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ABSTRACT 
 
Lung cancer is the leading cause of cancer-related deaths in our society due to the 

inefficiency of early detection strategies and the high rate of treatment failure. Therefore, 

a better understanding of the mechanisms underlying its origin and the response to 

current treatment paradigms are crucial to improve lung cancer survival. Cellular 

senescence is a powerful tumour-suppressive mechanism whereby cells stably enter a 

cell-cycle arrest in response to oncogenic stress. However, the accumulation of senescent 

cells can alter the tumour microenvironment through a strong paracrine secretion of 

factors that can lead to detrimental and tumour-promoting effects. Intriguingly, 

senescence has been reported to be a defining feature of early lesions in Non-Small Cell 

Lung Cancer (NSCLC), a subtype that accounts for over 80% cases of lung cancer. In 

addition, senescence has also been reported to occur in response to the standard of 

treatment for this disease. It is thus conceivable that senescence may play a role in the 

origin and progression of this disease, despite a causal connection remains to be 

deciphered. Pharmacologic therapeutics that preferentially target senescent cells, known 

as senolytics, have been successful in preventing and even reversing senescence-driven 

detrimental effects in multiple pathological processes. However, their suboptimal 

specificity and toxicities hamper their clinical translation. Therefore, the targeting of 

senescent cells through the development of second-generation senolytics that can 

overcome these obstacles has the potential to revolutionise cancer treatment. The aim 

of this work is to define the role of cellular senescence at the origin and progression of 

lung cancer and in response to chemotherapy, and to develop safer and more effective 

therapeutic approaches to eliminate senescent cells in the context of lung malignancies. 

In this thesis, we studied the accumulation of senescent cells during the 

development of lung adenocarcinoma using a KrasG12V-driven lung cancer mouse model. 

We demonstrate that senolytic treatment of early lesions results in a significant reduction 

in lung tumour burden and increased survival, providing evidence of the tumour-

promoting effect of senescence in early stages of NSCLC. Our research also reveals that 

platinum-based chemotherapy of human and murine lung adenocarcinoma cells induces 
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senescence, which in turn promotes malignant phenotypes on untreated cancer cells in 

a paracrine manner in vitro, in xenografts and in orthotopic models of lung 

adenocarcinoma. Through high throughput unbiased transcriptomic and proteomic 

approaches, we show that secreted TGF-β ligands activate the Akt/mTOR pathway in 

untreated cells resulting in enhanced tumour growth. We further demonstrate that 

senolytic treatment and pharmacologic inhibition of TGFβR1 in tumours can prevent 

increased proliferation and enhance survival of lung tumour-bearing mice. In order to 

develop a novel approach for improved senolytic treatment, we show that the galacto-

conjugation of senolytic ABT-263 (navitoclax) in the form of an activatable pro-drug 

significantly enhances cytotoxicity in combination with cisplatin, resulting in reduced lung 

cancer tumour growth. Importantly, our approach demonstrates decreased navitoclax-

associated toxicities, including platelet apoptosis in human and murine blood treated ex 

vivo and decreased thrombocytopenia in mouse lung cancer models.   

In summary, this PhD thesis provides evidence of the incidence and role that 

cellular senescence plays in promoting the progression of early and advanced NSCLC and 

demonstrates that cisplatin chemotherapy drives pro-tumorigenic phenotypes in a 

paracrine fashion, which can be prevented with senolytic and TGFβR1 inhibitory 

treatments. Lastly, it proposes a novel second-generation therapeutic approach to 

mitigate senolytic toxicities and enhance the efficiency of targeting senescence in the 

context of lung cancer.   
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SDS sodium dodecyl sulphate  

SPC Surfactant protein C 

SSC side scatter 

TBS tris buffered saline 

TBS-T tris buffered saline with Tween 20 



XXIII 
 

TERT telomease reverse transcriptase 

TFs transcription factors 

TGF-b transforming growth factor-beta 

TLR3 toll-like receptor 3 

TMRM tetramethylrhodamine, methyl ester 

TNM tumour-node-metastasis system 

TS tumour suppressor 

TTF-1 thyroid transcription factor-1 

WT wildtype 

 





 

 1 

CHAPTER 1: 
GENERAL INTRODUCTION 

 
 

 

1.1. The lung 

 

1.1.1. Anatomy and physiology of the lung 

 

The lungs are a complex and highly specialised paired organ that allow for oxygen and 

carbon dioxide gas exchange in order to oxygenate the blood. They are located in the 

thoracic region, above the diaphragm, divided by the heart and surrounded and 

protected by the pleural membrane. The left human lung is structurally divided into two 

lobules, while the right one is divided into three. In contrast, the murine right lung is 

divided into four lobes, while the left one is comprised of just one. Despite these 

differences, the function and structure of the lower respiratory tract is largely conserved 

between the two species [1].  

