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CTL  Control 

CTLA-4 Cytotoxic T-lymphocyte antigen 4 

CTR1 Copper transporter 1  

CXCL10 CXC-chemokine ligand 10  

CYP1A2 Cytochrome P450 Family 1 Subfamily A Member 2 

D 
 

DAB 3,3ʹ-Diaminobenzidine 

DAI Z-DNA-Binding Protein 1 

DAMP Damage-Associated Molecular Patterns 

DAPI 4ʹ,6-Diamidine-2ʹ-Phenylindole Dihydrochloride 

DC Dendritic Cell 

DCLK1 Doublecortin-like kinase 1  

DDX5 DEAD-Box Helicase 5  

dFdCDP Gemcitabine Diphosphate  

dFdCTP Gemcitabine Triphosphate  

dH2O Distilled H2O  

DIABLO Direct Inhibitor of Apoptosis Protein (IAP)-Binding Protein with Low 

Pi 

DISC Death-Inducing Signaling Complex  
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DMEM Dulbecco’s Modified Eagle’s Medium  

DMSO  Dimethyl Sulfoxide 

DNMT1 DNA methyltransferase 1  

DR Death Receptor 

DSB Double-Strand Breaks  

DTT Dithiothreitol 

E 
 

EBUS Endobronchial ultrasound  

ECACC European Collection of Authenticated Cell Cultures  

EDC 1-Ethyl-3-(3-Dimethylaminopropyl)-Carbodiimide  

EF2 Elongation Factor 2  

EGFR Epidermal Growth Factor Receptor 

Egr-1 Early Growth Response 1  

ELISA Enzyme-Linked Immunosorbent Assay  

EMT Epithelial-Mesenchymal Transition 

ERCC1 Excision Repair Cross-Complementing 1  

ERK Extracellular Signal-Regulated Kinase  

ESCAT ESMO Scale for Clinical Actionability of Molecular Targets 

ESMO European Society for Medical Oncology 

ES-SCLC Extensive Stage-Small-Cell Lung Cancer  

EUS Endoscopic ultrasound 

F 
 

FA Fraction Affected 

FADD Fas-associated Death Domain  

Fas Death receptor CD96  

FasL Fas ligand 

FBS Fetal Bovine Serum  

FDA Food and Drug Administration 

FOXC1 Forkhead box C1 protein 

FOXO1 Forkhead Box Protein O1  
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FOXO3a Forkhead Box Protein O3a  

G 
 

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase 

Gem Gemcitabine 

GLUT1 Glucose Transporter 1 

GPX4 Glutathione Peroxidase 4  

GSDMD Gasdermin D 

GSK-3β Glycogen Synthase Kinase 3 Beta  

GTP Guanosine Triphosphate 

H 
 

H3T3 Histone 3 on Thr3  

HBS-P 4-(2-hydroxyethyl)-1-Piperazineethanesulfonic Acid (HEPES)-

Buffered Saline 0.005% P20 

HBXIP Hepatitis B X-Interacting Protein  

HDAC TRIB1/histone deacetylase  

HDAC6 Histone Deacetylase 6 

H-E Hematoxylin-Eosin  

HEPES 4-(2-Hydroxyethyl)-1-Piperazineethanesulfonic Acid 

HER2 Human Epidermal Growth Factor Receptor 2  

hFAM Ubiquitin Carboxyl-Terminal Hydrolase 9X 

HIF-1α Hypoxia-Inducing Factor 1Α  

HIV Human Immunodeficiency Virus  

HLA Human Leukocyte Antigen  

HMGB1 High-Mobility Group Box 1  

HNSCC Head And Neck Squamous Cell Carcinoma 

HPC Hematopoietic Progenitor Cells 

Hrk Activator of Apoptosis Harakiri  

HRP Horseradish Peroxidase  

hsp Heat Shock Protein 

HTS High Throughput Screening  



20 
 

HTVS High-Throughput Virtual Screening  

HUVEC Human Umbilical Vein Endothelial Cell 

I 
 

IAP Inhibitor Of Apoptosis Protein  

IC50 Half-Maximal Inhibitory Concentration 

ICAD Inhibitor Of Caspase-Activated Deoxyribonuclease 

ICB Immune Checkpoint Blockers  

ICI Immune-Checkpoint Inhibitor 

IFN Interferon 

IgG Immunoglobulin G 

IKBKB Inhibitor Of Nuclear Factor Kappa B Kinase Subunit B 

IKK Inhibitor of NF-κB Kinase 

ILP2 IAP-like protein 2  

IMB IAP Binding Motif 

INCENP Inner Centromere Protein  

IR Irradiation 

J 
 

JAK Janus Kinase 

K 
 

KD  Binding Constant 

KEAP1 Kelch-like ECH-associated protein 1  

KRAS Kirsten Rat Sarcoma Viral Oncogene  

L 
 

LAC Latin America and the Caribbean 

LAP Laryngeal Adductor Paralysis 

LEF Lymphoid Enhancer-Binding Factor  

LLC Lewis Lung Carcinoma 

LMP Lysosomal Membrane Permeabilization  

LPCAT3 Lysophosphatidylcholine Acyltransferase 3 
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LPS Lipopolysaccharide 

LRP Lung Resistance Proteins  

LRR Leucine-Rich Repeat 

M 
 

MACC1 Metastasis Associated in Colon Cancer 1 

MAPK Mitogen-Activated Protein Kinase 

MAPKK MAPK Kinase 

MAPKKK MAPK Kinase Kinase 

MCBS Medicare Current Beneficiary Survey 

MCL-1 Myeloid Cell Leukemia 1 

MDM2 Mouse Double Minute 2 Homolog 

MDR Multi-Drug Resistance  

MET MET proto-oncogene 

MGMT O6-methylguanine-DNA methyltransferase  

MIF Macrophage Migration Inhibitory Factor 

miRNA micro-RNA  

MKK3 Mitogen-activated Protein Kinase Kinase 3 

MKK6 Mitogen-activated Protein Kinase Kinase 6 

MLC Myosin Light Chain  

ML-IAP Melanoma IAP  

MLKL Mixed-Lineage Kinase Domain-Like 

MOMP Mitochondrial Outer Membrane Permeabilization  

mRNA Messenger RNA  

MRP Multidrug Resistance Proteins  

MTT 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide 

N 
 

NADPH Nicotinamide Adenine Dinucleotide Phosphate  

NaF Sodium Fluoride  

NAPDH Nicotinamide Adenine Dinucleotide Phosphate 

NaVO4 Sodium Orthovanadate  
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NCCD Nomenclature Committee on Cell Death  

NEAA Non-Essential Amino Acids Solution  

NFE2L2 NFE2 like bZIP Transcription Factor 2 

NF-κB Nuclear Factor-Kappa B  

NHS N-Hydroxy Succinimide 

NIAP Neuronal IAP  

NICD Notch Intracellular Domain  

NLR Nod-like receptor 

NLR Nod-like Receptor  

NMR Nuclear Magnetic Resonance 

Noxa Oxidase Activator 

NSCLC Non-Small-Cell Lung Cancer  

NSG NOD Scid Gamma  

NTRK Neurotrophic Tyrosine Receptor Kinase  

O 
 

OS Overall Survival  

P 
 

P Phosphate 

p70S6K Ribosomal Protein S6 Kinase Beta-1  

Pac Paclitaxel 

PAGE Polyacrylamide Gel Electrophoresis  

PAMP Pathogen-Associated Molecular Patterns  

PARP Poly [ADP-Ribose] polymerase  

PARP Poly(ADP-Ribose) Polymerase 

PBS Phosphate-Buffered Saline  

PCI Prophylactic Cranial Irradiation 

PD-1 Programmed Cell Death Protein 1 

PDAC Pancreatic Ductal Adenocarcinoma  

PDB Protein Data Bank 

PD-L1 Programmed Cell Death Ligand 1 
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PE Phycoerythrin 

PECAM Platelet Endothelial Cell Adhesion Molecule  

PET Positron Emission Tomography 

PFA Paraformaldehyde 

PFS Progression-Free Survival 

PFU Plaque-Forming Units 

PGAM5 Phosphoglycerate Mutase Family Member 5  

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase  

PIK3CA Phosphatidylinositol-4,5-biphosphate 3-kinase catalytic subunit 

alpha  

PKA Protein Kinase A  

PLK1 Polo-like Kinase 1  

PLOOH Phospholipid Hydroperoxides 

PMN Polymorphonuclear 

PMSF Phenylmethylsulfonyl Fluoride  

PP2A Protein Phosphatase 2A  

PRR Pattern Recognition Receptors  

PS Performance Status 

PS Phosphatidylserine 

PUMA p53 Upregulated Modulator of Apoptosis  

PVDF Immobilon-P Polyvinylidene Difluoride  

R 
 

Ran Ras-Related Nuclear Protein 

RARRES3/RIG1 Retinoic Acid Receptor Responder 3  

RAS Rat Sarcoma 

RATS Robotic-Assisted Thoracoscopic Surgery  

Rb Tumor Suppressor Protein Retinoblastoma 

RCD Regulated Cell Death  

RET RET proto-oncogene 

RHOA Ras Homolog Family Member A 

RING Really Interesting New Gene 
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RIPK1 Receptor Interacting Serine/Threonine Kinase 1 

RIPK3 Receptor-Interacting Serine/Threonine-Protein Kinase 3 

RLR RIG-like Receptor  

Rmax Maximal Response 

ROCK Rho-Associated Protein Kinase 

ROCK-1 Rho-Associated Coiled-Coil Forming Kinase-1  

ROS Reactive Oxygen Species  

ROS1 ROS proto-oncogene 1  

RT Room Temperature 

RU Response Units 

S 
 

S Sequential 

SASP Senescence-Associated Secretory Phenotype 

SCLC Small-Cell Lung Cancer  

SD Standard Deviation 

SDS Sodium Dodecyl Sulfate  

SEM Standard Error of The Mean 

shRNA Short Hairpin Rna 

SLC7A11 Solute Carrier Family 7 Member 11 

SMAC  Second Mitochondrial-Derived Activators of Caspases 

SNP Single Nucleotide Polymorphism 

Sp1 Specificity Protein 1  

SPR Surface Plasmon Resonance 

SQCLC Squamous Cell Lung Carcinoma 

SSB Single-Strand Breaks  

STAT Signal Transducer and Activator of Transcription  

T 
 

TAM Tumor-Associated Macrophages  

TBS-T TRIS-Buffered Saline-Tween 20 

TCF T-cell Factor 
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TGF-β Transforming Growth Factor Beta  

TICAM1 TIR Domain Containing Adaptor Molecule 1 

TIGIT T cell immunoreceptor with immunoglobulin and ITIM domain 

TIL Tumor-Infiltrating Lymphocyte  

TKI Tyrosine-Kinase Inhibitors  

TLR Toll-like receptor 

TMEM173/STING Transmembrane protein 173  

TNF Tumor Necrosis Factor  

TNFR1 Tumor Necrosis Receptor  

TOP Topoisomerase 

TP53 Tumor Protein 53 

TRADD TNF Receptor 1 Associated-death Domain 

TRAF-2 Tumor Necrosis Factor Receptor Associated Factor 2  

TRAIL TNF-Related Apoptosis-inducing Ligand  

TRIS Tris(Hydroxymethyl)Aminomethane 

TβRII TGF-β receptor II  

U 
 

Ub Ubiquitin 

UBA Ubiquitin-Associated Domain 

UBC Ubiquitin Conjugating Domain  

Ufd1 Ubiquitin Fusion Degradation Protein 1  

UGT1A4 UDP-glucuronosyltransferase 1A4 

UICC Union For International Cancer Control  

UTR Untranslated Regions  

UV Ultraviolet Radiation 

V 
 

V Vehicle 

VATS Video-Assisted Thoracoscopic Surgery 

VDAC2 Voltage-Dependent Anion Channel 2 

VEGF Vascular Endothelial Growth Factor  



26 
 

W 
 

WT Wild Type 

X 
 

XAF1 XIAP-associated factor 1 

XIAP X-linked IAP  

XPF Xeroderma Pigmentosum Group C  

XRCC1 X-Ray Repair Cross-Complementing Gene 1  
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66 ABSTRACT 

IdenƟficaƟon and preclinical evaluaƟon of asenapine maleate as a direct survivin 

inhibitor for lung cancer therapy and sensiƟzaƟon to proapoptoƟc treatments 

A major challenge in cancer treatment is the ability of cancer cells to evade cell death, a 

hallmark of cancer that drives both disease progression and treatment resistance. 

Overexpression of anƟ-apoptoƟc proteins, such as survivin, is a pivotal factor in this 

process, since survivin promotes cell cycle progression and inhibits apoptosis. Its dual 

role makes survivin a compelling therapeuƟc target, and numerous strategies aimed at 

inhibiƟng its expression or funcƟon have shown promise in preclinical and early clinical 

studies. However, these approaches oŌen fall short as standalone treatments, likely due 

to incomplete survivin inhibiƟon. Previous invesƟgaƟons in our laboratory were focused 

on the development of a survivin inhibitor with a different mechanism of acƟon than 

those evaluated in clinical trials. This led to the idenƟficaƟon of asenapine maleate (AM), 

a known anƟpsychoƟc, as a direct inhibitor of survivin that binds to the 

homodimerizaƟon domain. Preliminary studies revealed that AM exhibits potent 

anƟcancer acƟvity, posiƟoning it as a promising candidate for further development in 

cancer therapy. 

The aim of this project is the preclinical development of the novel direct survivin 

inhibitor AM for the treatment of lung cancer, as well as the evaluaƟon of AM in 

combinaƟon with convenƟonal pro-apoptoƟc therapies to sensiƟze cancer cells to 

convenƟonal treatments. 

For this purpose, the cytotoxic effects of AM were evaluated in various lung cancer cell 

lines, 3D lung cancer cell cultures and primary cultures derived from mice. The 

mechanism of acƟon of AM predicted by computaƟonal methods was validated by 

invesƟgaƟng the impact of AM on survivin homodimers. The effects of AM on the two 

primary funcƟons of survivin—regulaƟon of cell cycle progression and inhibiƟon of 

apoptosis—were further analyzed using flow cytometry and Western bloƫng, providing 

comprehensive insights into its anƟcancer potenƟal. 

We further explored the potenƟal of combining AM with chemotherapy, radiotherapy 

and immunotherapy. The interacƟon between AM and commonly used 
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chemotherapeuƟc agents was assessed by analyzing the cytotoxic effects of these 

combinaƟons by using specialized soŌware. AddiƟonally, the most effecƟve combinaƟon 

was further evaluated for its impact on cell cycle progression and apoptosis, providing 

deeper insights into its mechanism of acƟon. 

The inducƟon of DNA damage following treatment with AM and radiaƟon was analyzed, 

along with its subsequent cellular effects on apoptosis, cell cycle progression and 

proliferaƟon. Flow cytometry was employed to examine changes in cell cycle progression 

and apoptosis, which was further confirmed by Western blot analysis. AddiƟonally, the 

clonogenic potenƟal of cells aŌer the combined treatment was evaluated, providing a 

comprehensive assessment of the impact of therapy on long-term cellular survival and 

behavior. 

To determine whether AM could sensiƟze tumor cells to immunotherapy and thereby 

enhance the efficacy of immune-based treatments, we invesƟgated whether AM could 

trigger and enhance a potenƟal adapƟve immune response in vivo against dying or 

stressed cells. To evaluate this, the release of specific damage-associated molecular 

paƩerns was analyzed, providing insights into the immunomodulatory potenƟal of AM.  

The preclinical in vivo evaluaƟon of AM, and its combinaƟon with cisplaƟn, was 

conducted in various mouse models. Safety assessments of AM were carried out in 

C57BL/6J mice. To evaluate its anƟcancer efficacy, a subcutaneous tumor model was 

developed in C57BL/6J mice, where the effects of AM, and its combinaƟon with cisplaƟn, 

were tested. AddiƟonally, the AM and cisplaƟn combinaƟon was studied in 

immunodeficient NSG mice, in which human lung cancer cells were inoculated to induce 

a subcutaneous tumor. Finally, this combinaƟon was also tested in KRASG12D transgenic 

mice, which develops lung cancer following inhalaƟon of Cre recombinase-expressing 

viruses, providing a geneƟcally relevant model for evaluaƟon. 

AM demonstrates cytotoxic acƟvity across a range of human lung cancer cell lines, 

including lung adenocarcinoma (A549), squamous cell carcinoma (SW900), and small cell 

lung carcinoma (DMS53), as well as the murine Lewis lung carcinoma cell line (LLC1) and 

primary lung cancer mouse cultures. Its effecƟveness extends to lung adenocarcinoma 

spheroids, highlighƟng its potenƟal in more complex cellular models. AM disrupts 
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survivin homodimerizaƟon, destabilizing this key anƟ-apoptoƟc protein, and selecƟvely 

decreases survivin levels in A549 lung adenocarcinoma and U87 MG glioblastoma cells, 

without affecƟng XIAP protein, another member of the inhibitor of apoptosis proteins 

family. 

The anƟcancer effects of AM are driven by cell cycle arrest at the G0/G1 phase and the 

inducƟon of apoptosis. When combined with cisplaƟn, carboplaƟn or gemcitabine, AM 

acts synergisƟcally, sensiƟzing A549 cells to these chemotherapeuƟc agents. In 

parƟcular, AM potenƟates cisplaƟn-induced apoptosis in lung cancer cells. AddiƟonally, 

pretreatment with AM before irradiaƟon induces senescence-like morphological 

changes, as well as an increase in the cell cycle blockade induced by irradiaƟon. 

Furthermore, AM enhances radiaƟon-induced impairment of clonogenic potenƟal in 

lung adenocarcinoma cells. 

In addiƟon, AM induces the release of damage-associated molecular paƩerns, 

suggesƟng it may potenƟally acƟvate an immune response against tumor cells in vivo.  

Preclinical studies in mice have shown that AM has a favorable safety profile at doses 

below 20 mg/kg and impairs tumor growth in mouse models. Furthermore, the 

combinaƟon of AM and cisplaƟn significantly reduces tumor growth in different 

syngeneic as well as immunocompromised mouse models, providing strong evidence of 

its therapeuƟc potenƟal and paving the way for a potenƟal reposiƟoning of this drug and 

/or the development of novel analogs. 

In conclusion, AM demonstrates significant anƟcancer potenƟal by selecƟvely targeƟng 

survivin, inducing cell cycle arrest and apoptosis, and enhancing the efficacy of 

chemotherapy and radiotherapy. Its ability to induce the release of damage-associated 

molecular paƩerns demonstrates AM potenƟal to promote immune responses, further 

highlighƟng its therapeuƟc promise. Preclinical studies confirm the safety and 

effecƟveness of AM in reducing tumor growth when combined with cisplaƟn, posiƟoning 

it as a promising candidate for combinaƟon therapies in lung cancer treatment. 

Keywords: cancer, apoptosis, survivin, asenapine, chemotherapy. 

  



30 
 

IdenƟficación y evaluación preclínica del maleato de asenapina como inhibidor directo 

de survivina para la terapia del cáncer de pulmón y la sensibilización a tratamientos 

proapoptóƟcos 

Uno de los principales retos en el tratamiento del cáncer es la evasión de la muerte 

celular por parte de las células cancerosas, que conlleva la progresión de la enfermedad 

y la posible resistencia al tratamiento. La sobreexpresión de proteínas inhibidoras de la 

apoptosis como survivina es fundamental en este proceso, ya que survivina promueve 

la progresión del ciclo celular e inhibe la apoptosis. Su doble función hace de survivina 

una buena diana terapéuƟca, y numerosas estrategias dirigidas a inhibir su expresión o 

función han resultado prometedoras en estudios preclínicos y en los primeros estudios 

clínicos. Sin embargo, estos enfoques no han sido eficaces como tratamientos 

independientes, probablemente debido a una inhibición incompleta de survivina. 

InvesƟgaciones previas en nuestro laboratorio se enfocaron en el desarrollo de un 

inhibidor de survivina con un mecanismo de acción disƟnto que los hasta ahora 

evaluados en ensayos clínicos. Esto condujo a la idenƟficación del maleato de asenapina 

(AM), un conocido anƟpsicóƟco, como inhibidor directo de survivina que se une al 

dominio de homodimerización. Los estudios preliminares revelaron que AM presenta 

una potente acƟvidad anƟcancerosa, lo que lo sitúa como un prometedor candidato para 

el desarrollo en la terapia del cáncer. 

El objeƟvo de este proyecto es el desarrollo preclínico del novedoso inhibidor directo de 

survivina AM para el tratamiento del cáncer de pulmón, así como la evaluación de AM 

en combinación con terapias proapoptóƟcas convencionales con el objeƟvo sensibilizar 

las células cancerosas a estos tratamientos. 

Para ello, se evaluaron los efectos citotóxicos de AM en diversas líneas celulares de 

cáncer de pulmón, culƟvos celulares tridimensionales de cáncer de pulmón y culƟvos 

primarios derivados de tumores de ratones. El mecanismo de acción de AM predicho 

por métodos computacionales se validó evaluando el impacto de AM sobre los 

homodímeros de survivina. Los efectos de AM sobre las dos funciones principales de 

survivina -regulación de la progresión del ciclo celular e inhibición de la apoptosis- se 

analizaron mediante citometría de flujo y Western blot, proporcionando una visión 

completa de su potencial anƟcanceroso. 
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Además, exploramos el potencial de la combinación de AM con quimioterapia, 

radioterapia e inmunoterapia. La interacción entre AM y los agentes quimioterapéuƟcos 

de uso común se evaluó analizando los efectos citotóxicos de estas combinaciones 

mediante un soŌware especializado. También se evaluó el impacto de la combinación 

más eficaz en la progresión del ciclo celular y la apoptosis. 

Se analizó la inducción de daños en el ADN tras el tratamiento con AM y radiación, como 

también los consecuentes efectos sobre la apoptosis, la progresión del ciclo celular y la 

proliferación. La citometría de flujo permiƟó examinar los cambios en la progresión del 

ciclo celular y la apoptosis, confirmada esta úlƟma mediante la técnica de Western blot. 

Además, se evaluó el potencial clonogénico de las células tras el tratamiento combinado. 

Para determinar si AM podría sensibilizar las células tumorales a la inmunoterapia y 

mejorar así la eficacia de los tratamientos basados en la inmunidad, invesƟgamos si AM 

podría desencadenar y potenciar una posible respuesta inmune adaptaƟva in vivo contra 

células apoptóƟcas o dañadas. Para ello, se analizó la liberación de patrones moleculares 

asociados a daños. 

La evaluación preclínica in vivo de AM y su combinación con cisplaƟno se llevó a cabo en 

varios modelos de ratón. La seguridad de AM se evaluó en un modelo de ratón C57BL/6J. 

Para analizar la eficacia de AM y su combinación con cisplaƟno, se desarrolló un modelo 

de tumor subcutáneo en ratones C57BL/6J. Además, la combinación se estudió en 

ratones NSG inmunodeficientes, en los que se inocularon células humanas de cáncer de 

pulmón para inducir un tumor subcutáneo. Por úlƟmo, esta combinación también se 

probó en ratones transgénicos KRASG12D, que desarrollan cáncer de pulmón tras la 

inhalación de virus que expresan la Cre recombinasa. 

AM demuestra acƟvidad citotóxica en varias líneas celulares humanas de cáncer de 

pulmón, como el adenocarcinoma de pulmón (A549), el carcinoma de células escamosas 

(SW900) y el carcinoma pulmonar de células pequeñas (DMS53), así como en la línea 

celular de carcinoma pulmonar murino de Lewis (LLC1) y en culƟvos primarios de cáncer 

de pulmón en ratones. Su eficacia se exƟende a los esferoides de adenocarcinoma de 

pulmón, lo que pone de relieve su potencial en modelos celulares más complejos.  
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AM interrumpe la homodimerización de survivina, desestabilizando la proteína e 

inhibiéndola selecƟvamente en células de adenocarcinoma de pulmón A549 y de 

glioblastoma U87 MG, sin afectar a la expresión de XIAP, otro miembro de la familia de 

las proteínas inhibidoras de la apoptosis. 

Los efectos anƟcancerosos de AM se deben a la detención del ciclo celular en la fase 

G0/G1 y a la inducción de la apoptosis. Cuando se combina con cisplaƟno, carboplaƟno 

o gemcitabina, AM actúa de forma sinérgica, sensibilizando las células A549 a estos 

agentes quimioterapéuƟcos. En parƟcular, AM potencia la apoptosis inducida por 

cisplaƟno en células de cáncer de pulmón. Además, el pretratamiento con AM antes de 

la irradiación induce cambios morfológicos similares a los que se dan en el proceso de 

senescencia, así como un aumento en el bloqueo del ciclo celular inducido por la 

irradiación. Además, AM potencia la reducción de la capacidad clonogénica inducida por 

la radiación en células cancerosas. 

AM induce la liberación de patrones moleculares asociados a daño, lo que sugiere la 

potencial capacidad de AM para esƟmular la respuesta inmunitaria contra el tumor in 

vivo.  

Los estudios preclínicos en ratones han demostrado que AM Ɵene un perfil de seguridad 

favorable en dosis inferiores a 20 mg/kg y reduce el crecimiento tumoral en modelos de 

ratón. Además, AM combinado con cisplaƟno reduce significaƟvamente el crecimiento 

tumoral en modelos de ratón. 

En conclusión, AM demuestra un importante potencial anƟcanceroso al dirigirse 

selecƟvamente contra survivina, inducir la detención del ciclo celular y la apoptosis, y 

aumentar la eficacia de la quimioterapia y la radioterapia. Su capacidad para inducir la 

liberación de patrones moleculares asociados al daño demuestra el potencial de AM 

para promover respuestas inmunes, destacando aún más su promesa terapéuƟca. Los 

estudios preclínicos confirman la seguridad y eficacia de AM en la reducción del 

crecimiento tumoral cuando se combina con cisplaƟno, lo que lo sitúa como un 

candidato prometedor para las terapias combinadas en el tratamiento del cáncer de 

pulmón. 

Palabras clave: cáncer, apoptosis, survivina, asenapina, quimioterapia. 
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IdenƟficació i avaluació preclínica de l'asenapina maleat com a inhibidor directe de 
survivina per al tractament del càncer de pulmó i la sensibilització a tractaments 
proapoptòƟcs 

Un dels principals reptes en el tractament del càncer és l'evitació de la mort cel·lular per 

part de les cèl·lules canceroses, fet que comporta la progressió de la malalƟa i una 

possible resistència al tractament. La sobreexpressió de proteïnes inhibidores de 

l'apoptosi com la survivina és fonamental en aquest procés, ja que la survivina promou 

la progressió del cicle cel·lular i inhibeix l'apoptosi. La seva doble funció fa de la survivina 

una bona diana terapèuƟca, i nombroses estratègies dirigides a inhibir-ne l'expressió o 

la funció han resultat prometedores en estudis preclínics i en els primers estudis clínics. 

No obstant això, aquests enfocaments no han estat eficaços com a tractaments 

independents, probablement a causa d'una inhibició incompleta de la survivina. 

InvesƟgacions prèvies en el nostre laboratori es van centrar en el desenvolupament d'un 

inhibidor de la survivina amb un mecanisme d'acció diferent dels fins ara avaluats en 

assajos clínics. Això va conduir a la idenƟficació de l’asenapina maleat (AM), un conegut 

anƟpsicòƟc, com un inhibidor directe de la survivina que actua sobre el domini 

d'homodimerització. Els estudis preliminars van revelar que AM presenta una potent 

acƟvitat anƟcancerosa, fet que el situa com un candidat prometedor per al 

desenvolupament en la teràpia del càncer. 

L'objecƟu d'aquest projecte és el desenvolupament preclínic del nou inhibidor directe 

de la survivina, AM, per al tractament del càncer de pulmó, així com l'avaluació de AM 

en combinació amb teràpies proapoptòƟques convencionals amb l'objecƟu de 

sensibilitzar les cèl·lules canceroses a aquests tractaments. 

Es van avaluar els efectes citotòxics de AM en diverses línies cel·lulars de càncer de 

pulmó, culƟus cel·lulars tridimensionals de càncer de pulmó i culƟus primaris derivats 

de tumors de ratolins. El mecanisme d'acció d’AM predit mitjançant mètodes 

computacionals es va validar avaluant l'impacte d’AM sobre els homodímers de la 

survivina. Els efectes d’AM sobre les dues funcions principals de la survivina —la 

regulació de la progressió del cicle cel·lular i la inhibició de l'apoptosi— es van analitzar 

mitjançant citometria de flux i Western blot, proporcionant una visió completa del seu 

potencial anƟcancerós. 
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A més, vam explorar el potencial de la combinació d’AM amb quimioteràpia, radioteràpia 

i immunoteràpia. La interacció entre AM i els agents quimioterapèuƟcs d'ús comú es va 

avaluar analitzant els efectes citotòxics d'aquestes combinacions mitjançant un 

programari especialitzat. També es va avaluar l'impacte de la combinació més eficaç en 

la progressió del cicle cel·lular i l'apoptosi. 

Es va analitzar la inducció de danys a l'ADN després del tractament amb AM i radiació, 

així com els conseqüents efectes sobre l'apoptosi, la progressió del cicle cel·lular i la 

proliferació. La citometria de flux va permetre examinar els canvis en la progressió del 

cicle cel·lular i l'apoptosi, confirmada aquesta úlƟma mitjançant la tècnica de Western 

blot. A més, es va avaluar el potencial clonogènic de les cèl·lules després del tractament 

combinat. 

Per determinar si AM podria sensibilitzar les cèl·lules tumorals a la immunoteràpia i 

millorar així l'eficàcia dels tractaments basats en la immunitat, vam invesƟgar si AM 

podria desencadenar i potenciar una possible resposta immune adaptaƟva in vivo contra 

cèl·lules apoptòƟques o danyades. Per a això, es va analitzar l'alliberament de patrons 

moleculars associats a danys. 

L'avaluació preclínica in vivo d’AM i la seva combinació amb cisplaơ es va dur a terme en 

diversos models de ratolí. La seguretat d’AM es va avaluar en un model de ratolí 

C57BL/6J. Per analitzar l'eficàcia d’AM i la seva combinació amb cisplaơ, es va 

desenvolupar un model de tumor subcutani en ratolins C57BL/6J. A més, la combinació 

es va estudiar en ratolins NSG immunodeficients, als quals es van inocular cèl·lules 

humanes de càncer de pulmó per induir un tumor subcutani. Finalment, aquesta 

combinació també es va provar en ratolins transgènics KRASG12D, que desenvolupen 

càncer de pulmó després de la inhalació de virus que expressen la Cre recombinasa. 

AM demostra acƟvitat citotòxica en diverses línies cel·lulars humanes de càncer de 

pulmó, com l'adenocarcinoma de pulmó (A549), el carcinoma de cèl·lules escatoses 

(SW900) i el carcinoma pulmonar de cèl·lules peƟtes (DMS53), així com en la línia 

cel·lular de carcinoma pulmonar murí de Lewis (LLC1) i en culƟus primaris de ratolí. La 

seva eficàcia s'estén als esferoides d'adenocarcinoma de pulmó, fet que posa de 

manifest el seu potencial en models cel·lulars més complexos. 
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AM interromp la homodimerització de la survivina, desestabilitzant la proteïna i inhibint-

la selecƟvament en cèl·lules d'adenocarcinoma de pulmó A549 i de glioblastoma U87 

MG, sense afectar l'expressió de XIAP, un altre membre de la família de proteïnes 

inhibidores de l'apoptosi. 

Els efectes anƟcancerosos de AM es deuen a la detenció del cicle cel·lular en la fase 

G0/G1 i a la inducció de l'apoptosi. Quan es combina amb cisplaơ, carboplaơ o 

gemcitabina, AM actua de manera sinèrgica, sensibilitzant les cèl·lules A549 a aquests 

agents quimioterapèuƟcs. En parƟcular, AM potencia l'apoptosi induïda per cisplaơ en 

cèl·lules de càncer de pulmó. A més, el pretractament amb AM abans de la irradiació 

indueix canvis morfològics similars als que es donen en el procés de senescència. Així 

mateix, AM potencia la reducció de la capacitat clonogènica induïda per la radiació en 

cèl·lules canceroses. 

AM augmenta l’alliberament de patrons moleculars associats a danys, fet que pot 

suggerir una potencial capacitat de AM per esƟmular la resposta immunitària contra el 

tumor in vivo. 

Els estudis preclínics en ratolins han demostrat que AM té un perfil de seguretat 

favorable en dosis inferiors a 20 mg/kg. A més, AM combinat amb cisplaơ redueix 

significaƟvament el creixement tumoral en models de ratolí. 

En conclusió, AM demostra un important potencial anƟcancerós dirigint-se 

selecƟvament contra la survivina, induint la detenció del cicle cel·lular i l'apoptosi, i 

augmentant l'eficàcia de la quimioteràpia i la radioteràpia. La seva capacitat per induir 

l'alliberament de patrons moleculars associats a danys demostra el potencial d’AM per 

promoure respostes immunitàries, destacant encara més la seva promesa terapèuƟca. 

Els estudis preclínics confirmen la seguretat i eficàcia de AM en la reducció del 

creixement tumoral quan es combina amb cisplaơ, fet que el situa com un candidat 

prometedor per a les teràpies combinades en el tractament del càncer de pulmó. 

Paraules clau: càncer, apoptosi, survivina, asenapina, quimioteràpia. 
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77 INTRODUCTION 

7.1 Cancer 

7.1.1 DefiniƟon and carcinogenesis  

Cancer is a disease in which cells of an organism grow uncontrollably and spread to other 

parts of the body, a process known as metastasis. Cancers are usually named according 

to the organ or Ɵssue where they were formed (e.g., lung cancer starts in the lung). 

Moreover, depending on which specific type of cell gives rise to cancer, we can 

disƟnguish mulƟple types of cancer. The most common is carcinoma, a cancer formed 

by epithelial cells. We can find different types of carcinoma depending on the epithelial 

cell type: adenocarcinoma (formed by epithelial cells that produce mucus or fluids), 

basal cell carcinoma (originated on the basal layer of the epidermis), squamous cell 

carcinoma (originated in epithelial cells just beneath the outer surface of the skin as well 

as in the stomach, intesƟnes, lungs, bladder and kidneys) and transiƟonal cell carcinoma 

(originated in transiƟonal epithelium: in the linings of bladder, ureters and kidneys 

mostly). Those cancers originaƟng in bones and soŌ Ɵssues (muscle, fat, blood vessels 

and fibrous Ɵssue) are called sarcomas. When cancer originates in bone marrow, it is 

called leukemia. Lymphoma is a cancer that begins in lymphocytes, while if it originates 

in plasma cells (another type of immune cells), it is named mulƟple myeloma. Melanoma 

begins in the precursors of melanocytes. Finally, in the case of brain and spinal cord 

tumors, the cancer name is based on the type of cell in which they are formed (e.g. 

astrocyƟc tumors)(1). 

There are different theories about how cancer arises (Figure 1). The first theory, named 

SomaƟc MutaƟon Theory, explains that proliferaƟng cells, without necessitaƟng 

external sƟmulus, acquire factors (now believed to be DNA mutaƟons) during life (2), 

which lead to uncontrolled proliferaƟon and cancer. The major risk factor is age. Hence, 

the larger the age, the higher the number of mutaƟons. However, age dependency is not 

true for all cancers and not all carcinogens damage DNA (3). Later, the Tissue 

OrganizaƟon Field Theory was proposed, which states that carcinogens target the enƟre 

Ɵssue, altering communicaƟon between the parenchyma and the mesenchyme or 

stroma. Then, Ɵssue loses restraints on proliferaƟon and moƟlity, which results in the 
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inducƟon of metaplasia, dysplasia and carcinoma (4). Another hypothesis is the Bad Luck 

Theory, in which random mistakes in DNA replicaƟon of stem cells (named R-mutaƟons) 

generate mutant clones that propagate and lead to cancer. Apart from the R-mutaƟons, 

there are also heritable (H-mutaƟons) and others caused by environmental carcinogens 

(E-mutaƟons) (5). However, there are variables not contemplated in this theory 

(temporal and geographical variaƟons) that affect cancer risk. Moreover, it does not 

consider cell intrinsic (epigeneƟc states) and extrinsic (immune microenvironment) 

factors that also affect cancer suscepƟbility and that are independent of cell division. In 

fact, many carcinogens are not mutagenic (3). Finally, the Ground State Theory unites 

elements from the previous theories. It is based on the fact that every cell in the body 

has arisen from a single zygote. Hence, the cells of the body are clones. Physiological 

genomic changes depend on the organ system, for example, rearrangement and 

mutaƟon of immunoglobulins in lymphocytes. However, the huge variability among cells 

in humans is due to the epigenome, transcriptome and proteome of the cells. Hence, 

referring to the genome, there is a “ground state” of a cell. This “ground state” strongly 

influences how a somaƟc mutaƟon will affect the cell. This theory suggests that cancer 

originates from mutaƟons in stem cells in a cancer-suscepƟble state that depends on 

age, damage and locaƟon in the body. It also suggests that cancer is the result of cell-

intrinsic (changes in cell idenƟty, epigeneƟc changes and DNA mutaƟons) and cell-

extrinsic factors (tumor microenvironment, infecƟons and carcinogens) (6,7). 
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Figure 1. Principal theories of cancer origins. Figure from Jassim et al., 2023 (7). 

77.1.2 Hallmarks of cancer 

Cancer cells do not have the same characterisƟcs as normal cells. The capabiliƟes that 

acquire human cells when they transform from a normal to a neoplasƟc state 

(specifically capabiliƟes that are essenƟal for malignant tumor formaƟon) are known as 

the hallmarks of cancer (8) (Figure 2).  
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Figure 2. Hallmarks of cancer figure from Hanahan, 2022 (8). 

Firstly, cancer cells can constantly induce and sustain growth sƟmulatory signals (by 

producing growth factors themselves, sƟmulaƟng normal cells to produce them or 

maintaining signaling pathways consƟtuƟvely acƟvated) (9–11) and to evade growth 

suppressors (e.g., by inacƟvaƟng tumor suppressors, such as RB and TP53 proteins) 

(12,13). Conversely to normal cells, cancer cell proliferaƟon is not inhibited by contact. 

One mechanism that can cause this evasion of contact inhibiƟon is the loss of the tumor 

suppressor gene NF2 in some cells (14). 

Another hallmark of cancer cells is the resistance to cell death. Apoptosis, a 

programmed cell death that is considered a barrier to cancer pathogenesis, is aƩenuated 

in cancer. The most common mechanism to evade apoptosis is the loss of TP53 tumor 

suppressor funcƟon, a crucial damage sensor that induces apoptosis (13). 

Moreover, cancer cells have replicaƟve immortality, which means they have an unlimited 

number of successive cell divisions. Telomeres are regions of nucleoƟde repeats that are 

essenƟal for chromosome protecƟon and genome stability. They shorten progressively 

with age. Consequently, the cell loses the protecƟon of the ends of chromosomal DNA 



40 
 

from end-to-end fusion, which threatens cell viability. Telomerase counteracts the 

telomere loss that would occur in its absence. The acƟvity of this enzyme is 

downregulated during human development. However, telomerase is expressed at 

significant levels in cancer cells (15). Hence, cancer cells have unlimited proliferaƟon 

(16). 

Another hallmark of cancer is inducƟon or access to vasculature. In tumor progression, 

there is an acƟvaƟon of the “angiogenic switch”, in which vasculature that in normal 

Ɵssue is quiescent, conƟnues to sprout new vessels in tumoral Ɵssues, helping to sustain 

tumor growth (17).  

Invasion and metastasis are mulƟstep processes consisƟng on local invasion, 

intravasaƟon of cancer cells into nearby blood and lymphaƟc vessels, transit of cancer 

cells through lymphaƟc and hematogenous systems, escape of cancer cells from vessels 

to distant Ɵssues (extravasaƟon), formaƟon of nodules of cancer cells (micrometastases) 

and, finally, growth of micrometastasis into macroscopic tumors (colonizaƟon) (18). 

Cancer cells develop alteraƟons in their shape and in their aƩachment to other cells and 

to the extracellular matrix, which makes the cells more capable to invade other Ɵssues 

and metastasize. A common alteraƟon is the loss of E-cadherin (a cell-to-cell adhesion 

molecule), which in normal cells helps to assemble cell sheets maintaining cells in a 

quiescent state. When its expression is reduced, it potenƟates invasive phenotypes, 

although it has been proved that, in some condiƟons, E-cadherin can funcƟon as a 

survival factor and promoter of metastasis (19). Adhesion molecules associated with cell 

migraƟon in processes such as embryogenesis or inflammaƟon in normal Ɵssues are 

oŌen upregulated in tumors. An example is N-cadherin, normally expressed in migraƟng 

neurons and mesenchymal cells in organogenesis and upregulated in carcinoma cells 

(20,21).  

Another hallmark of cancer cells is the ability to reprogram cellular metabolism. Cancer 

cells have to adjust their metabolism to obtain enough energy to be constantly 

proliferaƟng. Cancer cells limit their metabolism mainly to glycolysis even in the 

presence of oxygen, leading to a state called “aerobic glycolysis”. This is called the 

Warburg effect and is a less efficient method to obtain energy compared to 

mitochondrial oxidaƟve phosphorylaƟon. To compensate for this lower adenosine-5’-
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triphosphate (ATP) producƟon, cancer cells have glucose transporters upregulated, 

especially Glucose Transporter 1 (GLUT1), which increases glucose import into the 

cytoplasm. This dependence of cancer cells on glycolysis may be exacerbated by the 

hypoxic condiƟons present in many tumors. As a response to hypoxia, there is an 

upregulaƟon of glucose transporters and enzymes of the glycolyƟc pathway. This 

metabolic switch has been also associated with acƟvated oncogenes (e.g. Rat Sarcoma, 

RAS) and mutated tumor suppressors (e.g. Tumor Protein 53, TP53) (22,23). Some 

tumors present two subpopulaƟons, one subpopulaƟon is formed by cells that are 

glucose-dependent (Warburg effect) and secrete lactate. The other populaƟon uses 

lactate produced by the first subpopulaƟon as the main source of energy (24). 

Another ability of cancer cells is to avoid immune detecƟon and destrucƟon. CD8 T cells 

are the primary mediators of anƟcancer immunity. These lymphocytes recognize 

anƟgens on tumor cells, become acƟvated and kill tumor cells. However, in tumors, there 

are inhibitory signals. Then, T cells become dysfuncƟonal, which means the immune 

system is not able to kill cancer cells (25). 

Cancer cells have the capability of unlocking phenotypic plasƟcity. DifferenƟaƟon is a 

cellular process that, in normal condiƟons, occurs in organogenesis. It consists of the 

transformaƟon of a progenitor cell into a more specialized cell. At the end of this process, 

cells stop their proliferaƟon. In cancer, though, there is evidence that suggests cancer 

cells can unlock the capability of phenotypic plasƟcity to evade the terminal state of cell 

differenƟaƟon and, therefore, overcome the blockade of the proliferaƟon capability (26). 

Finally, senescence is an irreversible form of proliferaƟve arrest and it helps to maintain 

Ɵssue homeostasis, producing the inacƟvaƟon cells that are dysfuncƟonal or 

unnecessary. Apart from cell cycle arrest, senescence also includes changes in cell 

morphology and metabolism, as well as the acƟvaƟon of senescence-associated 

secretory phenotype (SASP) (27). Senescence is induced by mulƟple condiƟons, e.g. 

nutrient deprivaƟon or DNA damage, damage to organelles and cellular infrastructure 

and imbalance in signaling networks, which are associated with aging. In some contexts, 

senescent cells sƟmulate tumor development and malignant progression, since SASP 

includes pro-inflammatory factors that potenƟate proliferaƟon, metastasis and 

immunosuppression (28).  
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Apart from the hallmarks of cancer, we can disƟnguish enabling characterisƟcs, which 

are consequences of the neoplasƟc condiƟons that provide means by which cancer and 

tumor cells can adopt the hallmarks. 

