensitive and resistant EGFRm NSCLC cells and the removal of 

LCSCs. 

Specifically in this chapter, in addition to the sensitive model — PC9 cells —, three PC9-

derived resistant cell models — PC9-GR1, PC9-GR3, and PC9-GR4 cells — were used. PC9-

GR1 and PC9-GR4 exhibit resistance to gefitinib treatment. Both cell models harbor the 

secondary T790M mutation and show EphA2 activation. Moreover, PC9-GR1 possesses Axl 

overexpression, whereas PC9-GR4 demonstrates MET activation. In contrast, PC9-GR3 cells 

are resistant to treatment with gefitinib and osimertinib, but the cell model does not harbor 

the T790M mutation and possesses Bcl-2 overexpression [106]. 

First, gene and protein levels of FASN were determined in sensitive and resistant EGFRm 

NSCLC cell models. Resistant cells exhibited significantly higher FASN protein expression 

than sensitive cells, which is in agreement with the literature [373]. These findings suggest 

the contribution of FASN in the acquisition of EGFR-TKI resistance. 
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Previous studies observed that other FASN inhibitors, such as cerulenin or TVB-3166, caused 

cytotoxic effects in sensitive and cisplatin-resistant NSCLC cells [377,459]. Thus, the 

cytotoxicity of three different compounds — EGCG, G28, and AZ12756122 — was analyzed 

in sensitive and resistant EGFRm NSCLC cell models. The compounds displayed cytotoxic 

effects in all cell models. Concretely, the IC50 values of the natural polyphenolic compound 

EGCG ranged from 75 to 90 µM; its derivative G28 oscillated from 12 to 18 µM; and the 

synthetic compound AZ12756122 fluctuated from 45 to 77 µM. Hence, G28 demonstrated a 

more potent cytotoxic effect than the other compounds, as lower concentrations were 

needed to produce the same cytotoxicity. Regarding the G28 compound, PC9-GR3 cells were 

significantly more resistant to the treatment than the other cell models, probably because 

of the Bcl-2 overexpression showed only by PC9-GR3 cells. Schroeder and coworkers 

revealed that FASN inhibition elevated levels of pro-death proteins, but did not decrease the 

high expression of Bcl-2, a pro-survival protein, in breast cancer cells [460]. Pro-death 

protein levels must be higher than pro-survival proteins for cells to enter apoptosis. This 

would explain why higher concentrations of G28 were required to cause cytotoxic effects on 

PC9-GR3 cells. In contrast, the AZ12756122 IC50 value of PC9-GR3 cells was significantly lower 

compared to PC9-GR1 and PC9-GR4 cells. The T790M+ cell models displayed EphA2 

activation, which lead to lipogenesis, lipid accumulation, and tumor growth [461]. These 

results suggest that the response of FASN inhibitors was influenced by the distinct cellular 

resistance mechanisms, but was not determinative. Furthermore, G28 treatment barely 

provoked PARP cleavage in any cell model, whereas EGCG and AZ12756122 compounds 

induced apoptosis only in PC9, PC9-GR1, and PC9-GR3. These findings suggest that the 

treatment with G28 in all cell models and the treatment with EGCG or AZ12756122 in PC9-

GR4 cells caused suppression of cell viability in an apoptosis-independent manner, as 

observed in NSCLC cells treated with low doses of resveratrol, which inhibited cell growth by 

overexpression of p53 and p21, ROS levels, or double-stranded DNA breaks [462]. 

The ability to inhibit the FASN activity of the three compounds was also tested. Previous 

investigations reported that Orlistat suppressed FASN activity in H1975 cells, but not in 

H3255 and PC14, suggesting that this drug was only useful in cells harboring the secondary 

T790M mutation [463]. In contrast, G28 and AZ12756122 decreased the activity in both 
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sensitive and resistant EGFRm NSCLC cell models, independently from the presence of the 

T790M mutation. A higher FASN suppression was obtained with G28 than with AZ12756122, 

particularly in PC9-GR3 cells. However, EGCG was able to reduce FASN activity only in PC9 

cells. The capacity of the natural compound to inhibit the enzyme was 5.5 times less effective 

than its derivative. Thus, the anti-tumor effect of EGCG is independent of FASN inhibition in 

GR models. Previous studies demonstrated that EGCG could suppress FASN activity in wild-

type EGFR NSCLC cells [381]. Nevertheless, EGCG has multiple targets and is involved in many 

signaling pathways, including TK receptors, among others [464]. For example, Ma and 

colleagues described that the anti-cancer effect of EGCG was due to the inhibition of EGFR 

signaling in NSCLC cells [465].  