The lower respiratory tract comprises the conducting airways that drive the air 

from the trachea into the respiratory zone and vice versa. The trachea branches into the 

two primary bronchi, which then enter the lungs and continue to subdivide into 

bronchioles (Figure 1.1). Each of the lobules contains a branch of terminal bronchioles 

that eventually give rise to different respiratory bronchioles, which then in turn divide 

into the alveolar ducts. Within each duct, the primary functional units of gas exchange 

known as alveoli are clustered into alveolar sacs, and they are separated from one 

another by a layer of epithelial cells overlaid by small capillaries that carry blood from 

other parts of the body (Figure 1.1). There are two main types of cells in the alveoli: (1) 

alveolar type I cells (AT1), which allow the gas exchange and account for around 95% of 

the total alveolar surface area, and (2) alveolar type II cells (AT2), whose main role is the 

production of surfactant to control surface tension in the alveoli.  Of note, these cells 

have also been reported to proliferate and divide, giving rise to type I alveolar cells and 
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providing alveoli homeostasis upon damage. In addition to these cell types, alveolar 

macrophages also reside within the inner surface of the alveoli and provide crucial 

immune surveillance. Overall, however, there are more than 40 different cell types in the 

lungs, which not only provide a structural and functional interface to allow gas exchange, 

but also serve as physical barriers against pathogens, synthesise host-defence 

compounds, remove particles and pathogens and release cytokines and chemokines to 

enable crosstalk with immune cells [1] (Figure 1.1).  

Given the nature and function of the lungs, these organs are particularly exposed 

to potentially toxic chemicals or substances, infectious organisms and damaging debris. 

Despite the robust physiology in the lungs, these environmental factors can substantially 

contribute to the development of inflammatory processes and the acquisition of genetic 

mutations that can give rise to neoplastic lesions and tumorigenesis.  

 

 

 

Figure 1.1. Respiratory tract anatomy and cell components of the respiratory system. The lower 

respiratory tract includes the trachea, bronchi, bronchioles and alveoli. In the lung, each bronchus divides 

into bronchi and continues to branch into smaller airways (bronchioles). The bronchioles end in the alveoli 

which form alveolar sacs. Tracheobronchial airways are formed by pseudostratified epithelium harbouring 

basal, ciliated, and secretory club cells. Intralobular bronchioles are lined by a simple columnar epithelium 

containing ciliated and club cells. The alveoli are lined by squamous AT1 and cuboidal AT2 cells. Alveolar 
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epithelial cells are closely associated with mesenchymal cells such as fibroblasts and endothelial cells. PNEC: 

pulmonary neuroendrocine cells. Picture created in BioRender.com. 

 

1.1.2. Lung cancer 

 

Lung cancer is the deadliest type of cancer around the world, accounting for more deaths 

than the three most common cancers (colon, breast and pancreatic) combined, and 

approximately 13% of all new cancers each year. The prognosis for lung cancer is very 

poor. In the UK, only around 16% of patients will survive 5 years post-diagnosis, and less 

than 10% will survive 10 years post-diagnosis [2]. 

The underlying processes promoting malignant transformation in the lung remain 

poorly understood. Despite lesions preceding the cancerous state and early stages of 

lung cancer have been defined, less is known about their nature and vulnerabilities, and 

as a consequence, the available tools for early diagnosis developed so far have not been 

efficient enough to tackle the disease. In addition, early stages of the disease are usually 

characterised by the absence of signs or symptoms. Only in later stages of lung cancer, 

patients generally display symptoms such as dyspnoea (shortness of breath), 

haemoptysis (coughing up blood) and a persistent cough [3]. As a result, almost three 

quarters of the patients are incidentally diagnosed at stages III and IV of lung cancer [4]. 