One of these enabling characterisƟcs is genome instability. AcquisiƟon of hallmarks 

depends, in large part, on alteraƟons in the genomes of neoplasƟc cells. There are 

mutant genotypes that confer an advantage to subclones of cells by enabling outgrowth 

and dominance in the Ɵssue, hence orchestraƟng tumorigenesis. In the process of 

acquiring these mutaƟons, cancer cells oŌen increase the rates of mutaƟon. This can 

occur due to an increase in sensiƟvity to mutagenic agents, disrupƟon of the genome 

maintenance machinery or both. Moreover, the accumulaƟon of mutaƟons can overtake 

the capability of the surveillance system of the genome, forcing damaged cells to 

senescence or apoptosis (29,30). Defects in the DNA-maintenance machinery lead to 

cancer development (31,32). Another source of genomic instability is the loss of 

telomeric DNA, which leads to the amplificaƟon or loss of segments of chromosomes 

and karyotypic instability (33). 

Another important enabling characterisƟc is tumor-associated inflammatory response, 

which enhances tumorigenesis and tumor progression, helping to acquire hallmark 

capabiliƟes. InflammaƟon supplies bioacƟve molecules to the tumor microenvironment, 

such as growth factors (to sustain proliferaƟve signaling), survival factors (to limit cell 

death), proangiogenic factors, factors that modify extracellular matrix (facilitaƟng 

angiogenesis and metastasis) and signals that acƟvate epithelial-mesenchymal transiƟon 

(EMT) (34,35). Moreover, inflammatory cells release chemicals such as reacƟve oxygen 

species, which are mutagenic (36). 

Non-mutaƟonal epigeneƟc regulaƟon of gene expression is an important mechanism in 

embryonic development, differenƟaƟon and organogenesis (37,38). In cancer, abnormal 

physical properƟes of the tumor microenvironment can cause changes in the 

epigenome. Those changes can make cancer cells to obtain the hallmark capabiliƟes that 

can result in the outgrowth of clonal cancer cells with enhanced capabiliƟes of 

proliferaƟon. 
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Finally, a recently described enabling characterisƟc of cancer is polymorphic 

microbiomes, since human cancer has been associated with microbiome alteraƟons. The 

microbiome can exert an effect on cancer development, malignant progression and 

response to therapy. Microbials may promote cancer at a community level (when the 

microbiome is altered, named “dysbiosis”) (39), at an individual level (direct interacƟon 

of one member of the microbiome) (40) and via secreted or modulated metabolites (41). 

Overall, the hallmarks of cancer highlight the complexity of cancer disease and allow us 

to understand mechanisms of cancer development and malignancy that help us to 

progress in cancer medicine. 

77.1.3 Cancer staƟsƟcs 

Regarding the epidemiology of cancer, in 2022, it was esƟmated that nearly 19 million 

people were diagnosed with cancer and almost 10 million died of the disease globally. 

The annual cancer burden is expected to rise to more than 30 million cases globally in 

2050 (42). Hence, we need to find new therapeuƟc strategies to halt the increase in 

cancer mortality. 

By straƟfying the incidence of cancer by organ of origin, we find that lung cancer 

presented the highest number of new cases in 2022 (12.4% of new cases of cancer in 

2022 were lung cancer), followed by breast cancer (11.5%) and colorectum cancer 

(9.6%). As for mortality, 18.7% of cancer-related deaths are due to lung cancer, followed 

by colorectum (9.3%) and liver (7.8%) in 2022 (Figure 3).  
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Figure 3. Epidemiology of cancer depending on organ of origin. EsƟmated number of new cases and 

esƟmated number of deaths in 2022, world, both sexes and all ages. Figure from Global Cancer 

Observatory (42).  

In female populaƟon, the cancer with the highest incidence and mortality is breast 

cancer, followed by lung cancer. In male populaƟon, though, the cancer with the highest 

incidence and mortality is lung cancer (42) (Figure 4).  

 

Figure 4. Incidence and mortality of different types of cancer in females and males in 2022, world 

populaƟon. ASR, age-standardized rate. Diagram from Global Cancer Observatory  (42).  
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77.2 Lung cancer 

7.2.1 Epidemiology and risk factors 

As menƟoned before, in 2022, 18.7% of cancer-related deaths were due to lung cancer 

(42) and it is the type of cancer with the highest incidence (2,480,675 new cases, 12.4%).  

The variaƟons in lung cancer incidence and mortality among ages, sexes and regions 

(Figure 5) can be aƩributable to differences in tobacco consumpƟon and related 

populaƟon-based policy since tobacco consumpƟon is the main risk factor of lung cancer. 

80% of lung cancer mortality is esƟmated to be due to tobacco consumpƟon. It is 

considered a high-risk populaƟon people who are 50-80 years old, with a minimum 

smoking history of 20 pack-years (pack-years = number of cigareƩe packs smoked per 

day x number of years smoked), currently smoking or have quit in the past 15 years, 

including healthy and asymptomaƟc subjects (43). Advances in genomics have allowed 

the idenƟficaƟon of transcripƟonal signatures in lung cancer paƟents to define the high-

risk populaƟon (44). 

In the populaƟon of 50 years old or older, there is an overall decreasing trend in lung 

cancer incidence in males. There is, though, an increasing trend in females over the past 

decade. Delayed incidence and mortality in females may be associated with the later 

uptake of the smoking habit, since most females started smoking during or aŌer World 

War II, while males started smoking in the early 20th century, reaching the peak during 

World War II, in the United States (45). Moreover, females have a much higher number 

of deaths due to second-hand smoke (46,47). 
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Figure 5.  Age-standardized incidence rates of trachea, bronchus and lung cancer, by sex, in United NaƟons 

regions. Figure from Global Cancer Observatory (42).  

People younger than 50 years had a declining incidence trend in most countries for both 

sexes. There are also differences in smoking cessaƟon rates. It increased in 1980 and 

2010 among young people (16-40) in Europe. In middle-aged and older populaƟons, it 

only increased in North Europe. One of the reasons for the differences in incidence by 

age is tobacco control policy; the higher the tobacco control level, the lower the 

prevalence of smoking in Europe, especially among young adults (48). 

In high-income countries, people began smoking earlier than in low- and middle-income 

countries, so the tobacco epidemic has already peaked in those countries. AŌer that 

peak, lung cancer incidence and mortality tend to plateau or decrease. In contrast, in 

low- and middle-income countries it has just peaked or is sƟll increasing, so lung cancer 

incidence and mortality are more likely to increase (49) (Figure 6).  
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Figure 6. Age-standardized rate per 100000 incidences of trachea, bronchus and lung cancer according to 

World Bank classificaƟon. Diagram from Global Cancer Observatory (42). ASR, age-standardized rate. 

It is in Asia where we can find the highest lung cancer incidence and mortality, and it is 

associated with the human development index, gross domesƟc products and prevalence 

of smoking (Figure 7). Other risk factors of lung cancer include exposure to radon, 

asbestos, chromium, cadmium arsenic, radioacƟvity and coal products (50).   
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Figure 7.  Incidence and mortality of trachea, bronchus and lung cancer by region. LAC, LaƟn America and 

the Caribbean. Figure from Global Cancer Observatory (42).  

Recent improvements in lung cancer mortality rates are due in part to treatment 

advances in some high-income countries, such as the United States, the United Kingdom 

and Australia (51–53). However, mortality rates in lung cancer are sƟll high, and this is 

mainly due to diagnosis at late stages, hence, cancer may have already spread to other 

organs, being more difficult to treat (57% of lung cancer cases diagnosed in the United 

States shows distant metastasis, based on data from 2010-2016) (54). Moreover, 25-75% 

of paƟents with resected non-small cell lung cancer (NSCLC) (stages I-III) develop 

recurrence within 5 years (55). 

77.2.2 Diagnosis 

The main challenge in lung cancer is that it is diagnosed at an advanced stage, meaning 

a poor prognosis. More than 75% of paƟents have stage III or IV disease at diagnosis. 

This data indicates a lack of effecƟve early detecƟon strategies. Moreover, lung cancer is 

commonly resistant to standard therapeuƟc strategies, such as chemotherapy and 

radiotherapy (RDT). This fact, and the lack of successful treatments for metastasis, result 

in bad outcomes (56). 

The symptoms that can suggest the presence of lung cancer are cough (the most 

common, present in 50-75% of paƟents), hemoptysis, chest pain and dyspnea.  
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In lung cancer diagnosis, it is mandatory to consider medical history and carry out 

physical examinaƟon, as well as assess comorbidity and performance status. Smoking 

history, complete blood count, liver enzymes, sodium, potassium, calcium, glucose, 

lactate dehydrogenase (LDH), creaƟnine and lung funcƟon tests are mandatory for 

correct diagnosis of lung cancer. 

The most common diagnosƟc test for lung cancer is fiber opƟc bronchoscopy, which is 

normally accompanied by the evaluaƟon of regional lymph nodes by endobronchial 

ultrasound (EBUS) and/or endoscopic ultrasound (EUS). ComputaƟonal tomography (CT) 

and positron emission tomography (PET) are also essenƟal in the diagnosis of lung cancer 

since they help to disƟnguish between limited and extensive stages and have a potenƟal 

role in adapƟng target volume for RDT, apart from idenƟfying lymph node involvement 

and metastasis. However, treatment decisions should be taken aŌer histological 

confirmaƟon of PET and CT findings. Hence, it is important to obtain enough samples 

from the tumor to classify the cancer, idenƟfy mutaƟons and select the most tailored 

treatment (57).  

Moreover, the diagnosis of lung cancer requires the determinaƟon of the TNM stage, 

where T is the size of the primary tumor (T1-T4), N is the spread of the cancer to the 

lymph nodes (N0-N3) and M is the presence of metastasis (M0 or M1). When tumor size 

is <3 cm, it is considered T1. If it is >3 cm, it can be T2a (3-5 cm) or T2b (5-7 cm), and 

atelectasis or incomplete lung inflaƟon can be seen in part of the lung, as well as invasion 

of the visceral pleura and the main bronchus more than 2 cm from the lung carina. If the 

tumor is >7 cm, it is considered T3. In this stage, we find atelectasis to the whole lung, 

invasion of the phrenic nerve, diaphragm, chest wall, mediasƟnal pleura and closer 

approach to the main bronchus (less than 2 cm from the carina). When a tumor invades 

mediasƟnal organs, vertebral bodies and lung carina, it is T4. As for lymph node 

infiltraƟon, no lymph node involvement corresponds to N0. N1 and N2 indicate 

ipsilateral lymph node involvement (bronchopulmonary/hilar lymph nodes or 

mediasƟnal/subcarinal lymph nodes respecƟvely). Contralateral lymph node infiltraƟon 

is considered N3. Finally, M0 and M1 indicate the absence or presence of metastasis, 

respecƟvely (58).  
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77.2.3 ClassificaƟon  

Lung cancer classificaƟon is based on morphology, supported by immunohistochemistry 

and molecular techniques (58,59). The two main groups in which lung cancer is classified 

are small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC). 

SCLC represents 10-15% of all lung cancer and it consists of a mass that arises from the 

airway submucosa and surrounds the pulmonary hilum. It originates in the 

neuroendocrine cells of the basal bronchial epithelium. SCLC cells are characterized by 

their small size and spindle or round shape. They also present poor cytoplasm and 

granular chromaƟn. Necrosis is common in this type of tumor. SCLC can be pure or 

combined with NSCLC. SCLC presents an aggressive clinical course, with rapid tumor 

growth and early metastaƟc spread. It may metastasize to the brain, liver and bone. 

From a molecular perspecƟve, SCLC is characterized by mutaƟons in tumor suppressor 

genes, transcripƟonal addicƟon and epigeneƟc dysregulaƟon. It frequently presents 

biallelic inacƟvaƟon of TP53 and RB1. Gene amplificaƟon of transcripƟon factor MYC is 

also common (60). We can disƟnguish two stages of SCLC, limited and extensive. More 

than two-thirds of paƟents have extensive stage-small-cell lung cancer (ES-SCLC), which 

means tumor with distant metastasis or that exceeds an area that can be treated with a 

radiaƟon field (61). The standard therapy for SCLC is plaƟnum-based chemotherapy and 

chest RDT. For ES-SCLC, plaƟnum-based chemotherapy plus etoposide is usually used. 

TherapeuƟc resistance is a common problem in ES-SCLC treatment. Although the 

combinaƟon of plaƟnum-based chemotherapy and Programmed Cell Death Protein 1 

(PD-1) axis inhibitors have improved survival in ES-SCLC, it only occurred in a small 

number of unidenƟfied paƟents. 

NSCLC can be histologically subclassified into three main histological subtypes 

adenocarcinoma, large-cell carcinoma and squamous cell carcinoma (Figure 8). 

Adenocarcinoma is the most prevalent NSCLC, represenƟng 50-60% of total cases. This 

histological type is frequent in non-smoker females. The tumor presents a glandular 

paƩern (58). Squamous cell carcinoma represents 20-30% of NSCLC cases and large cell 

carcinoma and other subtypes (such as transiƟonal cell carcinoma, sarcomatoid 

carcinoma and mixed subtypes) represent 10-20%. 
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Regarding the molecular characterisƟcs of NSCLC, it may present acƟvaƟng mutaƟons 

that affect driver genes. In adenocarcinoma, 11% of these mutaƟons alter the funcƟon 

of epidermal growth factor receptor (EGFR), 13% are Kirsten rat sarcoma viral oncogene 

(KRAS) G12C mutaƟons, 5% mutaƟons are in MET, 3.9% in anaplasƟc lymphoma kinase 

(ALK), 1% in human epidermal growth factor receptor 2 (HER2), 1% in V-Raf Murine 

Sarcoma Viral Oncogene Homolog B (BRAF), 1% in ROS Proto-Oncogene 1 (ROS1) and 1% 

in ret proto-oncogene (RET).  In squamous carcinoma, few driver mutaƟons have been 

described, being 1% of mutaƟons affecƟng driver genes located in EGFR (62,63). 

 

Figure 8. Molecular landscape of NSCLC. EGFR, epidermal growth factor receptor; KRAS, Kirsten rat 

sarcoma viral oncogene; MET, MET proto-oncogene; HER2, human epidermal growth factor receptor 2; 

BRAF, V-Raf Murine Sarcoma Viral Oncogene Homolog B; ROS1, ROS proto-oncogene 1; RET, RET proto-

oncogene; ALK, anaplasƟc lymphoma kinase. Figure from Wang et al., 2021 (62).  

77.2.4 TTreatment opƟons 

7.2.4.1 Surgery 

Complete surgical resecƟon of the tumor is recommended in local lung cancer cases. 

Surgical techniques for lung cancer are wedge resecƟon (small non-anatomic fragment 

of the lung), segmentectomy (resecƟon of a segment of the lung), lobectomy (resecƟon 
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of a single lobe with regional lymph nodes) and pneumonectomy (removal of the enƟre 

lung and lymph nodes). Wedge resecƟon and segmentectomy have the advantage that 

are typically done via video-assisted thoracoscopic surgery (VATS) or roboƟc-assisted 

thoracoscopic surgery (RATS), which are minimally invasive assisted techniques (64). 

PaƟents must be diagnosed with high-resoluƟon CT and PET (or combined PET-CT) to 

discard lymph node infiltraƟon, in which case chemoradiotherapy treatment would be 

required (65). 

77.2.4.2 Radiotherapy 

RDT can be used as a curaƟve or palliaƟve strategy in all stages of lung cancer (66). In the 

case of concurrent chemoradiotherapy, 60-66 Gy in 30-33 daily fracƟons of 1.8-2.0 Gy is 

the convenƟonal regime. In the case of preoperaƟve radiotherapy, 40-50 Gy in 

convenƟonal fracƟonaƟon (1.8-2.0 Gy per day) or 40-45 Gy in accelerated hyper-

fracƟonaƟon (1.5 Gy twice daily) are sufficient (65). 

7.2.4.3 Chemotherapy 

PlaƟnum-based cancer therapy is the standard chemotherapy for lung cancer paƟents 

(67), cisplaƟn being the most used in clinics (68). The treatment regimen for concomitant 

chemotherapy is 2-4 cycles. For perioperaƟve cisplaƟn-based chemotherapy, 3-4 cycles 

are recommended, with a total accumulaƟve minimum dose of 300 mg/m2 of cisplaƟn 

(65). In treatment for metastaƟc lung cancer, the standard of care for paƟents is 4-6 

cycles of plaƟnum doublet (69).  

7.2.4.4 Targeted therapy  

Inhibitors of EGFR, ALK, RET, BRAF, ROS1, neurotrophic tyrosine receptor kinase (NTRK), 

MET proto-oncogene (MET) and KRAS, known as tyrosine-kinase inhibitors (TKI), are 

available for their use in clinics, although less than 25% of paƟents benefit from targeted 

therapies and they usually develop resistance (70).  

TKI studies show prolonged progression-free survival (PFS), whereas no effect is 

observed on overall survival (OS), compared to plaƟnum-based therapy (71). 

OsimerƟnib, a third-generaƟon TKI, was approved by Food and Drug AdministraƟon 
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(FDA) for first-line treatment in EGFR mutated cases of NSCLC (72). DacomoƟb was also 

approved in the US, but with more adverse effects (73).  

CrizoƟnib showed good results in cases with translocaƟon in ALK and ROS-1 genes, 

especially in ROS-1 posiƟve NSCLC, as well as ceriƟnib (2nd generaƟon). AlecƟnib is FDA-

approved for ALK-posiƟve NSCLC. In cases of resistance to alecƟnib, lorlaƟnib is an 

alternaƟve opƟon. CrizoƟnib is the preferred opƟon in ROS1-posiƟve NSCLC.  

77.2.4.5 Immunotherapy 

Immunotherapy disrupts the inhibitory signaling between tumor cells and immune cells. 

In lung cancer, programmed cell death ligand 1 (PD-L1) (on tumor cells) and PD-1 (the 

receptor of PD-L1, on T cells) interacƟon inhibits T cell response to the tumor. This 

interacƟon can be blocked by immune checkpoint blockers (ICB), which would increase 

the immune response against the tumor. Immunomodulatory therapy is approved as a 

secondary-line treatment in advanced lung cancer cases, as well as first-line treatment 

in paƟents with high levels of PD-L1 expression (>50%) and absence of oncogenic-driver 

mutaƟons (74).  

In 2017, pembrolizumab, an ICB anƟ-PD-1, was added to the plaƟnum-based frontline 

chemotherapy and showed improvement of OS (75,76). 

Although there are mulƟple clinical studies about immunotherapy combinaƟons, most 

of them show disappoinƟng results. One of the most effecƟve combinaƟons is anƟ-

cytotoxic T-lymphocyte anƟgen 4 (CTLA-4) (CTLA-4 presents an inhibitory immune 

funcƟon) with anƟ-PD-L1. However, the addiƟon of anƟ-CTLA-4 to anƟ-PD-L1 therapy 

did not show a meaningful improvement but increased toxicity (77). Another studied 

combinaƟon is anƟ-T cell immunoreceptor with immunoglobulin and ITIM domain 

(TIGIT) (TIGIT inhibits immunity through mulƟple mechanisms) and anƟ-PD-1. Blockade 

of both pathways increases CD8 T cells expansion and funcƟon. This strategy showed 

important improvement in tumors with high PD-L1 expression (78). 
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77.2.5 Clinical management 

7.2.5.1 SCLC 

As a first-line treatment, the European Society for Medical Oncology recommends a 

surgical approach for paƟents with T1-2 N0-1. Before the surgery, it is important to carry 

out mediasƟnal node exploraƟon, since it is not indicated if there is mediasƟnal 

involvement. Moreover, resecƟon should be followed by chemotherapy and 

postoperaƟve RDT should be considered for N1 or unforeseen N2 cases. In metastaƟc 

SCLC, chemotherapy is the best opƟon as a first-line treatment. In limited-stage paƟents 

with good performance status (PS), consider concomitant chemoradiotherapy. In case of 

brain involvement, it is recommended prophylacƟc cranial irradiaƟon (PCI) for paƟents 

with tumor response. In these cases, though, clinicians should consider the risk of 

neurocogniƟve impairment before this treatment in paƟents ≥65 years old. 

There are cases of SCLC in which second-line treatment is required. In the case of 

resistant disease (with recurrence in less than 90 days of compleƟng therapy), oral or 

intravenous topotecan treatment is recommended. If the paƟent never responded to 

first-line therapy (refractory disease), the recommended treatment is a chemotherapy 

agent not previously used. In plaƟnum-refractory and resistant paƟents, outcomes are 

poor. In these cases, parƟcipaƟon in clinical trials or best supporƟve care is 

recommended. PaƟents with symptomaƟc recurrence in mediasƟnum that have not 

been irradiated before can be subjected to thoracic RDT. Finally, in case of recurrence in 

the brain, radiotherapy may be implemented newly if no systemic therapies are 

available. 

Response to treatment may differ depending on the molecular traits of the tumor. We 

can disƟnguish 4 main subtypes of SCLC depending on the differenƟal expression of 

transcripƟonal regulators. Those transcripƟonal regulators are: ASCL1 (subtype SCLC-A), 

NEUROD1 (subtype SCLC-N) and POU2F2 (subtype SCLC-P). There is another subtype 

characterized by being triple negaƟve for the three transcripƟonal regulators (subtype 

SCLC-I) (79,80). 
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SCLC relapses can be categorized depending on the response of the tumor to the first-

line therapy. It is called sensiƟve disease when there are ≥90 days of response to 

plaƟnum-based chemotherapy. It is a resistant disease when there are <90 days of 

response and refractory disease when the best response is progressive disease (61). 

UnƟl June 2020, topotecan was the only second-line treatment for SCLC (81). Nowadays, 

a common strategy for second-line treatment aŌer a sensiƟve relapse is retreatment 

with plaƟnum-based chemotherapy (82). Lurbinectedin is also a common strategy. It 

binds to guanines in GC-rich areas of gene promoters, impairing transcripƟon in tumor 

cells and leading to DNA breaks that trigger apoptosis (83). 

Other chemotherapeuƟcs for second and further line treatment are irinotecan (84), 

paclitaxel (85) and temozolomide (86), that have beƩer tolerability than topotecan. 

77.2.5.2 NSCLC 

7.2.5.2.1 Local NSCLC (Stage I and II) 

For stage I and II NSCLC, complete surgical resecƟon is recommended. In cases where 

surgical intervenƟon is contraindicated, RDT should be used. Lobectomy is the best 

opƟon for early-stage disease (87,88). However, clinical studies showed good results 

aŌer wedge resecƟon or segmentectomy in paƟents with peripheral N0 lung cancer (2 

cm or less), especially when it is bronchoalveolar carcinoma (89).  

7.2.5.2.2 Locally advanced NSCLC (stage III) 

In the case of paƟents diagnosed with stage I or II but during surgery it is observed 

N2 disease, adjuvant chemotherapy aŌer surgery is recommended. If NSCLC stage III is 

diagnosed before the surgical intervenƟon, there are mulƟple strategies: inducƟon 

chemotherapy followed by surgery, inducƟon chemoradiotherapy followed by surgery 

or concurrent chemoradiotherapy. The most appropriate strategy for each paƟent 

should be decided by a mulƟmodality team. Finally, if the tumor is non-resectable, 

concurrent chemoradiotherapy is the best opƟon.  

CisplaƟn is the opƟmal chemotherapy for stage III NSCLC. Most clinical studies use 

cisplaƟn plus etoposide or cisplaƟn plus vinca alkaloid for concurrent 
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chemoradiotherapy. The treatment regimen for concomitant chemotherapy is 2-4 

cycles. For perioperaƟve cisplaƟn-based chemotherapy, 3-4 cycles are recommended, 

with a total accumulaƟve dose of 300 mg/m2 of cisplaƟn minimum.  

AŌer therapy, it is recommended to follow up with a CT scan (thoracic and upper 

abdominal), every 6 months for 2 years and, then, yearly for 3 years. In paƟents with a 

high risk of brain relapse, it is recommended to follow up the case with imaging methods. 

Apart from all these clinical measures, the paƟent is strongly encouraged to quit smoking 

(65). 

77.2.5.2.3 Non-oncogene-addicted metastaƟc NSCLC 

In oligometastaƟc disease, limited metastaƟc lesions in one or two organ systems can be 

treated locally by surgery or radiaƟon in conjuncƟon with the primary tumor. The 

treatment depends on the systems affected. In the case of brain lesions, surgical 

resecƟon or stereotacƟc radiosurgery are the opƟmal strategies. Adrenal lesions are also 

resected in paƟents responding to therapy (90). 

In metastaƟc NSCLC, the standard of care for paƟents is 4-6 cycles of plaƟnum doublet. 

The best tolerated combinaƟon is pemetrexed + cisplaƟn. If the paƟent does not improve 

aŌer 4 cycles of treatment, it is recommended to conƟnue with the administraƟon of 

pemetrexed monotherapy. 

In cases of advanced or metastaƟc NSCLC without driver alteraƟons, an 

immunochemotherapeuƟc combinaƟon is available. With this strategy, 15% of advanced 

NSCLC paƟents responded, improving OS for up to 5 years or more (70). However, in 

metastaƟc cases of NSCLC, the OS remains less than 3 years (91). 

PotenƟal biomarkers that could predict response to immunotherapy are PD-L1 

expression (92), presence of tumor-infiltraƟng lymphocytes (TILs) (93) and tumor 

mutaƟonal burden (if there are more mutaƟons, more different anƟgens could be 

presented to the T cells) (94). Hence, tumors with high tumor mutaƟonal burden or high 

PD-L1 expression may respond when treated with single-agent ICB (95). 
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77.2.5.2.4 Oncogene-addicted metastaƟc NSCLC 

DetecƟon of biomarkers is crucial to idenƟfy subgroups of NSCLC, which helps to select 

the most adequate treatment for paƟents and achieve beƩer clinical outcomes than 

tradiƟonal chemotherapy (96).  

One of the most frequently altered genes in NSCLC is EGFR, especially in women and 

non-smokers (97). EGFR mutaƟons include subsƟtuƟons, deleƟons and inserƟons in 

exons 18-21 that acƟvate the tyrosine kinase. The most common alteraƟons are the exon 

21 L858R subsƟtuƟon and exon 19 deleƟon mutaƟons. In these cases, TKIs are available 

and studies show prolonged PFS with no effect on overall OS, compared to plaƟnum-

based therapy (71). OsimerƟnib, a third-generaƟon TKI, was approved by FDA for first-

line treatment (72). DacomoƟb was also approved in the US, but with more adverse 

effects (73). Treatment resistance can appear aŌer 6-12 months of treatment with EGFR 

TKI due to secondary alteraƟons in EGFR, developed in 40-60% of paƟents. Concretely, 

these secondary alteraƟons comprise a large group of exon 20 inserƟons. Then, 

treatment is switched to osimerƟnib, which targets this mutaƟon and the primary ones 

(98). Other cases of resistance are due to amplificaƟon of the MET oncogene as well as 

amplificaƟons of phosphaƟdylinositol-4,5-biphosphate 3-kinase catalyƟc subunit alpha 

(PIK3CA) and HER-2 (99,100).  

TranslocaƟon in the ALK gene is also commonly found in NSCLC, as well as ROS1 

translocaƟon, BRAF V600 mutaƟon and other alteraƟons in driver oncogenes that are 

shown in Figure 9, where the most adequate treatments for each case can be seen. 
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Figure 9. Treatment algorithm for oncogene-addicted metastaƟc NSCLC. NSCLC, non-small-cell lung cancer; 

EGFR, epidermal growth factor receptor; ALK, anaplasƟc lymphoma kinase; ROS1, ROS Proto-Oncogene 1; 

BRAF, V-Raf Murine Sarcoma Viral Oncogene Homolog B; RET, RET proto-oncogene; NTRK, 

neurotrophic tyrosine receptor kinase; HER2, human epidermal growth factor receptor 2; MET, MET proto-

oncogene; MCBS, Medicare Current Beneficiary Survey; ESCAT, ESMO Scale for Clinical AcƟonability of 

molecular Targets; ICI, immune-checkpoint inhibitor. Diagram from European Society for Medical Oncology 

(ESMO), (101).  

77.3 Treatment resistance 

Cancer therapy can be considered as a three-component system. There is a therapy that 

targets a populaƟon of cancer cells, which is in a specific host environment. Hence, the 

clinical response of the paƟent depends on the pharmacological properƟes of the 

therapy, the characterisƟcs of the cancer cells (intrinsic and acquired) and the 

environmental factors. Treatment resistance is an important obstacle in cancer 

treatment. TradiƟonally, resistance mechanisms have been grouped into intrinsic and 

acquired resistance (Figure 10). In intrinsic resistance, the factors that reduce drug 

effecƟveness are present in cancer cells or Ɵssues itself before the therapy, making it 

ineffecƟve. Conversely, acquired resistance develops during the treatment of tumors 

that were iniƟally sensiƟve to the therapy. It can be caused by mutaƟons that arise during 
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the treatment or adapƟve responses that compensate for the therapeuƟc effect, e.g. 

increased expression of the therapeuƟc target or acƟvaƟon of compensatory signaling 

pathways. The key determinants of drug resistance include tumor burden, growth 

kineƟcs, tumor heterogeneity, physical barriers, immune system and microenvironment, 

undruggable cancer drivers and the consequences of applying selecƟve therapeuƟc 

pressures (102,103). 

 

Figure 10. Intrinsic and acquired chemoresistance in cancer. Diagram adapted from Ramos et al., 2021 

(104,105). Created in hƩps://BioRender.com. 

77.3.1 Major mechanisms of resistance 

7.3.1.1 Decrease of drug accumulaƟon inside the cell 

Drug concentraƟon in the cell can be reduced by increasing drug efflux or by decreasing 

drug uptake. The first condiƟon can be produced by overexpression of membrane efflux 

pumps. ATP-binding casseƩe (ABC) is a superfamily of efflux pumps, that is, 

transmembrane proteins capable of regulaƟng the flux of different chemotherapeuƟc 

agents across the plasma membrane. An example is the copper-transporƟng ATPase 1/2 

(ATP7A/B) (105), which regulates the efflux of plaƟnum. High expression of ATP7A/B is 

correlated with poor response to plaƟnum treatment in NSCLC (106). Other transporters 
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involved in drug resistance are mulƟdrug resistance proteins (MRP) and lung resistance 

proteins (LRP) (107).  

On the other hand, drugs can enter the cells via receptors/transporters, endocytosis or 

diffusion across the cell membrane (108). AlteraƟons in the receptors or transporters of 

the drug can reduce the intake of this one. PlaƟnum compounds enter the cells by 

passive diffusion or transporters. Copper transporter 1 (CTR1) not only controls the 

acquisiƟon of copper ions respecƟvely but also of plaƟnum-based agents (109). High 

CTR1 expression is related to longer paƟent survival, since it means the increase of 

cisplaƟn concentraƟon in the cancer cell, while low expression of CTR1 indicates less 

drug uptake and, hence, worse response to chemotherapy (110).  

77.3.1.2 Drug inacƟvaƟon  

In some cases, the drug may not be properly acƟvated or inacƟvated by certain 

molecules inside the cell. For example, plaƟnum drugs are inacƟvated by thiol 

glutathione (GSH) (111). Irinotecan, a topoisomerase (TOP) I inhibitor, must be acƟvated 

by carboxylesterase enzymes, since the product SN-38 is the acƟve anƟcancer 

metabolite (112). 

7.3.1.3 Tumor heterogeneity  

Cancer cells acquire genomic alteraƟons, not only age-related mutaƟons but also those 

produced by genomic instability, which generates geneƟc diversity in the tumor. Some 

of the mutaƟons can be resistance mutaƟons and produce a change in tumor phenotype 

(102). 

Intra-tumor heterogeneity includes factors related to disease progression and treatment 

failure, such as phenotypic diversity (e.g. cell surface markers), epigeneƟc or geneƟc 

abnormality, growth rate or apoptosis. 

Another determining factor of intra-tumor heterogeneity is the presence of cancer stem 

cells (CSC). Lung cancer stem cells (LCSC) can self-renew and differenƟate into different 

cancer cell lines in different circumstances, such as under the effect of plaƟnum, and are 

a main factor in lung cancer recurrence (113). MulƟple molecules such as Forkhead box 

C1 protein (FOXC1), circular RNAs, TRIB1/histone deacetylase (HDAC), doublecorƟn-like 
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kinase 1 (DCLK1), gap juncƟons and heat shock protein 27 (hsp27) are responsible for 

CSCs-like properƟes in lung cancer, generaƟng resistance. Moreover, LCSCs have an 

increased expression of CD133+/CD44+ and Nanog, Oct-4, SOX-2 and Aldehyde 

dehydrogenase (ALDH), which are significantly upregulated in plaƟnum-induced 

resistance (107). 

77.3.1.4 Increase in DNA repair 

Resistant cells have a stronger DNA repair ability to fix DNA damage induced by drugs. 

In the case of plaƟnum resistance, the most important pathways are nucleoƟde excision 

repair (NER) and base excision repair (BER) pathways. There are mulƟple proteins 

involved in NER pathway, among them excision repair cross-complemenƟng 1 (ERCC1)/ 

xeroderma pigmentosum group C (XPF), an endonuclease that is used as a predicƟve 

biomarker of plaƟnum-based treatment. On the other hand, X-ray repair cross-

complemenƟng gene 1 (XRCC1)/ metastasis associated in colon cancer 1 (MACC1) is a 

key component in BER mechanism that induces plaƟnum resistance by acƟvaƟng protein 

kinase B (AKT) pathway (107). 

7.3.1.5 Microenvironment 

Hypoxia is a common trait in tumor microenvironment (107). It induces genomic and 

proteomic changes mainly coordinated by hypoxia induced factor 1 (HIF-1). The response 

to hypoxia includes regulaƟon of genes involved in glucose metabolism, cell 

proliferaƟon, angiogenesis, macrophage polarizaƟon into tumor-associated 

macrophages (TAM), apoptosis, DNA damage, metastasis and drug efflux (114,115). In 

the case of plaƟnum resistance, there are two pathways related to hypoxia. Firstly, 

hypoxia inhibits cell apoptosis pathway (116,117) and, secondly, it promotes survival 

signaling pathways such as nuclear factor-kappa B (NF-κB) (117). 

EMT refers to the process of trans-differenƟaƟon of cells from epithelial to mesenchymal 

features. It alters cell-cell adhesion and extracellular matrix, leading to invasion of tumor 

cells (118). CisplaƟn treatment induces autophagy, NF-κB, TAMs and ataxia telangiectasia 

mutated (ATM) acƟvaƟon, which in turn induces EMT, promoƟng treatment resistance 

(119). 
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On the other hand, cancer has mulƟple mechanisms to evade immune responses. Those 

mechanisms can lead to the development of resistance to immunotherapy. Firstly, 

signals induced by tumor and non-tumor cells recruit suppressive immune cells and 

stroma cells, such as cancer-associated fibroblasts (CAFs). Secondly, inhibiƟon of one 

immune checkpoint by ICBs can increase the expression of other immune checkpoints, 

generaƟng acquired resistance. Thirdly, the increased levels of immunosuppressive cells 

and molecules can reduce tumor sensiƟvity to immunotherapy. Finally, cancer cells are 

constantly evolving. They suffer epigeneƟc and geneƟc changes that can cause 

impairment of neoanƟgen formaƟon, which leads to impairment of recogniƟon of tumor 

anƟgens by cytotoxic tumor cells (120). 

77.3.1.6 Apoptosis inacƟvaƟon 

AlteraƟons in cell death by apoptosis are oŌen found in tumors. Apart from being 

responsible for tumor development and progression, they are also responsible for tumor 

resistance to therapies. The reason is that most anƟcancer drugs take advantage of the 

intact apoptoƟc signaling pathways to trigger cancer cell death. Thus, defects in the 

death pathways can lead to drug resistance, limiƟng the efficacy of cancer therapies. 

ApoptoƟc pathways can be altered through mulƟple mechanisms, such as impaired 

death receptor signaling, impaired p53 funcƟon (which is a tumor suppressor gene), 

unbalance of B-cell leukemia/lymphoma 2 protein (BCL-2) family members (the proteins 

that regulate apoptosis), overexpression of inhibitor of apoptosis proteins (IAPs) or 

downregulaƟon of caspases, resulƟng in reducƟon of apoptosis or acquisiƟon of 

treatment resistance (108,121).  

7.4 Cell death 

Cell death is a crucial physiological process in organisms, having roles during embryonic 

development, organ maintenance, aging and immune response, among others. It can 

occur in mulƟple forms, in response to different kinds of stress. Loss of control of cell 

death processes can lead to mulƟple diseases, such as neurodegeneraƟon, autoimmune 

diseases, infecƟous diseases and cancer (122). According to the Nomenclature 

CommiƩee on Cell Death (NCCD), cell death can be divided into two groups: accidental 

cell death (ACD) and regulated cell death (RCD).  
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77.4.1 Accidental cell death (ACD) 

ACD consists of an uncontrolled process in which the cell spills its contents into the 

surrounding Ɵssue and it is triggered by an injury that overwhelms control mechanisms. 

Necrosis. Necrosis is the most studied ACD and is triggered by an external injury, for 

example, prolonged hypoxia and inflammaƟon (123). It involves the upregulaƟon of 

proinflammatory compounds (e.g. NF-κB) that leads to breakage of the cell membrane 

and leakage of cell content in the surrounding area, causing a cascade of inflammaƟon 

and Ɵssue damage. It is characterized by being an energy-independent process in which 

a sudden shock (e.g. heat, irradiaƟon, chemicals, hypoxia) seriously damages the cell and 

it is not viable anymore. 

Oncosis. Oncosis is an ACD mainly induced by the depleƟon of intracellular ATP that 

leads to the inacƟvaƟon of Na+/K+-ATPase, causing the increase of sodium and calcium 

ions. Some drugs that induce oncosis by increasing cellular reacƟve oxygen species (ROS) 

and depleƟng ATP are aspirin, Kahalalide F and Fluopsin C (124). Oncosis is characterized 

by swelling of the cell and the organelles, as well as an increase in membrane 

permeability. In oncosis, there is a depleƟon of intracellular energy stores and failure of 

ionic pumps. This kind of cell death produces leakage of cellular debris into surrounding 

Ɵssues, inducing damage to the surrounding cells, which generates inflammaƟon. 

Oncosis can lead to oncoƟc necrosis which is characterized by cellular swelling, 

karyolysis, vacuolaƟon and lysis (123). 

7.4.2 Regulated cell death (RCD) 

RCD is a controlled process that involves biochemical and molecular events in order to 

remove cells in a Ɵssue. The best studied form is apoptosis, which will be extensively 

explained in the following secƟons. However, a brief explanaƟon of the key events of 

other non-apoptoƟc regulated cell death mechanisms is found below (Figure 11).  
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Figure 11. Molecular mechanism of non-apoptoƟc regulated cell death. DR, death receptor; TLR, toll-like 

receptor; AR, androgen receptor; RIPK1, receptor interacƟng serine/threonine kinase 1; TICAM1, TIR 

domain containing adaptor molecule 1; DAI, Z-DNA-binding protein 1; RIPK3, Receptor-interacƟng 

serine/threonine-protein kinase 3; MLKL, mixed-lineage kinase domain-like; PAMP, pathogen-associated 

molecular paƩerns; DAMP, damage-associated molecular paƩerns; LPS, lipopolysaccharide; CASP1, 

caspase 1; CASP11, caspase 11; GSDMD, gasdermin D; ROS, reacƟve oxygen species; ACSL4, acyl-CoA 

synthetase long chain family member 4; LPCAT3, lysophosphaƟdylcholine acyltransferase 3; ALOX15, 

arachidonate 15-lipoxygenase; SLC7A11, solute carrier family 7 member 11; GPX4, glutathione peroxidase 

4; NFE2L2, NFE2 like bZIP transcripƟon factor 2; PLOOH, phospholipid hydroperoxides; PARP1, poly [ADP-

Ribose] polymerase 1; AIFM1, apoptosis-inducing factor M1; MIF, macrophage migraƟon inhibitory factor; 

RHOA, ras homolog family member A; ROCK, Rho-associated protein kinase; CDC42, cell division cycle 42; 

LAP, laryngeal adductor paralysis; NAPDH, nicoƟnamide adenine dinucleoƟde phosphate; LMP, lysosomal 

membrane permeabilizaƟon; IKBKB, inhibitor of nuclear factor kappa B kinase subunit B; NFκB, nuclear 

factor-kappa B; CA9, carbonic anhydrase 9; KEAP1, Kelch-like ECH-associated protein 1; PGAM5, 

phosphoglycerate mutase family member 5. Diagram adapted from Tang et al., 2019 (122).  
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Necroptosis. Necroptosis occurs following the acƟvaƟon of tumor necrosis receptor 

(TNFR1) by tumor necrosis factor-α (TNFα). However, there are other receptors that 

trigger necroptosis: acƟvaƟon of death receptors (e.g. death receptor CD96 (FAS)), toll-

like receptors (e.g. toll-like receptor 3 (TLR3) and toll like receptor 4 (TLR4), nucleic acid 

sensors (Z-DNA binding protein 1, ZBP1), reƟnoic acid receptor responder 3 (RARRES3, 

also named RIG1), transmembrane protein 173 (TMEM173, also named STING) and 

adhesion receptors (122). The main difference with necrosis is that necroptosis follows 

signal regulaƟon and has characterisƟcs of acƟve energy consumpƟon (125).   

Pyroptosis. Pyroptosis is induced by the acƟvaƟon of inflammasome sensors, such as 

Nod-like receptor (NLR) family, DNA receptor Absent in Melanoma 2 (AIM2) and the 

Pyrin receptor. The inflammasome sensors detect pathogen-associated molecular 

paƩerns (PAMPs) and damage associated molecular paƩerns (DAMPs) released by 

microbes or dysregulated pathways (122,125). 

Ferroptosis. Ferroptosis is a type of cell death induced by iron-dependent lipid peroxide 

injury in the mitochondria, as well as by deficiency of acƟvity of glutathione peroxidase 

4 (GPX4) (125).  

Parthanathos. Parthanatos is a poly [ADP-Ribose] polymerase 1 (PARP)-dependent RCD. 

It is acƟvated by DNA damage and chromaƟnolysis induced by oxidaƟve stress (122). 

Entosis. Entosis consists in cell cannibalism (one cell kills and engulfs another cell). It 

occurs when there is an aberrant proliferaƟon of cells, glucose starvaƟon, matrix 

deadhesion or mitoƟc stress (122). Cell adhesion and cytoskeletal rearrangement 

pathways play a central role in entosis (126). 

Netosis. NETs are extracellular net-like DNA structures released by the cells in response 

to infecƟon or injury. Netosis is a type of RCD driven by NET release (127). 

Lysosome-dependent cell death. Lysosomotropic detergents, dipepƟde methyl esters, 

lipid metabolites and ROS generate the permeabilizaƟon of the lysosomal membrane 

and, thus, the release into the cytosol of hydrolyƟc enzymes, causing cell death (128). 

Autophagy. Autophagy-induced cell death is a type of cell death driven by the molecular 

machinery of autophagy. It is characterized by enhanced adherence to the cell substrate, 
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fragmented or vanished endoplasmic reƟculum, focal swelling of the perinuclear space 

and mild chromaƟn condensaƟon. During macroautophagy, the most described form of 

autophagy, different membrane structures are formed: phagophore, autophagosome 

and autolysosome. In this process, regions of the cell are enclosed in vesicles known as 

autophagosomes. Autophagosomes can fuse with lysosomes and become 

autophagolysosomes, and their content is degraded by proteases (123). 