The molecular effect caused by the compounds on FASN, EGFR, and STAT3 was investigated 

in sensitive and resistant EGFRm NSCLC cells. AZ12751622 treatment reduced FASN protein 

expression in all cell models, while G28 and EGCG only decreased FASN levels in T790M+ cell 

models. Orita et al. observed that the inhibition of FASN activity did not result in a reduction 

of its protein levels [361]. Hence, FASN inhibition does not imply the reduction of its protein 

levels. Interestingly, gefitinib treatment diminished gene and protein expression of FASN in 

PC9 cells, which is in concordance with the literature [373]. 

A previous study demonstrated that EGCG reduced FASN and EGFR protein levels in wild-

type EGFR NSCLC cells [381]. Nonetheless, our findings revealed that EGCG slightly increased 

phosphorylated and total EGFR levels in sensitive cells, while in T790M+ cell models, 

phosphorylated and total levels were decreased. Thus, these results indicate that the 

resistance mechanisms influence the molecular action of EGCG. In contrast, G28 elevated 

EGFR activation in PC9 cells, but no changes were observed in GR cell models. These data 

suggest that PC9 cells enhanced EGFR activation as a strategy to overcome FASN inhibition. 

AZ12751622 treatment upregulated EGFR protein expression in T790M+ cells, but 

diminished EGFR activation in all cell models. In fact, AZ12756122 and EGCG similarly 

decreased EGFR activation compared to EGFR-TKIs in GR cell models. Ali and coworkers 

reported that EGFR silencing significantly reduced FASN in sensitive and resistant EGFRm 

NSCLC cells [373]. Taken together, these data suggest that EGFRm is directly involved in FASN 
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regulation. Moreover, FASN inhibitors may also affect EGFR as an off-target effect; however, 

resistance mechanisms have a relevant role in this regard, as previously mentioned.  

The persistent STAT3 activation shown as a response to EGFR-TKI therapy, which is in 

agreement with the literature [99], has been reported as a mechanism of resistance [95]. 

Overall, phosphorylated levels of STAT3 remain unchanged in GR cell models after the 

treatment with FASN inhibitors, so it would not be a strategy used by cancer cells to mitigate 

the treatment with the compounds. However, EGCG reduced STAT3 activation only in PC9 

cells. Previous studies described EGCG as a STAT3 inhibitor in colorectal carcinoma [466], 

pancreatic cancer [467], and head and neck carcinomas [468]. In contrast, the expression of 

FASN, EGFR, and STAT3 remained unchanged in PC9-GR3 cells. Hence, the cytotoxic effect 

observed by EGCG treatment could be a consequence of the inhibition of Axl [469], a protein 

that is overexpressed in this cell model. 

In addition, the molecular effects of AZ12756122 on the AKT/PRAS40 and MAPK signaling 

pathways were studied. AZ12756122 decreased the activation of AKT and PRAS40 in all cell 

models. Similar findings were displayed using other FASN inhibitors, such as EGCG [381,465], 

C75 [381], or TVB-3166 [459], in NSCLC cells. Therefore, the diminishment in EGFR activation 

led to the suppression of the AKT/mTOR signaling pathway, resulting in the downregulation 

of SREBP-1c, a primary regulator of FASN [470]. Consequently, FASN levels also decreased. 

MAPK signaling was reduced after all treatments only in the PC9-GR3 cells. No changes were 

found in the other cell models. These results may also explain why PC9-GR3 cells are more 

sensitive to treatment with AZ12756122 than T790M+ cells. Contradictory results have been 

demonstrated in the literature [106,381,471] since FASN inhibition does not always result in 

the suppression of this signaling pathway. Nevertheless, constant activation of MAPK has 

been related to the induction of apoptosis in NSCLC cells [472]. 