Alkaliptosis. Alkaliptosis is a type of RCD driven by intracellular alkalinizaƟon. It is only 

triggered by the small molecule compound JTC801 (129,130). 

Oxeiptosis. Oxeiptosis is induced by ROS, non-inflammatory and caspase-independent 

cell death. Involves interacƟon among Kelch-like ECH-associated protein 1 (KEAP1, ROS 

sensor and anƟoxidant factor), phosphoglycerate mutase family member 5 (PGAM5) and 

apoptosis-inducing factor M1 (AIFM1, a proapoptoƟc factor) (131).  

Immunogenic cell death (ICD). This is a type of RCD that generates an immune response 

(132). DAMPs are molecules that are secreted, released or exposed on the surface by 

stressed, injured or dying cells and that interact with the immune system (133). It is 

called ICD when the dying cell generates these DAMPs and potenƟates the immune 

system's effect. 

Release of DAMPs involves alteraƟons on the cell surface, for example, because of the 

translocaƟon of intracellular proteins to the plasma membrane. It also involves changes 

in the extracellular microenvironment, since some proteins and metabolites that are 

normally secluded in live cells are released (134).  

In chemotherapy-driven ICD, malignant cells expose calreƟculin (CALR) on the surface, 

as well as other endoplasmic reƟculum chaperones. Malignant cells also secrete ATP and 

iniƟate type I interferon (IFN) response, culminaƟng in the producƟon of CXC-chemokine 

ligand 10 (CXCL10) and release of high-mobility group box 1 (HMGB1) and annexin A1 

(ANXA1). These DAMPs bind to receptors on the surface of myeloid and lymphoid cells 

favoring the uptake of cell corpses and debris, which leads to higher anƟgen presentaƟon 

and, thus, immunological memory and eradicaƟon of cancer cells that survived 

chemotherapy (134).  
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It is the primary mode of acƟon of two approved anƟcancer drugs, belantamab 

mafodoƟn (135) and lurbinectedin (136). ConvenƟonal cancer treatments, such as some 

chemotherapeuƟcs (e.g. cyclophosphamide, anthracyclines and oxaliplaƟn), RDT and 

some targeted therapies (such as bortezomib and crizoƟnib) also induce ICD (132). This 

engages the immune response against the tumor, enhancing treatment efficacy. 

77.4.2.1 Apoptosis 

Apoptosis is the most evoluƟonary conserved type of RCD, as well as the most studied. 

It is characterized by membrane blebbing, cell shrinkage, nuclear disassembling, 

pyknosis (chromaƟn condensaƟon), DNA fragmentaƟon, exposure of phosphaƟdylserine 

on the surface of the plasma membrane and changes in mitochondrial membrane 

permeability. It culminates with the formaƟon of small vesicles, known as apoptoƟc 

bodies, that are phagocyƟzed by neighboring cells. It is an essenƟal process in the 

development and funcƟoning of mulƟcellular organisms, since it eliminates undesired 

cells, including those that are infected, damaged or mutated. Caspases, a class of 

cysteine proteases that cause proteolysis of cellular proteins, play a crucial role in 

apoptosis. 

Extracellular or intracellular perturbaƟons can induce the acƟvaƟon of apoptosis by two 

different pathways: the extrinsic pathway or the intrinsic pathway, respecƟvely (125,137) 

(Figure 12). 
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Figure 12. Molecular mechanisms of apoptosis. MOMP, mitochondrial outer membrane permeabilizaƟon; 

APAF-1, apoptoƟc protease acƟvaƟng factor 1; BAK,  Bcl-2 antagonist killer 1; BAX, Bcl-2-associated X 

protein; PUMA, p53 upregulated modulator of apoptosis; BID, BH3 interacƟng domain death agonist; BIM, 

bis(indolyl)methanes; BCL-2, B-cell leukemia/lymphoma 2 protein; BCL-XL, B-cell lymphoma-extra large,  

MCL-1, myeloid cell leukemia 1; FasL, Fas ligand; TRAIL, TNF-related apoptosis-inducing ligand; TNF, tumor 

necrosis factor; FADD, Fas-associated death domain; DISC, death-inducing signaling complex; PtdSer, 

phosphaƟdylserine. Image from Ketelut-Carneiro et al., 2021 (138).  

77.4.2.1.1 Extrinsic pathway 

In the extrinsic pathway, extracellular perturbaƟons iniƟate apoptosis, such as natural 

killer cells or macrophages that produce death ligands (123). It is iniƟated by the 

acƟvaƟon of cell surface death receptors. This includes TNFR1/2, Fas and the TNF-related 

apoptosis-inducing ligand (TRAIL) receptors DR4 and DR5. When acƟvated by their 

ligands (TNFα, Fas ligand (FasL)L or TRAIL respecƟvely), receptors oligomerize and form 

plaƞorms in the cell surface, which induce the recruitment of adapter proteins (TNF 

receptor 1 associated-death domain (TRADD) and Fas-associated death domain (FADD)). 

ProCaspase-8 and -10 are also recruited to form the death-inducing signaling complex 

(DISC). Caspase-8 and -10 are acƟvated by cleavage. Caspase-8 directly cleaves effector 

caspases caspase-3, -6 and -7, which execute cell death. Moreover, caspase-8 can 

indirectly cleave effector caspases-3, -6 and -7 by acƟvaƟng BID, a BCL-2 protein family 
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member, which generates feedback into the intrinsic pathway and promotes 

mitochondrial outer membrane permeabilizaƟon (MOMP) (139). 

77.4.2.1.2 Intrinsic pathway 

The acƟvaƟon of the intrinsic pathway depends on factors released by mitochondria. It 

is iniƟated by posiƟve (hypoxia, toxins, radiaƟon, ROS and viruses) or negaƟve signals 

(absence of cytokines, hormones and growth factors in the cell environment) (140). 

When apoptosis is induced, MOMP occurs and leads to the release of proapoptoƟc 

proteins, including cytochrome c, second mitochondria-derived acƟvator of caspases 

(SMAC)/ direct IAP-binding protein with low pI (DIABLO) and HtrA2/Omi. Cytochrome c 

binds to adapter protein apoptoƟc protease acƟvaƟng factor 1 (Apaf1) (141), which 

undergoes a conformaƟonal change. This change exposes the caspase recruitment 

domain (CARD) and oligomerizaƟon domains, which make several Apaf1 assemble and 

the mulƟple CARD domains recruit procaspase-9, forming the apoptosome (142). Within 

the apoptosome, caspase-9 is acƟvated and it acƟvates the executor Caspase-3 and -7, 

inducing apoptosis (143). SMAC/DIABLO and HtrA2/Omi inhibit IAPs (123,138,139). 

7.4.2.1.2.1 BCL-2 family members 

The BCL-2 family is a heterogeneous group of proteins that regulates apoptoƟc 

mitochondrial events (Figure 13). The proteins of this family share one to four BCL-2 

homology (BH) domains and are categorized into three funcƟonal and structural groups: 

iniƟators (pro-apoptoƟc), guardians (pro-survival) and execuƟoners (pro-apoptoƟc). 

IniƟators. IniƟators are tradiƟonally known as BH3-only pro-apoptoƟc group and include 

bis(indolyl)methanes (Bim), NicoƟnamide adenine dinucleoƟde phosphate (NADPH) 

oxidase acƟvator (Noxa), BCL-2 associated agonist of cell death (Bad), BH3 interacƟng 

domain death agonist (Bid), p53 upregulated modulator of apoptosis (PUMA) and 

acƟvator of apoptosis harakiri (Hrk). They are the first responders to cellular stress and 

their funcƟon is to interact with other members of the BCL-2 family regulaƟng their 

acƟvity: they disable the acƟvity of guardian family members and acƟvate execuƟoners 

(144). 
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When there is an apoptoƟc signal, iniƟators respond through transcripƟonal 

upregulaƟon and post-translaƟonal modificaƟons. IniƟators may have a degree of 

specificity for some guardians. In the case of Bim, PUMA and BID, they possess a broad 

specificity, that is, they inhibit all guardians. On the contrary, BAD specifically blocks BCL-

2, B-cell lymphoma-extra large (BCL-XL) and BCL-W and NOXA inhibits myeloid cell 

leukemia sequence 1 (MCL1) and BCL2 related protein A1 (BCL2A1). 

BID is a special iniƟator, since it contains a BH4 domain (145). BID is acƟvated by cleavage 

(for example, by caspase 8), which produces tBID. tBID translocates to the mitochondrial 

outer membrane, where it interacts with guardians and execuƟoners (146). 

We can disƟnguish two categories of iniƟators: acƟvators (Bim and tBid) and sensiƟzers 

(Bad). Other proteins of this group are more difficult to classify, for example, NOXA, 

which has a less clear classificaƟon since it is considered a sensiƟzer but can directly 

acƟvate Bak (147). 

Guardians. This is considered the mulƟdomain anƟ-apoptoƟc group. Guardians have 

four BH domains (BH1-BH4) and include BCL-2, BCL-XL, BCL-W, MCL-1 (myeloid cell 

leukemia 1), and BCL2A1. Their overexpression inhibits cell death, so they must be 

neutralized for apoptosis undergoing. Guardians are commonly upregulated in cancer, 

as a mechanism of cancer cells to avoid apoptosis (144). They sequester acƟvators and 

execuƟoners by binding their BH3 domain with high affinity. Moreover, as a consequence 

of interacƟng with execuƟoners, guardians promote the translocaƟon of BAX and BAK 

from the mitochondria to the cytosol (148). 

ExecuƟoners. They form the mulƟdomain pro-apoptoƟc group. They have four BH 

domains (BH1-BH4) and include BCL-2 antagonist killer (BAK), BCL-2 associated X protein 

(BAX) and BCL-2-related ovarian killer (BOK). BAK and BAX are the most studied 

execuƟoners. The most crucial event for apoptosis is MOMP. BAK and BAX are labile and 

easily undergo conformaƟonal changes. Hence, when they are acƟvated, they 

accumulate in the mitochondrial outer membrane, undergo conformaƟonal changes and 

oligomerize, forming membrane pores that lead to MOMP (149). 

BAX is mainly localized in the cytosol, while BAK is mostly found in the mitochondrial 

membrane and is maintained inacƟve due to the associaƟon of the protein voltage-
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dependent anion channel 2 (VDAC2) (150,151). The acƟvity of BAK and BAX can be 

regulated by post-translaƟonal modificaƟons. There are mulƟple mechanisms of 

acƟvaƟon of BAK and BAX: direct interacƟon with acƟvator family members, 

autoacƟvaƟon (because of their inherent instability) or direct interacƟon with acƟvated 

BAK and BAX (144). 

Both extrinsic and intrinsic pathways are not totally independent, there is a cross-talk of 

both pathways. Caspase 8 can acƟvate BID (an iniƟator protein), which results in the 

truncated form of tBID. This engages BAX/BAX-dependent MOMP-driven and 

cytochrome release (138).  

 

Figure 13. The BCL-2 family. BIM, bis(indolyl)methanes; PUMA, p53 upregulated modulator of apoptosis; 

BAD, BCL-2 associated agonist of cell death; NOXA, oxidase acƟvator; BH, BCL-2 homology; TM, 

transmembrane; BID, BH3 interacƟng domain death agonist; BCL-2, B-cell leukemia/lymphoma 2 protein; 

BCL-XL, B-cell lymphoma-extra large; BCL-W, B-cell lymphoma-w; MCL-1, myeloid cell leukemia sequence 

1; BCL2A1, BCL2 Related Protein A1; BAX, Bcl-2-associated X protein; BAK, Bcl-2 antagonist killer 1; BOK, 

Bcl-2-related ovarian killer. Image from Czabotar et al., 2023 (144).  

77.4.2.1.3 ExecuƟon pathway 

The execuƟon pathway is the final step of apoptosis. ExecuƟoner caspases -3, -6 and -7 

(acƟvated by caspases -8, -9 and -10) trigger morphological and biochemical changes in 

the apoptoƟc cell by cleaving mulƟple substrates, such as cytokeraƟns, inhibitor of 

caspase-acƟvated deoxyribonuclease (ICAD), PARP, Rho-associated coiled-coil forming 

kinase-1 (ROCK-1), gelsolin and foldrin. 
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Caspase-3 is considered the most important execuƟoner caspase. Catalyzes the 

inhibitory cleavage of ICAD, the inhibitor of the endonuclease CAD. When CAD is 

released, it degrades chromosomal DNA and causes chromosomal condensaƟon (152). 

Caspase-3 and -7 promote phosphaƟdylserine (PS) exposure in the outer surface of the 

plasma membrane by acƟvaƟng proteins that externalize PS or inacƟvaƟng factors 

involved in its internalizaƟon. The exposure of PS allows noninflammatory phagocyƟc 

recogniƟon and the uptake of apoptoƟc cells (153). Caspase -3 is also required for plasma 

membrane blebbing, regulated by ROCK1. ROCK1 phosphorylates the myosin light chain 

(MLC), which induces actomyosin contracƟon, delaminaƟon of corƟcal cytoskeleton and 

cell shrinkage (154). Moreover, caspase-3 and 7 acƟvate several pro-caspases (e.g. 2, 6, 

8 and 10) triggering the amplificaƟon of the apoptoƟc signal (155). 

77.4.2.1.4 Inhibitors of apoptosis  

The IAP family is a group of proteins that share funcƟonal and structural characterisƟcs 

and that can inhibit apoptosis. The eight human IAPs that have been idenƟfied unƟl now 

are neuronal IAP (NAIP), cellular IAP1 (c-IAP1), cellular IAP2 (c-IAP2), X-linked IAP (XIAP), 

survivin, Bir-ubiquiƟn conjugaƟng enzyme (BRUCE, also known as Apollon), melanoma 

IAP (ML-IAP, also known as Livin) and IAP-like protein 2 (ILP2) (156) (Figure 14). 

 

Figure 14. Structure of the IAP family of proteins. BIR, baculovirus IAP repeat; RING, Really InteresƟng New 

Gene; LRR, leucine-rich. Image from Kumar et al., 2020 (156).  
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The main common structural characterisƟc of IAPs is the baculovirus IAP repeat (BIR) 

domain. The 8 mammalian IAPs contain one to three copies of BIR domain. Common 

features of the BIR domains include the presence of three conserved cysteine residues 

and one hisƟdine residue. They coordinate a zinc ion, which is required to stabilize the 

BIR fold (156). There are 2 types of BIR domains. Type II contains a hydrophobic cleŌ that 

allows it to bind to IAP binding moƟfs (IBMs) present in caspases and IAP antagonists. 

Type I BIR domain has a shallow pocket instead of a deep pepƟde binding groove. Hence, 

type I BIR domains do not interact with caspases or IAP antagonists, but with other 

proteins. For instance, the type I BIRs of cIAP1 and cIAP2 interact with Tumor Necrosis 

Factor Receptor Associated Factor 2 (TRAF-2), which is an adaptor protein involved in 

the signal transducƟon from the TNF receptor family (157). 

BIR domains confer the inhibitory properƟes of IAPs, since they prevent the conversion 

of pro-caspases to caspases. However, it is essenƟal but not sufficient for anƟapoptoƟc 

acƟvity because not all BIR-containing proteins can inhibit apoptosis. The BIR domain 

can also mediate protein recogniƟon and protein-protein interacƟons. 

Several IAP family members also contain a zinc finger domain called really interesƟng 

new gene (RING). The RING domain allows IAP to recruit ubiquiƟn conjugaƟng enzymes 

(E2), which transfer ubiquiƟn onto lysine residues of target proteins. If the residue of 

lysine polyubiquiƟnated is lysine 48 (K48), the chain of ubiquiƟn is recognized by the 

proteasome and typically degraded (158). 

Some IAPs also contain a ubiquiƟn-associated domain (UBA) and a ubiquiƟn 

conjugaƟng domain (UBC). XIAP, cIAP1, cIAP2 and Ts-IAP have UBA domains, which 

allows them to bind to polyubiquitylated proteins and substrates (159). The only IAP with 

a UBC domain is Apollon. The UBC domain confers to Apollon the funcƟon of a ubiquiƟn 

conjugaƟng enzyme (E2), which is able to transfer ubiquiƟn to substrates directly (160). 

cIAP1 and cIAP2 also contain a caspase recruitment domain (CARD) (161). The CARD is 

also present in procaspase-9 and apaf1 and is important for the formaƟon of the 

apoptosome. The funcƟon of CARD in cIAP/2 is not clear but it has been suggested that 

it plays a role in stabilizing cIAP1 by inhibiƟng auto-ubiquiƟnaƟon by the RING domain 

(162). 
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IAPs are upregulated in different cancer types and this is correlated with treatment 

response and prognosis (156). For instance, cIAP1 is overexpressed in esophageal 

squamous cell carcinoma cell lines and is associated with resistance of esophageal 

squamous cell carcinomas to drug-induced apoptosis (163). In addiƟon, Imoto et al. 

demonstrated that the expression of cIAP1 correlates with resistance to RDT in cervical 

cancers (164). Another study found a subset of CD133+ glioblastoma stem cells with 

higher expression of all IAP family members that presented resistance to temozolomide, 

carboplaƟn and paclitaxel (165).  

SMAC is an endogenous IAP inhibitor whose N terminus contains a mitochondrial 

targeƟng sequence that is cleaved to expose a sequence of four amino acids Ala-Val-Pro-

Ile (AVPI) required for binding to IAP proteins. The discovery of SMAC led to the synthesis 

of SMAC pepƟdes derived from this sequence. These SMAC pepƟdes were able to bind 

to IAP proteins and abrogate their acƟvity, as well as sensiƟze cancer cells to 

chemotherapy (166,167). SMAC pepƟdes did not have the pharmacological properƟes 

to its use in clinics, so small molecules that mimicked the IAP binding moƟf were 

developed, with beƩer cell permeability and potency (168). A third generaƟon of these 

compounds named bivalent SMAC mimeƟc was developed, consisƟng of two linked IAP 

binding tetrapepƟdes. Bivalent SMAC mimeƟc compounds can inhibit not only BIR3 (like 

the previous SMAC mimeƟc compounds) but also BIR2 domain, which also plays an 

important role in inhibiƟng caspases (169). 

Apart from the evasion of apoptosis, the IAP family also plays a role in other processes 

related to the hallmarks of cancer, such as the evasion of the immune system response.  

PAMPs and DAMPs acƟvate paƩern recogniƟon receptors (PRRs) such as TLRs, nod-like 

receptor (NLR) family and RIG-like receptor (RLR) family. These receptors lead to the 

acƟvaƟon of NF-κB, resulƟng in the transcripƟon of proinflammatory cytokines, 

chemokines and interferons. IAPs interact with TRAF-2 and -3, regulaƟng PRRs acƟvaƟon 

with IAPs’ E3-ligase ubiquitylaƟon acƟvity (170). IAPs are also negaƟve regulators of B 

lymphocytes due to their role in the noncanonical NF-κB pathway (171). The role of IAP 

in regulaƟng immune system responses makes the members of this protein family good 

targets for developing immunotherapy-based treatments for cancer. In fact, some 
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studies show IAP antagonists have co-sƟmulatory effects on T-cells (172). What is more, 

these compounds have shown synergism with immune checkpoint inhibitors (173). 

Overall, the overexpression of IAPs in mulƟple cancer types makes the IAP family an 

aƩracƟve target. A great effort is being made to develop specific IAP inhibitors, such as 

SMAC mimeƟc compounds, in order to induce apoptosis or sensiƟze cancer cells to 

convenƟonal therapies. 

77.4.2.1.5 Survivin 

7.4.2.1.5.1 Survivin structure and isoforms 

Survivin is a protein encoded by BIRC5 gene (baculoviral inhibitor of apoptosis repeat-

containing 5). It has four exons, three introns and three crypƟc exons, which are exons 

that, when included in RNA transcripts, introduce premature translaƟon stop codons 

into the mRNA, helping to control the abundance of the protein (174) formed by 14,796 

nucleoƟdes in the chromosome 17q25. The molecular weight of survivin is 16.5 kDa, 

being the smallest member of the IAP family, since it only contains a single N-terminus 

BIR domain linked to a C-terminal α-helical coiled-coil domain (Figure 15).  

The BIR domain is formed by 70-80 residues, made of anƟparallel beta sheets with 3 

strands and surrounded by 4 alpha helices. At the carboxyl terminus, BIR domain forms 

a ring finger moƟf containing a zinc anion, coordinated by the residues C57, C60, H77 

and C84. 

Survivin has a 65 Å amphipathic alpha helix in the C-terminal of survivin, comprising 

residues 100-140. This helical domain is crucial for the formaƟon of the chromosomal 

passenger complex (CPC), which assures the correct segregaƟon of chromosomes and 

cytokinesis during cell division (175,176). There is a homodimerizaƟon domain located 

at two different areas in the linear sequence of survivin. The residues through which 

interact both monomers are 90-102. This homodimerizaƟon allows the formaƟon of a 

stable homodimer that carries out the mitoƟc acƟvity, while the monomeric form of 

survivin is associated with anƟapoptoƟc acƟvity (177,178) 
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Figure 15. 3D structure of survivin as a monomer (A) and as a dimer (B). Figure from Marơnez-García et 

al., 2018 (179). 

AlternaƟve splicing of survivin pre-messenger RNA (mRNA) can give rise to five more 

splice variants (Figure 16), which are distributed in the nucleus, mitochondria and 

cytoplasm, and interact with wild type (WT) survivin to exert anƟ-apoptoƟc acƟvity. The 

splice variants are ΔEx3 (survivin with deleƟon of exon 3, which allows its interacƟon 

with mitochondrial WT survivin), 2B (survivin with exons 1-4 and an addiƟonal -69bp 

fragment from intron 2), 3B (survivin with an addiƟonal 165 bp sequence from intron 3), 

2α (with only exons 1 and 2) and 3α (2 exons) (180). All isoforms share a complete 

sequence in the N-terminus region and differ in the carboxyl end. They have different 

expression paƩerns and subcellular localizaƟon compared to WT survivin form (181). 

Some splice variants present tumor-specific expression and are correlated with tumor 

progression and response to therapy (180). 

 

Figure 16. SchemaƟc representaƟon of splice variants of survivin encoded by BIRC5 gene. WT, wild type; 

aa, amino acids; UTR, untranslated regions. Figure from Albadari et al., 2023 (182).  
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77.4.2.1.5.2 Survivin expression paƩern and subcellular localizaƟon 

Survivin is highly expressed during embryonic and fetal development, and almost 

undetectable in most normal differenƟated Ɵssues. The differenƟated Ɵssues and cells 

that express survivin during the cell cycle are hematopoieƟc progenitor cells, T 

lymphocytes, endothelial cells and testes (183). In cancer cells, survivin is re-expressed 

in vast amounts, parƟcipaƟng in signaling cascades crucial for carcinogenesis (184). 

Survivin can be found in different subcellular localizaƟons, which, in turn, are associated 

with different funcƟons. Cytosolic survivin is associated with an apoptoƟc suppressor 

role, while nuclear survivin has been related to cell division regulaƟon (185). In the 

mitochondria, there is a small pool of survivin, released to the cytosol in response to cell 

death sƟmulaƟon, which confers resistance to apoptosis (186). There is also extracellular 

survivin originated from exosomes secreted by tumor cells. These exosomes are taken 

by neighboring cells, which increase their proliferaƟon and resistance to therapy (187). 

7.4.2.1.5.3 Survivin funcƟons 

7.4.2.1.5.3.1 Cell division  

During cell division, survivin is transported to the nucleus. Survivin is essenƟal to 

complete mitosis and cell division, and it is a key mitoƟc regulator. The expression peak 

of survivin is in the G2/M phase, and rapidly declines in the G1 phase. However, in cancer, 

survivin is ubiquitously expressed in all the phases of the cycle (188). Moreover, the 

survivin gene may be regulated by the cell cycle, since the BIRC5 gene contains cycle-

dependent element/ cell cycle genes homology region (CDE/CHR) (189). 

Survivin is part of the CPC. The CPC regulates key events in cell division: chromosome-

microtubule aƩachment, spindle assembly checkpoint and occurrence of cytokinesis. It 

is formed by Aurora B (the enzymaƟc component), inner centromere protein (INCENP) 

(the scaffold protein, that stabilizes the complex) and borealin, which promotes 

aƩachment of survivin to the complex (190). Survivin binds to the CPC through the 

dimerizaƟon domain, hence, survivin funcƟons as a monomer in the CPC (191). Kinase 

haspin phosphorylates histone 3 on Thr3 (H3T3), and this is recognized by a pocket in 

the BIR domain of survivin. This phosphorylaƟon, together with the phosphorylaƟon of 
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histone 2A at threonine 120T, that recruits Shugoshin1 (an adaptor for borealin), are 

responsible for the CPC recruitment (Figure 17). CPC is localized in the centromere during 

prophase, prometaphase and metaphase (190). In anaphase, CPC re-localizes to the anƟ-

parallel microtubules of the central spindle and the equatorial cortex. Finally, CPC is 

concentrated at the midbody during telophase and cytokinesis (192). The mislocalizaƟon 

of the CPC at some phases of mitosis causes fatal mitoƟc defects. 

Survivin is also involved in microtubule formaƟon during cell division, since it can alter 

microtubule dynamics and nucleaƟon (193). Grodini et al. 2002 suggest one of the 

mechanisms survivin may promote resistance to chemotherapy is by promoƟng 

microtubule stability (194). 

Survivin also regulates cytokinesis. It has been shown that survivin homodimer interacts 

with myosin II, which impairs myosin II assembly into filaments. Before anaphase, cyclin-

dependent kinase 1 (CDK1) is highly acƟve and phosphorylates survivin in Thr34. This 

prevents interacƟon of survivin with myosin II. At telophase, survivin is 

dephosphorylated by a phosphatase and forms a complex with myosin II, regulaƟng the 

number of molecules that form the contracƟle ring. It also regulates the size of the ring. 

DisrupƟons of this interacƟon lead to unregulated myosin II filament assembly and 

mitosis defects (195). 

 

 

Figure 17. Chromosomal passenger complex (CPC) recruitment. P, phosphate. Figure from Andonegui-

Elguera et al., 2022 (196).  
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7.4.2.1.5.3.2 InhibiƟon of apoptosis 

In case of a cell death sƟmulus, survivin is released from mitochondria to the cytosol. 

There, survivin directly binds to caspases -3 and -7 and, consequently, inhibits caspase-

9-mediated apoptosis (197–199). Moreover, once survivin is released to the cytosol, it 

can also form a complex with XIAP (186,200). This increases XIAP stability since it avoids 

ubiquiƟn-dependent degradaƟon, leading to an increase in the ability of XIAP to inhibit 

caspases -3, -7 and -9 (186). At the same Ɵme, it enhances survivin stability, because its 

binding avoids the formaƟon of the complex XIAP- XIAP-associated factor 1 (XAF1), 

which induces polyubiquiƟnaƟon and proteasomal degradaƟon of survivin (201). 

Survivin-XIAP complex also induces the translocaƟon of NF-kB to the nucleus, where it 

upregulates the expression of genes involved in cell invasion and metastasis (202). 

When survivin is released from mitochondria to the cytosol upon cell death sƟmuli, 

survivin can form a complex with hepaƟƟs B X-interacƟng protein (HBXIP), which binds 

to procaspase 9, prevenƟng its recruitment to form the apoptosome, as well as its 

acƟvaƟon. Thr34 phosphorylaƟon is required for opƟmal associaƟon with HBXIP (203). 

Furthermore, survivin can indirectly disrupt caspase acƟvaƟon by interacƟng with 

proapoptoƟc proteins. An example is SMAC/DIABLO, a proapoptoƟc protein released by 

the mitochondria upon apoptoƟc sƟmuli, that antagonizes IAPs, promoƟng cytochrome 

c-dependent apoptosis. SMAC/DIABLO binds to XIAP, releasing caspase-9 from the 

complex and inducing apoptosis. Cytosolic survivin can bind SMAC/DIABLO through the 

AVPI pepƟde binding region, inhibiƟng the proapoptoƟc funcƟons of SMAC/DIABLO 

(204). In the mitochondria, survivin can delay the release of SMAC/DIABLO by direct 

binding aŌer apoptoƟc sƟmuli (205). 

Survivin can also prevent apoptosis in a caspase-independent manner, by interfering 

with mitochondrial apoptosis-inducing factor (AIF) (206). Upon apoptoƟc sƟmuli, AIF 

translocates from the mitochondrial intermembrane space to the nucleus and produces 

DNA fragmentaƟon. 

Moreover, survivin can suppress the aƩack by immune cells on cancer cells, since 

survivin can inhibit Fas-mediated apoptoƟc signaling (involved in the extrinsic apoptoƟc 

pathway), as well as induce FasL on the cancer cell surface, to counteraƩack immune 
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cells. Survivin increases specificity protein 1 (Sp1) phosphorylaƟon, which enhances the 

ability of DNA-binding of Sp1 to the FasL promoter (207). It is suggested that this 

increment of Sp1 phosphorylaƟon may be induced by survivin acƟvaƟon of Aurora B 

kinase (208). 

Moreover, survivin can also intervene in the extrinsic pathway of apoptosis by weakening 

TRAIL-induced cell apoptosis, when survivin is phosphorylated in Thr34 by CDK15 (209).  

77.4.2.1.5.4 Survivin regulaƟon 

7.4.2.1.5.4.1 TranscripƟonal regulaƟon 

The promoter of survivin has binding sites for mulƟple regulatory proteins, e.g. Sp1, p53 

and tumor suppressor protein reƟnoblastoma (Rb)/elongaƟon factor 2 (EF2). Binding 

sites for transcripƟon factors are principally concentrated in a proximal region of the 

promoter: -250 to +70 nt relaƟve to the transcripƟonal iniƟaƟon point (176,210). Two 

main transcripƟonal start sites were confirmed: at posiƟon -72 and within the range -

57/-61 from the iniƟaƟon codon (176,211). 

Sp1 is a transcripƟon factor that enhances transcripƟon of genes lacking a funcƟonal 

TATA box, such as BIRC5. Hence, Sp1 enhances survivin transcripƟon (212). p53 is a 

survivin repressor. It promotes DNA methyltransferase 1 (DNMT1), which 

hypermethylates BIRC5 promoter (213). It has been shown that there is an increase of 

survivin expression in tumors with p53 mutated (compared to WT) in NSCLC paƟents 

(213,214). This study also shows survivin can be negaƟvely regulated by p53 by avoiding 

the binding of hypoxia-inducing factor 1α (HIF-1α). p53 can also prevent the binding of 

Sp1 factor to the survivin promoter, suppressing its acƟvity (213). Moreover, survivin can 

regulate p53 expression and degradaƟon through the caspase-3/mouse double minute 

2 homolog (MDM2) complex (215). DownregulaƟon of survivin stabilizes p53, which 

leads to the amplificaƟon of survivin reducƟon signal. Conversely, overexpression of 

survivin in tumor cells may reduce p53 levels, which means blocking the p53-dependent 

apoptosis pathway (216). 

Survivin expression can also be regulated through p53 independent pathways, for 

example by HER2 through interacƟons with the transcripƟon factors NF-κB and c-MYC 
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(217). Early growth response 1 (Egr-1) also represses survivin promoters. Egr-1 is crucial 

in the regulaƟon of cell growth, differenƟaƟon and apoptosis (218). On the one hand, 

Egr-1 sƟmulates the synthesis of growth and differenƟaƟon factors by direct promoter 

acƟvaƟon (219). On the other hand, Egr-1 induces transcripƟon of p53 and that leads to 

p53-dependent apoptosis (220). Moreover, Egr-1 binds to the transcripƟon factor c-Jun, 

increasing the acƟvity of c-Jun to promote cell death (221). The pathway Rb/EF2 can also 

regulate survivin expression, which is induced by E2F and this inducƟon is abolished by 

Rb (222). 

There are micro-RNAs (miRNA) that bind to the 3’-untranslated region (UTR) of survivin 

mRNA and downregulate survivin expression. E.g., miR-34a binds directly to a specific 

sequence of survivin mRNA, reducing survivin expression (223). Moreover, upregulaƟon 

of miR-34a can indirectly reduce survivin levels by repressing upstream acƟvators or 

transcripƟonal factors (224). MiRNA-335 is a tumor suppressor miRNA that directly 

targets survivin and induces its degradaƟon, promoƟng apoptosis and inhibiƟng cancer 

cell growth (225). MiRNA-182 can also downregulate survivin expression in some cancers 

(226).  

The aberrant acƟvaƟon of some signaling pathways alters survivin expression. E.g. 

phosphaƟdylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (PKB or AKT), 

Janus kinase (JAK)/ signal transducer and acƟvator of transcripƟon (STAT) and Mitogen-

acƟvated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK)(227). 

Several factors influence the acƟvity of the survivin promoter, such as cell type and 

microenvironment. For example, promoter acƟvity is inherently high in established 

tumor cell lines and primary melanoma cells (228). Moreover, the acƟvity of survivin 

promoter is upregulated by hypoxia in tumor cells (229). 

7.4.2.1.5.4.2 Post-translaƟonal regulaƟon 

Survivin can be regulated through protein modificaƟons, such as phosphorylaƟon, 

acetylaƟon and ubiquiƟnaƟon. 

PhosphorylaƟon. As menƟoned above, survivin can be phosphorylated at Thr34 by 

CDK1 (also known as CDC2) and CDK15 (230), which stabilizes survivin at metaphase and 
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allows it to exert its anƟ-apoptoƟc acƟvity (203). PhosphorylaƟon at Thr48 by CK2 is 

crucial for maintaining survivin in the cytoplasm during interphase, where survivin may 

perform anƟapoptoƟc acƟvity (230). PhosphorylaƟon of Thr117 by Aurora B regulates 

the acƟvity of the CPC. The dephosphorylaƟon of Thr117 is important for stabilizing the 

associaƟon between survivin and the centromere, resulƟng in a proper chromosome 

progression into anaphase (231). 

PhosphorylaƟon on Ser20 catalyzed by protein kinase A (PKA) and polo-like kinase 1 

(PLK1) avoids interacƟon with XIAP, which evades apoptosis inhibiƟon. PKA 

phosphorylates Ser20 of survivin released by mitochondria into the cytosol when there 

are apoptoƟc sƟmuli (232). PhosphorylaƟon of survivin decreases its stability, confining 

the apoptoƟc roles of survivin to the mitochondria (223). Ser20 can be 

dephosphorylated by purified protein phosphatase 2A (PP2A), which allows interacƟon 

with XIAP and, consequently, inhibiƟon of apoptosis. In the mitochondrial 

intermembrane space, there is a pool of PP2A. Moreover, in the mitochondria, there is 

no PKA, so survivin is maintained dephosphorylated in Ser20. PLK1 phosphorylaƟon has 

been shown to catalyze Aurora B acƟvaƟon, allowing microtubule aƩachment and CPC 

formaƟon (233). 

AcetylaƟon. Survivin can be acetylated in mulƟple lysine residues (23, 90, 110, 112, 115, 

120, 121, 122, 129 and 130), mostly clustered in the COOH-terminal α-helical coil (234). 

For example, CREB-binding protein (CBP) acetylates survivin on Lys129, which promotes 

survivin homodimerizaƟon and subsequent nuclear accumulaƟon. Acetylated survivin 

binds to STAT3 (N-terminal) and represses its oncogenic acƟvity. DeacetylaƟon of 

survivin is catalyzed by histone deacetylase 6 (HDAC6) and produces the inhibiƟon of 

homodimerizaƟon and promoƟon of heterodimerizaƟon with chromosome region 

maintenance 1 (Crm1/Xpo1). Crm1 is a nuclear export receptor that shuƩles survivin 

from the nucleus to the cytoplasm, where survivin does its anƟapoptoƟc acƟvity (235). 

UbiquiƟnaƟon. Survivin can be ubiquiƟnated in mulƟple lysine residues (e.g. Lys23, 62, 

78 and 79) (236). Lys63 mono-ubiquiƟnaƟon by ubiquiƟn fusion degradaƟon protein 1 

(Ufd1) promotes CPC binding to the centromere. DeubiquiƟnaƟon by ubiquiƟn carboxyl-

terminal hydrolase 9X (hFAM) leads to the dissociaƟon of survivin and centromeres 

(237). 
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XAF1, a physiological inhibitor of XIAP, promotes indirect ubiquiƟnaƟon of survivin (201) 

because it acƟvates the RING E3 ligase of XIAP, which ubiquiƟnates survivin. Then, 

survivin is degraded by the ubiquiƟn-proteasome pathway. 

77.4.2.1.5.5 Survivin as a therapeuƟc target in oncology 

Survivin is associated with drug resistance to chemotherapy, poor paƟent prognosis, 

irradiaƟon insensiƟvity and tumor angiogenesis (238). Abnormally high expression of 

survivin in tumors and its strong associaƟon with worse prognosis turns survivin into a 

good biomarker for cancer diagnosis (239–241). 

7.4.2.1.5.5.1 Survivin expression in healthy and cancer Ɵssues 

Survivin is highly expressed in embryonic and fetal Ɵssues, but negligible in normal 

differenƟated cells. In fact, it is absent in terminally differenƟated cells (242,243). In adult 

Ɵssues, we can find survivin expression in the thymus, endothelial Ɵssue during 

angiogenesis and basal epithelial cells of the colon. Other cells where it has been 

suggested survivin plays an important role are polymorphonuclear cells (PMN), vascular 

endothelial cells, T cells, hematopoieƟc progenitor cells (HPC) and erythroid cells. 

Survivin expression is also found in the gastrointesƟnal mucosa, adult hepatocytes and 

ovarian granulosa (238). Despite its presence in normal Ɵssues associated with self-

renewal and growth, survivin is significantly higher expressed in transformed cells. 

In normal adult cells, the acƟvity of the survivin promoter is usually silent, while it is 

remarkably higher in most tumor cells. Survivin expression has been found in more than 

sixty types of human cancer, breast and lung cancer being the ones with higher survivin 

expression and renal cancer with the lowest (238). Moreover, upregulaƟon of survivin is 

the fourth-most significant transcriptome in mulƟple hematological malignancies (244). 

7.4.2.1.5.5.2 Role of survivin in cancer 

DisrupƟon of the natural expression of survivin in cancer is primarily caused by de-

repression of its transcripƟon, which results in conƟnuous synthesis of survivin along the 

cell cycle, and altered splicing (245,246). Pathways that hinder survivin regulaƟon in 

tumor cells are enhanced promoter acƟvity, epigeneƟc modificaƟon of survivin exons 
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and amplificaƟon of survivin locus (17q25) (238). As menƟoned above, survivin can be 

used as a biomarker in cancer, helping to determine the prognosis of the disease. 

Furthermore, some single nucleoƟde polymorphisms (SNPs) that have been idenƟfied in 

survivin are linked to cancer risk. SNPs are single-base pair differences in the DNA 

sequence at a specific posiƟon in the genome, where the only change is that one 

nucleoƟde is subsƟtuted for another. SNPs are implicated in the understanding of 

disease suscepƟbility, geneƟc diversity and response to treatment. Some of the SNPs 

idenƟfied in survivin linked to cancer risk are -31 G/C, -625 G/C and +9194 A/G (223). 

The most studied SNP is -31 G/C. Several studies have demonstrated a correlaƟon 

between -31 G/C SNP and cancer risk, the level of correlaƟon depending on specific sub-

populaƟons. On the one hand, there is a strong associaƟon between -31 G/C and 

urothelial carcinoma risk in the Serbian populaƟon (247) and oral cancer risk in the 

Taiwanese populaƟon (248). On the other hand, there is a weak associaƟon between -

31 G/C and head and neck cancer risk in the Serbian populaƟon (249), as well as between 

this SNP and hepatocellular carcinoma risk in the Turkish populaƟon (250). 

In cancer cells, survivin tends to accumulate in the mitochondria, generaƟng resistance 

to cell death mechanisms by altering the energy producƟon mechanisms of the 

mitochondria (251). Survivin is also accumulated in the nucleus and cytoplasm, where it 

can be used as a prognosƟc biomarker, since overexpression of survivin is associated 

with enhanced anƟ-apoptoƟc effect (survival of cancer cells). Moreover, increased 

survivin expression is associated with metastasis, cancer recurrence, invasion of lymph 

nodes and drug resistance (252). Survivin promotes these processes by intervening in 

cell division, inhibiƟon of apoptosis, migraƟon, angiogenesis and autophagy through 

mulƟple mechanisms. 

One of the cancer hallmarks in which survivin plays a role is in angiogenesis, since it 

promotes the proliferaƟon of vascular endothelial cells and secreƟon of vascular 

endothelial growth factor (VEGF) (253). Furthermore, high expression of survivin results 

in decreased autophagy, which is a crucial process for cancer development and disease 

progression. In fact, in osteosarcoma cells, overexpression of survivin leads to the 

formaƟon of smaller autophagosomes, enlarged lysosomes and a reducƟon in 
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autophagic flux (254). Moreover, inhibiƟon of survivin induces cell death through 

apoptoƟc and autophagic pathways in in vivo mouse models (255). 

7.4.2.1.5.5.3 Role of survivin in cancer treatment resistance 

Many anƟcancer therapies induce cell death through apoptosis. Therefore, survivin is an 

important determinant of chemo and radiosensiƟvity of tumor cells. UpregulaƟon of 

survivin contributes to treatment resistance by promoƟng tumor cell survival (238). The 

ability of survivin to promote resistance could also be related to its funcƟon in mitoƟc 

spindle fibers assembly to microtubules (256). MulƟple studies have shown that 

overexpression of survivin protects from apoptosis caused by taxol, a chemotherapeuƟc 

agent that stabilizes microtubules (194,257,258). What is more, Zaffaroni et al. revealed 

that the stabilizaƟon of microtubules and mitosis arrest induced by taxol increases 

survivin expression (257). It has been shown that the role of survivin in resistance to 

taxol is due to the inducƟon of PI3K/Akt signaling pathway (259). 

Angiogenic growth factors such as VEGF promote the survival of endothelial cells by 

acƟvaƟng PI3K survival pathway (260), making the cells less suscepƟble to apoptosis. 

VEGF also induces the expression of several anƟapoptoƟc effectors molecules, including 

survivin (261). Survivin inducƟon by VEGF helps to protect endothelial cells from 

chemotherapy, since it ensures the integrity of microtubules (262). 

It has also been observed an increased survivin expression in thyroid and prostate cancer 

cells with permanent resistance to cisplaƟn, as well as colorectal cancer resistant to 

TRAIL (263–265). Moreover, survivin is also involved in resistance to adriamycin (266) 

and flutamide, an anƟ-androgen therapeuƟc. In this case, resistance may be carried on 

via insulin-like growth factor-1/Akt signaling during androgen blockade (267). 

Survivin also affects the sensiƟvity of cancer cells to ionizing irradiaƟon. A negaƟve 

correlaƟon between survivin mRNA expression and sensiƟvity to ionizing X-ray 

irradiaƟon has been demonstrated in several cancer cell lines. In fact, sublethal doses of 

irradiaƟon increased the expression of survivin mRNA (268). 

High survivin expression is not only linked to therapeuƟc resistance but also to an 

increased risk of tumor recurrence (269). In tumorigenesis, accumulaƟon of β-catenin in 
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the cytoplasm leads to acƟvaƟon of the Wnt pathway. Then, β-catenin translocates into 

the nucleus, where it forms a transcripƟonal acƟvator complex with T-cell factor (TCF). 

This complex upregulates the expression of genes such as survivin, c-Myc and VEGF. This 

upregulaƟon of survivin induces protecƟon against apoptosis (227). 

77.4.2.1.5.6 TherapeuƟc opƟons targeƟng survivin 

Survivin has a dual role in the cell, since it is involved in cell cycle promoƟon and 

apoptosis inhibiƟon. This, together with the expression paƩern of survivin, which 

provides selecƟvity over tumor cells, makes survivin an ideal target for anƟcancer 

therapy. In addiƟon, survivin is considered a biomarker with a negaƟve correlaƟon on 

paƟent clinical outcome and a posiƟve correlaƟon on drug resistance (223)The 

emergence of survivin as an ideal therapeuƟc target has led to the development of 

different approaches to targeƟng survivin. These treatments aim to augment apoptosis 

and impede tumor cell proliferaƟon. Among these new therapeuƟc strategies, we can 

find specific direct inhibitors (Figure 18) and other molecules that reduce survivin 

expression by indirect pathways. Moreover, vaccines and immunotherapy directed 

against survivin are also being invesƟgated. 



87 
 

 

Figure 18. Survivin subcellular funcƟons and direct survivin inhibitors. CPC, chromosomal passenger 

complex; INCENP, inner centromere protein; HBXIP, hepaƟƟs B X-interacƟng protein; XIAP, X-linked inhibitor 

of apoptosis protein; SMAC, second mitochondrial-derived acƟvators of caspases; Hsp90, heat shock 

protein 90. Diagram from Marơnez-García et al., 2018 (179).   
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7.4.2.1.5.6.1 Survivin direct inhibitors: targeƟng survivin gene or protein 

7.4.2.1.5.6.1.1 TranscripƟonal inhibiƟon of survivin  

InhibiƟng survivin gene expression aims to counteract survivin overexpression in tumor 

cells. Several small molecules inhibiƟng survivin gene promoter or mRNA have been 

studied. 

YM155 was first defined as a small-molecule inhibitor that suppresses the acƟvity of 

survivin promoter, regardless of p53 status (270). It was discovered through high 

throughput screening (HTS) of potenƟal compounds that could bind to the survivin 

promoter and inhibit its transcripƟon (238). In prostate cancer cells, it suppressed the 

survivin gene promoter, induced apoptosis and promoted tumor regression in prostate 

ectopic xenograŌ tumors (270). Other studies have shown an average inhibitory 

concentraƟon (IC50) of 15 nM against 119 human cancer cell lines. In in vivo experiments, 

conƟnuous 3- or 7-day infusion (1-10 mg/kg) in xenograŌ model had a significant 

anƟtumor acƟvity without significant toxicity (measured through weight loss) (271). In 

phase I clinical assay, YM155 is a well-tolerated anƟcancer drug, with some efficacy 

against blood cancer (272). In phase II studies, however, modest single-agent acƟvity 

against NSCLC has been shown, but the disease control rate is similar to other second-

line agents for advanced NSCLC (273). The combinaƟon with carboplaƟn and paclitaxel 

showed a good safety profile but did not demonstrate improvement in response rate in 

advanced NSCLC (274). 

Several studies reported that the effect of YM155 could be due to off-target effects, apart 

from its effects on survivin expression. For example, YM155 can inhibit Mcl-1 expression 

in D37, PC-3, H28 and U251 cancer cells (182,275). Furthermore, some data support that 

YM155 damages the DNA and survivin suppression is a secondary event (probably the 

consequence of transcripƟonal repression) (276). Another study suggests that the 

inhibiƟon of survivin is via suppression of EGFR signaling pathway (277), which means 

YM155 is not a specific inhibitor of survivin. In fact, recent studies suggest TOP is the 

molecular target of YM155, instead of survivin (278,279). 
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FL118 is a non-selecƟve small molecule that has been idenƟfied by HTS of chemical 

libraries. It is structurally similar to TOP I inhibitor (irinotecan) and inhibits survivin 

promoter acƟvity as well as survivin gene expression. It also downregulates the 

expression of Mcl-1 and some IAPs (e.g. XIAP and c-IAP2) (280).  

Recently, it has been suggested that the direct target of FL118 is DEAD-Box Helicase 5 

(DDX5). FL188 binds and inhibits phosphorylaƟon and expression of DDX5 in colorectal 

cancer and pancreaƟc ductal adenocarcinoma (281). DDX5 is an upstream regulator in 

cancer that posiƟvely regulates the expression of survivin, Mcl-1, XIAP and cIAP2 (282). 

FL118 inhibits cancer cell growth at concentraƟons lower than 1 nM (p53-status 

independent). In in vivo studies, FL118 had greater anƟtumor efficacy without significant 

toxicity compared to first-line chemotherapeuƟcs (280). The good results obtained in 

preclinical in vivo studies have allowed clinical trials to proceed in paƟents with 

colorectal and pancreaƟc cancer (NCT06206876) (182).  

LY2181308 is a single-strand anƟsense oligonucleoƟde that binds and degrades survivin 

mRNA. LY2181308 treatment showed a decrease in survivin mRNA and protein levels, 

cell cycle arrest, cell-death inducƟon and tumor growth inhibiƟon in several cell lines 

and human tumor xenograŌs (283). It has a good safety profile with some clinical benefit 

(238). LY2181308 presents mixed clinical outcomes, since it shows synergisƟc benefits in 

combinaƟon with cytarabine and idarubicin for treatment in refractory or relapsed acute 

myeloid leukemia (284,285) but no benefit against solid tumors if used as a single agent 

or combined with docetaxel/prednisone (285). 

SPC3042 (EZN-3042) is an anƟsense oligonucleoƟde with higher potency for survivin 

mRNA inhibiƟon than former anƟsense agents (286). SPC3042 not only targets survivin 

mRNA, but also BCL-2 mRNA. It produces cell cycle arrest, cellular apoptosis and 

sensiƟzaƟon of prostate cancer cells to taxol treatment, in vitro and in vivo. As a single 

agent, it can downregulate 60% survivin mRNA in A549 tumors and Calu-6 lung 

xenograŌs models. It also showed 37-45% tumor growth inhibiƟon. Combined with 

paclitaxel, tumor growth was inhibited in an 83% (287). Despite its anƟ-tumor effect, the 

phase I trial was terminated because of dose-limiƟng toxicity (288). 
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Other gene therapy-based approaches are, for instance, Small interfering (si) RNA 

against survivin, which combined with temozolomide or etoposide has a synergisƟc 

cytotoxic effect in glioblastoma cells (289). Another strategy to inhibit survivin is the 

combinaƟon of miR-542-3-3p and paclitaxel, which inhibits tumor growth of HER2-

overexpressing breast cancer cells, overcoming chemoresistance (290). 

7.4.2.1.5.6.1.2 Protein-protein interacƟon abrogaƟon 

7.4.2.1.5.6.1.2.1 SMAC/DIABLO binding site  

SMAC mimeƟcs are small molecules that mimic the binding site of SMAC/DIABLO to IAP 

proteins, that is, compeƟtors of SMAC/DIABLO for its binding site in IAPs, such as 

survivin. Hence, SMAC mimeƟcs inhibit IAPs, allowing caspase acƟvaƟon and the 

consequent apoptoƟc process. Moreover, as a result of the absence of binding for 

SMAC/DIABLO in the presence of SMAC mimeƟcs, survivin cannot inhibit the 

proapoptoƟc funcƟon of SMAC/DIABLO (291). 

PZ-6-QN is the first small molecule developed to inhibit the interacƟon between survivin 

and SMAC protein in the mitochondria. It was discovered by screening a library of 

compounds containing phenothiazine derivaƟves, by fluorescence anisotropy assay. It 

has been shown to be an effecƟve anƟcancer agent against leukemia, lymphoma and 

solid tumors, with an IC50 between 2 and 4 μM (292). 

GDC-0152 is a SMAC mimeƟc that inhibits tumor growth in an MDA-MB-231 breast 

cancer xenograŌ model. It has been tested in phase I studies for solid tumors in advanced 

or metastaƟc stage and no toxicity data was reported, but it presented linear 

pharmacokineƟcs in doses ranging from 0.049 to 1.48 mg/kg (293). 

LCL161 is a SMAC mimeƟc that strongly antagonizes IAPs, with anƟneoplasƟc acƟvity 

and good oral bioavailability. It interacts with XIAP, cIAP1, cIAP2 and survivin. Although 

in previous phase I/II clinical studies for the treatment of mulƟple types of cancer 

(myeloma, breast cancer, leukemia, neoplasms, ovarian cancer, colorectal cancer, NSCLC, 

myelofibrosis and metastaƟc pancreaƟc cancer among others) LCL161 (alone or in 

combinaƟon) has shown tolerable toxicity (294), the most recent study, a phase Ib 

clinical trial with paƟents with relapsed/refractory SCLC and gynecologic malignancies 
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treated with LCL161 and topotecan combinaƟon revealed more myelosuppression in the 

combinaƟon than alone. Furthermore, the combinaƟon did not improve the outcomes. 

Thus, the study was early terminated (295). 

Withanone is a natural product derived from the roots of Withania somnifera. It binds 

to the survivin BIR domain in the same hydrophobic cavity as Smac/DIABLO, interfering 

with survivin inhibiƟon of caspases (296). Its anƟcancer properƟes have been studied in 

mulƟple cell lines (297), but we need experimental analysis to confirm that withanone 

specifically binds and inhibits survivin. 

Analogs of Piperine, a phenolic component of black pepper, bind to the hydrophobic 

cavity of BIR domain (298). It inhibits cell growth and induces apoptosis in several cancer 

cell types (e.g. colon cancer cells) (299). In mouse models, it suppresses tumor growth 

and metastasis. Studies are needed to determine if the anƟcancer effect of analogs of 

piperine is mediated by survivin inhibiƟon. 

UC-112 is a potent and selecƟve survivin inhibitor discovered using similarity-based 

virtual screening for the AVPI pepƟde in survivin-SMAC crystal complex (300). It presents 

a potent cell growth inhibiƟon in human melanoma and prostate cancer cell lines. In 

melanoma xenograŌs models, UC-112 presented anƟtumor acƟvity, with liƩle reducƟon 

in tumor weight. There was also a strong downregulaƟon of survivin aŌer UC-112 

treatment.  

New survivin inhibitors have been developed based on UC-112 scaffold, e.g. MX-106. It 

is four Ɵmes more acƟve than UC-112, with increased selecƟvity. In in vivo experiments, 

it has shown inhibiƟon of tumor growth and inducƟon of apoptosis in human melanoma 

xenograŌs as well as in orthotopic ovarian cancer mouse model (182,301). 

MulƟ-drug resistance (MDR) in colorectal cancer is one of the major reasons for therapy 

failure (302). ATP-binding casseƩe (ABC) transporters are involved in drug efflux, which 

is the major cause of cancer MDR (303). MX106-4C (an MX-106 analog) can kill the ATP 

Binding CasseƩe Subfamily B Member 1 (ABCB-1)-overexpressing MCR colorectal cancer 

cells selecƟvely by interacƟng with these transporters. Zi-Ning Lei et al. suggest there is 

a funcƟonal inhibiƟon of survivin dependent on ABCB-1 transporters and this survivin 

inhibiƟon induces cell cycle arrest and apoptosis. Further studies are needed to know 
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the interacƟon between ABCB-1 and survivin, but these results reveal a great potenƟal 

of MX106-4C to combine it with convenƟonal anƟcancer drugs to have a synergisƟc 

effect, as well as to re-sensiƟze tumors to ABCB-1 substrate drugs (304). 

7.4.2.1.5.6.1.2.2 HSP-90 (survivin interacƟng partner) 

Hsp90 binds to the BIR domain of survivin through the N domain (305). Hsp90 

contributes to the transportaƟon of survivin to mitochondria and preserves survivin 

stability in vivo. Hsp90-survivin inhibitors induce proteasomal degradaƟon of survivin. 

Moreover, blockage of Hsp90-survivin complex formaƟon promotes apoptosis and 

mitoƟc defects in cultured cells. 

Shepherdin was the first small pepƟdomimeƟc that was designed to inhibit Hsp90-

survivin complex formaƟon (306). Shepherdin contacts with the N domain of Hsp90. This 

destabilizes survivin and, as a result, there is a massive death of tumor cells by apoptoƟc 

and nonapoptoƟc mechanisms. Shepherdin not only affects survivin but also destabilizes 

other proteins that form a complex with Hsp90. However, it does not affect normal cells 

while it maintains anƟtumor acƟvity. It also inhibits the interacƟon of other proteins with 

HSP60. In in vivo experiments, shepherdin inhibited tumor growth without significant 

toxicity (307). 

AICAR (5-aminoimidazole-4-carboxamide ribonucleoƟde) is a non-pepƟdic small 

molecule based on shepherdin. It was produced through structure- and dynamics-based 

raƟonal design. AICAR directly binds to the N-terminal domain of Hsp90, destabilizing its 

client proteins, including survivin. It presents anƟproliferaƟve and proapoptoƟc acƟvity 

in melanoma, prostate and cervical cancer cell lines, and does not affect normal human 

fibroblasts (308). 

7.4.2.1.5.6.1.2.3 DimerizaƟon interface 

Monomeric and dimeric forms of survivin coexist in the cell. The homodimeric form is 

more related to the promoƟon of mitosis by enhancing tubulin stability (178). The 

exposiƟon of the hydrophobic interface of dimeric protein causes conformaƟonal 

changes which lead to the destabilizaƟon and degradaƟon of the survivin (309). The 

inhibiƟon of homodimerizaƟon by survivin homodimerizaƟon inhibitors is an 

interesƟng strategy to treat cancer, since the homodimerizaƟon interface of survivin is 
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not shared with other IAPs, which means inhibitors of this site may be more selecƟve for 

survivin. 

Abbot 8 is a small soluble compound idenƟfied by NMR (Nuclear MagneƟc Resonance) 

and affinity-based screening (310). It allowed the design of LLP3 and LLP9, analogs of 

Abbot 8 that modulate cell cycle progression and cause mitoƟc defects, such as 

impairment of CPC organizaƟon and prolonged mitosis in proliferaƟng human umbilical 

vein endothelial cells (HUVECs) and prostate cancer PC-3 cells, at low nanomolar 

concentraƟons. LLP3 also disrupts the complex formed by survivin and the guanosine 

triphosphate (GTP)ase Ran (Ras-related nuclear protein) (311). Ran is implicated in 

microtubule stability and mitoƟc spindle assembly in tumor cells (312). The inhibiƟon of 

this complex formaƟon leads to survival and growth inhibiƟon of glioma stem cells in 

vitro and in vivo (313). A study showed that LLP3 could sensiƟze colorectal cancer cells 

to irinotecan (depending on XAF1 proficiency in p53-mutated context). It also showed 

good efficacy as a monotherapy in a subgroup of colorectal cancer p53-proficient cells 

and some p53-mutated cells (314). 

LQZ-7 is a molecule idenƟfied using in silico screening. It dissociates survivin dimer in 

vitro and promotes its proteasome-dependent degradaƟon. LQZ-7F is an analog that 

effecƟvely disrupts dimerizaƟon, leading to proteasome-dependent degradaƟon, mitoƟc 

arrest, inducƟon of spontaneous apoptosis and, consequently, inhibiƟon of cancer cell 

survival (0.4-4.4 μM). In in vivo experiments, LQZ-7F suppressed tumor growth in PC3 

xenograŌs, reduced survivin levels and no significant toxicity was observed in mice (315).  

With a similar structure to LQZ-7F, LQZ-7I has been recently developed as a specific 

survivin homodimer inhibitor (316). LQZ-7I induces survivin degradaƟon in a 

proteasome-dependent way as well as apoptosis in prostate cancer cell lines (C4-2 and 

PC-3). In in vivo experiments, LQZ-7I suppressed tumor growth with liƩle toxicity in a PC-

3 xenograŌ mouse model (316). Moreover, in vivo administraƟon of LQZ-7I using the 

chorioallantoic membrane (CAM) assay reduced tumor size and proliferaƟon of SK-N-AS 

neuroblastoma cells without discernible toxicity (317). 

From LQZ-7F, LQZ-7F1 was derived, which is more potent than its predecessors and 

induces spontaneous apoptosis in prostate cancer cells. It inhibits more efficiently 
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survivin dimerizaƟon and induces more survivin degradaƟon through proteasome than 

LQZ-7F. Moreover, LQZ-7F1 strongly synergizes with docetaxel in inhibiƟng survival of 

prostate cancer cells (318).  

7.4.2.1.5.6.1.3 Mitosis-related protein inhibitors 

DepleƟon of survivin leads to cell proliferaƟon arrest, sustained prometaphase blockade, 

chromosomal defects and failure in cytokinesis (319). Moreover, another pool of survivin 

sustains microtubule stability, contribuƟng to the bipolar spindle assembly. Hotspot 

residues related to protein-protein interacƟon were found in survivin (including CPC 

complex interface) (320) by using in silico analysis, resulƟng in the creaƟon of a 

pharmacophore model used to virtually screen a database of compounds. Using this 

model, it was found that indinavir, a protease inhibitor used in the treatment of human 

immunodeficiency virus (HIV), inhibits the interacƟon of survivin with binding partners 

(e.g., the CPC complex). Indinavir showed anƟ-proliferaƟve and apoptoƟc acƟvity in 

breast cancer cells by downregulaƟng Aurora B and XIAP and inducing caspase-3 

acƟvaƟon. Further invesƟgaƟon is needed to understand the anƟproliferaƟve 

mechanism of acƟon of indinavir (320). 

S12 is a small molecule that targets a specific cavity adjacent to survivin dimerizaƟon 

surface. It was idenƟfied in an in silico study and was designed to inhibit survivin 

homodimerizaƟon (321), although it may also inhibit heterodimerizaƟon (322). The 

binding of S12 to survivin induces conformaƟonal changes that disrupt protein funcƟon 

(321). This small molecule alters spindle formaƟon and cell cycle progression, causing 

the accumulaƟon of cells in the G2/M phase (321). It has been shown to inhibit growth 

of hedgehog-driven medulloblastoma cancer cells in vitro, as well as of pancreaƟc 

xenograŌs tumors (323). 

7.4.2.1.5.6.2 Survivin indirect inhibitors 

DysregulaƟon of survivin expression can be triggered by mulƟple signaling pathways. 

The most described are discussed below.  
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7.4.2.1.5.6.2.1 Cell growth, proliferaƟon and survival 

PI3K/AKT pathway is involved in several cellular funcƟons such as cell proliferaƟon, 

growth and survival. External signals acƟvate tyrosine receptor and class I PI3K is 

recruited to the plasma membrane. Consequently, it is acƟvated and triggers a cascade 

of phosphorylaƟon, which acƟvates AKT. AKT pathway have mulƟple downstream 

components that control several processes in the cell and is improperly acƟvated in 

cancer. 

One of the mechanisms of the PI3K/AKT pathway to regulate protein expression is by 

acƟvaƟon of mTOR/Ribosomal protein S6 kinase beta-1 (p70S6K) axis, which induces 

translaƟon of oncogenic proteins (e.g. HIF-1α) that control cell survival-related genes 

(including upregulaƟon of survivin) (324). Another mechanism is by MDM2, since MDM2 

negaƟvely regulates p53, which is a tumor suppressor that binds to survivin promoter, 

consequently decreasing survivin expression (216). 

Furthermore, AKT negaƟvely regulates the transcripƟon factors forkhead box protein O1 

(FOXO1) and O3a (FOXO3a). These transcripƟon factors associate with the survivin 

promoter, repressing its expression (325). 

Finally, NF-κB, upstream regulated by the AKT/inhibitor of NF-κB kinase (IKK) axis, is also 

associated with transcripƟonal upregulaƟon of survivin (326,327). 

Due to the mulƟple mechanisms of the PI3K/AKT pathway to induce survivin expression, 

its inhibiƟon is an important strategy in cancer treatment. In breast cancer, we can find 

HercepƟn, lapaƟnib (HER-2 inhibitors) and AG1478 (EGFR inhibitor) that inhibit survivin 

expression (328–330). In ovarian cancer, gefiƟnib and PD153035 are two EGFR inhibitors 

(331,332) that have also shown to have similar effects. LY294002 and wortmannin inhibit 

PI3K and have been studied in mulƟple types of cancer: breast, colon, liver, ovary, lung 

and leukemia (325,328,331,333–337). PI-3065 is a small-molecule inhibitor of PI3K delta 

(PI3K δ) that inhibits growth and metastasis of solid breast cancers (338). It also has anƟ-

tumor effects on hepatocarcinoma cells (339). SP101 is a novel EGFR inhibitor that 

suppresses survivin in gefiƟnib-resistant NSCLC (340).  
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Other molecules inhibit AKT are MK-2206, that blocks survivin in glioma and colon 

cancer (341); SH5 inhibitor, that reduces survivin levels in lung cancer (333) and AKT 

inhibitor X, that reduces survivin levels in prostate cancer (334). mTOR inhibitors, 

specifically rapamycin, downregulate survivin in glioblastoma, mulƟple myeloma and 

prostate cancer (324,342). As inhibitors of NF-κB, we can find SN50 and BAY 11-7082, 

which inhibit the inducƟon of survivin in endothelial cells (326,343). Cyclooxygenase-2 

(COX-2) induces survivin expression through AKT acƟvaƟon in several cancers (e.g. 

glioblastoma, lymphoma, breast, colon, myeloma and prostate). Thus, inhibitors of COX-

2, celecoxib and etodolac, can revert this survivin inducƟon (344).  

Other indirect inhibitors of survivin that affect the PI3K/AKT pathway are LY294002 (328), 

dihidromyriceƟn (345), simvastaƟn (synergisƟc effect with LY294002) (346), SHP2 (347), 

deguelin (348), meƞormin (349) and chaperonin-containing TCP-1 (CCT) (350).  

JAK/STAT pathway has a criƟcal role in cell proliferaƟon, differenƟaƟon, migraƟon, 

apoptosis and immunity. It is sƟmulated by a wide range of cytokines, hormones and 

growth factors (351). JAK1 can phosphorylate STAT3 on Try705 residue. Then, STAT3 

homodimerizes and translocates to the nucleus, where it regulates target genes such as 

survivin (352). 

DysregulaƟon of JAK/STAT pathway collaborates in cancer development and metastasis 

(351). In fact, persistent acƟvaƟon of STAT3 increases survivin expression, consequently 

avoiding apoptosis and inducing resistance to chemotherapy (353).  

TG101209 is a JAK2 kinase inhibitor that induces a decrease in survivin expression in 

leukemia (354). AG490 (355,356) is another JAK2 inhibitor that downregulates survivin 

in lymphoma as well as leukemia. We can also find SD-1029, another JAK2 inhibitor that 

downregulates survivin in breast and ovary cancers (357). Other indirect inhibitors of 

survivin that affect the JAK/STAT pathway are arcƟgenin (358), ritonavir (359) and T21 

(360). 

MAPK/ERK pathway mediates cellular proliferaƟon, differenƟaƟon, survival, 

development, migraƟon and apoptosis. When the ligand binds to the tyrosine kinase 

receptor, its cytoplasmic domains dimerize and phosphorylate. Then, adaptor proteins 

bind to the receptor, which triggers Ras GTPase and, as a result, a cascade of kinases is 
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acƟvated: MAPK kinase kinase (MAPKKK) Raf (rapid accelerated fibrosarcoma), MAPKK 

MEK (mitogen-acƟvated protein kinase kinase) and MAPK ERK. AcƟvated ERK is 

transported to the nucleus where it phosphorylates transcripƟon factors that regulate 

several target genes such as survivin (361).  

MAPK/ERK pathway is involved in cancer progression, especially in proliferaƟon and 

immune escape (362). MulƟple mutaƟons in MAPK/ERK pathway have been idenƟfied 

in tumors, for example in RAS genes (361). EGF, one of the ligands that acƟvate 

MAPK/ERK signaling pathway, increases survivin levels (363). TherapeuƟc strategies to 

reduce survivin levels through the regulaƟon of this pathway are PD98059 in breast 

cancer and leukemia (328), CI1040 in leukemia (364), PD0325901, which is derived from 

CI1040 and  prevents the inducƟon of survivin produced by the placental lactogen (332), 

U0126, which strongly blocks MAPK inducƟon of survivin in leukemia (364), breast 

cancer (335) and keraƟnocytes (337) and imaƟnib, which inhibits BCR-ABL, hindering 

MAPK/ERK-induced survivin expression in leukemia (364). 

7.4.2.1.5.6.2.2 Cell cycle regulaƟon 

In the cell cycle, CDK2/4, which is acƟve in the G1 and S cell cycle phases, phosphorylates 

Rb. Then, Rb is relieved from E2F transcripƟon factors, allowing cell cycle transcripƟon. 

Survivin is posiƟvely regulated by E2F1, E2F2, and E2F3 through CDE/CHR dependent 

mechanism and negaƟvely regulated by E2F4 and E2F5 repressors (222). Another CDK 

protein important in the regulaƟon of survivin is CDK1/cyclin-B1, which phosphorylates 

Survivin on Thr34, favoring survivin stability and associaƟon with caspases (365). 

Some CDK inhibitors can arrest the cell cycle, induce apoptosis and abrogate survivin 

phosphorylaƟon on Thr34, inducing survivin degradaƟon (366). One example is 

purvalanol A, a specific CDK inhibitor that downregulates survivin through JAK/STAT 

inhibiƟon in gastric cancer (353,367). Flavopiridol is a broad-spectrum CDK inhibitor that 

impedes Thr34 phosphorylaƟon of survivin, reducing protein levels in cervical cancer. 

Flavopiridol has shown anƟtumor acƟvity in phase II clinical trials (368,369). 

Furthermore, NU6140 is a CDK2 inhibitor that decreases survivin expression in cervical 

and ovary cancers (365,370). Cephalochromin is a bacterial inhibitor of CDK2/cyclin-E 

and CDK4/cyclin-D1 pairs, inducing cell cycle arrest in the G0/G1 phase and consequently 
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decreasing survivin expression and inducing apoptosis (371). Finally, fascaplysin is a 

CDK4 inhibitor that downregulates survivin (372). 

7.4.2.1.5.6.2.3 Cellular stress: p38MAPK 

P38MAPK signaling is involved in inflammaƟon, cell cycle, cell death, development, 

differenƟaƟon and senescence. Environmental stresses, such as ultraviolet radiaƟon 

(UV) and heat, and inflammatory cytokines produce the phosphorylaƟon of MAPKKKs 

and the consequent inducƟon of mitogen-acƟvated protein kinase kinase 3 (MKK3), 

mitogen-acƟvated protein kinase kinase 6 (MKK6) and finally p38MAPK, that acƟvates 

transcripƟon factors such as p53. Then, p53 regulates several target genes (373), such as 

survivin. 

Celecoxib is a COX-2 inhibitor that can acƟvate p38MAPK route, inducing survivin 

downregulaƟon in colon cancer cells (371) and glioma cells (374). We can also find 

oxaliplaƟn, a chemotherapeuƟc drug that triggers p38MAPK pathway, downregulates 

survivin and induces proteasomal degradaƟon (375,376). 

7.4.2.1.5.6.2.4 Development and differenƟaƟon 

Transforming growth factor beta (TGF-β) pathway is involved in several cellular 

funcƟons such as cell growth, proliferaƟon, differenƟaƟon, development and migraƟon. 

Ligand binding to consƟtuƟvely acƟve TGF-β receptor II (TβRII) induces the recruitment 

and acƟvates TβRI by phosphorylaƟon. Thus, Smad2 and Smad3 are phosphorylated and 

form a complex with co-Smad (Smad4) in the cytoplasm. The complex is translocated to 

the nucleus, where it regulates gene expression, including survivin (377). 

TGF-β is an important tumor suppressor, but cancer cells can disrupt this pathway and 

potenƟate the tumor-promoƟng effects. TGF-β is overexpressed in mulƟple types of 

cancer, while inacƟvaƟng mutaƟons in Smad2 and Smad4 are reported in hepatocellular, 

colorectal and lung cancer (377). In colon cancer, acƟvaƟon of TGF-β causes the 

hypophosphorylaƟon of Rb via a Smad3-dependent mechanism, which induces the 

associaƟon of Rb/E2F4, a complex that represses CDE/CHR elements of survivin gene. 

This promotes survivin downregulaƟon (336,378). Moreover, PKA/A-kinase anchoring 

protein (AKAP149)/ PP2A produces TGF-β inhibiƟon of PI3K/AKT signaling, reducing 
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survivin levels (336,378). Furthermore, PKA acƟvates TGF-β, which phosphorylates 

survivin in Ser20. Consequently, survivin is degraded (378). 

Pirfenidone, an approved drug used for the treatment of lung fibrosis, is an example of 

TGF-β inhibitor that downregulates survivin (379).  

Wnt/β-Catenin signaling pathway regulates stem cell pluripotency, differenƟaƟon and 

embryonic development. The acƟvaƟon of Wnt signaling disrupts adenomatous 

polyposis coli (APC)/Axin/glycogen synthase kinase 3 beta (GSK-3β) inhibitory complex, 

which ubiquiƟnates β-catenin. Thus, β-catenin accumulates in the cytoplasm, causing its 

translocaƟon to the nucleus, where it binds to the lymphoid enhancer-binding factor 

(LEF)/TCF transcripƟon factors and co-acƟvators (e.g. CBP). These transcripƟon factors 

regulate mulƟple genes, including survivin (380). 

Wnt and APC are frequently mutated in cancer (380). It has been shown that TCF/β-

catenin induces survivin expression in lung, colorectal and breast cancers (380–382). 

The drugs that bind to HER-2 receptor (e.g., hercepƟn (trastuzumab) in breast cancer) 

compromise β-catenin stabilizaƟon. As a result, they decrease survivin expression (382). 

Another example of a drug that affects the Wnt/β-Catenin signaling pathway is Wnt-2 

Ab, which is an anƟbody against Wnt2 protein that has been reported to inhibit this 

pathway in lung cancer (380). ICG-001 is a β-catenin/CBP disruptor and it downregulates 

β-catenin and survivin expression in colon cancer (383). Suppression of the Wnt/β-

catenin signaling pathway is also induced by obatoclax, a pan-BCL-2 inhibitor, which 

downregulates survivin, inducing apoptosis in human colorectal carcinoma cells (384). 

Notch signaling is involved in proliferaƟon, development, differenƟaƟon and 

homeostasis (385). Notch mediates communicaƟon between cells through interacƟon 

with transmembrane ligands on adjacent cells. Once the ligand binds, γ-secretase 

produces the cleavage of Notch receptor. Consequently, the notch intracellular domain 

(NICD) is released and translocated to the nucleus, where it associates with 

CBF1/Su(H)/Lag1 (CSL) transcripƟon factor and acƟvates Notch target genes, which 

include survivin (385,386). Hypoxia and Jagged-1 are ligands that acƟvate Notch 

signaling, increasing survivin expression in lung cancer (387). Aberrant Notch signaling is 
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associated with tumorigenesis and cancer progression in lung, pancreas and breast 

cancer (385). 

The HIF-1α inhibitor echinomycin and inhibitors of γ-secretase (MRK-003, a specific 

pepƟde inhibitor) decrease survivin expression in lung and breast cancers under hypoxia 

condiƟons (386).  

7.4.2.1.5.6.3 Survivin vaccines and immunotherapy 

The objecƟve of immunotherapy is to produce a direct response of the immune system 

against the tumor by targeƟng survivin. Survivin is considered a good target for this 

therapy due to its high expression in tumor cells (in contrast to protein expression in 

non-tumor cells) and because it is immunogenic (388). The first survivin vaccine was 

described by Hirohashi et al. who assessed survivin-2B80-88, an 8-amino acid pepƟde 

derived from the splice variant 2B that binds to human leukocyte anƟgen (HLA)-A24 and 

is recognized by CD8+ cytotoxic T lymphocytes (389). Moreover, ex vivo, the lymphocytes 

from peripheral blood that were sƟmulated by survivin-2B80-88-pulsed anƟgen-

presenƟng cells showed cytotoxicity against tumor cells that expressed HLA-A24 and 

presented endogenously processed survivin-2B pepƟde. Phase I clinical trial showed 

good tolerability, but clinical response was limited (390). The good tolerability of this 

pepƟde encouraged researchers to opƟmize this therapeuƟc strategy. 

Nowadays, survivin-targeted immunotherapy refers to different types of cancer 

vaccines: dendriƟc cell (DC)-based vaccines, DNA vaccines and pepƟde vaccines. They 

induce an immune response against survivin anƟgen. The good results in preclinical 

studies lead to perform phase I/II clinical assays, where these vaccines showed good 

safety profile but moderate effecƟveness when used alone (223). 

Among them, SurVaxM is a conjugated survivin pepƟde-mimic formed by amino acids 

53-67 of the survivin protein. It induced an anƟtumor immune response against glioma 

in vivo and ex vivo. SurVaxM safety and efficacy have been evaluated on eight paƟents 

with glioma. Six of them developed well-tolerated cellular and humoral responses. 

Currently, mulƟple phase I/II are being carried on using SurVaxM for cancer therapy 

(glioblastoma, pancreaƟc neuroendocrine tumor, lung atypical carcinoid tumor, etc.) 

alone or in combinaƟon with pembrolizumab (238). 
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DPX-Survivac is a survivin-based pepƟde vaccine tested in mulƟple phase I/II clinical 

studies alone or in combinaƟon and in several types of cancer (e.g., ovarian cancer, 

breast cancer, hepatocellular carcinoma and non-small cell lung cancer). DPX-Survivac is 

approved by the FDA for fast-track evaluaƟon as a maintenance therapy for advanced 

ovarian cancer (391). 

CVD908ssb-TXSNV is a DCs vaccine against survivin. It is a weakened form of a live strain 

(CVD908ssb strain) of salmonella geneƟcally modified to produce survivin. It presented 

a strong anƟcancer acƟvity in mouse models of lymphoma and neuroblastoma. A phase 

I clinical trial is currently being performed in paƟents with mulƟple myeloma 

(NCT03762291) (392). 

Moreover, other survivin-based pepƟde vaccines are under clinical trials, such as 

IDO/survivin or hTERT/survivin/CVM mulƟ-pepƟde vaccine (393). Overall, the outcomes 

of these studies are encouraging, but there is sƟll work to do before using survivin-based 

vaccine approaches in the clinics. 

77.5 Preliminary results 

In order to find therapeuƟc targets for squamous cell lung carcinoma (SQCLC) treatment, 

David Marơnez-García, a former PhD student of our research group, performed a lung 

cancer-related gene profiler array to look for gene expression alteraƟons in SQCLC 

paƟent samples. The analysis was focused on overexpressed genes that played a role in 

biological processes that contribute to cancer transformaƟon, mainly dysregulated 

proliferaƟon and cell death. The proteins of the candidate genes were also assessed for 

druggability, which includes structure availability, druggable structure features and 

specific available drugs. The most promising therapeuƟc target was the BIRC5 gene, 

which encodes survivin, because it is involved in cell death and mitosis regulaƟon, its 

crystallographic structure was available, it is a druggable protein, and there are few drug 

inhibitors available (179). 

To develop a new anƟ-cancer strategy based on survivin inhibiƟon targeƟng the 

homodimerizaƟon domain, computaƟonal methods were used. The anƟcancer effect of 

the selected survivin inhibitors was evaluated and the best candidate was chosen to 
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deeply study its anƟcancer properƟes, including the mechanism of acƟon and the 

assessment of safety and efficacy profiles in vivo. 

77.5.1 IdenƟficaƟon of survivin inhibitors by high-throughput virtual screening (HTVS) 

Drug reposiƟoning, also called drug repurposing, consists of idenƟfying new uses for 

approved or invesƟgaƟonal drugs that are not included in the original medical indicaƟon. 

One of the advantages of this strategy is the lower cost (in terms of Ɵme and money) to 

develop a new drug, since most preclinical tesƟng, safety assessment and formulaƟon 

development is already done. The previous safety data also lowers the failure risk of 

clinical trials. Hence, the drug can be introduced in the market as soon as enough 

anƟtumor effect is established (394,395). There are two different approaches to drug 

reposiƟoning: experimental and computaƟonal approaches. There are two main 

experimental approaches: the idenƟficaƟon of relevant target interacƟons by binding 

assays (target-based screening) or the idenƟficaƟon of compounds that produce 

relevant effects in model systems (without knowing the target), known as phenotypic 

screening. ComputaƟonal approaches consist of selecƟng potenƟal candidate drugs 

from chemical libraries and performing in silico screening for pre-defined parameters 

related to structural, pharmacological and toxicological properƟes (396). There are 

mulƟple strategies to undertake the computaƟonal approach. One of these strategies is 

molecular docking, which predicts interacƟons between the target and the ligand based 

on the chemical structure (395).  

To idenƟfy suitable molecules targeƟng survivin, two high throughput virtual screenings 

(HTVSs) were run on two publicly available survivin structures focusing on the 

homodimerizaƟon interface. The druggability analysis revealed that the 

homodimerizaƟon site changes its druggability score due to the flipping of one single 

residue, namely, Phe93. When this change occurs, a deeper cavity is created on the 

surface, increasing its suscepƟbility to binding small molecules.  

The databases used for the screening were both catalog compounds (Zinc database 

(397)) and also FDA-approved and experimental drugs (as found in DrugBank version 

2015 (398)).  
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Biological tesƟng revealed promising results for some molecules, especially for 

asenapine. SPR and cell viability experiments (see below) confirmed its binding to 

survivin and anƟcancer acƟvity, prompƟng a closer look at its binding mode and careful 

study of its potenƟal interacƟons with the target (Figure 19).   

 

Figure 19. Structures and docking poses of (+)-Asenapine (A and C) and (-)-Asenapine (B and D) at the 

dimerizaƟon interface of survivin (apo X-ray structure of the chromosome passenger complex; PDB 

idenƟfier: 2QFA). 

77.5.2 EvaluaƟon of in vitro cytotoxic effect 

From more than 8 M compounds screened in silico, 7 FDA-approved drugs and 9 small 

molecules from commercial catalogs were selected for in vitro tesƟng, all of them highly 

ranked. In order to evaluate the potenƟal inhibitory effect of the selected lead 

compounds on tumor cell proliferaƟon, cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay was performed at different concentraƟons (5 

and 20 μM for FDA-approved molecules; 5 and 50 μM for small-molecules from chemical 

libraries) in cell lines representaƟve of the cancers with the highest incidence (lung 

adenocarcinoma A549 and colorectal cancer cells SW620) (Figure 20 and 21).  
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Figure 20. Single point MTT cell viability assay was performed in A549 (A, B) and SW620 (C, D) cancer cells 

aŌer 24 h of treatment with selected FDA-approved drugs (5 and 20 μM) (A, C) and commercially available 

small molecules (5 and 50 μM) (B, D) that showed potenƟal binding with survivin in the high-throughput 

virtual screening and docking studies. Promazine, stanozolol, ampicillin, baclofen, asenapine, raloxifene 

and naphazoline were supplied by MedChem Express. Amb1987219, Amb9684524 and Amb9615334 were 
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from Ambinter. MM87 (AbboƩ 23b) is an in-house re-synthesized compound. 15567877, 16122246, 

48253418, 49138141 and 93921014 were supplied by Chembridge.

Figure 21. Structures of explored compounds: Promazine, stanozolol, ampicillin, baclofen, asenapine, 

raloxifene, and naphazoline were supplied by MedChem Express. Amb1987219, Amb9684524, and 

Amb9615334 were supplied from Ambinter. MM87 (AbboƩ 23b) was re-synthesized in-house. 15567877, 

16122246, 48253418, 49138141, and 93921014 were supplied by Chembridge.

Asenapine was the compound with the most potent cytotoxic effect. To compare the 

cytotoxic effect of asenapine on healthy and cancer cells, non-tumor human lung 

fibroblasts HFL-1, as well as A549 and SW620 cells, were treated with different drug 

concentraƟons. The cancer cells were more sensiƟve to asenapine cytotoxic effects than 

the non-cancer cells (Figure 22).
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Figure 22. Asenapine decreased cell viability especially in cancer cell lines. MTT cell viability assay was 

performed aŌer 24 h of treatment with asenapine at 5 and 20 μM in HFL-1 (non-tumor human lung 

fibroblast), A549 (human lung adenocarcinoma) and SW620 (human colon adenocarcinoma) cell lines. 

Data are shown as mean ± Standard deviaƟon (SD). StaƟsƟcally significant results are indicated as ***, p-

value < 0.001. 

To evaluate the potenƟal reposiƟoning of asenapine for cancer treatment, we tested the 

sensiƟvity of cancer cells to the formulated form, AM in A549 and SW620 cancer cell 

lines at concentraƟons ranging from 0.8 to 100 μM for 24 h (Figure 23). Moreover, since 

AM can cross the blood-brain barrier due to its tetracyclic structure, the cytotoxic effect 

of AM in glioblastoma cells U87 MG was assessed for the potenƟal applicaƟon in brain 

cancers or brain metastases treatment. AddiƟonally, AM was also tested in two pediatric 

cancer cell lines (RD and LAN-1) with no current successful clinical treatment, as well as 

in LLC1 murine lung cancer cells, which are the cells inoculated in the in vivo lung cancer 

model for the assessment of therapeuƟc efficacy in this project (Figure 23). Altogether, 

although AM showed less anƟcancer effect than the acƟve molecule alone, it sƟll 

maintains a significant cytotoxic effect in all the evaluated cancer cell lines (Figure 23 and 

Table 1). This result suggests that AM may have potenƟal use as a future anƟ-cancer drug 

beyond its anƟpsychoƟc properƟes.  
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Figure 23. Effect of asenapine maleate (AM) on cell viability. Dose-response MTT cell viability assay aŌer 

24 h of treatment with AM at concentraƟons ranging from 0.8 to 100 μM in A549, SW620, U87 MG 

(glioblastoma), LAN-1 (pediatric neuroblastoma) and RD (pediatric sarcoma) human cancer cell lines, as 

well as in murine cancer cell line LLC1 (Lewis lung carcinoma). Data are shown as mean ± SD. 

Table 1. Half-maximal concentraƟon (IC50) of AM in lung adenocarcinoma (A549), colon adenocarcinoma 

(SW620), glioblastoma (U87 MG), pediatric neuroblastoma (LAN-1), pediatric sarcoma (RD) human cancer 

cell lines, and Lewis lung carcinoma (LLC1 murine cancer cells). Data are shown as mean ± SD in μM.  

77.5.3 ValidaƟon of AM binding to survivin by Surface Plasmon Resonance assay (SPR) 

In order to corroborate and characterize the binding of asenapine to survivin, SPR assays 

were used to monitor its direct interacƟon. SPR is a real-Ɵme interacƟon analysis that 

allows kineƟcs and affinity evaluaƟon and determinaƟon of binding specificity between 

proteins and small molecules. Firstly, the recombinant protein survivin was immobilized 

on a sensor surface. Survivin ligand was tagged with calmodulin, which was also 

 A549 SW620 U87 MG RD LAN-1 LLC1 

IC50 

AM 

(μM) 

40.43 ± 4.88 31.03 ± 2.46 49.52 ± 5.54 35.17 ± 7.74 22.85 ± 3.84 46.15 ± 7.43 
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immobilized on another sensor surface to use as a reference channel. Next, analytes AM 

and AbboƩ23b (the posiƟve control, a survivin inhibitor that binds to the dimer surface 

of survivin but has bad physicochemical properƟes) (310) were injected over the sensor 

surface. Changes in SPR response, expressed in response units (RU), showed the 

associaƟon and dissociaƟon curves of the interacƟons between survivin and the analytes 

AM or AbboƩ23b (Figure 24A), allowing in turn to obtain the affinity curves (Figure 24B). 

The values obtained reflect affinity of AM to the ligand, suggesƟng that the small 

molecule AM forms a complex with survivin. 

 

Figure 24. Asenapine maleate (AM) binds to survivin protein. AssociaƟon and dissociaƟon experimental 

curves for binding of Abbot23b and AM (concentraƟons ranging from 0.012 to 40 μM) to immobilized 

survivin (calmodulin tag) analyzed by SPR as described in methods (A). Affinity curves data (B). RU: 

Response units; (M): concentraƟon in molar. (KD): binding constant. 
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77.5.4 Asenapinee maleatee (AM)) 

The novel idenƟfied survivin inhibitor AM is an FDA-approved drug that is currently being 

used in clinics as an atypical anƟpsychoƟc for the treatment of psychosis, schizophrenia 

and schizoaffecƟve disorders, maniac disorders and bipolar disorders as monotherapy or 

in combinaƟon. It is a diabenzo-oxepino pyrrole (Figure 25) that was approved by the 

FDA in 2009. In the clinics, it is used via sublingual administraƟon. 