The increased production of palmitate has been associated with the survival of EGFR-TKI 

resistant EGFRm NSCLC cells [373] and variations in the responsiveness of anti-cancer 

therapies [473]. The combination of treatments is a well-established approach to 

overcoming the resistance to the EGFR-TKIs [471]. Hence, EGCG, G28, or AZ12756122 were 

combined with gefitinib in T790M+ cell models and with gefitinib and osimertinib in PC9-

GR3 cells. Previous investigations revealed that EGCG and its derivative exhibited synergism 
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with drugs against the ErbB family, such as cetuximab or pertuzumab, in breast cancer cell 

lines [390,391]. Although synergistic interactions were obtained with combinations of G28 

with EGFR-TKIs and AZ12756122 with osimertinib, their molecular action in PC9-GR3 cells 

did not inhibit STAT3 activation. Nonetheless, the reduction of AKT, PRAS40, and MAPK was 

achieved with the combinatorial treatment of AZ12756122 and osimertinib. Jacobsen and 

colleagues found a synergistic effect combining EGFR-TKIs and AKT inhibitors in resistant 

EGFRm NSCLC cells, however, sustained AKT and MAPK activation were observed with the 

combinatorial treatment [106]. Therefore, combining FASN and EGFR inhibition may be a 

suitable approach to suppress the activation of these signaling pathways, which are crucial 

in EGFR-TKI resistance.  

Although multiple novel therapies against LCSCs have been assessed [474,475], there is no 

approved treatment for this malignant population. The G28 compound demonstrated the 

capacity to decrease the CSC niche in sensitive and resistant TNBC cells [393]. Thus, FASN 

inhibition was evaluated as a therapeutic strategy against the LCSC population in sensitive 

and resistant EGFRm NSCLC cell models. The treatment with AZ12751622 compound 

resulted in a significant reduction of sphere and colony formation index, two common 

features of LCSCs [173–175]. Other researchers reported that FASN inhibition diminished 

the migration and invasion abilities [471], and clonogenicity [459] in NSCLC cells. Tiong et al. 

described that the inhibition of SREBP-1, the major regulator of FASN, led to a reduction of 

the CSC niche in cisplatin-resistant NSCLC cells [459]. As previously mentioned, treatment 

with AZ12756122 decreased the activation of the EGFR/AKT/mTOR signaling pathway, which 

is related to this malignant subpopulation [167,392]. Therefore, the results lead to the 

hypothesis that FASN inhibition and the suppression of this signaling pathway cause the 

death of LCSCs. 

To confirm in vitro findings, FASN expression of tumor samples from patients with NSCLC 

harboring EGFR-sensitizing mutations was assessed. Several researchers reported that FASN 

expression was greater in lung tumor tissues than in normal bronchus and adjacent tissues 

[361,362,476]. Nonetheless, the mutational status of oncogenes, such as EGFR, was not 

considered. Thus, FASN expression from samples of lung adenocarcinoma showed high 

variability between studies, oscillating from approximately 22% to 81% [354,361,363]. To 
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the best of our knowledge, this is the first research to provide standard levels of FASN tumor 

expression from patients with EGFRm NSCLC. The findings obtained revealed that patients 

with FASN expression tended to respond better to first-generation EGFR-TKIs and exhibited 

a longer mPFS. Furthermore, FASN expression was significantly associated with longer mPFS 

in patients who responded to the treatment with first-generation EGFR-TKIs. These results 

imply that FASN expression at baseline may play a key role in a better outcome in patients 

with NSCLC harboring EGFR-activating mutations. Our findings and other investigations [373] 

have indicated that the treatment with gefitinib reduced mRNA and protein expression of 

FASN exclusively in the sensitive cell model, i.e., PC9 cells. Different studies have 

demonstrated that (1) EGFRm regulates FASN expression to palmitoylate the receptor and 

localizes it in the cell membrane of PC9 cells [373,477], and (2) the inhibition of FASN leads 

to EGFR ubiquitination [373]. All together suggests that first-generation EGFR-TKI treatment 

exhibits a dual effect: suppressing EGFR activation and downregulating FASN expression. For 

this reason, the response to EGFR-TKI therapy, median PFS, and median PFS in relation to 

the response to EGFR-TKI treatment were superior in tumor samples from biopsies of 

patients with FASN+ NSCLC harboring EGFR-sensitizing mutations. 