Figure 25. Chemical structure of asenapine. Figure from NaƟonal Library of Medicine (399).

The most frequently reported adverse drug reacƟons associated with asenapine are 

somnolence and anxiety. HypersensiƟvity has also been reported (400). Other adverse 

effects with lower incidence can be abnormal or decreased touch sensaƟon, inability to 

move the eyes, restlessness, shakiness in legs, arms, hands or feet, trouble with 

breathing, speaking or swallowing, unusual facial expressions and weakness of arms and 

legs (401).

Asenapine is a strong antagonist of 5HT2A (serotonin) and D2 (dopamine) receptors. 

SedaƟon in paƟents is associated with the antagonist acƟvity of asenapine at histamine 

receptors. The extrapyramidal effects that may cause asenapine are associated with the 

upregulaƟon of D1 receptors, caused by the effects of asenapine on glutamate 

transmission in the brain.

The primary mode of metabolism of asenapine is direct glucuronidaƟon, mediated by 

UDP-glucuronosyltransferase 1A4 (UGT1A4), and cytochrome P450 family 1 subfamily A 

member 2 (CYP1A2) mediated oxidaƟon and demethylaƟon. It is eliminated by urine and 

feces and has a half-life of 24 h (400,402).
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Overall, asenapine is an FDA-approved drug that is currently being used for psychiatric 

disorders and our group has recently demonstrated that it is a direct survivin binder that 

possesses anƟcancer effects. The fact that the preclinical tesƟng, safety assessment and 

formulaƟon development is already done makes asenapine a good candidate for drug 

reposiƟoning, since the development of this new anƟcancer drug would be faster and 

more economical. AddiƟonally, a direct survivin inhibitor such as asenapine is also a 

suitable opƟon to be evaluated in combinaƟon with other convenƟonal therapeuƟc 

strategies, due to the anƟapoptoƟc funcƟon of survivin. All these facts prompted us to 

perform all the preclinical studies needed to evaluate the potenƟal reposiƟoning of 

asenapine as a new anƟcancer treatment.   
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88 HYPOTHESIS 

A major challenge in cancer treatment is the ability of cancer cells to evade cell death, a 

hallmark of cancer that also contributes to treatment resistance. One key factor in this 

process is the overexpression of anƟ-apoptoƟc proteins such as survivin, which has been 

implicated in mulƟple tumor types. Survivin plays a dual role in criƟcal cellular processes, 

promoƟng cell cycle progression and inhibiƟng apoptosis. This makes survivin an 

aƩracƟve target for cancer therapies. Several approaches aimed at blocking survivin 

expression or funcƟon have shown promise as potenƟal cancer treatments in preclinical 

studies. However, their efficacy as standalone treatments has been modest in clinical 

trials, likely due to incomplete inhibiƟon of survivin. For this reason, we decided to 

develop a novel survivin inhibitor with a mechanism of acƟon different from the ones 

previously tested in clinical trials. Thus, we focused on survivin homodimerizaƟon 

domain and idenƟfied, through HTVS, the anƟpsychoƟc drug asenapine maleate (AM), 

as a direct inhibitor of survivin, which efficiently binds to this domain. Based on these 

findings and the previously menƟoned premises, we hypothesize that AM will be able to 

impair tumor growth by disrupƟng mitosis as well as inducing apoptosis, since the 

breakdown of survivin homodimerizaƟon will trigger its degradaƟon, affecƟng all its 

cellular funcƟons. AddiƟonally, since survivin blocks apoptosis, we hypothesize that AM 

can sensiƟze cancer cells to convenƟonal pro-apoptoƟc cancer therapies, such as RDT 

and chemotherapy.  
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99 OBJECTIVES 
Main objecƟve: 

Preclinical development of the novel direct survivin inhibitor asenapine maleate for the 

treatment of lung cancer, especially in combinaƟon with convenƟonal pro-apoptoƟc 

therapies. 

Specific objecƟves: 

1. EvaluaƟon of asenapine maleate for the treatment of cancer. 

a. Extensive evaluation of drug anticancer effects in a wide panel of cellular 

models of lung and brain cancers. 

b. Characterization of the molecular mechanism of action. 

2. Assessment of combinaƟon therapies for tumor sensiƟzaƟon to pro-apoptoƟc 

convenƟonal treatments and immunotherapy. 

a. Evaluation of asenapine maleate combination with currently used 

chemotherapeutics. 

b. Evaluation of asenapine maleate combination with radiotherapy. 

c. Evaluation of the ability of asenapine maleate to induce immunogenic 

cell death. 

3. Preclinical evaluation of asenapine maleate as monotherapy and combined 

therapy for tumor sensitization to pro-apoptotic therapies in vivo. 

a. In vivo safety evaluation. 

b. In vivo efficacy evaluation 
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110 MATERIALS AND METHODS 

10.1 High-throughput virtual screening 

A druggability analysis was carried out on the Protein Data Bank (PDB) structures 2QFA 

(191) and 3UEC (403) using fpocket (404). The DrugBank database (version of 2015) and 

the ZINC database of ‘lead’ compounds, composed of 8 M ligands, were prepared using 

the default seƫngs of LigPrep (Schrödinger Release 2018-1: LigPrep, Schrödinger, LLC, 

New York, NY, 2018). 2QFA and 3UED were prepared using the default seƫngs of 

Maestro’s PrepWizard (Schrödinger Release 2018-1: Maestro, Schrödinger, LLC, New 

York, NY, 2018). HTVS was carried out with Glide at the SP level on a grid centered around 

Phe13 for both crystal structures. The 200 top-scored docking poses from each database 

were visually inspected and prioriƟzed according to favorable survivin-ligand contacts 

and electrostaƟc and shape complementarity. 

10.2 Compounds 

Asenapine (ref. HY-10121, MedChem Express, Monmouth Junction, NJ, USA) or its 

formulated form, asenapine maleate (AM) (ref. HY-11100, MedChemExpress), were 

dissolved in dimethyl sulfoxide (DMSO, ref. D5879, Sigma-Aldrich, STL, 

USA). Subsequent solutions for biological assays were made in medium for in vitro 

experiments (1% DMSO v/v, ref. D5879, Sigma Aldrich, St. Louis, MO, USA) or in 1X 

phosphate-buffered saline (PBS, ref. 02-023-5A, Biological Industries, Beit Haemek, 

Israel) with 7.5% DMSO and 0.8% Tween20 (ref. 28829.296, VWR Prolabo Chemicals, 

Fontenay-sous-Bois, France) for in vivo experiments. The chemotherapeutics used for 

the combination assays were cisplatin (1 mg/mL, Accord, London, UK), carboplatin (10 

mg/mL, ref. C2043, TCI, Tokyo, Japan), paclitaxel (6 mg/mL, Accord, London, UK) and 

gemcitabine (SUN Pharmaceutical, Industries Europe B.V., Hoofddorp, Netherlands). 

The FDA-approved compounds used in the single-point cell viability assays were 

promazine (1032472060), stanozolol (1025149306), ampicillin (1025470147), baclofen 

(1032119993), raloxifene (1032471356), and naphazoline (1032472098), supplied by 

MedChemExpress. The small molecules evaluated in single-point cell viability assays 

were Amb1987219, Amb9684524, and Amb9615334, supplied by Ambinter (Orleans, 
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France), as well as 15567877, 16122246, 48253418, 49138141 and 93921014, supplied 

by Chembridge (San Diego, CA, USA). 

 1-acetyl-N-(5-chloro-3-(4-(2-chloro-5-(trifluoromethyl)phenyl)-5-cyano-6-oxo-1,6-

dihydropyridin-2-yl)-2-hydroxybenzyl)-N-methylpiperidine-4-carboxamide (MM87 or 

compound Abbot 23b as described in (310)) is the compound that was used as a 

reference in the single-point cell viability assay and the SPR assay since it has a high 

capacity for interaction with the dimer interface of survivin. However, it presents 

difficulties reaching the intracellular space. Abbot 23b was re-synthesized in-house. 

110.3 Cell lines and culture condiƟons 

10.3.1 Cell lines 

The cell lines used in this project are indicated in Table 2. A549, SW620, U87 MG, RD, 

HFL-1 and LLC1 cell lines were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). LAN-1 cell line was obtained from the European Collection 

of Authenticated Cell Cultures (ECACC, Salisbury, UK). 

A549, SW620, U87 MG, and LLC1 cell lines were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM, ref. 01-055, Biological Industries) supplemented with 100 U/mL 

penicillin and 100 μg/mL streptomycin (ref. 03-031-1B), and 2 mM L-glutamine (ref. 03-

020-1B), all from Biological Industries, and 10% fetal bovine serum (FBS, ref. A5256701, 

GibcoTM, Paisley, UK). LAN-1 and RD cell lines were cultured in Roswell Park Memorial 

Institute (RPMI) (Biological Industries) with 100 U/mL penicillin, 100 

ug/mL streptomycin, 2 mM L-glutamine, and 10% FBS. HFL-1 cells were cultured in HAM-

F12 (HAM-F12: ref. 01-095, Biological Industries) with 100 U/mL penicillin, 100 ug/mL 

streptomycin, 2 mM L-glutamine, 1% non-essential amino acids solution (NEAA, ref. 01-

340-1B, Biological Industries), and 10% FBS. All cell lines were maintained in 5% CO2 and 

37 ºC conditions. Cells were cultured between passages 10 and 25 and were routinely 

tested for mycoplasma contamination.  
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Cell line Origin 

A549 Human epithelial lung adenocarcinoma 

U87 MG Human glioblastoma 

SW620 Human colon carcinoma 

SW900 Human squamous cell lung carcinoma 

DMS53 Human small cell lung carcinoma 

RD Pediatric human rhabdomyosarcoma 

LAN-1 Human neuroblastoma bone marrow metastasis 

HFL-1 Normal human lung fibroblasts 

LLC1 Mouse Lewis lung carcinoma 

Table 2. Cell lines used in this project. 

110.3.2 3D cultures 

In a 96-well plate with BIOMMIEMSYS® hydroscaffold, 2 x 104 A549 cells were seeded 

per well in a volume of 20 μL. Once the drop was diffused in the hydroscaffold, wells 

were completed at 200 μL with fresh medium. The plate was maintained in the incubator 

(37 ºC, 5% CO2) for five days. On the fiŌh day, cells were treated with 10, 50 and 100 

μg/mL of AM. AŌer 24 h of treatment, 20 μL of MTT at 10 μM diluted in PBS 1X were 

added. The plate was incubated for 2 h at 37 ºC, 5% CO2. Then, the medium was carefully 

removed and 100 μL of DMSO were added to each well to solubilize formazan produced 

by viable cells, as a result of MTT metabolism. Once formazan was solubilized, the 

absorbance was read at 570 nm. Three independent experiments were performed. 

10.3.3 Primary cultures 

Lungs were isolated from two transgenic mice that developed lung tumors. A cross-

secƟon of the lung of each mouse was done. The tumor sample was washed twice in PBS 

1X and the Ɵssue was disrupted mechanically by using forceps and bistouries. The 

sample was collected with 9 mL of RPMI supplemented with 1% Penicillin/Streptomycin 

soluƟon. 1 mL of Collagenase Type II (2000 U/mL, C2-BIOC, Sigma-Aldrich) was added to 

the samples and they were incubated for 2 h at 37 ºC. Once the tumor was 

disaggregated, the samples were centrifuged at 300 g for 5 min. The supernatant was 

discarded and the pellet was washed with PBS 1X. The cell pellet was resuspended in 2-

4 mL of fresh medium and seeded in a 6-well plate. 24 h later, to reduce the high 
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presence of erythrocytes, a protocol was followed to lyse those blood cells and allow 

tumor cells to aƩach. The content of the well (lung cells, tumor cells, erythrocytes and 

medium) was collected and washed with PBS. The PBS was also collected. The samples 

were centrifuged at 500 g for 6 min at 10 ºC. The supernatant was discarded and 500 μL 

of PBS were added to the cell pellet. Samples were placed on ice and 3 mL of NH4Cl. 

Samples were thoroughly resuspended and, aŌer 5 min, they were centrifuged again. 

The supernatant was removed and the cell pellet was washed with PBS. The cell pellet 

was resuspended in fresh medium and cells were seeded in a new 6-well plate. Two 

weeks aŌer this procedure (in which the medium was changed once a week), to isolate 

tumor cells and to eliminate non-tumor cells, cells were trypsinized for only 30 s in the 

area where a group of tumor cells was found, and the detached cells were seeded into 

a new plate. This procedure was repeated once a week unƟl the majority of cells on the 

plate were tumor cells. 

110.4 Immunofluorescence in cell cultures 

Primary culture cells were characterized as tumor cells by performing dual 

immunofluorescence of E-cadherin (a marker of epithelial cells) and vimenƟn (a marker 

of mesenchymal cells). To perform this experiment, a 15 mm coverslip previously 

sterilized was placed in each well of a 12-well plate. 300 μL of FBS were added to each 

well and the plate was incubated without the lid at room temperature (RT) overnight. 

Once FBS had dried, cells were trypsinized and seeded at 1 x 105 cells/mL. AŌer 24 h, the 

culture medium was removed and washed with PBS 1X twice for 10 min in agitaƟon. To 

fix the cells, 4% paraformaldehyde (PFA, previously tempered) was added. 20 min later, 

the samples were washed with PBS 1X twice in agitaƟon for 5 min. Once cells were fixed, 

the samples were kept at 4 ºC. 

To permeabilize cells, the 12-well plate was tempered and the cells were washed with 

PBS 1X for 5 min with agitaƟon. Then, 0.2% Triton X-100 was added to each well for 10 

min. Another wash of PBS was performed before the blocking, which was done with 3% 

bovine serum albumin (BSA) in PBS and 5 % goat serum for 2 h at RT with agitaƟon. 

The primary anƟbodies used were for E-cadherin (ref. SC-8426, Santa Cruz Biotechnology 

Inc., Dallas, TX, USA) and for vimenƟn (ref. 5741S, Cell Signaling Technology Inc., Danvers, 
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MA, USA), both used at 1:100 diluƟon. Drops of the corresponding anƟbodies were set 

in a humid chamber and the coverslips were placed on the top of each drop. Cells were 

incubated with the anƟbodies at 4 ºC overnight. Later, coverslips were replaced in the 

12-well plate and cells were washed three Ɵmes with PBS 1X for 10 min. Then, the 

coverslips were placed in the humid chamber again, with anƟ-mouse 647 (ref. A-21236, 

Invitrogen, Waltham, MA, USA) and anƟ-rabbit 488 (ref. 11008, Invitrogen) fluorophore-

conjugated secondary anƟbodies diluted 1:750. AŌer 1 h at RT. The samples were 

washed with PBS 1X three Ɵmes for 5 min with agitaƟon. 

Fluoromount-G with 4ʹ,6-diamidine-2ʹ-phenylindole dihydrochloride (DAPI) (ref. 00-

4959-52, Invitrogen) was applied on glass microscope slides, and coverslips were 

carefully placed on the top of each drop. AŌer 2 h, once the samples were dry, the 

borders of the coverslips were sealed with transparent nail polish. The slides were stored 

at 4 ºC unƟl the observaƟon with the opƟcal microscope Carl Zeiss Axio Imager M2 

Apotome (Zeiss, Oberkochen, Germany).  

110.5 Cell viability assays 

The effect of the compounds on cell viability was determined by the MTT colorimetric 

assay. This method is based on the reducƟon of the MTT, soluble in water, to insoluble 

purple formazan crystals by the acƟon of the mitochondrial succinate dehydrogenase in 

living cells. 

To perform these assays, cells (1 x 105 cells/well) were seeded in 96-well microƟter plates 

and incubated for 24 h to allow cell aƩaching. For single-point cell viability assays, A549 

and SW620 cells were treated for 24 h with selected FDA-approved drugs (5 and 20 μM) 

and small molecules (5 and 50 μM) from available chemical libraries (Figure 20) that 

showed potenƟal binding to survivin protein in the HTVS and docking studies. We also 

obtained dose-response curves of AM to calculate the IC25, IC50 and IC75 of cell 

populaƟons in different cell lines. For this purpose, cells were treated for 24 h with AM 

in a concentraƟon range of 0.8-100 μM. Two different approaches were performed. For 

combinaƟon experiments, aŌer 24 h of seeding, cells were treated with AM, cisplaƟn, 

carboplaƟn, paclitaxel or gemcitabine in monotherapy, or with AM plus cisplaƟn, 

carboplaƟn, paclitaxel or gemcitabine simultaneously. Secondly, the sequenƟal 
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combinaƟon treatment was performed by adding cisplaƟn (to A549 and LLC1 cells) and, 

24 h later, adding AM. The concentraƟons of chemotherapeuƟcs were 0.013-0.1 mg/mL 

for cisplaƟn, 0.063-1 mg/mL for carboplaƟn, 0.005-0.6 mg/mL paclitaxel and 0.25-4 

mg/mL for gemcitabine, combined with the corresponding IC50 of AM depending on the 

cell line used. DMSO was used as a negaƟve control at a concentraƟon of 1% (v/v). 

In all experiments, 10 μM of MTT (ref. 1003478241, Sigma-Aldrich) diluted in 1x PBS was 

added to each well after treatment and incubated at 37 ºC for an additional 2 h. Then, 

we removed the medium and dissolved the MTT formazan precipitates in 100 μL of 

DMSO. Absorbance was read on a Multiskan™ multiwell plate reader (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) at 570 nm. For each condition, at least three 

independent experiments were performed (in duplicate or triplicate). Cell viability was 

expressed as a percentage of control cells, and data are shown as the mean value ± SD. 

The IC25, IC50, and IC75 values were calculated with GraphPad PrismTM 8 software (Graph 

Pad Software, San Diego, CA, USA).  

In the combinaƟon experiments, the Compusyn soŌware was used to generate the 

combinaƟon index (CI), which is defined as the sum of the raƟos of the dose of the 

combinaƟon (D1, D2) required to produce a determined percentage of efficacy (x) 

divided by the dose of the drug alone needed for the same effect (Dx1, Dx2) (Formula 

1). 

ܫܥ = 1ݔܦ1ܦ  +  2ݔܦ2ܦ 

Formula 1. CombinaƟon Index (CI) calculaƟon. D1 and D2 correspond to the doses of drug 1 or drug 2 that 

produce x percentage of effect in combinaƟon. Dx1 and Dx2 are the doses of each drug alone required to 

produce x percentage of effect. 

Depending on the value of CI, we distinguish different types of interaction: CI < 1 

synergism, CI = 1 additive effect, and CI > 1 antagonism. 

110.6 Surface Plasmon Resonance assay (SPR) 

SPR assays were designed to monitor the interaction between survivin (Calmodulin tag; 

ref. Abcam87202, Abcam, Cambridge, UK) bound to the chip and the compounds AM 

and Abbot23b (as analytes). Abbott23b was used as a positive control. Survivin was 
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immobilized following the Biacore T200 protocol on a sensor chip CM5 (GE Healthcare 

BioSciences AB) coated with a carboxymethylated dextran matrix that allows a covalent 

protein attachment by amine coupling. Survivin is tagged with calmodulin; thus, we also 

immobilized the calmodulin (ref. Abcam78694) ligand alone in the reference channel. A 

pH scouting was performed before immobilization to determine the optimal pH to pre-

concentrate the ligand on the matrix. The ligand was diluted to 1 μM in 10 mM acetate 

buffers pH 4 and 4.25, and injected during 180 s with a flow of 5 μL/min on an 

unmodified sensor chip. Then, the surface was regenerated with 50 mM NaOH to ensure 

no ligand remained bound to the surface. Once the optimum pH was selected, the 

surface of the sensor chip was activated with a 1:1 mixture of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy succinimide (NHS) to form 

reactive ester groups on the surface. Subsequently, survivin protein was diluted to 0.05 

μg/μL in 10 mM acetate buffer pH 4.25 and immobilized in flow-cell 2 up to 1600 RU. 

Similarly, calmodulin protein was diluted to 0.05 μg/μL in 10 mM acetate buffer with pH 

4 and immobilized in flow-cell 1 up to 1300 RU. The immobilized ligand level was 

previously calculated according to the relative molecular weights of survivin and the 

analytes and the maximum binding capacity of the surface with a theoretical Rmax 

(maximal response) of 50 RU. Once the immobilization was performed, an ethanolamine 

solution was injected to deactivate the remaining reactive groups of the surface.  

Compounds were stored as a stock solution in 100% DMSO at -20 ºC. The compounds 

were diluted with running buffer, 1X HBS-P (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES)-buffered saline 0.005% P20) 5% DMSO, at 

concentrations ranging from 0.012 μM to 40 μM. Afterward, samples were injected in 

duplicates in both channels at 30 μL/min flow for 90 s and dissociated within 300 s. 

Moreover, a solvent correction with carefully prepared DMSO reference solutions 

ranging from 4.5% to 5.8% was run to adjust measured sample responses due to solvent 

effects on the bulk refractive index variations. 

Experiments were performed with the instrument temperature (flow cell, sensor chip, 

and sample compartment temperature) set to 25 ºC. For affinity evaluation, the 

Biacore™ T200 evaluation software 2.0 was used to subtract the reference and blank 

data, correct the solvent, and fit the curve, using the 1:1 Langmuir model. 
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110.7 Immunoblot analysis 

This technique was performed to detect protein modificaƟons (dissociaƟon of survivin 

dimer or cleavage of proteins) as well as expression of single proteins in cell lysates from 

cells exposed to different condiƟons. The immunoblot analysis has been divided into 

three steps: protein extract preparaƟon, gel electrophoresis plus protein transfer and 

detecƟon of proteins.  

10.7.1 Protein extract preparaƟon 

The ability of AM to dissociate survivin dimers was evaluated with a non-denaturing 

electrophoresis, 1 μg of purified survivin (Abcam) was incubated in PBS with DMSO or 

with different concentraƟons of AM (50, 200 or 500 μM).  

On the other hand, to determine the molecular mechanism of acƟon of AM, A549 and 

U87 MG cells were seeded at 1 x 105 cells/mL. AŌer 24 h, cells were treated with DMSO 

(control) or AM (IC50) for 24 h. In the combinaƟon experiments, cisplaƟn (IC50) was added 

aŌer 24 h of seeding, whereas AM (IC50) was incorporated on the next day for an 

addiƟonal 24 h. Dead cells from culture supernatants were collected and washed with 

PBS 1X twice. Dead cells were lysed with aƩached cells using ice-cold lysis buffer 

containing RIPA lysis buffer (sodium dodecyl sulfate (SDS) 10%, NP40 (IGEPAL®, ref. 

I8896, Sigma-Aldrich), 0.5% sodium deoxycholate (ref. D6750, Sigma-Aldrich)) with 40 

mM β- glycerolphosphete (BGP, ref. 50020, Sigma-Aldrich), 50 mM sodium fluoride (NaF, 

ref. S1504, Sigma-Aldrich), 1 mM sodium orthovanadate (NaVO4, ref. S6508, Sigma-

Aldrich), 1X cysteine protease inhibiƟon cocktail tablet (CIP, ref. 4693159001, Sigma-

Aldrich) and 1 mM phenylmethylsulfonyl fluoride (PMSF, ref. P7626, Sigma-Aldrich).  

Lysate was sonicated, followed by centrifugaƟon at 16000 g for 15 min at 4 ºC. The 

supernatant was collected and the protein concentraƟon was determined by 

bicinchoninic acid (BCA) protein assay (ref. 23227, Pierce™, Thermo Fisher ScienƟfic) 

following the manufacturer’s instrucƟons and using BSA protein to create a standard 

curve that was taken as a reference to calculate protein concentraƟon in our samples, 

based on their absorbance. The protocol was performed in 96 well plates in duplicate 
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and absorbance was read with a mulƟ-well plate reader (MulƟskan FC, Thermo Fisher 

ScienƟfic Inc.) at 562 nm. 

110.7.2 Gel electrophoresis plus protein transfer 

For the non-denaturing electrophoresis, samples were mixed with an equal volume of 

sample buffer (0.5 M Tris(hydroxymethyl)aminomethane (Tris) pH 8 (ref. 28811.295, 

VWR), 20% glycerol (ref. 50020, Sigma-Aldrich), 0.005% bromophenol blue (ref. M6769, 

BioRad, Richmond, CA, USA), 2% Triton X-100 (ref. 9002-93-1, Sigma-Aldrich), 100 mM 

dithiothreitol (DTT) (ref. D9779, Sigma-Aldrich)) for 30 min at RT. Then, samples were 

centrifuged at 11000 g for 10 min and the supernatants were separated by 

electrophoresis in a non-denaturing polyacrylamide gel electrophoresis (PAGE) of 15% 

polyacrylamide except for the detecƟon of ATM and γATM, in which case the gel was 8% 

polyacrylamide. 

Laemli buffer containing Tris-HCl 250 mM pH 6.8, 10% SDS (ref. L3771-500G, Sigma-

Aldrich), 50% glycerol, 0.01% Bromophenol Blue 25% 2-mercaptoethanol (ref. 805740, 

Merck, Darmstadt, Germany) was added to the samples and then they were boiled at 95 

ºC for 5 min. Then, 40 μg of protein extracts were loaded in SDS-PAGE of 15% 

polyacrylamide. The gels were run at 80 V for 20 min and then, the voltage was changed 

to 120 V for 90 min approximately in Running Buffer (25 nM Tris, 192 nM Glycine (ref. 

50046, Sigma-Aldrich), 0.1% SDS). AŌer that, proteins were transferred to Immobilon-P 

polyvinylidene difluoride (PVDF) membranes (EMD Millipore, Merk KGaG) using Mini 

Trans-Blot Cell (Bio-Rad) wet/tank system in Transfer Buffer (25 mM Tris, 192 mM glycine, 

20% methanol) at 100 V during 90 min. 

10.7.3 DetecƟon of proteins 

Membranes were then incubated with the following primary antibodies overnight at 4 

ºC (Table 3).  
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Antibody Dilution Produced in Brand Reference 

GAPDH 1:1000 Rabbit Cell Signaling 2118 

Cleaved Caspase 3 1:500 Rabbit Cell Signaling 9664 

PARP 1:750 Rabbit Cell Signaling 9542 

Survivin 1:1000 Rabbit Cell Signaling 2808 

XIAP 1:500 in BSA Mouse Santa Cruz  SC-55550 

P53 1:200 in BSA Rabbit Santa Cruz SC-6243 

γATM 1:1000 Rabbit Cell Signaling 13050 

ATM 1:1000 Rabbit Cell Signaling 2873 

γH2A.X 1:500 Rabbit Cell Signaling 9718 

H2A.X 1:1000 Rabbit Cell Signaling 7631 

Vinculin 1:200 Mouse Santa Cruz SC-25336 

Table 3. List of primary anƟbodies used for Western blot analysis. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase; PARP, poly [ADP-Ribose] polymerase; XIAP, X-linked inhibitor of apoptosis protein; ATM, 

ataxia telangiectasia mutated; BSA, bovine serum albumin. 

On the next day, after washing with Tris-buffered saline-Tween 20 0.1% (TBS-T), 

membranes were incubated with horseradish peroxidase (HRP) conjugated secondary 

antibodies for 1 h at RT, goat anti-mouse immunoglobulin G (IgG)-HRP (ref. 62-6520, 

Thermo Fisher Scientific) and goat anti-rabbit IgG-HRP (ref. 7074P2, Cell Signaling 

Technology Inc.). Images were captured on an Image Quant LAS 500 (GE Healthcare, 

Buckinghamshire, UK) using ECL™ Western blotting detection reagent (Amersham, GE 

Healthcare). Band densitometries were retrieved using the Image J software (v1.53t, 

National Institutes of Health, Bethesda, MD, USA) and Image Studio™ Lite software 

(v.5.2., LICOR Biosciences, Lincoln, NE, USA). Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as the gel loading control. The results shown are 

representative of Western blot data analysis obtained from at least three independent 

experiments except in the case of survivin evaluation after irradiation, where only one 

replicate was performed. 
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110.8 Flow cytometry 

10.8.1 Cell cycle analysis 

Quantification of DNA content by flow cytometry is the most used method to analyze 

the cell cycle because it allows differentiation of the different phases of the cell cycle. In 

this assay, cells are treated with a fluorescent dye that stains DNA quantitatively (7-

aminoactinomycin D (7-AAD)). Thus, fluorescent intensity registered by flow cytometry 

corresponds to the amount of DNA that cells have in each phase. 

To study the effect of AM on the cell cycle, 1.25 x 105 cells/mL were seeded in 6-well 

plates and, 24 h later, cells were treated with DMSO or AM (IC50). Three independent 

experiments were performed to obtain the results. 

For the cell cycle analysis of cells treated with AM and cisplatin combination, 1.25 x 105 

cells/mL were seeded. 24 h later, cells were treated with DMSO, AM (IC50), cisplatin (0.03 

mg/mL), and the combination of AM (IC50) plus cisplatin (0.03 mg/mL) for 24 h. The 

findings were obtained from four independent experiments. 

In all experiments, cells were collected in a 15 mL tube and centrifuged at 300 g for 5 

min. Supernatant was discarded and cell pellet was washed with PBS 1X. The sample 

was centrifuged again (300 g, 5 min) and the supernatant was discarded. Cell pellet was 

resuspended in residual PBS and added, drop by drop, into a 50 mL tube containing 1 

mL of cold 70% ethanol while vortexing at medium speed to fix cells. Fixed cells were 

stored overnight at -20 ºC. 200 μL of fixed cells were centrifuged at 300 g for 5 min at 

RT. Supernatant was discarded and the cell pellet was washed with PBS 1X and 

centrifuged again (300 g, 5 min). Supernatant was discarded again and the cell pellet 

was resuspended in 200 μL of Muse™ Cell Cycle Reagent (ref. MCH100106, Luminex 

Corporation, Austin, TX, USA), which has 7-AAD, and incubated 30 min at RT, protected 

from light. The reagent forms part of the Muse™ Cell Cycle Kit (ref. MCH100105, Luminex 

Corporation). All analyses were performed using Muse™ Cell Analyzer and 10,000 events 

were acquired. 
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110.8.2 Cell death analysis 

One of the physiological changes produced in cells once apoptosis is induced is the 

externalizaƟon of phosphaƟdylserine (PS) to the cell surface, a component of the cell 

membrane that is normally localized in the inner cell membrane. Annexin V is a calcium-

dependent protein with high affinity for PS. When apoptosis is induced, PS is externalized 

and annexin V is able to bind to it. This is the principle in which is based the Muse™ 

Annexin V & Death Cell Assay (ref. MCH100105, Luminex CorporaƟon), which also uses 

7-AAD, a death cell marker, as an indicator of cell membrane integrity.  

A549 cells at 1 x 105 cells/mL were seeded in 6-well plates to analyze combinaƟon 

therapy effects on apoptosis. AŌer 24 h, cells were treated with DMSO, AM (IC50), 

cisplaƟn (0.03 mg/mL) or the combinaƟon (cisplaƟn plus AM) for 48 h. Dead cells from 

the culture supernatants were collected into 15 mL tubes. The aƩached cells were 

washed twice with 1X PBS (retaining the PBS to collect any detached cells), trypsinized, 

and then combined with the dead cells in the same tube. Samples were centrifuged at 

300 g for 5 min. The supernatant was discarded and the cell pellet was washed with PBS 

1X. Then, samples were centrifuged again (300 g, 5 min). Once more, the supernatant 

was discarded. The cell pellet was resuspended in fresh medium with a final 

concentraƟon of 1 x 106 cells/mL. 100 μL of cells in suspension were added to fresh 1.5 

mL Eppendorf tubes, together with 100 μL of Muse™ Annexin V & Dead Cell Reagent. 

Then, samples were mixed and incubated for 20 min at RT in the dark. The analysis of 

the samples was performed using Muse™ Cell Analyzer (Merck) and 10,000 events were 

acquired. The findings were obtained from four independent experiments. 

10.8.3 CalreƟculin 

CALR is an endoplasmic reticulum-resident chaperone exposed at the cell surface when 

the cell succumbs to ICD. CALR exposure promotes phagocyte uptake of cell corpses and 

the initiation of anticancer immunity. This makes CALR exposure an important hallmark 

of ICD.   

In order to analyze CALR membrane exposure on AM-treated cells, A549 and LLC1 cells 

(1 x 105 cells/mL) were seeded in 6-well plates. After 24 h, cells were treated with AM 

at concentrations corresponding to AM IC25, IC50 and IC75 for 24 h. On the next day, the 
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medium with dead cells was collected in a 15 mL tube. Attached cells were washed with 

PBS 1X, which was also added to the tube and cells were trypsinized. Detached cells 

were added to the tube containing the other cells with the same treatment. The wells 

were washed twice with PBS 1X to ensure all cells were collected. Samples were 

centrifuged at 500 g for 6 min. The supernatant was removed, and the pellet was 

resuspended in 600 μL of 1X PBS. The samples were then distributed into cytometry 

tubes. To recover the maximum number of cells, 1 mL of 1X PBS was added to the 15 mL 

tube, and these cells were also distributed into the cytometry tubes. All samples were 

vortexed and centrifuged at 500 g for 6 min. The supernatant was discarded and cells 

were incubated 1 h at RT with CALR phycoerythrin (PE)-conjugated monoclonal antibody 

(1:70, ref. ADI-SPA-601PE-F, Enzo Life Sciences Inc., Farmingdale, NY, USA). 1 mL of PBS-

BSA 1% was added to each tube to wash cells. Then, samples were vortexed and 

centrifuged 6 min at 500 g, and the supernatant was discarded. Washing and 

centrifugation was repeated and then the secondary antibody was added (anti-rabbit 

488, 1:1000 in PBS-BSA 1%, ref. A-11008, Invitrogen). Samples were vortexed and 

incubated 30 min at 4 ºC. Then, cells were washed twice with PBS-BSA 1%. 1 mL of PBS 

1X was added to each tube for the analysis. Death cells were labeled with 7-AAD viability 

staining solution (ref. 00-6993-50 eBioscience™, Thermo Fisher Scientific). Flow 

cytometry was completed using a FACS Canto IITM (BD Biosciences, Franklin Lakes, NJ, 

USA) taking 10,000 events for each condition. The mean fluorescence intensity of PE-

CALR was analyzed by BD FACSDiva™ Software. The findings were obtained from four 

independent experiments. 

110.9 Radiotherapy 

Cells were seeded at a density of 5 x 104 cells/mL (when the experiment included 24 h 

pretreatment condiƟons) or 1 x 105 cells/mL (when the pretreatment was performed just 

1 h before irradiaƟon), in p60 or p100 plates and incubated for 24 h to allow them to 

aƩach. Cells were then treated with AM for 1 h or 24 h before irradiaƟon. IrradiaƟon was 

repeatedly performed using an X-ray accelerator (TrueBeam 3320, Varian Medical 

Systems Inc., Palo Alto, CA, USA) at 2 Gy/fracƟon to achieve a total dose of 2 Gy, 4 Gy or 

8 Gy. A non-irradiated control was also included in all the experiments. AŌerwards, cells 

were incubated for 24 h and then handled differently according to each parƟcular 
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experiment. At least three independent experiments were performed, except in the case 

of survivin expression evaluaƟon 2 h and 24 h aŌer the combinaƟon treatment, where 

the experiment was performed once. 

110.10 Clonogenic assay 

This assay is based on the ability of a single cell to form a colony by undergoing its 

division. In this project, the clonogenic assay was undertaken to study the effect of AM 

and RDT. For this purpose, cells were collected 24 h post-irradiaƟon and plated into 6-

well plates at a density of 200 and 400 viable cells/well. AŌer 12 days of incubaƟon at 

37 ºC in a humidified incubator with a 5% CO2 atmosphere, the medium was removed 

and colonies were carefully washed with PBS 1X. Cells were fixed and stained using a 

mixture of glutaraldehyde (6% v/v) and crystal violet (0.5% w/v) for 20 min at RT. 

Subsequently, the fixing soluƟon was removed and colonies were washed carefully with 

disƟlled H2O (dH2O). Finally, colonies were counted and photographed. Three 

independent experiments were conducted. 

10.11 HMGB1 release determinaƟon 

When cancer cells undergo ICD, the permeabilization of the lamina and the plasma 

membrane enables the translocation of HMGB1 from the nucleus to the cytoplasm and 

its liberation to the extracellular space. Once HMGB1 is released, it binds to TLR4 on DCs 

and potentiates the presentation of tumor antigens from dying cancer cells. HMGB1 is 

used as a biomarker for plasma membrane permeabilization, since it is not only released 

in immunogenic but also non-immunogenic variants of cell death. 

A549 (5 x 104 cells/mL) cells were seeded in a 6-well plate. After 48 h, we treated cells 

with AM for 24 h at concentrations corresponding to AM IC25, IC50, and IC75 in A549 cells. 

Cell culture supernatants were collected and stored at -80 ºC. On the one hand, HMGB1 

release was quantified in cell culture supernatants with the HMGB1 express enzyme-

linked immunosorbent assay (ELISA) (#30164033, TECAN, Hamburg, Germany). This is 

an enzyme immunoassay for the quantitative determination of HMGB1.  The wells of 

the microtiter strips are coated with anti-HMGB1 antibody. HMGB1 of the samples binds 
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to the immobilized antibody and is recognized by a second enzyme-marked antibody. 

After the substrate reaction, HMGB1 concentration is determined by color intensity.  

Firstly, to perform this assay, a standard curve was prepared. Samples were diluted (10 

μL of sample and 400 μL of diluent) and 100 μL of the mix were pipetted into the wells 

of the microtiter plate. The plate was incubated for 2 h at 37 ºC. After that, the 

incubation solution was discarded and wells were washed five times with 400 μL of 

diluted Wash Buffer. Then, 100 μL of Enzyme conjugate was added into each well and 

samples were incubated 1 h at 25 ªC. The solution was discarded and 100 μL of Color 

solution was added with an 8-channel micropipette. The plate was incubated for 20 min 

at RT in the dark. The color reaction was stopped by adding 100 μL of Stop solution and 

mixing with gently shaking. Optical density was measured at 450 nm (within 60 min after 

pipetting stop solution) with Microplate reader FLUOstar® Omega (BMG Labtech, 

Mornington, VIC, Australia). Three experiments were carried out independently. 

110.12 ATP release determinaƟon 

During ICD, ATP is released through active exocytosis of ATP-containing vesicles via 

pannexin channels, which is a large pore formed by the proteins pannexins that facilitate 

the diffusion of a variety of substrates. Extracellular ATP works as a “find-me” signal for 

DC precursors and macrophages, leading to the recruitment of myeloid cells to the sites 

of active ICD. Extracellular ATP also mediates pro-inflammatory effects that culminate 

in the activation of T cells. Like HMGB1, ATP release can occur in both immunogenic and 

non-immunogenic variations of cell death. 

ATP release was determined in cell culture supernatants with RealTime-GloTM 

Extracellular ATP Assay (Promega, Madison, WI, USA). This assay is based on the 

following reaction: 

ATP + D-luciferin + O2  Oxyluciferin + AMP + PPi + CO2 + Light (560 nm) 

The intensity of the emitted light is proportional to ATP concentration. To perform this 

experiment, an ATP standard curve was made on the same day. 100 μL of sample was 

mixed with 100 μL of rL/L Reagent and, rapidly, the ATP-derived luminescent signal was 
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detected on multi-mode microplate reader FLUOstar® Omega in five reading cycles of 1 

min duration. Seven independent replicates were performed. 

110.13 Histological analysis 

This type of analysis allowed us to evaluate the expression of specific proteins on mice 

tumors obtained in the in vivo experiments.  

10.13.1 Sample processing 

Subcutaneous tumors were isolated and washed in PBS 1X. Then, they were fixed in 

formalin 10% (ref. HT501128, Sigma-Aldrich) for 24 h.  Then samples were processed 

following the steps indicated in Table 4. To include the samples in paraffin, dehydraƟng 

cells was necessary because paraffin is hydrophobic. Then, ethanol should be removed, 

since ethanol and paraffin are not miscible.   

Washing 
PBS 1X 30 min 

PBS 1X 1 h 

DehydraƟon 

Ethanol 30% 1.5 h 

Ethanol 70% 1.5 h 

Ethanol 96% 1.5 h 

Ethanol 100% 1.5 h 

Ethanol 100% 2 h 

Clearing 
Xylene 1.5 h 

Xylene 2 h 

InfiltraƟon 
Paraffin wax 3 h 

Paraffin wax 6 h 

Table 4. Sample processing for paraffinaƟon. PBS, phosphate-buffered saline. 

Then, samples were embedded into a plasƟc casseƩe by using a mold and adding 

paraffin. Once paraffin was solidified, the blocks were kept 1 h at 4 ºC to be able to 

remove the mold. Samples were stored at RT. 

Finally, the blocks were secƟoned with a microtome at 5 μm. The secƟons were placed 

in a water bath and then were placed in glass slides pre-treated with polylysine. 
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110.13.2 Sample staining 

10.13.2.1 Immunohistochemical staining 

10.13.2.1.1 Survivin Immunohistochemistry 

Samples were deparaffinized in a drying oven for 30 min at 60 ºC. Then, they were 

immersed in xylene followed by a decreasing concentration of alcohol to rehydrate 

samples. Afterward, antigen retrieval was carried out using 10 mmol/L sodium citrate 

buffer with 0.05% Tween-20 in the microwave at sub-boiling temperature, 95–98 ºC, for 

20 min and slides were washed twice with dH2O for 5 min each time. Endogenous 

peroxidase was blocked by incubation in 3% H2O2 for 5 min at RT followed by two 

washing steps for 5 min, with dH2O and PBS, respectively. Slides were blocked with 

normal goat serum in a 1:30 dilution for 1 h at RT and incubated with anti-survivin 

antibody (ref. 2808, Cell Signaling Technology Inc.) diluted 1:200 in PBS overnight at 4 

ºC in a wet chamber. Afterward, slides were washed three times in PBS 0.1% Tween-20 

for 5 min each and incubated with biotin-conjugated secondary antibody (ref. 711-066-

15, The Jackson Laboratory, Bar Harbor, ME, USA) at 1:200 dilution in PBS 0.1% Tween-

20 for 1 h at RT. Later, we added streptavidin coupled with HRP (ref. 016-030-084, The 

Jackson Laboratory) at 1:250 dilution in PBS for 20 min, at RT. Then, slides were washed 

three times with PBS for 5 min each and the signal was developed by incubation with 

DAB (3,3ʹ-diaminobenzidine) (ref. D8001, Sigma-Aldrich) for 10 min at RT. Finally, slides 

were washed for 5 min with dH2O, counterstained with Hematoxylin (ref. A3865, 

PanReac AppliChem, Glenview, IL, USA), dehydrated, and mounted with DPX (ref. 

100579, Merck). Samples were observed in a Nikon Eclipse E800 microscope and images 

were taken. 

10.13.2.1.2 CD3 and CD8 

The Pathological Anatomy Services at Hospital de Bellvitge performed 

immunohistochemical staining for CD3 and CD8 to evaluate immune cell infiltraƟon in 

mouse tumor samples. 
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The first step for immunohistochemistry for CD3 was the deparaffinizaƟon of the 

samples by heaƟng the slides at 60°C for 8 min. Next, the slides were heated to 72°C. 

The following step was anƟgen retrieval, for which ULTRA CondiƟoner #1 (CC1) was used. 

Then, the samples were heated to 95°C and incubated with the reagent for 8 min. 

Subsequently, ULTRA CC1 treatment was conƟnued at intervals of 20, 36, 52, and 64 min. 