Therefore, FASN inhibition is an encouraging approach for the treatment of sensitive and 

resistant EGFRm NSCLC. Additionally, the combination of FASN and EGFR suppression arises 

as a therapeutic strategy to overcome resistance to EGFR-TKIs. Patients with NSCLC with 

EGFR-sensitizing mutations and FASN expression showed a better response to first-

generation EGFR-TKIs. Hence, FASN expression should be evaluated before deciding the 

treatment line for these patients. Nonetheless, further studies are needed to confirm the 

efficacy of FASN inhibition in the treatment of patients with EGFRm NSCLC, either alone or 

in combination with EGFR-TKIs. 

 

4. Concluding remarks 

New strategies for the study and treatment of aggressive cancers, such as TNBC and EGFRm 

NSCLC, were explored in this study. Specifically, it has explored (1) 3D culture for CSC 
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expansion and (2) FASN inhibition as a therapy against this malignant population responsible 

for therapy resistance, tumor relapse, and metastasis. 

First, PLA scaffolds were established as a suitable 3D cell culture system, especially those 

manufactured by electrospinning, because of their fibers, which were similar to those of the 

ECM, and because they allowed rapid cell proliferation. Nevertheless, the PLA-ES structures 

did not expand BCSCs. Hence, PCL-ES meshes were explored for LCSC enrichment in sensitive 

and resistant EGFRm NSCLC cell models. These 3D supports proved to be a useful tool to 

expand LCSCs, showing an increase in multiple markers related to this population, such as 

higher EGFR-TKI resistance and upregulation of different genes and proteins related to the 

EMT process, stemness, and surface markers, and activation of the Hedgehog pathway. 

Additionally, the results observed in the tumor samples from patients reinforced the use of 

PCL-ES scaffolds as a trustworthy 3D cell culture platform. 

Second, FASN inhibition proved to be a promising approach for the treatment of sensitive 

and resistant EGFRm NSCLC cells. Treatment with the compounds produced similar cytotoxic 

effects in all cell models, regardless of their resistance to EGFR-TKIs. However, only G28 and 

AZ12751622 suppressed FASN activity, highlighting the off-target cytotoxic effects of EGCG 

independent of FASN inhibition. Moreover, the combination of G28 or AZ12756122 with 

EGFR-TKIs in resistant cell models resulted in synergistic interactions, overcoming resistance 

to EGFR-TKIs, and even inhibiting the EGFR/AKT/mTOR signaling pathway. Finally, FASN 

suppression caused a reduction in the LCSCs population. Interestingly, in vitro and patient 

sample-derived results revealed that NSCLC tumors with EGFR-sensitizing mutations and 

FASN expression showed a better response to first-generation EGFR-TKIs. Hence, first-

generation EGFR-TKI treatment could have a dual effect: inhibition of EGFR activation and 

downregulation of FASN expression. 

In addition, this investigation highlights the importance of the mutational status of 

oncogenes, such as EGFR, as it influences the behavior of cancer cells. For example, the need 

to reassess surface markers related to LCSCs, such as CD133, or FASN expression in tumor 

samples, has been raised. 
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Thus, this research provides a tool for in vitro research to study LCSCs and a biomarker to 

eliminate this malignant population. Furthermore, FASN inhibition has been introduced as a 

therapeutic strategy in sensitive and resistant EGFRm NSCLC. 

  

5. Limitations of the study 

There are some limitations inherent to a thesis, such as the time and material resources 

available or the possibility of performing certain techniques. There are also those specific to 

the study, such as the scarce literature on lung cancer metabolism that considers the 

mutational state of the cells. However, there were other limitations derived from the 

experimental design.  

One of the most complex points is the choice of cell lines. In the first chapter, only the MDA-

MB-231 cell line, which has a mesenchymal phenotype, was used. Therefore, it is advisable 

to perform the same experiment using other TNBC lines with a basal phenotype, such as the 

MDA-MB-468 cell model, to correctly evaluate whether PLA is a good material for expanding 

BCSCs. In the second and third chapters, only the PC9 cell line and derived resistant lines 

were used. Thus, other cell lines, such as NCI-H1650 or NCI-H1975, should be used to 

understand more precisely what is happening and draw more relevant conclusions. 

The extrapolation of results from breast cancer to lung cancer is another critical point. The 

behavior and needs of each cell type are different, and it could be that PLA scaffolds may be 

useful for expanding the LCSC population or conversely, that they are not even a suitable 

tool for 3D culture, as has been observed in TNBC. 