Once anƟgen retrieval was completed, a drop of anƟ-CD3 (2GV6) anƟbody (Ref. 790-

4341) was applied to each sample, and then they were covered with a coverslip and 

incubated for 32 min. AŌer incubaƟon, a wash was performed with ULTRA Wash.  

To perform immunohistochemistry for CD8, first, samples were prepared by 

deparaffinizing the slides at 72°C. The following step was anƟgen retrieval, for which 

ULTRA CondiƟoner #1 (CC1) was applied. Then, samples were heated to 95°C and 

incubated with the reagent for 8 min. Furthermore, ULTRA CC1 treatment was conƟnued 

at intervals of 20 and 36 min. Once condiƟoning was completed, each sample received 

a drop of anƟ-CD8 (SP57) anƟbody (Ref. 790-4460) and then covered with a coverslip for 

a 32-minute incubaƟon. AŌerward, a wash was performed with ULTRA Wash. 

For counterstaining, a drop of Hematoxylin was applied to each sample and they were 

covered with a coverslip, leaving them incubaƟng for 12 min. Finally, in the post-

counterstaining stage, Bluing Reagent staining was performed for 4 min. This protocol 

was performed using BenchMark ULTRA PLUS equipment and reagents from Roche 

DiagnosƟcs (Basel, Switzerland). 

Finally, lymphocyte infiltraƟon in these samples was evaluated using the opƟcal 

microscope Carl Zeiss Axio Imager M2 Apotome. 

110.13.2.2 Immunofluorescence staining 

10.13.2.2.1 CD31 

CD31, also named platelet endothelial cell adhesion molecule (PECAM), is a protein 

found on the surface of endothelial and immune cell membranes and is crucial for the 

interacƟon between vascular and immune systems. In this study, CD31 is used as a 

marker for angiogenesis and microvessel density. 
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Like in the immunohistochemistry staining, samples were deparaffinized in a drying 

oven for 30 min at 60 ºC. Then, they were immersed in xylene followed by a decreasing 

concentration of alcohol to rehydrate samples. Afterward, antigen retrieval was carried 

out using 10 mmol/L sodium citrate buffer with 0.05% Tween-20 in a pressure cooker. 

We turned off the heat once the pressure cooker started beeping and waited for 20 min 

to let the samples cool down. Slides were washed with PBS 1X for 5 min. Samples were 

incubated in 3% H2O2 for 15 min at RT followed by four washing steps for 5 min, one 

with dH2O and three with PBS. Normal goat serum in PBS (1:30) was added and slides 

were incubated for 1 h at RT. Afterward, goat serum was discarded and an antibody for 

CD31 was added (ab28364, Abcam), diluted 1:30 in PBS. Samples were incubated 

overnight at 4 ºC. The next day, donkey anti-rabbit 555 (ref. A31572, Thermo Fisher 

Scientific) was added to the samples diluted 1:500 in PBS and the slides were incubated 

2 h at RT in the dark. After the incubation, samples were washed three times in PBS 0.1% 

Tween-20 for 5 min each. Later, a drop of Fluoromount-G with DAPI (Invitrogen, ref. 00-

4959-52) was applied on the sample and a coverslip was placed on the top. Once 

samples were dry, they were stored at 4 ºC until the observation with the optical 

microscope Carl Zeiss Axio Imager M2 Apotome. 

110.14 In vivo experiments 

All animal studies were carried out in accordance with EU DirecƟve 2010/63/EU for 

animal experiments and protocols were approved by the Local Ethics CommiƩee 

(Generalitat de Catalunya) under the protocol number 10928. 

In order to esƟmate the minimum number of animals required to find significant 

differences among groups at a p-value of 0.05 and confidence interval of 95%, sample 

size was determined by using a MicrosoŌ Excel spreadsheet “LaMorte’s Power 

Calculator” (405). 

10.14.1 Safety evaluaƟon of AM 

For the AM safety evaluation assay, ten-week-old C57BL6 mice were separated 

into 4 different groups (4 mice/group): vehicle (V) (7.5% DMSO and 0.8% Tween-20 

in PBS), 10, 15 and 20 mg/kg AM. The treatment was intraperitoneally injected once a 

day in a 5-days-on/2-days-off schedule. Body weight was recorded daily until the end of 
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the treatment. Once mice were sacrificed, blood, liver, kidneys, spleen and brain were 

extracted and weighed. Organs were fixed in formalin at 4 ºC for 24 h. Then, the samples 

were processed for hematoxylin-eosin (H-E) staining and were analyzed on the 

microscope (Nikon Europe BV, Badhoevedorp, The Netherlands).  

110.14.1.1 ALT acƟvity 

On the day of the sacrifice, blood was extracted through cardiac puncture. Sodium citrate 

(3.2%, raƟo of 9 parts of blood to 1 part of citrate) was used as an anƟcoagulant. The 

blood samples were used to evaluate ALT acƟvity using the kit ALT AcƟvity Assay (ref. 

MAK052, Sigma-Aldrich). 

Samples were diluted 1:2 in ALT Assay Buffer and pyruvate standards were prepared 

according to manufacturer instrucƟons. Samples, standards and posiƟve controls were 

added to a 96-well plate (20 μL/well). Master ReacƟon Mix was added to each well. Wells 

were mixed using a horizontal shaker. AŌer 2-3 min, an iniƟal measurement was taken 

at 570 nm absorbance. Then, the plate was incubated at 37 ºC protected from light. 

Measurements were taken every 5 min unƟl the value of the most acƟve sample was 

higher than the value of the highest standard. The change in measurement was 

calculated following Formula 2. ∆ܣହ଻଴ = ௙௜௡௔௟(ହ଻଴ܣ)  −  ௜௡௜௧௜௔௟(ହ଻଴ܣ) 
Formula 2. CalculaƟon of change in measurement of ALT acƟvity. A, absorbance. 

The ΔA570 value of the samples was compared to the standard curve to determine the 

amount of pyruvate generated between iniƟal and final measurements. The ALT acƟvity 

of each sample was determined using Formula 3. 

ݕݐ݅ݒ݅ݐܿܣ ܶܮܣ = ൫ݎ݋ݐܿܽܨ ݊݋݅ݐݑ݈݅ܦ ݈݁݌݉ܽܵ ݔ ܤ  ௙ܶ௜௡௔௟ − ௜ܶ௡௜௧௜௔௟൯ ݔ ܸ  

Formula 3. DeterminaƟon of ALT acƟvity. TiniƟal, Ɵme of first reading (min); Tfinal, Ɵme of penulƟmate 

reading (min); B, amount of pyruvate generated between TiniƟal and Tfinal  (nmol); V, sample volume added 

to the well (mL). 
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110.14.2 Efficacy evaluaƟon of AM  

For the therapeuƟc efficacy evaluaƟon of AM, a subcutaneous mouse model was used 

and 100 μL of 5 x 104 LLC1 cells in PBS:Corning® Matrigel® (Cultek, Spain) (1:1) 

were inoculated into the mice's right flank. We started the treatment when the 

tumors were palpable. For this experiment, tumor-bearing mice were separated 

into 2 groups and treated with V or 10 mg/kg of AM (n=6). The treatment was 

administered once a day on a 5-days-on/2-days-off schedule for 22 days (Figure 26).  

 

Figure 26. Diagram of the therapeuƟc efficacy experiment of asenapine maleate (AM). Orange arrows 

represent AM administraƟons (10 mg/kg). Created in  hƩps://BioRender.com. 

Body weight and tumor volume were recorded daily. Tumor volume was evaluated every 

weekday using a caliper and calculated by Formula 4. 

݁݉ݑ݈݋ݒ ݎ݋݉ݑܶ = 2(ℎݐ݈݃݊݁ ݔ ℎଶݐ݀݅ݓ)   

Formula 4. Tumor volume calculaƟon in in vivo experiments. 

Mice were sacrificed and tumors were extracted and weighed. Tumors were kept in PBS 

unƟl all of them were collected and then they were photographed. Tumors were fixed in 

formalin 10% at 4 ºC. AŌer 24 h, samples were cut in 5 μm secƟons and were 

processed for H-E staining and immunohistochemistry. 
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110.14.3 Efficacy evaluaƟon of AM and cisplaƟn combinaƟon in an ectopic model 

In the case of the combination efficacy assay, there were 4 groups of treatment: V, 5 

mg/kg of AM, 3 mg/kg of cisplatin and the combination of AM plus cisplatin (5 mg/kg 

and 3 mg/kg, respectively) (n=9). Cisplatin was administered on days 0, 3 and 6 of 

treatment. Once cisplatin administration was finished, we started with daily doses of 

AM (5-days-on/2-days-off schedule). This experiment finished 18 days after the first 

drug administration (Figure 27). As in the monotherapy experiment, body weight 

and tumor volume were recorded daily. Tumor volume evaluation and tumor processing 

methodologies were the same as in the AM monotherapy efficacy evaluation 

experiment. 

 
Figure 27. Diagram of the therapeuƟc efficacy assessment of asenapine maleate (AM) and cisplaƟn (CDDP) 

combinaƟon in C57BL/6J mice. Grey arrows correspond to CDDP administraƟons and orange arrows 

correspond to AM administraƟons. Created in  hƩps://BioRender.com. 

10.14.4 Efficacy evaluaƟon of AM and cisplaƟn combinaƟon in transgenic mice 

model 

AM and cisplaƟn combinaƟon therapeuƟc efficacy was evaluated in a KRasG12D 

transgenic mice model, which was kindly provided by Tyler Jacks (MIT, MassachuseƩs 

InsƟtute of Technology) and Laura Soucek (VHIO, Vall D’Hebron InsƟtute of Oncology). 

This model presents an oncogenic mutaƟon in KRAS (gly  asp in codon 12) and an LSL 

casseƩe (transcripƟonal and translaƟonal stop elements flaked by LoxP sites) into the 

first intron of KRAS gene. These elements prevent the expression of the mutant allele 

unƟl the stop elements are removed by Cre recombinase. Thus, cancer may be iniƟated 
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aŌer inhalaƟon of viruses expressing Cre recombinase. The acƟvaƟon of the oncogenic 

KRAS allele iniƟates small lung tumors with no metastases, limited tumor progression 

and long survival. The virus system used in this experiment was provided by the Viral 

Vector ProducƟon Unit (UAB), Prep# UPV-757 23/10/2014. 

5 x 107 plaque-forming units (PFU) were administered per mouse, resuspended in Eagle's 

minimum essenƟal medium (EMEM) (ref. 30-2003, ATCC) with 12 mM CaCl2, total 

volume administered being 30 μL/mouse. Once the virus was prepared, the mix was 

incubated for 20 min at RT to allow the formaƟon of precipitates (of CaCl2 with the virus). 

Mice were anestheƟzed with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg), 

diluted 1:2 in physiological serum. AnestheƟcs were administered by intraperitoneal 

injecƟon. Once mice were anestheƟzed, the virus preparaƟon was administered holding 

a pipeƩe Ɵp over one nostril and dispensing dropwise unƟl the volume was inhaled. AŌer 

13 weeks, treatment administraƟon started. 44 mice were divided into 4 groups. The 

treatment groups were V, 5 mg/kg of AM, 3 mg/kg of cisplaƟn and the combinaƟon of 

AM plus cisplaƟn (5 mg/kg and 3 mg/kg, respecƟvely). CisplaƟn was administered on 

days 0, 3 and 6 of treatment. Once cisplaƟn administraƟon was finished, we started with 

daily doses of AM (5-days-on/2-days-off schedule). Mice weight was monitored every 

weekday unƟl the end of the experiment. This experiment finished 36 days aŌer the first 

drug administraƟon. Then, animals were sacrificed and lungs were isolated, weighed, 

photographed and processed for H-E staining (Figure 28).  

Microscopic images of complete lung slices at three different heights were taken with 

the opƟcal microscope Carl Zeiss Axio Imager M2 Apotome. Then, the percentage of area 

with cells in the sample was calculated by adding a color threshold to select the specific 

area of the image by using Image J soŌware (v1.53t). 
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Figure 28. Diagram of the therapeuƟc efficacy assessment of asenapine maleate (AM) and cisplaƟn (CDDP) 

combinaƟon in KRAS mouse model. Grey arrows correspond to CDDP administraƟons and orange arrows 

correspond to AM administraƟons. Created in hƩps://BioRender.com. 

110.14.5  Efficacy evaluaƟon of AM and cisplaƟn combinaƟon in NSG mice 

The AM monotherapy efficacy assay was also conducted in NOD scid gamma (NSG) mice 

(Mouse Lab, Idibell, Barcelona, Spain). 4 x 106 A549 cells in PBS:Corning® Matrigel® 

(Corning Inc., Tewksbury, MA, USA) (1:1) were inoculated subcutaneously in each flank 

of the animals (n=5 mice/group, 8-12-week-old, both sexes). Tumor-bearing mice were 

separated into 4 groups and treated with V, 5 mg/kg of AM, 3 mg/kg cisplatin or the 

combination of AM plus cisplatin (n=10). CDDP treatment was administered on days 0, 

3 and 6 of the experiment. Then, AM treatment was administered once daily on a 5-

days-on/2-days-off schedule until day 25 of the experiment. At the end of the 

experiment, animals were sacrificed and tumors were isolated and weighed (Figure 29). 

 
Figure 29. Diagram of the therapeuƟc efficacy assessment of asenapine maleate (AM) and cisplaƟn (CDDP) 

combinaƟon in NSG mice. Grey arrows correspond to CDDP administraƟons and orange arrows correspond 

to AM administraƟons. Created in hƩps://BioRender.com. 
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110.15 StaƟsƟcal and data mining analysis 

For the statistical analysis of Western blot, cytometry, and MTT assay data, one-way 

ANOVA with post-hoc Tukey analysis were carried out using the GraphPad Prism 8 

software when more than two groups were compared, whereas t-student analysis was 

performed when only two groups were compared. The in vivo results were analyzed 

with GraphPad Prism 8 using the nonparametric Mann-Whitney U-test when two groups 

were compared. When more than two groups were compared in the in vivo studies, the 

Kruskall-Wallis nonparametric test with Dunn’s test for multiple comparisons were 

performed. Statistically significant differences, p < 0.05, p < 0.01, p < 0.001, and p < 

0.0001, are represented by *, **, ***, **** respectively. 
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111 RESULTS 

11.1 Extensive evaluaƟon of drug anƟcancer effects in a wide panel of 

cellular models of lung 

11.1.1 EvaluaƟon of AM cytotoxic effect in several cell lines and 3D in vitro cultures 

As previously described, we tested AM cytotoxic effects in some cancer cell lines, 

including the A549 lung adenocarcinoma cell line. In order to evaluate AM as a new 

treatment strategy for lung cancer, we also tested its cytotoxicity in lung cancer cell lines 

from other histological types. SW900 is a squamous cell carcinoma cell line, whereas 

DMS53 is a small cell carcinoma cell line. While in A549 the IC50 was 40 μM, SW900 and 

DMS53 cell lines required a higher concentraƟon of AM to exert the same effect (53.14 

± 4.71 and 80.95 ± 5.68 μM, respecƟvely) (Figure 30). 

 

Figure 30. Effect of asenapine maleate (AM) on cell viability in lung cancer cell lines. Dose-response MTT 

cell viability assay aŌer 24 h of treatment with AM at concentraƟons ranging from 0.8 to 100 μM in SW900 

and DMS53 human cancer cell lines. Data are shown as mean ± SD. 

In order to have an in vitro model more similar to tumors, we induced a spheroid 

morphology in A549 cells. We observed a substanƟal anƟcancer effect of AM in A549 

spheroids (IC50= 70 ± 13.43 μM), especially considering that the access of the drug to the 

cells is more limited and less uniform in a 3D structure than in a monolayer (Figure 31). 
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Figure 31. Effect of asenapine maleate (AM) on cell viability in A549 spheroids. Dose-response MTT cell 

viability assay aŌer 24 h of treatment with AM at concentraƟons of 25, 125 and 250 μM in A549 3D culture. 

Data are shown as mean ± SD. 

111.1.2 EvaluaƟon of AM cytotoxicity in lung cancer primary cell cultures derived from a 

mouse model  

The cytotoxicity of AM was also tested in primary cultures derived from the lung cancer 

transgenic KRASG12D mice model, which was later used in the therapeuƟc efficacy assay 

of AM. The lung cancer cells were characterized using the immunofluorescent markers 

E-cadherin (as an epithelial marker) and vimenƟn (as a marker of fibroblasts). The 

presence of E-cadherin confirmed that they are epithelial cells from lung carcinoma. 

Cells from mouse 2 had higher amounts of vimenƟn, but sƟll, E-cadherin was also 

present in all the cells (Figure 32).  
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Figure 32. CharacterizaƟon of cell cultures derived from a lung cancer transgenic Kras G12D mice model. 

E-cadherin (red) and vimenƟn (green) were marked by immunofluorescence. Original magnificaƟon: 400x. 

Scale bar: 20 μm.  

Once the cells from the primary culture were characterized, we evaluated the cytotoxic 

effect of AM on these mouse primary cultures. The cells were sensiƟve to AM, since the 

IC50s were in a low micromolar range (10 and 37 μM in cells from mice 1 and 2, 

respecƟvely) (Figure 33). 

 

Figure 33. Effect of asenapine maleate (AM) on cell viability of mice lung carcinoma primary cultures. Dose-

response MTT cell viability assay aŌer 24 h of treatment with AM at concentraƟons ranging from 0.8 to 

100 μM. Data are shown as mean ± SD. 
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111.2 CharacterizaƟon of the molecular mechanism of acƟon of AM 

11.2.1 Assessment of the homodimerizaƟon domain binding mode of AM 

As menƟoned before, virtual studies idenƟfied AM as a potenƟal survivin inhibitor that 

binds to its dimerizaƟon domain. Here, we evaluated the ability of AM to dissociate 

survivin homodimers. To do so, we assessed the effect of AM in purified survivin 

homodimers by non-denaturing gel electrophoresis.  AM showed a significant ability to 

break the homodimer, thus compromising survivin stability (Figure 34). 

 

Figure 34. Effect of asenapine maleate (AM) in survivin homodimerizaƟon. A non-denaturing gel 

electrophoresis was conducted to test the ability of AM to dissociate purified survivin homodimers at 

concentraƟons of 50, 200 and 500 μM).  Bars represent the mean ± SD. StaƟsƟcally significant results are 

indicated as *, p-value < 0.05. 

11.2.2 Comprehensive mechanism of acƟon of AM 

The lack of specificity of a survivin inhibitor can result in a lack of efficacy or non-desired 

toxicity when it is tested in clinical trials. Hence, AM specificity was evaluated in vitro. 

A549 and U87 MG cells were treated with AM at their IC50 for 24 h to invesƟgate a 

possible cellular inhibitory effect on survivin as well as in XIAP, another IAP protein 

structurally closely related to survivin. AM was able to significantly decrease survivin at 

the protein level, while XIAP did not show significant differences between AM-treated 

and non-treated cells (Figure 35). Thus, AM specifically and efficiently downregulates 

survivin levels.  
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Figure 35. EvaluaƟon of asenapine maleate (AM) specificity for survivin in A549 lung adenocarcinoma and 

U87 MG glioblastoma cell lines. AŌer 24 h of treatment with IC50 value of AM, the expression of survivin 

and XIAP was analyzed by Western blot analysis in A549 and U87 MG cell lines. Bars represent the mean 

± SD. StaƟsƟcally significant results are indicated as ****, p-value <0.0001.  CTL, control. 

In preliminary results, we observed that AM decreased cell viability. Here, we evaluated 

whether this effect is due to cell cycle arrest and/or cell death inducƟon. First, since 

survivin exerts promitoƟc acƟvity, we assessed the AM effect on cell cycle progression in 

A549 cells. Treatment of A549 cells with AM for 24 h showed a clear and significant cell 

cycle arrest, compared to control cells (Figure 36). In parƟcular, AM was able to decrease 

the percentage of cells in both S and G2/M phases while increasing it in G0/G1.  
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Figure 36. Effect of asenapine maleate (AM) on cell cycle. AM effect on cell cycle was analyzed in A549 cell 

line aŌer 24 h of treatment with AM at IC50 value. QuanƟficaƟon of different cell cycle phases was 

measured using the flow cytometry-based MUSE™ cell cycle assay kit. Bars represent the mean ± SD. 

StaƟsƟcally significant results are indicated as ***, p-value < 0.001. CTL, control. 

On the other hand, as survivin also holds an anƟapoptoƟc funcƟon, we evaluated 

whether AM was triggering apoptosis in A549 and U87 MG cells. Our results showed a 

significant cleavage of caspase-3, an important protease in the execuƟon pathway of 

apoptosis, and of PARP, a substrate of caspase-3, aŌer 24 h of AM treatment in both cell 

lines, corroboraƟng an apoptoƟc inducƟon triggered by AM (Figure 37).  

Altogether, AM treatment was able to promote cell cycle arrest and apoptosis acƟvaƟon. 
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Figure 37. EvaluaƟon of apoptosis aŌer asenapine maleate (AM) treatment in A549 lung adenocarcinoma 

and U87 MG glioblastoma cell lines. Expression of apoptoƟc proteins in A549 and U87 MG cells previously 

treated with the IC50 of AM for 24 h. Protein levels were normalized with their respecƟve loading controls. 

Bars represent the mean ± SD. StaƟsƟcally significant results are indicated as **, p-value < 0.01; ****, p-

value <0.0001. c-PARP, cleaved PARP; c-Casp 3, cleaved caspase 3; CTL, control. 

111.3 Assessment of combinaƟon therapies for tumor sensiƟzaƟon to pro-

apoptoƟc convenƟonal treatments and immunotherapy 

11.3.1 CombinaƟon of AM with currently used chemotherapeuƟcs in vitro 

11.3.1.1 CombinaƟon cell viability assays in A549 and LLC1 cells  

Since survivin is a member of the IAP family, it is expected that AM improves the 

anƟcancer response in combinaƟon with therapies that induce apoptosis. Thus, we 

invesƟgated whether AM could exert a possible higher effect sensiƟzing cancer cells to 

convenƟonal chemotherapy. To test the effect of AM combined with chemotherapy, we 

treated A549 cells with the IC50 of AM and different concentraƟons of one of four 

currently used convenƟonal lung cancer chemotherapeuƟcs: cisplaƟn, carboplaƟn, 

paclitaxel and gemcitabine. Cell viability assays revealed that the IC50 of the combinaƟon 

of the chemotherapeuƟc plus AM was significantly lower compared to monotherapy in 

all cases except AM and paclitaxel combinaƟon (Figure 38).  
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Figure 38. Impact of asenapine maleate (AM) addiƟon on the half-maximal inhibitory concentraƟon (IC50) 

of different chemotherapeuƟc agents in A549 cells. IC50 value of cisplaƟn, carboplaƟn and gemcitabine 

significantly decreases in combinaƟon with AM. The dose-response MTT cell viability assays were 

performed treaƟng A549 cells for 24 h with IC50 of AM and one chemotherapeuƟc: CDDP (concentraƟon 

range of 13-100 μg/mL), carboplaƟn (CbPt, concentraƟon range of 0.063-1 mg/mL), paclitaxel (Pac, 

concentraƟon range of 0.6-75 μg/mL) or gemcitabine (Gem, concentraƟon range of 0.25-4 mg/mL). Data 

are shown as mean ± SD. StaƟsƟcally significant results are indicated as *, p-value < 0.05; ****, p-value < 

0.0001. 

We analyzed the data obtained in the viability assays with Compusyn soŌware to 

elucidate the possible interacƟons between chemotherapeuƟcs and AM. We obtained 

combinaƟon indexes (CIs) under 1 in all combinaƟons except with paclitaxel (Table 5), 

which indicates paclitaxel does not present synergism with AM. In the case of carboplaƟn 

and gemcitabine, there is a moderate synergism when combined with AM (CI = 0.7-0.85), 

whereas there is a stronger synergisƟc effect when combining AM with cisplaƟn (CI = 

0.48).  

 

Table 5. CombinaƟon index (CI) of mulƟple doses of cisplaƟn (CDDP), carboplaƟn (CbPt), and gemcitabine 

(Gem) with AM (at a half maximal inhibitory concentraƟon of the cell populaƟon, IC50) for the A549 cell 

line. 

 
CDDP 

(mg/mL) 
CI 

 CbPt 

(mg/mL) 
CI 

 Gem 

(mg/mL) 
CI 

IC50 AM 

0.013 1.65  0.063 1.50  0.250 1.01 

0.025 1.01  0.125 0.83  0.500 1.00 

0.050 0.85  0.250 0.87  1.000 0.96 

0.100 0.48  0.500 1.09  2.000 0.89 

   1.000 1.92  4.000 0.74 
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In order to validate the parameter CI, we selected the dose of cisplaƟn, carboplaƟn and 

gemcitabine at which more synergism was observed with AM according to the CI, and 

compared cell viability at that dose in cells treated with the chemotherapeuƟc alone 

versus the combinaƟon with AM. At the same dose as the chemotherapeuƟc alone, the 

cell viability percentage was considerably inferior (50%) when cells were treated with 

the combinaƟon (Figure 39), confirming the synergy predicted by the analysis performed 

with Compusyn soŌware. 

 

Figure 39. Effect of chemotherapeuƟc agents and asenapine maleate (AM) combinaƟon treatment on 

A549 cell viability. Cell viability decreases when combining the chemotherapeuƟc plus AM. Cell viability of 

A549 cells at the dose at which more synergism is shown in cells treated with chemotherapeuƟc 

monotherapy (CDDP at 0.1 mg/mL; carboplaƟn, CbPt, at 0.25 mg/mL; gemcitabine, Gem, at 4 mg/mL) 

versus the combinaƟon with AM. Data are shown as mean ± SD. StaƟsƟcally significant results are 

indicated as **, p-value < 0.01; ****, p-value < 0.0001. 

Moreover, the fracƟon of affected cells (FA) by the drugs predicted by Compusyn 

soŌware was higher in the case of the combinaƟon with cisplaƟn, carboplaƟn and 

gemcitabine (Figure 40).  

 

Figure 40. FracƟon of affected (FA) aŌer treatment with chemotherapeuƟc monotherapy and aŌer 

treatment with asenapine maleate (AM) and chemotherapeuƟc combinaƟon. A549 cells were treated for 

24 h with half-maximal inhibitory concentraƟon (IC50) of AM plus one chemotherapeuƟc: CDDP 
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(concentraƟon range of 13-100 μg/mL) (A), carboplaƟn (CbPt, concentraƟon range of 0.063-1 mg/mL) (B) 

or gemcitabine (Gem, concentraƟon range of 0.25-4 mg/mL) (C). Data shows the mean ± SD. 

Altogether, our data shows a synergisƟc effect of combining AM with cisplaƟn, 

carboplaƟn and gemcitabine in A549 cells. This effect is especially stronger when we 

combine AM with cisplaƟn. Hence, that combinaƟon was selected to test in further 

experiments, including the in vivo therapeuƟc effect assay. For the in vivo studies, the 

tumor is induced by inoculaƟng LLC1 cells into the flank of the mouse. To determine 

whether LLC1 cells respond to the combinaƟon in a similar manner to A549 cells, the 

combinaƟon was tested in LLC1 cell culture prior to the in vivo experiment. IniƟally, the 

combinaƟon of cisplaƟn and AM in LLC1 cells showed antagonism instead of synergism 

(Figure 41).  

 

Figure 41. Impact of asenapine maleate (AM) addiƟon on the half-maximal inhibitory concentraƟon (IC50) 

of cisplaƟn (CDDP)-treated LLC1 cells. Graph represenƟng the IC50 value of CDDP alone versus the IC50 of 

its combinaƟon with AM. Data are shown as mean ± SD. StaƟsƟcally significant results are indicated as **, 

p-value < 0.01. 

However, the same experiment with a different treatment regimen (both treatments 

were added sequenƟally to the cells instead of simultaneously), resulted in CI < 1 

(CI=0.65 at 0.003 mg/mL), indicaƟng moderate synergism of the combinaƟon of CDDP 

and AM in LLC1 cells (Figure 42 and Table 6).  
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Figure 42. Effect of sequenƟal asenapine maleate (AM) plus cisplaƟn (CDDP) combinaƟon treatment on 

LLC1 cells. Graph represenƟng the half-maximal inhibitory concentraƟon (IC50) value of CDDP alone versus 

the IC50 of its sequenƟal combinaƟon with AM (A). Cell viability of LLC1 cells at the dose of CDDP at which 

more synergism is shown (0.003 mg/mL) when combined with AM (B). Dose-effect curve of CDDP and the 

sequenƟal combinaƟon of CDDP and AM (C). Data are shown as mean ± SD. StaƟsƟcally significant results 

are indicated as *, p-value < 0.05. FA, fracƟon affected; S, sequenƟal. 

 
CDDP 

(mg/mL) 
CI 

IC50 AM  

Sequential  

0.0016 1.52 

0.003 0.65 

0.006 0.86 

Table 6. CombinaƟon index (CI) of AM (IC50) added 24 h aŌer CDDP (different doses) for LLC1 cell line. 

Overall, AM may sensiƟze LLC1 cells to cisplaƟn when administered in a sequenƟal 

manner, although the effect is considerably inferior than that observed in A549 cells. 

Hence, the administraƟon regimen selected for the in vivo study was a sequenƟal 

administraƟon of CDDP and, 24 h later, AM. 

111.3.1.2 Molecular mechanism of acƟon of AM and cisplaƟn combinaƟon 

In order to elucidate the molecular mechanism of acƟon of AM and cisplaƟn 

combinaƟon, A549 cells were treated with the IC50 of cisplaƟn and the IC50 of AM, the 

laƩer added aŌer 24 h. Cytometry assays showed that AM induces slight apoptosis at 

this dose, but when it is combined with cisplaƟn, apoptosis is significantly enhanced in 

comparison to cells treated with cisplaƟn alone (Figure 43). 
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Figure 43. EvaluaƟon of apoptosis aŌer asenapine maleate (AM) plus cisplaƟn (CDDP) treatment in A549 

lung adenocarcinoma cells. A549 cells were treated with half-maximal inhibitory concentraƟon (IC50) of 

CDDP and, aŌer 24 h, with the IC50 of AM. The percentage of apoptoƟc cells was measured using the flow 

cytometry-based MUSE™ dead cell assay kit. RepresentaƟve cytometry graphs are shown (A). The graph 

represents the percentages of cells in each state (B). Bars represent the mean ± SD. StaƟsƟcally significant 

results are indicated as **, p-value < 0.01; ****, p-value <0.0001. CTL, control. 

To further invesƟgate the molecular mechanism, we evaluated the expression of 

proteins involved in apoptosis (PARP and caspase-3) (Figure 44) and observed that cells 

treated with the combinaƟon had significantly higher expression of both, cleaved PARP 

and cleaved caspase-3, compared to cisplaƟn monotherapy. p53 expression is induced 

in cells treated with cisplaƟn alone and in those treated with the combinaƟon. Survivin 

expression was also evaluated to corroborate the effects of AM on its target. Together, 

these results suggest that AM enhances cisplaƟn's ability to induce apoptosis in A549 

cells. 
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Figure 44. Expression of apoptoƟc proteins in A549 cells aŌer treatment with asenapine maleate (AM) plus 

cisplaƟn (CDDP) combinaƟon. A549 cells that were previously treated with the half-inhibitory inhibitory 

concentraƟon (IC50) of CDDP and AM. Protein levels were normalized with their respecƟve loading controls. 

StaƟsƟcally significant results are indicated as *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001; 

****, p-value <0.0001. CTL, control; c-PARP, cleaved PARP, c-Casp 3, cleaved caspase 3. 

Furthermore, cytometry assays were also performed to evaluate the effect of the same 

treatment regimen in the cell cycle of A549 cells (Figure 45). The results confirmed what 

we observed in the evaluaƟon of AM monotherapy, hence, AM arrests the cell cycle in 

G1/G0. This effect is not induced when AM is combined with cisplaƟn.  
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Figure 45. Effect of asenapine maleate (AM) plus cisplaƟn (CDDP) combinaƟon on the cell cycle. A549 cells 

were treated with half-maximal inhibitory concentraƟon (IC50) of CDDP and, aŌer 24 h, with the IC50 of AM. 

The percentage of cells in each cell cycle phase was measured using the flow cytometry-based MUSE™ cell 

cycle assay kit. RepresentaƟve cytometry graphs are shown (A). The graph represents the percentages of 

cells in each cell cycle phase (B). Bars represent the mean ± SD. StaƟsƟcally significant results are indicated 

as *, p-value <0.05; **, p-value < 0.01; ***, p-value < 0.001; ****, p-value <0.0001. CTL, control. 
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111.3.2 CombinaƟon of AM with radiotherapy 

11.3.2.1 EvaluaƟon of DNA damage aŌer treaƟng cells with AM and radiotherapy 

RDT induces DNA damage, either directly by the effect of ionizing radiaƟon in DNA or 

indirectly by the effect of the free radicals generated. It oŌen leads to the inducƟon of 

different forms of cell death programs, such as senescence, apoptosis or mitoƟc 

catastrophe. Since our results have shown that AM promotes apoptosis, the combinaƟon 

of AM and RDT may result in a synergisƟc effect. 

To study the potenƟal synergisƟc effect of AM in combinaƟon with RDT, we iniƟally 

tested different concentraƟons of the survivin inhibitor either alone or in combinaƟon 

with several doses of irradiaƟon and analyzed DNA damage inducƟon in each treatment 

condiƟon (Figure 46). Concretely, the lung adenocarcinoma A549 cell line was treated 

with AM at its IC25 and IC50 with or without different irradiaƟon doses (2 Gy, 4 Gy or 8 

Gy). Western blot analysis was performed 24 h post-irradiaƟon to evaluate the levels of 

DNA damage-related proteins, histone variant H2A.X and ATM, and their respecƟve 

phosphorylated forms (γH2A.X and γATM). Higher expression of the phosphorylated 

forms corresponds to an increase in DNA damage, indicaƟng the impact of each 

treatment condiƟon on DNA integrity and subsequent acƟvaƟon of DNA damage 

signaling pathways. 

Results show an irradiaƟon-dependent phosphorylaƟon of ATM, especially at higher 

irradiaƟon doses (8 Gy), regardless of the AM treatment, which did not have a significant 

effect on γATM basal levels (Figure 46A, C and E). 

Instead, total H2A.X progressively increases along with AM dosage, while irradiaƟon 

dose does not significantly affect the expression of H2A.X (Figure 46B, D and E).  

Altogether, these results suggest AM could induce a certain DNA damage in irradiated 

A549 cells. Therefore, we selected the highest doses of irradiaƟon (8 Gy) and AM (IC50) 

tested in this pilot study for further invesƟgaƟon of a possible interacƟon between both 

therapies.   
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Figure 46. Effects on DNA damage of AM and irradiaƟon combined treatment in A549 lung 

adenocarcinoma cells. γATM (A) and γH2A.X (B) expression in A549 cells were evaluated 24 h aŌer 

irradiaƟon (0 Gy, 2 Gy, 4 Gy or 8 Gy). γATM (C) and γH2A.X (D) expression was also evaluated aŌer 

treatment with or without AM (IC25 or IC50) added 1 h previous to irradiaƟon (0 Gy, 2 Gy, 4 Gy or 8 Gy). 

Western blot showing H2A.X and ATM total and phosphorylated proteins (E). GAPDH was used as a loading 

control to normalize protein levels. Figures show mean ± standard error of the mean (SEM). 

To study if the Ɵme of exposure to AM had an impact on sensiƟzing lung adenocarcinoma 

cells to RDT, the A549 cell line was pretreated with AM (IC50) either 1 h or 24 h prior to 

irradiaƟon (8 Gy). Western blot analysis was performed 24 h post-irradiaƟon to study 

DNA damage inducƟon (Figure 47). No significant differences were observed between 1 
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h and 24 h pretreatment. γATM levels increased with exposure to irradiaƟon, being 

slightly higher in combinaƟon with AM treatment. 

 

Figure 47. Impact of Ɵme exposure to asenapine maleate (AM) on the expression of γATM in A549 cells 

aŌer irradiaƟon. Protein fold inducƟon values (A) and Western blot (B) show the total ATM and 

phosphorylated proteins of A549 cells under the above-menƟoned treatment condiƟons. Vinculin was used 

as a loading control to normalize protein levels. Figure shows mean ± SEM. CTL, control. 

On the other hand, H2A.X phosphorylaƟon seems to be more dependent on AM 

addiƟon, although no significant effects were observed (Figure 48).  
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Figure 48.  Impact of Ɵme exposure to asenapine maleate (AM) on γH2A.X expression in A549 aŌer 

irradiaƟon. Protein fold inducƟon values (A) and Western blot (B) show the total H2A.X and phosphorylated 

proteins in A549 cells under the above-menƟoned treatment condiƟons. GAPDH was used as a loading 

control to normalize protein levels. Figure shows mean ± SEM. CTL, control. 

111.3.2.2 AlteraƟons in cell morphology aŌer AM treatment and radiotherapy  

When observed by phase-contrast light microscopy, A549 AM-treated and untreated 

cells differed in morphology and confluence between condiƟons (Figure 49). 

Morphologically, cells showed many vacuolar structures, slightly lost their typical angular 

shape and showed higher size aŌer combined treatment with irradiaƟon and AM 

pretreatment at 24 h, which may be indicaƟve of senescence. In addiƟon, blebbing 

structures, characterisƟc of apoptoƟc cells, can also be observed in most condiƟons. 

Regarding confluence, there was an evident decrease in cell density when cells were 

treated with AM 24 h prior to irradiaƟon. All in all, microscopy results suggest that the 

Ɵme of exposure to AM may have an impact on sensiƟzing NSCLC cells to RDT.  



156 
 

 

Figure 49.  AlteraƟon of morphological characterisƟcs in irradiated A549 cells previously treated with 

asenapine maleate (AM). A549 cells morphology aŌer treatment with or without AM added 24 h before 

irradiaƟon (0 Gy or 8 Gy). Original magnificaƟon 400x. Scale bar: 50 μm. 

111.3.2.3 Effect of AM and radiotherapy on survivin expression 

To corroborate if AM inhibitory effects on survivin were affected by irradiaƟon or were 

only dependent on Ɵme exposure to AM treatment, A549 cells were treated with AM 

(IC50) monotherapy or in combinaƟon with irradiaƟon (2 Gy, 4 Gy, 8 Gy). Western blot 

analysis was performed at both 2 h and 24 h post-irradiaƟon to assess the expression of 

survivin (Figure 50). As expected, our results showed a decrease in survivin basal levels 

in correlaƟon with the addiƟon of AM, especially aŌer 24 h treatment. Moreover, 

irradiaƟon also seems to have a slight effect on survivin inhibiƟon, which can be notably 

appreciated in the 8 Gy irradiated condiƟon. 
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Figure 50. EvaluaƟon of survivin inhibiƟon aŌer asenapine maleate (AM) treatment combined with 

irradiaƟon. Fold inducƟon raƟos (A) and Western blot (B) show survivin inhibiƟon of A549 cells treated 

with or without AM (half-maximal inhibitory concentraƟon (IC50)) added 1 h prior to irradiaƟon (0 Gy, 2 Gy, 

4 Gy or 8 Gy). Protein expression was evaluated 2 or 24 h aŌer irradiaƟon. GAPDH was used as a loading 

control to normalize protein levels. CTL, control; IR, irradiaƟon. 

Overall, these results suggest that the molecular effects of AM on survivin inhibiƟon 

increase with Ɵme exposure and irradiaƟon dose, supporƟng the idea that longer 

exposure to AM may enhance its potenƟal radiosensiƟzing effect. 

111.3.2.4 Effect of AM treatment and radiotherapy over cell death inducƟon 

To evaluate the cellular effects induced by the treatments, we evaluated the effects of 

AM in combinaƟon with irradiaƟon over cell death inducƟon in NSCLC cells, as survivin 

has a main role in apoptosis inhibiƟon. For this purpose, we performed cell death 

analyses through flow cytometry, tesƟng differences among single and combined 

treatment with AM and irradiaƟon (Figure 51). Apoptosis inducƟon, especially early 

apoptosis, significantly increased when A549 cells were exposed to AM for 24 h in 

contrast to those exposed for 1 h, independently of irradiaƟon. However, there are no 

significant global apoptosis changes between single and combined treatment, which 

leads to the conclusion that the AM compound does not have a synergisƟc effect with 

RDT regarding cell death inducƟon. 
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Figure 51. EvaluaƟon of apoptosis aŌer the combinaƟon of asenapine maleate (AM) treatment plus 

radiotherapy. QuanƟficaƟon of apoptoƟc cells was assessed by Annexin V/7-aminoacƟnomycin D flow 

cytometry analysis. Early and late apoptosis were quanƟfied in A549 cells treated with AM (half-maximal 

inhibitory concentraƟon (IC50)) 1 h or 24 h alone or in combinaƟon with irradiaƟon (8 Gy) (A). 

RepresentaƟve flow cytometry plots show alive, early apoptoƟc and late apoptoƟc/necroƟc populaƟons of 

the A549 cell line treated as above menƟoned (B). Figure shows mean ± SEM. Early apoptosis staƟsƟcal 
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differences against control and among condiƟons are indicated as ** p < 0.01 and *** p < 0.001. Apop, 

apoptosis; Necr, necrosis; CTL, control. 

111.3.2.5 Effect of AM treatment and radiotherapy on the cell cycle 

Cytometry assay was also used to study the effect of the treatments in the cell cycle of 

A549 cells and our results showed that AM alone significantly induced G0/G1 phase arrest 

while diminishing the percentage of cells on S and G2/M phase, compared to the non-

treated condiƟon (Figure 52). Besides, no changes could be observed when comparing 

single AM treatment at different exposiƟon Ɵmes. In addiƟon, irradiaƟon provoked an 

increase in the G2/M phase, leading to a significant decrease in the S phase. 

Regarding the combinaƟon of both treatments, when cells were irradiated aŌer 1 h AM 

pretreatment, the G0/G1 phase significantly decreased compared to single 1 h AM 

exposure, whereas G2/M augmented compared both to AM and irradiaƟon alone. In 

contrast, cells exposed to AM for 24 h before irradiaƟon were mainly arrested at G0/G1 

phase compared to those exposed only for 1 h. This increase in G0/G1 also led to the 

almost disappearance of cells at the S phase. All in all, results indicate an evident G0/G1 

arrest due to AM treatment and a slight G2/M phase arrest induced by irradiaƟon. In 

combined treatment, irradiated cells that were exposed to AM for 1 h showed an 

irradiaƟon-induced G2/M arrest, while those exposed to 24 h AM pretreatment showed 

a higher arrest at G0/G1 compared to AM-treated cells. 
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Figure 52. Effect of asenapine maleate (AM) treatment plus radiotherapy on cell cycle of A549 cells. Cell 

cycle arrest was evaluated through flow cytometry. The percentage of A549 cells pretreated with AM and 

irradiated at G0/G1, S and G2/M was quanƟfied (A, B). Data is shown as a plot (A), total percentages (B) 

and representaƟve flow cytometry graphs (C). Figure shows mean ± SEM. StaƟsƟcal differences are 

indicated as * p < 0.05 and ** p < 0.01, against non-treated control and among condiƟons; and as # p < 

0.05 and ## p < 0.01, against 8 Gy irradiated non-treated control. CTL, control; IC50, half-maximal inhibitory 

concentraƟon.  
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111.3.2.6 Assessment of the ability of AM and radiotherapy combinaƟon to impair 

clonogenicity  

Altogether, confluence differences observed through phase contrast light microscopy 

(Figure 49), along with the results from cell cycle analysis with flow cytometry (Figure 

52), evidenced how AM had an impact on cell proliferaƟon capacity in the A549 cell line. 

Thus, we performed clonogenic assays to evaluate long-term proliferaƟon effects. For 

this experiment, A549 cells were treated as in previous experiments and were grown for 

12 days, when colony formaƟon was analyzed.  