Another limitation is the selection of scaffolds. Other parameters could have been tested for 

the FFF structures, such as nozzle diameter, or other values of the parameters already 

selected to design the different configurations. Moreover, for ES meshes, screening of the 

solvents used to prepare the polymer solution should be performed because it directly 

influences the fiber diameter and filament roughness. Therefore, changing the solvent can 

modify the obtained results. 
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Another issue is the method of scaffold sterilization. In the second chapter, it was shown 

that sterilization increased the weight of the 3D structure. Therefore, other methodologies 

for sterilizing 3D supports should be investigated further. 

Furthermore, additional experiments should be to obtain more robust conclusions, such as 

the use of another technique to analyze the CSC population, including the identification of 

CSC markers by flow cytometry, or the implantation of scaffolds in mice to determine their 

tumorigenic capacity. It is necessary to elucidate the mechanism of action of EGCG and G28, 

to complement the in vitro results with in vivo experiments, and to compare our FASN 

inhibitors with known inhibitors such as C75 or Orlistat. 

 Finally, regarding patient tumor samples, the population sample should be increased. This 

study had some limitations that may have influenced the results. First, it was a retrospective 

investigation, with the biases that this entails. Second, the number of samples with sufficient 

tissue for IHC was lower than that expected. Third, some tumor samples were relatively old, 

which may have influenced IHC results. 

 

6. Future perspectives 

The findings obtained in this thesis lead to the proposal of future research to study 3D 

culture for the expansion of LCSCs and the inhibition of FASN as a therapeutic target in 

sensitive and resistant EGFRm NSCLC tumors as well as in the LCSC population. 

Future investigations should focus on exploring the activity and expression of FASN and its 

related signaling pathways in 3D-cultured cells. Thus, FASN inhibition could be studied to 

reduce the expansion of LCSCs achieved with 3D culture if FASN upregulation is found. 

As previously mentioned, the results obtained from breast cancer were extrapolated to lung 

cancer. Thus, it is possible that the fabrication of 3D structures using other materials or 

techniques could allow for a higher enrichment of LCSCs. 

The mechanism of action of G28 also needs to be further elucidated, as the findings obtained 

were very promising. Therefore, different signaling pathways, such as PI3K/AKT/mTOR or 

MAPK, should be investigated for their effects in different cell models and related to 
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resistance mechanisms. Pharmacological interactions with other EGFR-TKIs widely used in 

the clinic, such as erlotinib or afatinib, should also be explored. 

Finally, the cohort of patients should be expanded to verify the results. Furthermore, it 

would be interesting to examine the role of FASN before and after treatment with EGFR-

TKIs, since its elevated expression has been related to treatment resistance.  
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I. Evaluation of poly(lactic acid) (PLA) scaffolds for 3D cell culture of breast 

CSC (BCSC) 

a) PLA scaffolds are suitable 3D cell culture systems for MDA-MB-231 TNBC cells. 

b) MDA-MB-231 TNBC cells cultured on PLA-FFF scaffolds with small pores exhibited 

higher cell proliferation values. 

c) The parameters infill density and infill direction had a significant influence on cell 

proliferation, with optimal values of 70% and 45°, respectively. 

d) The PLA-FFF scaffold with the optimal theoretical values, SS1, showed the highest 

cell proliferation compared to the initial 27 PLA-FFF matrices and SS2, validating the 

Taguchi experimental design.  

e) MDA-MB-231 TNBC cells cultured on the SS1 scaffold significantly increased BCSCs 

at short culture times. 

f) ES scaffolds from 12% and 15% PLA solutions showed similar microarchitecture, and 

consequently, MDA-MB-231 cells cultured on both PLA-ES scaffolds for 3 and 6 days 

exhibited similar cell proliferation rates.  

g) MDA-MB-231 cells cultured on 15%-PLA platforms did not show changes in most of 

the BCSC markers analyzed, including EMT markers and mammosphere formation 

capacity. 

h) PLA-FFF scaffolds had approximately 60 times thicker fibers and around 180 million 

times larger pore area than PLA-ES scaffolds. 

i) MDA-MB-231 cells cultured on PLA-FFF scaffolds exhibited a lower cell proliferation 

than those cultured on PLA-ES structures. PLA-ES scaffolds exhibited higher cell 

adhesion and proliferation than PLA-FFF matrices, even considering the SS1 PLA-

FFF scaffold design. 

j) PLA scaffolds did not expand the BCSC population as effectively as PCL structures. 
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II. Evaluation of polycaprolactone (PCL) scaffolds manufactured by ES 

technology for 3D cell culture of lung CSCs (LCSC) 

a) PCL-ES scaffolds are suitable 3D cell culture systems for sensitive and resistant 

EGFRm NSCLC cells, specifically the PC9 and PC9-GR3 cell models. 

b) PCL-ES structures were stiffer than healthy lung tissue, but softer than polystyrene 

surfaces.  

c) The 15%-PCL-ES scaffolds had a significantly higher fiber diameter, porosity, and 

pore area than the 10%-PCL-ES ones. Moreover, only 10%-PCL-ES platforms 

exhibited beads.  

d) The sterilization process using overnight ethanol 70% and UV light for 30 minutes 

resulted in a significant increase of approximately 5% in the weight of the PCL-ES 

scaffolds. However, soaking the 3D meshes in the medium for 28 days did not cause 

any variation in their weight.  

e) PC9 and PC9-GR3 cell models exhibited higher cell viability and greater elongation 

on 15%-PCL-ES scaffolds than on 10%-PCL-ES ones. 

f) PC9 and PC9-GR3 cells cultured on PCL-ES matrices showed reduced levels of total 

EGFR expression, but phosphorylated levels remained unchanged, presumably 

contributing to the preservation of LCSC features.  

g) PC9 and PC9-GR3 cells seeded on PCL-ES scaffolds demonstrated enrichment of 

LCSCs. Specifically, higher EGFR-TKI resistance, upregulation of different genes and 

proteins related to the EMT process, stemness, and surface markers, and activation 

of the Hedgehog pathway. 

h) The 15%-PCL-ES scaffolds were a better 3D cell culture system than the 10%-PCL-

ES ones. 

i) The resistant cell model required more time on 3D culture to expand its LCSC 

population than the sensitive one.  

j) The non-expression of CD133 surface maker was related to lower OS, disease 

progression, distant metastasis, and a poor degree of histological differentiation, 

traits directly associated with the LCSC niche. 

k) Mutational status of oncogenes determines the presence of LCSC markers. 
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l) In addition to expanding LCSCs, PCL-ES scaffolds allow EGFRm NSCLC cells to behave 

similarly to the physiological environment. 

 

III. Inhibition of FASN as a new therapeutic strategy for the treatment of 

EGFRm NSCLC 

a) FASN inhibition is a promising therapeutic approach for the treatment of patients 

with EGFRm NSCLC, both sensitive and resistant to the EGFR-TKIs. 

b) EGFR-TKI resistant cells exhibited significantly higher FASN protein expression than 

sensitive cells. 

c) G28 demonstrated a more potent cytotoxic effect than the other compounds, as 

lower concentrations were needed to produce the same cytotoxicity 

d) FASN inhibitors did not always cause cell death by apoptosis, but in some cell 

models occurs a suppression of cell viability in an apoptosis-independent manner. 

e) G28 and AZ12756122 decreased the activity in both sensitive and resistant EGFRm 

NSCLC cell models. However, the anti-cancer effect of EGCG is independent of FASN 

inhibition in GR models, since it was able to reduce it only in PC9 cells.  

f) FASN inhibitors may also affect EGFR as an off-target effect. 

g) The resistance mechanisms found in the GR cell models influence the molecular 

action of the compounds, particularly EGCG. 

h) AZ12756122 compound decreased EGFR activation leading to the suppression of 

the AKT/mTOR signaling pathway, resulting in the downregulation of FASN. Hence, 

EGFRm seems to be directly involved in the regulation of FASN. 

i) Synergistic interactions were obtained with combinations of G28 with EGFR-TKIs 

and AZ12756122 with osimertinib. 

j) The double inhibition of FASN and EGFR may be a suitable approach to suppress 

the activation of AKT/mTOR and MAPK signaling pathways.  

k) FASN inhibition reduced the LCSC population in sensitive and resistant EGFRm 

NSCLC cells.  
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l) Patients with FASN expression tended to respond better to EGFR-TKIs and exhibited 

a longer mPFS. Furthermore, FASN expression was significantly associated with 

longer mPFS in patients who responded to the treatment with EGFR-TKIs. 
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