Results showed a significant decrease in colony formaƟon aŌer AM single treatment, 

although irradiaƟon alone had a higher impact on long-term proliferaƟon (Figure 53). 

Moreover, when irradiaƟon was combined with 1 h AM pretreatment, the clonogenic 

potenƟal of A549 cells did not change regarding the single-irradiaƟon condiƟon. 

However, when cells were exposed to AM for 24 h before irradiaƟon, there was an 

evident reducƟon in the number of colonies, which suggests that survivin inhibiƟon 

slightly enhances the effects of RDT on NSCLC cells. 

 

 

Figure 53. Effect of asenapine maleate (AM) and irradiaƟon in combinaƟon on the clonogenic ability of 

A549 lung adenocarcinoma cell line. Colony formaƟon percentages (%) are shown (A), as well as 

representaƟve images of the different condiƟons of the clonogenic assay (treatment with or without AM 

(half-maximal inhibitory concentraƟon (IC50)) added either 1 h or 24 h previous to irradiaƟon (8 Gy) in A549 

cells). Figure shows mean ± SEM. StaƟsƟcal differences against control (CTL, 0 Gy) and among condiƟons 

are indicated as ** p < 0.01. CTL, control. 
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111.3.3 CombinaƟon of AM with immunotherapy 

11.3.3.1 EvaluaƟon of DAMPs producƟon aŌer AM treatment 

ICD was analyzed to evaluate whether AM could induce and acƟvate a potenƟal adapƟve 

immune response in vivo against dying or stressed cells, which release DAMPs. 

Therefore, we measured the exposure and release of DAMPs (CALR, ATP, HMGB1) in cells 

treated with AM to evaluate the inducƟon of ICD by this compound (Figure 54). AM 

significantly increased CALR exposure -the most characterisƟc signal of ICD- in A549 cells 

treated with the IC25 of AM for 24 h. In LLC1 cells (used in further in vivo experiments), 

we observed a significant increase in CALR exposure at IC75.  

 

Figure 54. CalreƟculin (CALR) exposure aŌer asenapine maleate (AM) treatment. A549 and LLC1 cells were 

treated with 25% inhibitory concentraƟon (IC25), half-maximal inhibitory concentraƟon (IC50) and 75% 

inhibitory concentraƟon (IC75) of AM for 24 h. The surface exposure of CALR was determined by 

immunofluorescence cytometry among viable (7-AminoacƟnomycin D - negaƟve) cells. Bars represent the 

mean ± SD. StaƟsƟcally significant results are indicated as *, p-value < 0.05; **, p-value < 0.01; ***, p-

value < 0.001. CTL: control. 

ATP release was significantly increased in A549 cells treated with the IC75 of AM (Figure 

55).  
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Figure 55. ATP release aŌer treatment with asenapine maleate (AM). Cells were treated with half-maximal 

inhibitory concentraƟon (IC50) and 75% inhibitory concentraƟon (IC75) of AM for 24 h. Culture supernatants 

were collected 24 h aŌer treatment. ATP release was measured with a chemiluminescent assay in A549 

cells. Bars represent the mean ± SD. StaƟsƟcally significant results are indicated as **, p-value < 0.01. CTL, 

control. 

A similar result was obtained in the case of HMGB1 release, since secreƟon was the 

highest when A549 cells were treated with IC75 of AM (Figure 56). 

 

Figure 56. High-mobility group box 1 (HMGB1) release aŌer asenapine maleate (AM) treatment. Cells were 

treated with half-maximal inhibitory concentraƟon (IC50) and 75% inhibitory concentraƟon (IC75) of AM for 

24 h. HMGB1 release was detected by ELISA in A549 cells. Bars represent the mean ± SD. StaƟsƟcally 

significant results are indicated as ***, p-value < 0.001. CTL, control. 

Our results suggest that AM may induce ICD in A549 and LLC1 cells, since it is able to 

increase DAMPs presence in the cell or their release to the cell environment, leading to 

a potenƟally higher acƟvaƟon of the immune response in vivo against the tumor cells. 
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111.4 Preclinical evaluaƟon of the AM monotherapy and combined therapy 

for tumor sensiƟzaƟon to pro-apoptoƟc therapies in vivo 

11.4.1 In vivo safety studies of AM  

In order to evaluate AM safety in vivo and determine the most appropriate dose for the 

efficacy studies, three different doses of AM (10, 15, 20 mg/kg) or V were administered 

intraperitoneally to C57BL/6J mice, following a schedule of five consecuƟve days per 

week. Although mice lost some weight in the first two days of each cycle, they all 

recovered and did not show any differences compared to control mice weight at the end 

of the experiment (Figure 57).  

 

Figure 57. Mice growth monitoring along the safety evaluaƟon of asenapine maleate (AM). Mice weight 

was monitored during AM treatment (AM doses of 10, 15 and 20 mg/kg and the vehicle (V)) and expressed 

as the percentage difference from the baseline weight. Results are shown as mean ± SEM. 

However, mice showed transient mild secondary effects at the higher doses of AM, e.g. 

low moƟlity aŌer drug administraƟon, compaƟble with sedaƟon or somnolence effects 

typically induced by anƟpsychoƟc drugs. On the other hand, vital organs showed no 

macroscopic differences among all groups. Neither organ weight showed significant 

changes between groups (Figure 58).  
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Figure 58. Vital organ’s weight at the end of asenapine maleate (AM) safety evaluaƟon. The organ’s weight 

of mice is not altered by AM treatment. AŌer 32 days of treatment with AM (AM doses of 10, 15 and 20 

mg/kg) and the vehicle (V), mice were sacrificed and vital organs were isolated and weighed. Organs’ 

weights are represented as a percentage of mice weight. Results are shown as mean ± SD. 

Moreover, the alanine aminotransferase (ALT) acƟvity assay showed that AM did not 

cause significant hepatocellular injury at the tested doses (Figure 59).  

 

Figure 59. Alanine aminotransferase (ALT) acƟvity aŌer asenapine maleate (AM) treatment in mice. ALT 

acƟvity was measured using a colorimetric assay kit in blood samples of mice treated with different 

concentraƟons of AM (10, 15 and 20 mg/kg) and the vehicle (V). Results are shown as mean ± SD. 

At the microscopic level (Figure 60), vital organs (liver, kidney and brain) did not present 

detectable structural or cellular alteraƟons, indicaƟng that administered doses were well 

tolerated.   
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Figure 60. Histological structure of vital organs aŌer asenapine maleate (AM) treatment in mice. 

RepresentaƟve microscopic images of mouse liver, kidney and brain stained with H-E for each treatment 

group (AM at 10, 15 and 20 mg/kg and the vehicle (V) for the control group). 

111.4.2 In vivo therapeuƟc efficacy studies 

11.4.2.1 EvaluaƟon of anƟtumor therapeuƟc effect in ectopic mouse models 

We generated a subcutaneous tumor model in mice by inoculaƟng 5 x 104 LLC1 cells in 

the flank of C57BL/6J mice. Once the tumor reached the volume of 40 mm3, a dose of 

10 mg/kg of AM was intraperitoneally administered five consecuƟve days per week for 

a total of three weeks. Mice weight evoluƟon of treated mice was similar to the control 

group (Figure 61).  
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Figure 61. Mice growth monitoring along the therapeuƟc efficacy study of asenapine maleate (AM). Mice’s 

weight was monitored during treatment with AM (10 mg/kg) and expressed as a percentage difference 

from the baseline weight. Results are shown as mean ± SEM. V, vehicle. 

InteresƟngly, tumors of AM-treated mice (10 mg/kg) grew slower than the control group 

(V) (Figure 62A), although the differences were not staƟsƟcally significant due to high 

variability in the size of the tumors from the control group.  

Observing individually the subjects of the study (Figure 62B and C), it is even more 

evident that most of the tumors of the control group (Figure 62B) grew faster than the 

tumors of the treated group (Figure 62C). Moreover, at the end of the study, the mean 

of the tumor volume was considerably higher in the control group (1461,4 mm3) than in 

the treated group (880,1 mm3). Despite this disparity, the difference is not staƟsƟcally 

significant due to the variability of the control group, since some tumors seemed not to 

grow properly. 
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Figure 62. Tumor volume evoluƟon along the therapeuƟc efficacy study of asenapine maleate (AM). 

C57BL6 mice were treated with 10 mg/kg of AM 5 days a week. The control group was treated with vehicle 

(V). We measured tumor volume during the experiment. Results are shown as mean ± SEM (A). Individual 

values are shown for the control group (B) and the AM-treated group (C).  

At the end of the experiment, mice were sacrificed and tumors were isolated. The tumor 

weight of mice treated with AM was in the range of 800-1000 mg in nearly all mice. 

However, in the control group, more than half of the animals’ tumors weighed around 

1500 mg or more, while there were two cases in which tumors remained at 300-500 mg 

(Figure 63A). Again, the high variability in the control group hinders the analysis of the 

results in the efficacy assay, because the difference in tumor weights is not considered 
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staƟsƟcally significant despite the huge difference between most of the control 

specimens and the treated mice. 

Despite those results, a difference in tumor size between groups can be appreciated 

macroscopically (Figure 63B), indicaƟng that AM decreases tumor growth in treated 

mice. 

 

Figure 63. TherapeuƟc efficacy evaluaƟon of asenapine maleate (AM) treatment. C57BL6 mice were 

treated with 10 mg/kg of AM 5 days a week. The control group was treated with vehicle (V). At the end of 

the experiment, tumors were isolated and weighed. Results are shown as mean ± SD (A). Macroscopical 

images of all tumors are shown (B). Scale bar: 2 cm. 

Finally, we confirmed the effect of AM as a survivin inhibitor by evaluaƟng the expression 

of survivin protein in the tumors, observing that AM reached and efficiently 

downregulated survivin levels in the tumors (Figure 64). 

 

Figure 64. Survivin expression in control (with vehicle (V) administraƟon) and asenapine maleate (AM)-

treated tumors. Original magnificaƟon: 100x. Scale bar: 100 μm. 
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111.4.2.1.1 Effect of AM treatment on angiogenesis in an ectopic mouse model  

In the assessment of the therapeuƟc efficacy of AM, we observed a difference in the 

consistency of the tumors between the treated and the control group. Tumors of AM-

treated mice were soŌer and slightly more viscous than the control group. This, together 

with the fact that survivin is involved in angiogenic processes such as the proliferaƟon of 

vascular endothelial cells and the secreƟon of VEGF, led us to think that AM could be 

affecƟng angiogenesis. Thus, the expression of CD31 (a marker for angiogenesis and 

microvessel density) was analyzed in tumor secƟons by immunofluorescence (Figure 

65A). The percentage of tumor area that was blood vessels was calculated and, although 

it was not staƟsƟcally significant, a small difference between the control and the treated 

group was observed (Figure 65B). 
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Figure 65. CD31 expression in tumors of control (vehicle (V)) and asenapine maleate (AM)-treated mice. 

Tumor-bearing mice were treated with AM or the vehicle for 22 days. At the end of the experiment, tumors 

were isolated and processed for histological study. Immunofluorescence on CD31, a marker of 

angiogenesis, was performed on these samples (A). The tumor area corresponding to CD31 was quanƟfied 

and represented as mean ± SD (B). Original magnificaƟon: 100x. Scale bar: 200 μm. 

111.4.2.2 TherapeuƟc efficacy study of AM and cisplaƟn combinaƟon 

In order to assess the therapeuƟc efficacy of AM in combinaƟon with cisplaƟn, we used 

an ectopic lung cancer mice model generated by inoculaƟng 5 x 104 LLC1 cells in the flank 

of each animal. Once the tumor generated in mice reached 40 mm3, we started with the 

administraƟon of cisplaƟn (3 mg/kg days 0, 3 and 6). Then, we administered 5 mg/kg AM 

in a regimen of five consecuƟve days per week unƟl the end of the experiment (18 days). 
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The first week of treatment, mice treated with cisplaƟn or the combinaƟon lost some 

weight, but they recovered and, by the end of the experiment, mouse weight was similar 

in all four groups (V, treated with AM, treated with cisplaƟn and treated with the 

combinaƟon) (Figure 66).  

 

Figure 66. Mice growth monitoring along the therapeuƟc efficacy evaluaƟon of asenapine maleate (AM) 

plus cisplaƟn (CDDP) combinaƟon. Mice weight was monitored during treatment with AM (5 mg/kg, five 

consecuƟve days per week), cisplaƟn (3 mg/kg, days 0, 3 and 6) and the combinaƟon. The change in mouse 

weight is expressed as a percentage difference from the iniƟal weight. Results are shown as mean ± SEM. 

V, vehicle. 

Tumors from mice treated with cisplaƟn or the combinaƟon seemed to have slower 

growth than those in mice treated with the V or AM, with tumors from mice treated with 

the combinaƟon being the ones with the slowest growth (Figure 67A). Moreover, the 

group treated with the combinaƟon presented the lowest tumor weight, with a 

significant difference compared to the control group (Figure 67B).  IsolaƟon of tumors 

also allowed us to observe macroscopically the difference in size among groups, 

especially between the control group and the combinaƟon one (Figure 67C). 
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Figure 67. TherapeuƟc efficacy evaluaƟon of asenapine maleate (AM) plus cisplaƟn (CDDP) treatment in 

mice. Tumor volume was measured during the experiment. Results are shown as mean ± SEM (A). At the 

end of the therapeuƟc efficacy assay, tumors were isolated and weighted. Results are shown as mean ± SD 

(B). Macroscopical images of all tumors are shown (C). StaƟsƟcally significant results are indicated as  **, 

p-value < 0.01. 

111.4.2.2.1 Analysis of immune infiltraƟon in the tumors of AM-treated mice 

In previous experiments, we observed higher levels of DAMPs in cancer cells treated with 

AM, which suggested the inducƟon of ICD by AM. This fact could sƟmulate the immune 

response in vivo. To corroborate this hypothesis, we analyzed lymphocyte infiltraƟon by 

immunohistochemistry techniques in tumors from the previously menƟoned in vivo 

experiment. In tumors of mice treated with AM, we observed great levels of necrosis, 

especially in AM-treated mice tumors, which hindered the labeling of lymphocytes and 

the analysis of the samples (Figure 68). Thus, a conclusion cannot be obtained from this 

experiment, since the higher staining in AM-treated tumors corresponds to tumor 

necrosis.  
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Figure 68. EvaluaƟon of lymphocyte infiltraƟon in tumors aŌer asenapine maleate (AM) treatment in mice. 

Tumors of LLC1 cells were induced in mice. Once the tumor was palpable, mice were treated with vehicle 

(V) or AM for 12 days. Then, tumors were collected and were used to evaluate lymphocyte infiltraƟon by 

immunohistochemistry staining of CD3 and CD8. The stained area does not correspond to lymphocytes but 

to necroƟc Ɵssue. Original magnificaƟon: 25x. Scale bars: 5000 and 400 μm. 

111.4.2.3 EvaluaƟon of anƟtumor therapeuƟc effects in a transgenic mouse model 

The efficacy of the combinaƟon of AM and CDDP was also tested in a Cre recombinase-

controlled (Cre/LoxP) tumor model derived from some somaƟc cells that are 

transformed in their natural locaƟon. Following this approach, lung cancer was induced 

in mice with an oncogenic mutaƟon in KRAS (KRASG12D) and stop elements flanked by 

LoxP sites that avoided the expression of mutant K-RAS unƟl the inhalaƟon of viruses 

expressing Cre recombinase. The treatment started 13 weeks post-infecƟon. Mice were 

treated with AM, CDDP or CDDP with AM administered sequenƟally unƟl the end of the 

experiment, 36 days aŌer the first administraƟon. There were no significant differences 

in mice weight among the groups at the end of the experiment, although those treated 

with CDDP were the ones with the lowest weight (Figure 69).  
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Figure 69. Mice growth monitoring during asenapine maleate (AM) and cisplaƟn (CDDP) combinaƟon 

treatment. Mice weight was monitored during treatment with AM (5 mg/kg, five consecuƟve days per 

week), cisplaƟn (3 mg/kg days 0, 3 and 6) and the combinaƟon. The change in mouse weight is expressed 

as a percentage difference from the iniƟal weight. Results are shown as mean ± SEM. V, vehicle. 

At the end of the experiment, the lungs were isolated and weighed. Lung weight was 

similar in all cases (Figure 70). 

 

Figure 70. Lung weight aŌer asenapine maleate (AM) and/or cisplaƟn (CDDP) treatments. At the end of 

the therapeuƟc efficacy assay of CDDP and AM combinaƟon in the transgenic mice model, the lungs were 

isolated and weighed. Results are shown as mean ± SD. V, vehicle. 

In order to evaluate the effect of the treatments on lung cancer, we processed lungs for 

histopathological analysis and obtained microscopic images of the lung. Then, we 

calculated the percentage of area with cells, among which the cancer cells were. Hence, 

the higher the number of cells, the more advanced lung cancer is. Differences in the 

tumor area among groups were not detected (Figure 71). 
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Figure 71. Tumor area quanƟficaƟon in lungs of treated mice. Lung cancer-bearing mice were treated with 

asenapine maleate (AM) and/or cisplaƟn (CDDP). At the end of the experiment, lungs were collected and 

processed for histopathological analysis by hematoxylin-eosin staining. Pictures of the whole lung were 

obtained and were observed by opƟcal microscopy (A). Finally, the H-E stained area was quanƟfied (B). 

Results are shown as the mean of the percentage of stained area ± SD. Original magnificaƟon: 25x. Scale 

bar: 5 mm. V, vehicle. 

111.4.2.4 TherapeuƟc efficacy of cisplaƟn and AM combinaƟon in in vivo experiments in 

NSG mice 

AM docking experiments were performed using the structure of human survivin. Thus, 

we decided to test AM and AM plus CDDP therapeuƟc efficacy in immunodeficient mice 

(NSG mice), which allowed us to test whether AM treatment could be more efficient 

against human survivin. To induce subcutaneous tumors of human lung cancer cells,  4 x 
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106 A549 cells were inoculated in each flank of mice. Once the tumors reached 150 mm3 

approximately, CDDP (3 mg/kg) was intraperitoneally administered on days 0, 3 and 6. 

AŌer the treatment with AM, in the combinaƟon group, AM was intraperitoneally 

administered five consecuƟve days per week for a total of three weeks. Mice weight 

evoluƟon was similar in all groups, being the CDDP-treated mice those with the lowest 

weight (Figure 72).  

 

Figure 72. Mice weight aŌer asenapine maleate (AM) and/or cisplaƟn (CDDP) treatment in NSG mice. Mice 

weight was monitored during treatment with AM (5 mg/kg, five consecuƟve days per week), cisplaƟn (3 

mg/kg days 0, 3 and 6) or the combinaƟon. The change in mouse weight is expressed as a percentage 

difference from the iniƟal weight. Results are shown as mean ± SEM. V, vehicle. 

In contrast to the control group, tumors of AM-treated mice present a tendency to 

stabilize their growth, which suggests AM might be impairing tumor growth aŌer only 

three weeks of treatment (Figure 73A). Moreover, the mean of tumor weights in AM-

treated mice is lower than in the control group (Figure 73B). AddiƟonally, they showed 

less variaƟon than mice with only V administraƟon, being all tumors below 800 mg. 

Tumor weights of cisplaƟn-treated mice are significantly lower than in the control group. 

When cisplaƟn is combined with AM, although the mean tumor weight is not as small as 

with cisplaƟn alone, it is slightly lower than in the control group (Figure 73B). These 

differences can also be appreciated macroscopically (Figure 73C).  
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Figure 73. EvaluaƟon of asenapine maleate (AM) and cisplaƟn (CDDP) therapeuƟc efficacy in NSG mice. 

Tumor volume was measured during the experiment (A) and, at the end, tumors were isolated and 

weighted (B, C). Results of the tracking of tumor volume are shown as mean ± SEM, while tumor weight 

data are represented as mean ± SD. V, vehicle. StaƟsƟcally significant results against control group (V) are 

indicated as *, p-value < 0.05; ***, p-value < 0.001. 
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112 DISCUSSION 

Cancer is the main cause of death in the world. In 2022, nearly 19 million people were 

diagnosed with cancer and almost 10 million died because of it (42). Lung cancer is the 

type of cancer with the highest number of new cases in 2022. Moreover, 18.7% of 

cancer-related deaths were aƩributed to lung cancer in 2022, being the type of cancer 

with the highest mortality. In economically developed countries, lung cancer mortality 

has diminished thanks to the awareness of smoking effects, an earlier diagnosis and 

advanced therapies, such as targeted therapies and immune checkpoint inhibitors (406). 

Nevertheless, the mortality rate remains very high, so new therapeuƟc approaches need 

to be invesƟgated. The evasion of cell death is considered a hallmark of cancer (8) as well 

as a mechanism of treatment resistance (108), an important obstacle in cancer 

treatment. 

12.1 Survivin selecƟon: value as a molecular target and biomarker in cancer 
therapeuƟcs 

In order to select a suitable therapeuƟc target for the treatment of lung cancer, we 

performed a gene expression array in several healthy and pathological paƟent samples 

of human squamous cell lung carcinoma Ɵssue. Among other genes, BIRC5, encoding for 

survivin, was found to be upregulated.  Survivin belongs to the IAP family. IAPs have been 

found to be upregulated in cancer, and their expression is correlated with treatment 

response and prognosis (156), which makes IAP protein family an aƩracƟve target for 

cancer treatment.  

Survivin is implicated in the main processes involved cancer transformaƟon, which are 

dysregulated proliferaƟon and cell death. On the one hand, survivin is needed for the 

CPC formaƟon, which is crucial for the correct segregaƟon of chromosomes and 

cytokinesis (175,176). Survivin is also involved in microtubules formaƟon (193). In fact, 

survivin is enriched at the G2/M phase of the cell cycle (407). On the other hand, survivin 

can inhibit apoptosis in a caspase-dependent manner by direct or indirect inhibiƟon of 

caspases. In the first case, survivin is able to inhibit caspase 3, 7 and 9 by directly binding 

them (197–199,408) aŌer being released from mitochondria upon cell death sƟmulus, 

prevenƟng apoptosis. Survivin can also form a complex with XIAP, increasing its stability 
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and inhibiƟng caspases 3, 7 and 9 (186,200). Finally, survivin can also form a complex 

with HBXIP that binds to procaspase 9 and, as a result, the apoptosome cannot be 

formed. AddiƟonally, survivin can inhibit caspases indirectly by binding to Smac/DIABLO, 

inhibiƟng its proapoptoƟc funcƟon. 

In the second case, survivin can also inhibit apoptosis in a caspase-independent manner 

by interacƟng with AIF. This interacƟon hinders AIF translocaƟon to the nucleus to induce 

DNA fragmentaƟon. 

Another fact that makes survivin an interesƟng therapeuƟc target is its almost 

undetectable expression in most normal differenƟated Ɵssues. Moreover, although it is 

expressed in hematopoieƟc progenitor cells, T lymphocytes, endothelial cells and testes 

(183), the levels of survivin in cancer cells are much higher (184), which implies that a 

treatment targeƟng survivin could specifically have more effect on cancer cells than in 

healthy cells. 

The validaƟon of survivin as a good therapeuƟc target in cancer has been confirmed by 

mulƟple research studies that silenced this protein and observed anƟcancer effects in 

vitro and in vivo. In 2015, Zhang et al generated a survivin-targeted short hairpin RNA 

(shRNA). The shRNA was transfected into A549 cells, suppressing proliferaƟon and 

colony formaƟon ability of the cancer cells, as well as inducing apoptosis. They also 

performed in vivo experiments by inoculaƟng A549 cells in nude mice and, once the 

tumor was formed, they treated them with survivin-targeted shRNA. Results showed 

that inhibiƟng survivin with a shRNA hinders tumor growth (409). Shan Liu et al observed 

a similar result in a 4T1 murine breast cancer model aŌer inhibiƟng survivin. They 

administered survivin-targeted siRNA to mice and apoptosis increased in tumor cells, 

inhibiƟng tumor growth and metastasis (410). There is also evidence that inhibiƟon of 

survivin may help to overcome chemotherapy resistance. Treatment with survivin-

targeted siRNA followed by chemotherapy sensiƟzed reƟnoblastoma cells to carboplaƟn 

and melphalan, but not the healthy reƟnal epithelial cells (411). The therapeuƟc strategy 

to sensiƟze tumors to chemotherapy has also been tested in vivo. Vivas-Mejia et al. 

demonstrated that treatment with siRNA against one of the splicing variants of survivin 

(2B), combined with docetaxel, enhanced the anƟtumor effect of the chemotherapeuƟc 

in an orthotopic murine model of taxane-resistant and non-resistant ovarian cancer 
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(412). To overcome resistance to paclitaxel in breast cancer, Chen et al. developed a new 

strategy to co-delivery the chemotherapeuƟc with survivin-targeted siRNA, and a 

synergisƟc inhibitory effect on tumor growth and pulmonary metastasis was observed. 

Survivin-targeted siRNA has also been combined with Pt (IV) for the treatment of 

resistant lung cancer model in nude mice, and the results suggest inhibiƟon of survivin 

together with chemotherapy treatment may reverse cisplaƟn resistance (413). 

In summary, the role of survivin in criƟcal processes for cancer transformaƟon and 

progression, together with its elevated expression in tumor Ɵssue, establish survivin as 

a potenƟal therapeuƟc target. MulƟple studies support this hypothesis, demonstraƟng 

that survivin inhibiƟon exhibits anƟcancer effects in vitro and in vivo. 

Furthermore, the importance of survivin expression is reflected in the fact that it has 

been idenƟfied as a prognosis biomarker in cancer. This means survivin expression 

provides informaƟon on the likely course of cancer disease in a non-treated paƟent. 

AddiƟonally, survivin acts as a predicƟve marker, helping idenƟfy subpopulaƟons of 

paƟents more likely to respond to a specific therapeuƟc approach. 

In terms of prognosƟc relevance, elevated levels of survivin are associated with higher 

proliferaƟve index and more aggressive and advanced clinicopathologic features. High 

expression of survivin is also correlated with a higher likelihood of tumor recurrence and 

impaired disease-free and OS rates.  

In lung cancer, a meta-analysis performed in 2021 by Fung et al. found 33 studies that 

revealed a posiƟve correlaƟon between survivin expression and poor prognosis. Seven 

studies showed a strong posiƟve correlaƟon between survivin expression and disease 

recurrence. There was also an associaƟon between survivin and T stage, Union for 

InternaƟonal Cancer Control (UICC) stage, presence of lymph node metastasis and grade 

of differenƟaƟon (414). There is also literature that suggests survivin contributes to 

carcinogenesis, tumor vascularizaƟon, metastasis and treatment resistance (415).  

Chen et al. demonstrated that survivin and VEGF are overexpressed in SCLC and are 

associated with lymph node metastasis. Moreover, survivin expression was significantly 

coincident with VEGF expression, which indicates a correlaƟon between survivin and 

vascularizaƟon. OS was shorter in the survivin-posiƟve group than in the VEGF-posiƟve 
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group. They were independent predicƟve factors of poor prognosis in SCLC paƟents 

(416). 

In a study, in which they looked at survivin protein and mRNA overexpression, no 

correlaƟon was found between survival and survivin levels. However, cytoplasmic 

immunoreacƟvity was correlated with tumor stage. Survivin mRNA levels were elevated 

in 96% of carcinomas, with higher levels in squamous cell carcinomas. Cytoplasmic and 

nuclear immunoreacƟvity were found in 70% and 80% of tumors (respecƟvely). Both 

(cytoplasmic and nuclear) were present in 54%. An important finding of this study is that 

high levels of survivin are detectable in pre-neoplasƟc lesions such as dysplasƟc 

bronchial squamous metaplasia. Although survivin expression has no prognosƟc 

implicaƟons in these paƟents, detecƟng survivin levels may be important in the early 

diagnosis of cancer or in predicƟng the effect of some anƟcancer strategies. The results 

of this study, which suggest an important role of survivin in the early stages of 

carcinogenesis, support the idea that survivin is a potenƟal novel target for new 

therapeuƟc approaches in lung cancer (417).  

In other types of cancer, such as in the case of pancreaƟc ductal adenocarcinoma (PDAC), 

elevated levels of survivin in serum and high survivin expression at diagnosis 

demonstrated poor outcomes (higher invasion and lower rates of OS) (418). Similar 

results were obtained in gastric cancer, in which an associaƟon was found between 

the expression of survivin and the presence of lymph node metastases, as well as 

the correlaƟon between the expression of survivin and OS for paƟents (419). In renal 

cancer, survivin expression is correlated with lower OS and more advanced 

clinicopathological features (420). In the case of follicular thyroid carcinoma, there is also 

a correlaƟon between survivin expression and recurrent disease (420). Survivin 

expression has been also associated with tumor grade in ovarian carcinoma (421), tumor 

stage and degree of differenƟaƟon of hepatocellular carcinoma (422), clinical stage and 

tumor grade in cervical cancer (423), tumor stage and cellular differenƟaƟon in 

gallbladder cancer (424) and tumor size and lymph node status in triple-negaƟve breast 

cancer (425). In the case of esophageal cancer, a meta-analysis revealed that survivin 

overexpression is associated with poor prognosis. However, correlaƟons with stage, 

grade of differenƟaƟon, lymph node status and metastasis were not found (426,427).  
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Another important fact of survivin is that it can be studied by using a non-invasive 

method, since it can be detected in circulaƟng tumor cells (CTCs). In a study of CTCs in 

NSCLC paƟents, 44% of paƟents expressed survivin and it was correlated with cancer 

stage, poor survival and nodal status (428). Recently, Lu et al. discovered that survivin 

reduces immune cell infiltraƟon in the circulatory system, because survivin-posiƟve CTCs 

negaƟvely correlate with lymphocytes in circulaƟon. AddiƟonally, in this study, the OS 

rate was lower in the high survivin-posiƟve CTC’ group of paƟents (430). 

It should be noƟced that elevated survivin levels have different impact on tumor 

prognosis depending on the survivin cellular localizaƟon. Qi et al. reported that nuclear 

levels of survivin impact on OS and lymph node involvement in paƟents with adenocysƟc 

carcinoma and head and neck squamous cell carcinoma (HNSCC) (430). Nuclear survivin 

also affects tumor recurrences and relapse-free survival in urothelial bladder cancer 

(431). Moreover, cytoplasmaƟc expression (not nuclear) of survivin has been associated 

with poor OS in oral squamous cell carcinoma, while nuclear expression correlates with 

a higher proliferaƟon rate (432). Nuclear survivin also correlates with poor outcome in 

gastroenteropancreaƟc neuroendocrine neoplasms (433) and PDAC (434). Hennings et 

al. also demonstrated that only cytoplasmaƟc survivin is linked to biological 

aggressiveness and prognosis of prostate cancers (435). Although most of the studies 

show a correlaƟon between high survivin levels and poor survival, other studies also 

show survivin as a marker of favorable prognosis. For instance, the high cytoplasmaƟc-

to-nuclear raƟo of survivin was associated with improved OS in paƟents with breast 

cancer (436) or oropharyngeal squamous carcinoma (437). Okada et al. demonstrated 

an associaƟon of survivin nuclear staining associated with a favorable prognosis in 

gastric cancer. AddiƟonally, nuclear survivin levels were correlated with younger age and 

lower incidence of vessel cancer invasion (438). Kennedy et al. also found nuclear 

survivin overexpression as a prognosƟc indicator of good prognosis in breast cancer 

(439). Cytoplasmic survivin was found to be associated with a favorable prognosƟc factor 

in paƟents with acute myeloid leukemia, suggesƟng cytoplasmic survivin is a criƟcal 

downstream effector of PI3K/AKT pathway that leads to more chemosensiƟve cells. They 

suggest that acƟvaƟon of PI3K/AKT leads to accumulaƟon of cytoplasmic survivin in a 

phosphorylaƟon-dependent manner in two ways: acƟvaƟon of nuclear export signals 
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that lead to survivin nuclear exclusion or increasing survivin stability at mitosis. In this 

study, acƟvaƟon of PI3K/AKT/cytosolic survivin was associated with a more proliferaƟve 

cell fracƟon and low proporƟon of G0 quiescent cells, with overall and relapse-free 

survival rates over 60%. The more proliferaƟve the cells, the greater the suscepƟbility to 

chemotherapy (440).  

These reported discrepancies in the role of survivin as a biomarker may be the result of 

variaƟon of methodologies used to measure survivin levels (protein vs RNA), cohort sizes 

or focus on specific cellular pools. When survivin expression is assessed through 

histochemical staining, factors like specificity and concentraƟons of anƟbodies, different 

cut-off points for subgroups idenƟficaƟon of paƟents and different sample processing 

techniques, can lead to highly variable results. 

As for the predicƟve relevance of survivin levels, it has been shown a correlaƟon 

between elevated levels of survivin with increased risk of recurrence, lymph node 

metastases and shorter survival in NSCLC, T1 bladder carcinoma, meningiomas, rectal 

adenocarcinoma and locally advanced prostate cancer treated with convenƟonal 

radiaƟon therapy or combined chemoradiaƟon (441). Moreover, survivin levels are 

associated with superior survival rates in paƟents with locally advanced esophageal 

cancer and primary oral squamous cell carcinoma aŌer preoperaƟve irradiaƟon or 

chemoradiaƟon (442).  

Some studies suggest survivin plays an important role in treatment resistance in lung 

cancer. In a clinical assay with stage III NSCLC paƟents, survivin levels were measured 

before and aŌer chemo and radiotherapeuƟc treatment. 88.7 % of the paƟents 

expressed survivin in the tumor before the treatment. AŌer the treatment, 

downregulated survivin and low survivin scores aŌer chemoradiaƟon were associated 

with a longer Ɵme to recurrence and higher OS, suggesƟng survivin can be involved in 

cisplaƟn resistance (443). Another interesƟng arƟcle shows that silencing survivin in 

vincrisƟne-resistant A549 cells leads to inhibiƟon of cell viability and enhanced apoptosis 

induced by vincrisƟne treatment. Survivin silencing also re-sensiƟzed A549 cells to 

methotrexate (444). In esophageal cancer cell lines, overexpression of survivin reduced 

the percentage of cell death induced by radiaƟon, which indicates survivin could be a 
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potenƟal predictor to define paƟents with esophageal squamous carcinoma that would 

benefit from radiotherapy (330).  

CTC survivin expression may also predict OS in metastaƟc colorectal cancer paƟents 

receiving chemotherapy (445). It is also a promising predictor of hepatocarcinoma 

prognosis and metastasis, since there were higher survivin-posiƟve CTCs in paƟents than 

controls and it was associated with stage and degree of differenƟaƟon (422). Survivin-

posiƟve CTC is also a prognosƟc factor in bladder cancer (446) and gastric cancer (447). 

All of this data underscores the importance of survivin, not only as a therapeuƟc target, 

but also as a valuable biomarker. Based on the extensive literature reviewed, we 

idenƟfied survivin as the most opƟmal target for anƟcancer treatment among the other 

upregulated genes found in the gene expression array of lung cancer samples. 

112.2 TargeƟng survivin for cancer treatment  

As it has been exposed, survivin is involved in mechanisms that are crucial for cancer and 

the progression of the disease. AddiƟonally, it is specifically overexpressed in cancer 

cells, and it is considered an indicator of prognosis as well as a predicƟve biomarker. All 

these characterisƟcs make survivin an excellent potenƟal target for anƟcancer therapy. 

Therefore, our lab aimed to develop a cancer therapy specifically targeƟng survivin. The 

strategies that can be used to target survivin are transcripƟon inhibitors, SMAC mimeƟcs, 

Hsp90 inhibitors, homodimerizaƟon inhibitors and mitoƟc inhibitors. 

The use of transcripƟon inhibitors aims to counteract the overexpression of survivin in 

tumor cells by inhibiƟng survivin gene promoter or mRNA. These compounds showed 

good anƟcancer effect in preclinical studies. In clinical studies, while they demonstrated 

acceptable tolerance, their efficacy remained modest. Among the survivin transcripƟon 

inhibitors, YM155 is the most studied compound. YM155 is a small molecule that 

suppresses the acƟvity of survivin promoter (270,271). It successfully completed phase 

I and II clinical trials in solid tumors (448–453) and B-cell lymphoma (454,455). It also 

presented modest acƟvity against NSCLC, with a disease-control rate like other second-

line treatments for advanced NSCLC (273). The combinaƟon with carboplaƟn and 

paclitaxel had a favorable safety profile, but did not demonstrate improvement in 

response rate in advanced NSCLC (274). Similar results were shown in other types of 
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cancer. Posterior data showed YM155 damages DNA, being survivin suppression a 

secondary event, a consequence of transcripƟonal repression. Hence, YM155 is not a 

survivin direct inhibitor (276).  

The other survivin transcripƟon inhibitor that has reached phase I/II clinical trials is EM-

1421 (Terameprocol), showing a good safety profile and parƟal responses in paƟents 

with advanced leukemia, cervical intraepithelial neoplasia and recurrent high-grade 

glioma (456–458). 

Other survivin transcripƟon inhibitors have been tested preclinically with successful 

results. One example is FL118, a non-selecƟve small molecule inhibitor of survivin, as 

well as an inhibitor of DDX5 and topoisomerase I (281). FL118 inhibits survivin promoter 

acƟvity and survivin expression. It also inhibits Mcl-1 and some IAPs (XIAP and c-IAP2), 

c-Myc and mutant KRAS (280,281). It has great anƟtumor efficacy without significant 

toxicity compared to first-line chemotherapeuƟcs (280,459,460). 

In this group of survivin transcripƟon inhibitors, we can also find oligonucleoƟdes that 

bind and degrade survivin mRNA, limiƟng survivin expression. LY2181308 is an example. 

It presents a favorable safety profile but mixed clinical outcomes, since it has shown 

synergisƟc benefits in paƟents with refractory or relapsed acute myeloid leukemia when 

combined with cytarabine and idarubicin (284), but no benefit when administered alone 

or combined with docetaxel/prednisone in solid tumors (285). A similar result was 

obtained when combining docetaxel with LY2181308 in a phase II clinical trial of paƟents 

with NSCLC (461). SPC3042/EZN-3042 is another anƟsense oligonucleoƟde with higher 

potency that also affects Bcl-2 mRNA. Promising results in vitro have been reported 

(286,287), but the phase I trial was terminated due to dose-limiƟng toxicity, likely caused 

by the accumulaƟon of anƟsense oligonucleoƟdes in the liver (288,462). 

Overall, although some survivin transcripƟon inhibitors have advanced to clinical trials, 

their anƟcancer effects have been limited and some of them have shown significant 

adverse effects, such as hepatotoxicity, nephrotoxicity and/or hypersensiƟvity. This has 

been aƩributed to limited survivin silencing in vivo and/or off-targets effects. 

Another strategy to inhibit survivin is by using survivin SMAC mimeƟcs.  An example of 

SMAC mimeƟc that has reached phase I/II clinical trials is LCL161, which presents good 
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anƟneoplasic acƟvity and bioavailability. However, it has shown important side effects, 

such as an increased risk of infecƟon when combined with paclitaxel or 

myelosuppression when combined with topotecan (294,295,463). These side effects 

may be the results of the fact that LCL161 does not only interact with survivin, but also 

mulƟple IAPs, like most SMAC mimeƟcs. Another SMAC mimeƟc that has reached the 

clinics is birinapant. This compound has undergone mulƟple phase I/II clinical trials for 

various cancers, including head and neck squamous cell carcinoma, ovarian cancer, non-

Hodgkin lymphoma and leukemias, either as a single agent or in combinaƟon with 

known anƟcancer drugs. It presents dose-limiƟng toxicity (464,465) and clinical studies 

reported the absence of single-agent anƟtumor acƟvity. In spite of this, birinapant is 

being preclinically invesƟgated in combinaƟon with other therapies (466). Debio1143 is 

also a SMAC mimeƟc tested in mulƟple clinical trials for various types of cancer alone 

and in combinaƟon (238,467,468). The clinical trials have revealed a tolerant toxicity in 

paƟents, in contrast with the results in the preclinical evaluaƟon in vivo, which reported 

dose-limiƟng hepatotoxicity in animals (291). 

Other SMAC mimeƟcs that are sƟll in preclinical evaluaƟon are PZ-6-QN, GDC-0152, 

withanone, piperine and UC-112 and its analogs (182,292,297,301,304,469). 

Despite the favorable results of these invesƟgaƟons, the SMAC mimeƟcs therapeuƟc 

strategy presents some weaknesses. SMAC mimeƟcs do not only inhibit survivin, but also 

other IAPs, such as cIAP1/2. The depleƟon of cIAP1/2 in immune cells can acƟvate an 

alternaƟve NF-κB pathway, which supports B-cell survival and provides a co-sƟmulatory 

signal to dendriƟc cells and T cells (470). These signals can further enhance immune-

modulatory acƟvity, leading to a substanƟal release of proinflammatory cytokines 

against cancer cells (471,472). While this process is beneficial for targeƟng cancer cells, 

a high-dose SMAC mimeƟc treatment could lead to systemic toxicity, cytokine release 

syndrome, or reduced tumor responsiveness to death ligands (473–475). 

Finally, another weakness of SMAC mimeƟcs treatment is that cannot be used for 

treatment of a wide range of tumors since only a small subset of the cells tested have 

been effecƟvely killed by single-agent SMAC mimeƟcs (476). 
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Another strategy to inhibit survivin is using Hsp90 inhibitors. For example, shepherdin 

presents a high binding affinity for the ATP pocket of HSP90, leading to the degradaƟon 

of its client proteins, especially survivin. It has been well tolerated in in vivo experiments, 

with a potent anƟtumor acƟvity (306). AICAR, which is derived from shepherdin, has also 

shown anƟproliferaƟve and proapoptoƟc acƟvity (308,477,478). Moreover, synergisƟc 

effects with radiotherapy have been reported (479). Despite the good results in 

preclinical studies, shepherdin and AICAR have not reached the clinics yet. 

One more strategy for inhibiƟng survivin is to employ mitoƟc inhibitors. For example, 

indinavir is an HIV protease inhibitor that inhibits the interacƟon of survivin with binding 

partners (320). A recent phase II clinical trial with indinavir and debulking chemotherapy 

in elderly paƟents with Kaposi sarcoma showed a good response, with clinical 

improvement (480).  

Overall, the therapeuƟc approaches presented so far have shown liƩle improvement 

over convenƟonal treatments. As we have menƟoned above, some have limited efficacy, 

others exhibit high toxicity, and some suffer from poor bioavailability. AlternaƟve 

strategies sƟll require further invesƟgaƟon. This is why we chose to explore a promising 

approach that has not been evaluated in clinical trials yet: targeƟng survivin 

homodimerizaƟon. 

By impeding survivin homodimerizaƟon, survivin hydrophobic interface in the 

dimerizaƟon site would be exposed, generaƟng instability of the protein and inducing its 

degradaƟon by the proteasome (309). The degradaƟon of unstable survivin monomers 

leads to reduced availability of survivin to form the CPC and interact with SMAC/DIABLO, 

XIAP or caspases. As a result, both the promitoƟc and the anƟapoptoƟc funcƟons of 

survivin are compromised. Therefore, the inhibiƟon of survivin homodimerizaƟon will 

not only impair the specific funcƟons performed by survivin homodimers, since it 

induces the degradaƟon of survivin. 

InhibiƟon of survivin homodimerizaƟon would also lead to mitoƟc aberraƟons that 

would result in cell death, because survivin homodimers play a role in microtubule 

stability. AddiƟonally, there is a short segment of Borealin that interacts with survivin 
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homodimerizaƟon interface (481). Hence, homodimerizaƟon interface inhibiƟon may 

also affect the formaƟon of the CPC complex.  

Another advantage of this approach to inhibit survivin is that, unlike other therapeuƟc 

approaches previously menƟoned (276,281,295,463), inhibitors targeƟng the 

homodimerizaƟon site are specific to survivin, resulƟng in fewer off-target effects and 

reduced toxicity.  

There are some survivin homodimerizaƟon inhibitors that have already been studied in 

preclinical studies. One of the first idenƟfied homodimerizaƟon inhibitors was Abbot 8. 

It has been used as a reference in this study to idenƟfy a more potent anƟcancer agent, 

since Abbot 8 anƟcancer effect was limited due to its low bioavailability (310). AŌerward, 

other dimerizaƟon domain inhibitors were reported, such as LLP-3 and LLP-9, which are 

two compounds that disrupt cell cycle progression and increase cell death. Specifically, 

they cause defects in the CPC organizaƟon and delay mitoƟc progression primarily due 

to extended metaphase and anaphase (482). Moreover, LLP-3 has been reported to 

disrupt the survivin-Ran protein complex in neuroblastoma cells, diminishing the levels 

of survivin and ran (involved in nucleoplasmic transport of proteins important for cell 

homeostasis), which are overexpressed in this type of cancer (311). LLP-3 reduces 

viability, induces apoptosis and inhibits clonogenic and anchorage-independent growth 

in neuroblastoma cell lines. AddiƟonally, it induces mitochondrial dysfuncƟon and 

impairs flexibility of energy metabolism by inhibiƟng oxidaƟve phosphorylaƟon and 

glycolysis (311,313). Another homodimerizaƟon inhibitor is LQZ-7. Other molecules have 

been derived from this compound. The most recent is LQZ-7F1, which is the most potent. 

Although these compounds have not reached the clinics yet, they present promising 

results. LQZ-7F1 has shown inducƟon of spontaneous apoptosis in prostate cancer cells 

(318). Thus, the inhibiƟon of survivin homodimerizaƟon seems a promising therapeuƟc 

approach that has not been evaluated in clinical trials yet, so we have selected it for our 

study. 

112.3 IdenƟficaƟon of AM as a direct survivin inhibitor 

Being survivin homodimerizaƟon inhibiƟon the most promising approach to inhibit 

survivin, we decided to idenƟfy molecules with affinity for the homodimerizaƟon site of 
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survivin by computaƟonal methods. Specifically, two HTVS were performed on 

the survivin structure, focused on the homodimerizaƟon interface. From more than 8 

million compounds screened in silico, 16 compounds were idenƟfied as highly ranked 

according to favorable survivin-ligand contacts and electrostaƟc and shape 

complementarity. These compounds were subjected to experimental in vitro studies. 

The compound with the highest cytotoxic effect on cancer cells was asenapine. Thus, 

asenapine was selected as a potenƟal survivin homodimerizaƟon inhibitor and was 

evaluated as an anƟcancer therapeuƟc agent. 

AM is an FDA-approved drug that is currently used in clinics as a treatment for psychiatric 

disorders. It presents the advantage that, since it is already approved by the FDA, the 

preclinical tesƟng, safety assessment and formulaƟon development is already done. 

Then, the development of the anƟcancer therapy is faster and more economical. 

Moreover, it can be easily administered sublingually. AddiƟonally, AM has the ability to 

penetrate the blood-brain barrier, being a potenƟal therapeuƟc opƟon for brain cancers. 

AM cytotoxic effects were further evaluated in other cell lines, including non-cancer cell 

lines, being the cancer cells more sensiƟve to the compound. The efficacy of AM to kill 

cancer cells varied among the different types of cancer, but the cytotoxic effect was sƟll 

significant in all the evaluated cancer cell lines. AM was idenƟfied as a direct inhibitor of 

survivin by binding the dimeric interface. The binding of AM to the homodimerizaƟon 

site of survivin was analyzed by SPR, which demonstrated that there is an affinity of AM 

for survivin. A non-denaturing electrophoresis allowed us to demonstrate that AM 

disrupted survivin homodimerizaƟon, which may induce survivin degradaƟon in cells.  

AM forms a H-bond Leu96 of survivin. AM impedes survivin to dimerize and, thus, the 

hydrophobic interface remains exposed, which can result in protein misfolding and lead 

to ubiquiƟn-proteasome-dependent degradaƟon of survivin. This kind of protein 

degradaƟon is characterized by the joining of 76-aminoacid ubiquiƟn polypepƟde (Ub) 

to the target protein through reversible isopepƟde linkages between the carboxy 

terminus of ubiquiƟn and lysine side chains of the target proteins. Ub is recruited by E1 

Ub-acƟvaƟng enzyme, then Ub are transferred to the E2 Ub-conjugaƟng enzyme and 

finally E3 Ub-protein ligases recognize the target protein and aƩach ubiquiƟn. The 

polyubiquiƟnated protein is finally degraded by the 26S proteasome complex (407).  
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As for the survivin homodimerizaƟon inhibitors that have been already idenƟfied, in the 

case of the small molecules LLP3 and LLP9, they form π-stacking interacƟons between 

their aromaƟc rings and Phe93/Phe101 of survivin. In the case of LQZ-7F1, the small 

molecule interacts with the dimerizaƟon core residues Phe101 and Leu98. AddiƟonally, 

there are hydrophobic interacƟons provided by Leu6 and Leu96, as well as a hydrogen 

bond between the nitrogen of the pyrazine moiety of LQZ-7F1 and Glu94 residue. This 

binding to the survivin dimeric interface causes the exposure of the hydrophobic 

dimerizaƟon core, which leads to protein misfolding and, thus, degradaƟon in the 

proteasome, following the same mechanism as AM. Moreover, the small size of the 

molecule ensures that when LQZ-7F1 is anchored in the hydrophobic pocket, it remains 

isolated from the surrounding solvent. This suggests that, since AM also presents a small 

size (unlike LLP3 and LPP9), the same phenomenon could be happening in the interacƟon 

between AM and survivin. It is important to highlight that AM offers a significant 

advantage over these compounds, as it is already FDA-approved, has a well-established 

safety profile, and is easy to be administered. 

112.4 AnƟcancer effect of AM through inducƟon of apoptosis and disrupƟon 
of cell cycle 

We focused our research on lung cancer because it is the cancer with the highest 

incidence and mortality worldwide. Thus, we evaluated the effect of AM in squamous 

cell carcinoma and small cell carcinoma cell lines, apart from the previously evaluated 

lung adenocarcinoma cell line. The most sensiƟve cell line was adenocarcinoma, while 

the small cell carcinoma cell line required higher concentraƟons of AM to be affected by 

the drug, although the differences among the IC50 of the different cell lines are not 

significant. However, non-cancer cells were significantly more resistant to AM. This 

finding correlates with the result of a previous experiment, in which survivin expression 

was evaluated by Western blot in different lung cancer and non-cancer cell lines. In that 

Western blot, we observed that all the cancer cell lines evaluated overexpressed survivin 

compared to non-tumor human lung fibroblast HFL-1, and the expression was similar in 

all the cancer cell lines evaluated (A549, SW900, H520, DMS53). Moreover, according to 

the literature, cytoplasmic levels of survivin are also similar in all histological types of 
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lung cancer (483). Hence, the effects of AM are related to survivin expression, being the 

cancer cells the ones with the highest survivin levels and the most cytotoxic effects.  

The assays performed in 3D cultures of lung adenocarcinoma cells also presented the 

IC50 at a micromolar scale, although the concentraƟon of AM required to affect half of 

the cell populaƟon was significantly higher, probably due to the difficulty of the 

compound to reach the cells in the center of the spheroid. 

The lowest IC50 values were obtained in the primary cell cultures derived from the 

transgenic KRasG12D mice model, which generated NSCLC tumors in the animals. This 

result suggests that cells derived directly from a tumor are more sensiƟve to anƟcancer 

compounds than established cell lines, which may have acquired resistance 

characterisƟcs over long-term in vitro maintenance. 

One of the first line treatments in lung cancer is combined treatment with cisplaƟn, 

which has an IC50 at 24 h of 20 μM in A549 (484). Although cisplaƟn presents cytotoxicity 

in the micromolar range, like  AM (40 μM), the specificity of AM for cancer cells may be 

higher, because the main mechanism of acƟon of cisplaƟn involves the generaƟon of 

DNA lesions by interacƟng with purine bases on DNA, generaƟng the acƟvaƟon of 

pathways that lead to apoptosis (68). Hence, cisplaƟn not only affects cancer cells, but 

also non-cancer cells. This results in one of the challenges of cisplaƟn, which is its side 

effects in paƟents.  Contrarily, AM inhibits survivin, which is highly overexpressed in 

cancer cells compared to healthy cells (183,184). Thus, AM may act more specifically on 

cancer cells than cisplaƟn, suggesƟng a beƩer safety profile than cisplaƟn in vivo.  

 Once we studied the effect of AM in cancer cells, we comprehensively explored the 

mechanism of acƟon of our compound. We demonstrated that AM binds specifically to 

survivin and not to XIAP, despite the structural similarity of both molecules, since protein 

levels of the laƩer were not altered when cancer cells were treated with AM. This result 

is interesƟng because a compound that is nonspecific means that hits different off-target 

proteins, which could be involved in important pathways, not only in cancer cells but 

also in non-cancer cells, so it could mean higher toxicity of the compound. An example 

is FL118, whose hematopoieƟc toxicity may be due to inhibiƟon of topoisomerase I, 

which is not responsible for the anƟtumor acƟvity of the drug (485). Moreover, most 
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SMAC mimeƟcs inhibit not only survivin but all the IAPs, an example is LCL161. LCL161 

elevated the risk of infecƟon when combined with paclitaxel (463). Moreover, SMAC 

mimeƟcs can also induce systemic adverse effects such as cytokine release syndrome 

(474). 

Besides this, there are some compounds that can affect drug transporters in the cells, as 

in the case of GDC-0152 and UC-112, which have been shown to inhibit ABCB1 and, thus, 

alter mulƟdrug efflux acƟviƟes. This can alter the pharmacokineƟcs and toxicity of 

different drugs (304,486). 

Our study demonstrated that AM impairs the two funcƟons in which survivin is involved 

in the cell. On the one hand, AM arrested cell cycle in lung cancer cells aŌer 24 h of 

treatment. In parƟcular, aŌer the treatment with AM, the percentage of cells in G0/G1 

phase increased, while the percentage of cancer cells in phases S and G2/M decreased. 

In mitosis, the survivin monomer forms part of the CPC and takes part in 

the destabilizaƟon of microtubules that are aƩached incorrectly to the kinetochore. 

When there is a lack of tension, resulƟng from the improper aƩachment of the CPC to 

the kinetochore, Aurora B phosphorylates survivin at threonine 117. Then, survivin is 

released from the centromere and the rest of the CPC is not funcƟonal. While the 

aƩachment is corrected, survivin is dephosphorylated and it associates again with the 

CPC complex, and the cell cycle can conƟnue (487). Therefore, it is logical that treatment 

with AM, a survivin inhibitor, disrupts the cell cycle, consistent with our experimental 

observaƟons. 

AddiƟonally, survivin dimer stabilizes spindle microtubules (178). InhibiƟon of survivin 

results in the alteraƟon of microtubules, leading to defecƟve cytokinesis with 

hyperploidy, mulƟpolar mitoƟc spindles, and supernumerary centrosomes, finally 

inducing apoptosis at G2/M phase (176). This is consistent with the decrease of cells in 

G2/M that we observed in our research, which is probably due to apoptosis in this phase. 

Furthermore, it is possible that aŌer AM treatment, our cancer cells exhibited mitoƟc 

aberraƟons due to destabilized microtubules caused by reduced survivin levels, 

accumulaƟng these defects and arresƟng cell cycle in G0, as we have also observed in our 

experiments.  
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Noninvasive cancer therapy aims to maximize tumor cell death and minimize Ɵssue 

toxicity by targeƟng cancer specific properƟes. Inducing apoptosis is a good strategy 

because evasion of apoptosis is one of the hallmarks of cancer (8). Moreover, unlike 

other types of cell death, apoptosis does not generate inflammaƟon of the surrounding 

Ɵssue, avoiding damage of other cells that are not our target (488). We also evaluated 

the effect of AM on apoptosis and observed that, apart from arresƟng cell cycle, AM 

induced the cleavage of caspase-3 and PARP, which corroborates apoptosis inducƟon 

triggered by AM. 

 Other invesƟgaƟons support our results. In 2012, Dai et al. generated survivin-deficient 

hepatocellular carcinoma cells and observed cell cycle arrest and defecƟve mitosis. 

Moreover, they also idenƟfied apoptosis progression by studying caspase-3 expression 

in the same cells (147). Examples of other anƟ-survivin drugs that have been 

demonstrated to affect cell cycle and/or inhibit apoptosis are piperine, which inhibits cell 

growth and induces apoptosis (299); YM155, which induces apoptosis (270); 

SPC3042/EZN-3042, which produces cell cycle arrest in the G2/M phase and apoptosis 

inducƟon (286,287); and MX-105, which induces apoptosis (182,301). Another survivin 

inhibitor that binds to the dimer interface of survivin is LLP-3, which reduces the 

proporƟon of glioblastoma cells in G2/M phases and increases G0/G1 populaƟon, like AM 

(313). The arrest of the cell cycle at G0/G1 in the case of survivin inhibitors that bind to 

the dimer interface could be aƩributed to the fact that only survivin homodimers, and 

not the monomer, have the funcƟon of microtubule stability during interphase, 

impeding a correct mitosis consecuƟon (178). 

112.5 SynergisƟc effect of AM in combinaƟon with chemotherapy 

The combinaƟon of treatments has mulƟple advantages. Firstly, there are mulƟple 

geneƟc factors and proteins involved in the generaƟon and progression of cancer, as well 

as epigeneƟc and environmental factors. Because of that, a therapeuƟc strategy 

targeƟng a specific gene or protein usually leads to unsaƟsfactory results. Combining 

therapies enables targeƟng different factors, which results in improved treatment 

efficiency, increasing the probability of the therapy's success. Secondly, the convenƟonal 

monotherapeuƟc approaches in cancer, especially with chemotherapeuƟc agents, are 

non-selecƟve drugs that target proliferaƟng cells, leading to the destrucƟon of healthy 
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and cancer cells. Thirdly, combining treatments enables a reducƟon in the dosage of 

therapies associated with high systemic toxicity, such as chemotherapy. Combined 

therapies may work in a synergisƟc or addiƟve manner. In that case, a lower therapeuƟc 

dose would be required, meaning less toxicity. Fourthly, constant treatment with a single 

compound leads to cancer cells to develop strategies to overcome the effects of the 

drug, which makes the tumor more suscepƟble to drug resistance. Since combinaƟon 

therapy is more effecƟve, fewer cycles are needed, which results in reduced incidence 

of resistance. Moreover, one of the therapies may kill the cells that may have survived 

with the other therapeuƟc alone. Furthermore, there can be a combinaƟon of therapies 

that target different types of cancer cell populaƟons, eliminaƟng the enƟre tumor and 

avoiding remaining cells that could later derive in a relapse. There are drugs that induce 

cell death, which leads to two key outcomes: first, dendriƟc cells are sƟmulated to 

expose anƟgens, and second, DAMPs are released into the surrounding environment. 

That makes cancer cells more visible to the immune system and potenƟates the effect 

of immunotherapy (489–491). 

An example of combinatorial drug formulaƟons in targeted therapies is the combinaƟon 

of osimerƟnib (EGFR-TKI) and bevacizumab (VEGF inhibitor). It is being tested as a first-

line strategy in a phase I/II clinical trial (NCT02803203) (492). Moreover, the standard of 

care in the USA for unresectable locally advanced NSCLC is plaƟnum-based 

chemotherapy with concurrent radiaƟon therapy followed by consolidaƟon treatment 

with durvalumab for one year (493,494).  

Combinatorial therapy can help to overcome an important handicap with the treatment 

of brain metastasis. Cytotoxic chemotherapy is unable to cross the blood-brain barrier 

and penetrate the SNC (495,496). Improvement in treatment with targeted therapy, for 

example osimerƟnib and alecƟnib in adjuvant seƫng, reduced the risk of CNS disease 

progression (497,498).  

The combinaƟon of survivin inhibitors with convenƟonal therapies has shown good 

results. For example, LLP3 sensiƟzes colorectal cells to irinotecan in p53-mutated cases 

(314) and LQZ-7F1 synergizes with docetaxel in inhibiƟng prostate cancer cells survival 

(318). 
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In this project, AM showed synergism with all the chemotherapeuƟcs tested except one, 

paclitaxel. The chemotherapeuƟcs selected, which are cisplaƟn, carboplaƟn, paclitaxel 

and gemcitabine, were selected for being the most used in the clinics for the treatment 

of lung cancer. The main mechanism of the anƟtumor effect of cisplaƟn is the formaƟon 

of cisplaƟn-genomic DNA interstand and intrastand crosslinks by aƩachment of alkyl 

groups to DNA bases. This hinders transcripƟon and DNA replicaƟon and fragmentaƟon 

of DNA caused by repairing enzymes, leading to cell death. It also produces mutaƟons 

by inducing mispairing of the nucleoƟdes (499). It presents severe adverse reacƟons, 

including nephrotoxicity and myelosuppression. Some paƟents are not able to tolerate 

it (500,501). 

CarboplaƟn is an analog of cisplaƟn. Like cisplaƟn, it aƩaches alkyl groups to the 

nucleoƟdes, which leads to the formaƟon of monoadducts. DNA fragments when repair 

enzymes aƩempt to correct the error. 2% of the acƟvity of carboplaƟn is due to the DNA-

crosslinking from a base on one strand to a base on the other. This avoids the separaƟon 

of DNA strands for synthesis or transcripƟon. CarboplaƟn can induce different mutaƟons 

(502,503). Although they have the same mechanism of acƟon, they differ in the toxicity 

profile. CisplaƟn presents higher rates of nausea, vomiƟng, nephrotoxicity, ototoxicity. 

CarboplaƟn has a higher risk of myelosuppression and neurotoxicity (504). The kineƟcs 

of adduct formaƟon differ for different cisplaƟn analogues, which may influence in the 

anƟtumor acƟvity. CisplaƟn have higher anƟtumor acƟvity but carboplaƟn has higher 

chemical stability compared to cisplaƟn (505).  

Gemcitabine is a nucleoside analog. Once inside the cancer cells, it is converted by 

phosphorylaƟon into the acƟve compounds, gemcitabine diphosphate (dFdCDP) and 

gemcitabine triphosphate (dFdCTP). dFdCTP competes with deoxycyƟdine triphosphate 

for incorporaƟon into the DNA. When it is incorporated, chain elongaƟon ends, DNA is 

fragmented and apoptosis is induced. On the other hand, dFdCDP inhibits ribonucleoƟde 

reductase, which is the enzyme responsible for the generaƟon of deoxycyƟdine. Thus, 

dFdCDP decreases the compeƟƟon of dFdCTP for incorporaƟon into DNA (506,507). 

Paclitaxel hyperstabilizes microtubules by binding to the β subunit of tubulin, which 

forms the microtubules, and avoids the disassembling of the structure. This affects 

important funcƟons of the cells, such as transportaƟon of organelles and vesicles or 
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mitosis. Moreover, paclitaxel induces apoptosis in cancer cells by binding to Bcl-2, 

arresƟng its funcƟon (508–510). 

A possible explanaƟon to the fact that paclitaxel was the only chemotherapeuƟc that did 

not synergize with AM is that survivin is also involved in microtubule stability. If survivin 

is inhibited, then the stability of microtubule is compromised, but by adding paclitaxel 

this effect is counterbalanced, since it hyperstabilizes microtubules. The mechanism of 

acƟon of the other three chemotherapeuƟcs is involved in DNA synthesis and 

transcripƟon, which complements the inducƟon of apoptosis and arrest of cell cycle 

induced by AM.  

Further invesƟgaƟon into the mechanism of acƟon of AM in combinaƟon with cisplaƟn, 

the chemotherapeuƟc agent that demonstrated the most potent synergism, revealed 

that adding AM to cisplaƟn treatment enhances apoptosis levels compared to cisplaƟn 

monotherapy. This effect could be aƩributed to mulƟple mechanisms. Firstly, cisplaƟn 

induces apoptosis in dividing cancer cells by hindering DNA replicaƟon and inducing DNA 

fragmentaƟon. 24 h later, the addiƟon of AM arrests cell cycle in the remaining cells, 

probably by impeding CPC formaƟon and causing microtubule instability which may 

ulƟmately lead to apoptosis. Furthermore, AM removes the apoptoƟc blockade imposed 

by survivin, thereby restoring and enhancing the apoptosis induced by cisplaƟn. 

112.6 PotenƟal radiosensiƟzaƟon effect of AM 

RDT is one of the main therapeuƟc strategies, being used in over 50% of all cancer 

paƟents either alone or, usually, in combinaƟon with surgery and chemotherapy. It 

consists in using high-energy proton radiaƟon to destroy cancer cells and tumor Ɵssue 

by direct and indirect mechanisms. In the first case, RDT induces single-strand breaks 

(SSB) and double-strand breaks (DSB) in DNA. This leads to terminaƟon of cell division 

and proliferaƟon or even cell necrosis and apoptosis. In the second case, RDT induces 

generaƟon of ROS, which generates cellular stress that could alter cellular signaling 

pathways. 

AnƟtumor acƟvity of RDT depends in big part on the acƟvaƟon of cell death programs 

acƟvaƟon. Thus, evasion of apoptosis can result in RDT resistance. A strategy to 

overcome RDT resistance is to antagonize anƟapoptoƟc mechanisms, which would lower 
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the threshold for RDT-induced cell death. Giagjousiklidis et al. corroborated this fact by 

showing that InhibiƟon of XIAP sensiƟzes pancreaƟc carcinoma cells for γ-irradiaƟon 

induced apoptosis, without affecƟng non-malignant fibroblasts (511). 

RadiosensiƟzers are compounds that, when combined with RDT, have higher anƟtumor 

acƟvity that the expected for the addiƟve effect of each modality. Over the last years, 

small molecules inhibitors of IAP proteins with these characterisƟcs have been 

developed. For example, it has been shown that two XIAP inhibitors were able to 

increase the radiosensiƟvity of glioblastoma cells. Contrarily, those inhibitors did not 

increase radiotoxicity in non-malignant cells of the central nervous system. This 

radiosensiƟzaƟon of glioblastoma cells involved increased mitochondrial outer 

membrane permeabilizaƟon, caspase acƟvaƟon and caspase-mediated apoptoƟc cell 

death (512). BV6, another small-molecule SMAC mimeƟc, showed also sensiƟzing effects 

of glioblastoma cells for γ-irradiaƟon-mediated apoptosis, requiring NFκB for its 

proapoptoƟc effects (513). The SMAC mimeƟc LBW242 enhance cytotoxic acƟvity of 

radiotherapy in glioblastoma cell. Moreover, it showed a synergisƟc suppression of 

tumor growth in glioblastoma xenograŌ mouse model when it was combined with RDT 

and temozolomide (514).  1396-11 and 1396-12 are XIAP antagonists that increase 

radiosensiƟvity of pancreaƟc carcinoma cells and in a subcutaneous xenograŌ model in 

vivo (515). Other carcinoma types in which SMAC mimeƟcs increased radiosensiƟvity are 

breast carcinoma (516), head and neck squamous cell carcinoma (517), prostate 

carcinoma (518) and colorectal carcinoma (519,520). In lung cancer, the SMAC mimeƟc 

ANTP-SmacN7 fusion pepƟde radiosensiƟzes A549 cells by reducing cell clone-forming 

rate, increasing cytochrome-c, cleaved caspase-8, cleaved caspase-3 and cleaved 

caspase-9 expression levels, promoƟng caspase acƟvaƟon and increasing radiaƟon-

induced apoptosis. ANTP-SmacN7 increased radiaƟon-induced double-stranded DNA 

rupture and increased DNA damage (521). Debio 1143, another SMAC mimeƟc, 

synergizes with RDT to enhance anƟtumor immunity by reversing immunosuppressive 

cell infiltraƟon in the tumor microenvironment. This effect, demonstrated in a lung 

cancer mouse model, is dependent on TNFα, IFNγ, and CD8+ T cells (467).  

Moreover, survivin is downregulated by radiaƟon in normal human endothelial cells. 

However, this is impaired in malignant cells. In fact, survivin expression is especially 
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elevated in radio-resistant cells, resulƟng in the inhibiƟon of RDT-induced apoptosis 

(522).  

MitoƟc catastrophe is a response to DNA damage (e.g. induced by radiaƟon) (523). When 

the damage is severe and cannot be repaired, cells are arrested at G2, but sƟll some cells 

aƩempt to undergo mitosis. Damage DNA is inherited by daughter cells, that will have 

genomic instability. MitoƟc catastrophe triggers apoptosis or necrosis when DNA 

damage is severe to prevent propagaƟon of geneƟc aberraƟons (524). Since survivin is 

involved in the correct separaƟon of chromaƟds and microtubule stabilizaƟon, the loss 

of funcƟon leads to mitoƟc problems (mitosis delay, chromosome displacement and cell 

accumulaƟon in prometaphase) that may induce mitoƟc catastrophe (525,526). Thus, 

the persistent expression of survivin may be considered a mechanism of radiaƟon 

resistance (527). 

Previous studies combining survivin inhibiƟon with RDT have yielded promising results. 

For example, it has been shown that inhibiƟng survivin by using ribozyme or using a 

dominant-negaƟve survivin mutant led to the sensiƟzaƟon of melanoma and pancreaƟc 

cancer cells to radiaƟon (528,529). In the second case, Asanuma et al.  transduced 

ordinarily radiosensiƟve MIAPaCa-2 cells with wild-type survivin gene (MS cells). MS cells 

were less sensiƟve to RDT than the control. Moreover, radiaƟon-induced acƟvity of 

caspase was significantly inhibited in MS cells (529). 

 Overall, radiosensiƟzing acƟvity of survivin inhibiƟon is mulƟfaceted and seems to 

involve, caspase-dependent mechanisms (530), caspase-independent mechanisms 

(269,531), impaired DNA repair, altered cell-cycle distribuƟon and formaƟon of 

mulƟnucleated cells. All these facts lead to mitoƟc arrest and cell death. 

The encouraging outcomes achieved by inhibiƟng survivin to enhance RDT response in 

cancer cells prompted the preclinical evaluaƟon of combining survivin inhibitors with 

RDT.An example of this therapeuƟc strategy is the combinaƟon of everolimus (mTOR 

inhibitor) and YM155 (survivin inhibitor) with RDT in renal carcinoma cell lines, which 

sensiƟzed cells towards radiaƟon as well as tumors toward RDT in xenograŌ murine RCC 

models (532).  
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Given that survivin inhibiƟon enhances radiosensiƟzaƟon in cancer cells and that we 

idenƟfied AM as a survivin inhibitor, we evaluated the response of cancer cells to 

radiotherapy following treatment with AM. Our experiments revealed that RDT induced 

DNA damage in lung cancer cells, but this effect was not potenƟated when AM was 

added. However, cell density and morphology were more significantly altered in cells 

treated with the combinaƟon of AM and RDT compared to either treatment alone.  

While in terms of apoptosis AM did not show a radiosensiƟzing effect, in the study of cell 

cycle we observed that RDT arrests cell cycle at G2/M while AM arrests cell cycle at G0/G1. 

In the combinaƟon of both therapies, the effect on cell cycle is dependent on AM 

treatment duraƟon. At longer Ɵme of exposure to AM treatment, there is a higher 

percentage of cells at G0/G1 cell cycle phase. This may suggest that both treatments may 

be complementary, each therapy arresƟng cell cycle at a different phase, inducing a 

higher decrease in total cell number.  

Finally, we observed that the clonogenic ability of lung cancer cells was significantly 

affected by the combinaƟon of AM and RDT. This result is consistent with literature, since 

treatment with different survivin isoform specific siRNAs (wt, survivin 2B and delta 3) 

reduces clonogenic survival (533), and the overexpression of WT and survivin-3B 

protects against irradiaƟon (534).  

112.7 AM induces the producƟon of DAMPs, indicators of ICD 

One of the obvious goals of anƟcancer therapy is reducing the number of neoplasƟc 

cells. A strategy to achieve so is by inducing cancer cell death, which not only would 

reduce the number of cancer cells but also would allow the acquisiƟon of anƟgens by 

the dendriƟc cells.  Moreover, the DAMPs released would induce an adapƟve immune 

response. For this reason, there is an interest in inducing ICD that would opƟmize the 

immune response against the tumor. This is interesƟng also for the use of immune 

checkpoints inhibitors (488). 

There are mulƟple IAP inhibitors that induce ICD. ASTX660 (Tolinapant), antagonist of 

cIAP1/2 and XIAP, in combinaƟon with TNFα, induces ICD in HNSCC cell lines. 

Experiments in mouse models showed that ASTX660 can also enhance radiaƟon-induced 

ICD. In ex-vivo experiments (tumor cells with TILs) ASTX660 enhanced cytotoxic TIL-
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dependent killing, suggesƟng ASTX660 may enhance anƟgen presentaƟon on tumor cells 

(535). It is currently being evaluated in phase II study in T-cell lymphoma paƟents. In a 

syngeneic model of T-cell lymphoma, it was able to induce complete tumor regression 

by acƟvaƟng adapƟve and innate immune systems by inducing ICD (536). 

Another example is LCL-161, an IAP antagonist that was able to kill pancreaƟc cancer 

cells in vivo but not in vitro. This effect was dependent on dendriƟc cells and T 

lymphocytes (535). 

Debio 1143, another IAP antagonist, has shown synergisƟc immunity against tumors 

when combined with RDT in lung cancer models (467). Debio 1143 also enhances the 

response to anƟ-PD-L1 (avelumab) in a mouse model of bladder cancer (537). This 

combinaƟon is in a phase-IIb trial (NCT03270176) for recurrent/metastaƟc solid tumors. 

Debio 1143 monotherapy showed increase CD8+ T cell infiltraƟon in HNSCC surgical 

specimens. 

In a recent study, Snacel-Fazy et al. administered GDC-0152, (a SMAC mimeƟc, to a 

glioblastoma mouse model and it promoted microglia acƟvaƟon, anƟgen-presenƟng 

funcƟon and tumor infiltraƟon (538). 

The posiƟve results obtained with these therapeuƟc strategies led us to evaluate if AM 

could also potenƟally induce an enhanced immune response against the tumor.  Our 

study shows AM significantly induces DAMPs in lung cancer cells, which suggests our 

compound may induce ICD. It would be interesƟng to study if there is a synergisƟc effect 

of AM with anƟ-PD-L1, such as in the case of Debio 1143. 

112.8 AM therapeuƟc potenƟal as an anƟcancer agent 

AŌer the in vitro evaluaƟon, safety and therapeuƟc efficacy in vivo evaluaƟon of AM was 

performed. Safety experiments showed that doses up to 20 mg/kg were safe in mice, 

only showing a decrease in animal weight at the first cycles of treatment, which was 

recovered at the end of the experiment. At the highest doses, mice showed transient 

mild secondary effects such as decrease in locomotor acƟvity, which is characterisƟc of 

anƟpsychoƟc drugs. In fact, in male black Swiss mice treated with 0.1 and 0.3 mg/kg of 

AM (doses significantly lower than the ones used in our study) already presented 
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reduced acƟvity, increased immobility in the forced-swim test and reduced 

amphetamine-induced hyperacƟvity (539). In our case, this effect was transient and 

animals presented normal behavior aŌer 4 h of AM administraƟon. 

Since AM crosses the blood brain barrier, we evaluated potenƟal alteraƟons in the brain, 

especially in the hippocampus, a neurogenic area (Gonçalves 2016). AddiƟonally, we 

checked for possible hepatotoxicity since AM is oxidized by CYP1A2, and then 

glucuronidated via UGT1A4, both enzymes mainly expressed in the liver (540). Finally, 

kidneys were also evaluated, since 50% of AM is eliminated via urine (402). We 

concluded from these experiments that none of the vital organs analyzed presented 

significant alteraƟons by AM in our study.  

Despite the maximum dose used in the safety assay (20 mg/kg) did not present a 

significant toxicity, in the therapeuƟc efficacy assay of AM monotherapy we selected a 

lower dose of AM in order to minimize the secondary effects of AM in the CNS. Although 

there was no staƟsƟcally significance between the groups due to the high variability in 

the control group, the difference in tumor size between groups was visibly evident, being 

the AM-treated mice those with the smallest tumors. 

Immunohistochemical assays of survivin showed that AM is able to enter the cells, 

contrarily to some survivin inhibitors, such as Abbot 8, which effecƟvely inhibits survivin, 

but has low bioavailability (310). 

Apart from the lower tumor size of AM-treated mice compared to the control group, we 

also observed a different consistency. AM-treated tumors were soŌer and more viscous 

than the group treated with the vehicle. This effect of AM together with the fact that 

survivin is involved in angiogenic processes (541,542) led us to think AM could have an 

impact on angiogenesis.  

Although there were slightly fewer blood vessels in the images of AM-treated tumors 

than in the control group, the staƟsƟcal analysis revealed that it was not significant in 

the analyzed areas. However, the samples of AM-treated mice were hard to analyze 

because they presented massive necrosis, especially in the center of the tumor. This 

necrosis, which was importantly more pronounced in AM-treated samples, may be the 

result of lack of blood flow in the Ɵssue, altogether with the cytotoxic effect of AM. If 
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this is the case, then the areas of necrosis are those with less blood vessels and the 

images analyzed in the non-necroƟc areas would not be representaƟve. Thus, the higher 

necrosis in AM-treated samples might be a signal of inhibiƟon of angiogenesis by AM 

treatment. In fact, the higher necrosis areas in AM-treated samples also difficulted the 

observaƟon of lymphocyte infiltraƟon in the tumors, since all the necroƟc Ɵssue was 

stained in the immunohistochemistry assays. 

Since in vitro results showed a strong synergisƟc interacƟon between AM and cisplaƟn, 

we evaluated the therapeuƟc efficacy of the combinaƟon of AM with cisplaƟn in an 

ectopic C57BL/6J mouse model generated by LLC1 cells subcutaneous inoculaƟon. There 

was a significant difference between the tumor weight of the combinaƟon-treated group 

and the control group. StaƟsƟcal analysis did not reveal significance compared to 

cisplaƟn treated mice, although tumor size of combinaƟon-treated animals was smaller 

than cisplaƟn-treated mice. This lack of staƟsƟcal significance is probably due to 

limitaƟons of the mouse model related with  tumor development, since there was an 

important variability among tumors of non-treated mice. 

Lewis lung carcinoma (LLC) model is the only reproducible lung cancer model that is 

syngeneic, which means it is developed by injecƟng immunologically compaƟble cancer 

cells into immunocompetent mice. The LLC1 cell line is highly tumorigenic and it induces 

lung metastasis. It is primarily used to evaluate the efficacy of chemotherapeuƟcs in vivo. 

The advantage of this model is that, unlike xenograŌ models in which human cells are 

implanted in immunosuppressed mice, the tumor is created in an immunocompetent 

murine background, so immune and toxicity responses closer to reality can be evaluated 

(543). The main limitaƟon of this model is that responses to treatment in a complete 

murine system may not be transferable to humans. Another limitaƟon could be the 

effect of preparaƟon Ɵme and the transfer of LLC1 cells to the animal faciliƟes on cell 

viability. This may result in varying numbers of viable cells being inoculated, with earlier 

inoculaƟons containing more living cells, while cells inoculated later may have reduced 

viability due to subopƟmal condiƟons. Moreover, the main reason for the control 

variaƟon is the fact that animals are immunocompetent and tumor growth can be 

affected depending on how the immune system of each animal responds to cancer cell 

inoculaƟon. 
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Dorneburg et al. evaluated the effect on tumor growth of S12, another inhibitor of 

survivin homodimerizaƟon, in mice with subcutaneous neuroblastoma xenograŌs (317). 

As well as in our experiment, they did not observe significant differences in tumor 

growth between control and treated group. However, S12-treatment aƩenuated the 

hemorrhagic phenotype of tumors, which could be related to the decreased survivin-

related vascular integrity (544). This would agree with our observaƟons of an altered 

consistency and higher necrosis of AM-treated tumors.  

Another aspect that should be considered is that in in vitro experiments, LLC1 was not 

the best responding cell line to AM when combined with cisplaƟn. This, together with 

the fact that AM is designed to bind to human survivin, and not murine survivin, lead us 

to evaluate AM therapeuƟc efficacy in NSG immunodeficient mouse model of lung 

cancer. 

In this in vivo assay, we observed lower tumor weight in AM-treated mice. Tumor weight 

of cisplaƟn-treated mice was significantly lower compared to the control group. 

Contrarily to what we expected, the combinaƟon of AM and cisplaƟn did not affect 

tumor growth more than cisplaƟn monotherapy, probably due to the pronounced effect 

of cisplaƟn alone at the evaluated dose.  

Finally, we employed a KRASG12D transgenic mouse model of lung cancer to study the 

response of in situ lung cancer to AM and its combinaƟon with cisplaƟn. Transgenic mice 

are useful for studying the role of geneƟc abnormaliƟes in tumor iniƟaƟon and 

progression. However, models expressing KRAS transgenes have limitaƟons, such as 

limited metastasis. Thus, they do not accurately represent adenocarcinoma in vivo. One 

advantage of the Cre/loxP model is the possibility to spaƟally regulate gene expression 

and to evaluate the events in lung cancer progression (543,545). In our experiment, 

neither lung weight nor tumor area were affected by any of the treatments, suggesƟng 

that this model may not be the adequate for evaluaƟng the efficacy of these compounds, 

probably because of the slow progression of lung cancer in this model, which difficult 

the observaƟon of the cytostaƟc effects of AM.  
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112.9 AM potenƟal as a reposiƟoned drug for anƟcancer therapy 

ReposiƟoning is a therapeuƟc approach in which a current pharmaceuƟcal agent that 

iniƟally was used for non-cancerous diseases is being used for cancer treatment. This is 

an efficient strategy because the treatment has already been approved by the regulatory 

agencies (FDA, EMA), it has already passed drug safety protocols and the 

pharmacokineƟc profile is already known. An example is acetazolamide (pan-carbonic 

anhydrase inhibitor), used for the treatment of glaucoma, epilepsy and alƟtude sickness, 

is now used for cancer (546,547), because cancer cells have high carbonic anhydrase 

acƟvity. Repurposing can also help to counteract toxicity of convenƟonal monotherapies. 

For example, the combinaƟon can be an agent that kills proliferaƟng cells and a drug that 

protect normal cells from the first agent (e.g. a cytostaƟc agent that protect normal cells 

by arresƟng cell growth) (490,548), 

AM is an anƟpsychoƟc indicated for schizophrenia and maniac episodes in bipolar 

disorder treatment. Our research has demonstrated that this compound has also an 

anƟtumoral acƟvity. It is not the only anƟpsychoƟc drug with anƟcancer effects. In fact, 

several studies have reported that paƟents treated with anƟpsychoƟcs have lower 

cancer incidence of specific cancer types than the general populaƟon (549–551). One 

example of a potenƟal anƟpsychoƟc repurposing is trifluoperazine, which induces 

apoptosis and cell cycle arrest at G0/G1 phase in colorectal cancer cells. Moreover, 

trifluoperazine interacts synergisƟcally with 5-fluorouracil and oxaliplaƟn (552,553). 

In the case of our compound, the binding constant to survivin is in the low micromolar 

range, while the maximum concentraƟon (Cmax) in blood of humans with doses used to 

treat psychosis is in the nanomolar range (554). This is a significant limitaƟon if we aim 

to repurpose the compound for clinical use in oncology. PharmacokineƟc studies of AM 

are necessary to determine whether the blood concentraƟon required for its anƟcancer 

effects can be achieved within the safety margins of its maximum concentraƟon in 

humans. Nevertheless, we have demonstrated the anƟtumor acƟvity of AM in vivo, with 

a tolerable safety profile, which supports its potencial, as well as it may pave the wayfor 

developing new analogs with improved pharmacokineƟc profiles. 
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An important characterisƟc of anƟpsychoƟcs such as AM is their ability to penetrate the 

blood-brain barrier (BBB), which may allow the use of AM for the treatment of brain 

tumor cancers or metastases. In this regard, some anƟpsychoƟcs have been studied for 

the treatment of glioma. Chlorpromazine in combinaƟon with temozolomide was 

evaluated in a phase II clinical trial as a first-line treatment in glioblastoma paƟents with 

unmethylated O6-methylguanine-DNA methyltransferase (MGMT) gene promoter. This 

trial reported a good safety profile and longer progression-free survival than expected in 

these paƟents (555). 

In adults, the benefits obtained by any anƟcancer treatment outweighs the side effects 

of the therapy. However, the potenƟal long-term effects of anƟcancer therapy have a 

higher impact in children. Moreover, since cancer incidence is much lower in the 

pediatric populaƟon, clinical trials of novel therapeuƟc strategies have fewer 

parƟcipants (556). Thus, the specific requirements for children make it difficult to find 

anƟcancer treatments for the pediatric populaƟon. AM is well tolerated in pediatric 

populaƟons with psychiatric disorders. Hence, its reposiƟoning as an anƟcancer drug 

could benefit paƟents with pediatric tumors with limited available therapeuƟc opƟons. 

Overall, AM is an anƟpsychoƟc drug with a great anƟcancer drug reposiƟoning potenƟal 

due to its target specificity, the ability to cross the BBB and the fact that pediatric paƟents 

may tolerate it, although the development of AM analogs may also be a good strategy 

to increase its potency, lowering the needed doses to treat cancer paƟents. 
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113 CONCLUSIONS 

1. Asenapine maleate exhibits cellular toxicity against a variety of human lung cancer 

cell lines, that are lung adenocarcinoma (A549), squamous cell lung carcinoma 

(SW900) and small cell lung carcinoma (DMS53), as well as against the murine Lewis 

lung carcinoma cell line LLC1 and primary lung cancer mouse cultures. AddiƟonally, 

asenapine maleate shows toxicity towards lung adenocarcinoma spheroids. 

2. Asenapine maleate disrupts survivin homodimerizaƟon, compromising survivin 

stability. 

3. Asenapine maleate selecƟvely decreases survivin levels in A549 lung 

adenocarcinoma and U87 MG glioblastoma cells without affecƟng XIAP protein, 

another structurally similar member of the inhibitor of apoptosis protein family. 

4. The anƟcancer effect of asenapine maleate is mediated by cell cycle arrest at the 

G0/G1 phase and the inducƟon of apoptosis. 

5. Asenapine maleate acts synergisƟcally with cisplaƟn, carboplaƟn and gemcitabine, 

sensiƟzing A549 lung adenocarcinoma cells to these chemotherapeuƟc agents. 

6. Asenapine maleate potenƟates cisplaƟn-induced apoptosis when administered in 

combinaƟon in lung cancer cells. 

7. Pretreatment with asenapine maleate before irradiaƟon induces morphological 

changes in cancer cells that are indicaƟve of senescence, such as increased cell size 

and loss of angular shape, as well as an increase in the cell cycle blockade induced 

by irradiaƟon. 

8. Asenapine maleate enhances the impairment of clonogenic ability induced by 

irradiaƟon in lung adenocarcinoma cells. 

9. Asenapine maleate treatment induces the release of damage-associated molecular 

paƩerns, which may potenƟally acƟvate an immune response in vivo against tumor 

cells. 

10. Asenapine maleate shows a favorable safety profile in mice at doses below 20 mg/kg, 

and impairs tumor growth in mouse models. 
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11. Asenapine maleate enhances cisplaƟn-induced apoptosis in A549 cells, sensiƟzing 

cancer cells to chemotherapy. 

12. The combinaƟon of cisplaƟn and asenapine maleate significantly reduces tumor 

growth in different syngeneic as well as immunocompromised mouse models, paving 

the way for potenƟal reposiƟoning of this drug and/or the development of novel 

analogs. 
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