This delay in diagnosis is associated, as in many cancers, with a significantly worsened 

prognosis, and is thus believed to significantly contribute to the low five-year relative 

survival of lung cancer patients.  

It is widely accepted that smoking is the main risk factor for lung cancer, 

accounting for up to 80% of the cases. Other lung cancer risk factors include exposure to 

radon and certain chemicals such as asbestos, silica and exhaust fumes, air pollution and 

previous lung conditions and diseases, including tuberculosis, pulmonary fibrosis and 

chronic obstructive pulmonary disease (COPD) [5]. Despite having a family history of lung 

cancer does increase the risk of lung cancer, lung damage is the most eminent risk factor 

in lung tumorigenesis. In this context, the association between chronic inflammation 

derived from unresolved injury and the increased risk of lung cancer is indeed well 

described [5], further supporting its impact in lung tumorigenesis. 
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1.1.2.1. Lung cancer classification and clinical features 

 

Lung tumours are classified into two major histological subtypes: non-small cell lung 

cancer (NSCLC), which accounts for almost 85% of all the cases, and small cell lung cancer 

(SCLC). NSCLCs are in turn further divided into three different subtypes, namely 

squamous cell carcinoma (SCC), large-cell carcinoma (LCC) and adenocarcinoma (ADC) 

[6]. 

SCC is characterised by a marked differentiated phenotype, defined by the 

expression of SOX2 and p63 transcription factors and cytokeratin 5 and 6. Probably given 

its highly differentiated status, SSC is poorly metastatic in comparison to other subtypes 

of lung cancer, as well as it is highly heterogenous. If the tumour does not present a 

histological phenotype and markers specific to SCC or ADC, such as thyroid transcription 

factor 1 (TTF-1) and p40 [7], it is classified as LCC. In contrast with SSC, cancer cells in LCCs 

are poorly differentiated, and therefore have a higher ability for proliferation, 

progression and metastasis at earlier stages compared to other NSCLCs. This is likely to 

be the underlying reason why prognosis for LCC patients is particularly poor, with a five-

year relative survival of approximately 13-21% [8]. 

ADC accounts for nearly 40% of all lung tumours around the world and it is 

therefore the most common subtype of NSCLC [9]. Histologically, mucin-producing 

cancerous glandular structures are one of the main features of ADCs. Of note, the 

morphology of these glands is highly heterogeneous and can drastically differ between 

tumours, from micropapillary formations to well-established acini. ADCs usually develop 

in the periphery of the lungs and express the biomarkers TTF1 and KRT7. In addition, 

ADCs are highly aggressive and metastatic, which contributes to the high mortality of ADC 

patients. Nearly 8% of patients present with lung cancer cell invasion into the pleural 

cavity in early stages [10], as well as metastasis to the brain and other distant tissues are 

very common.  

Lung ADC will be the main focus of this thesis.  

 

 



GENERAL INTRODUCTION 

 5 

1.1.2.2. NSCLC tumorigenesis and progression 

 

Recent advances in technologies such as next-generation sequencing (NGS) have 

provided greater insights into lung cancer most common mutations. Notably, a 

comprehensive whole-exome sequencing of 230 patients allowed the breadth of the 

array of mutations in ADC, with alterations detected in a total of 18 common genes [11]. 

Of note, the most frequently mutated gene was TP53 (47%), which encodes for the 

tumour suppressor protein p53. Other commonly mutated tumour suppressor genes 

were STK11 (17%), KEAP1 (17%) and NF1 (11%). More generally, further alterations were 

also detected in various oncogenes, such as KRAS (32%), EGFR (11%), BRAF (7%), ROS1 

(1.7%) and ALK (1.3%) [11].  

With the identification of these mutations, many of them have been proposed for 

prognostic evaluation as well as for response prediction to particular treatments. 

Nevertheless, except for very few of them (such as EGFR mutations and EML4-ALK 

translocations), they have all failed to be translated into the clinic. It is for this reason that 

histological subtyping and grading remain the basis of most clinical evaluations. 

The current consensus sequence of the development of lung adenocarcinoma 

comprises three preneoplastic lesions or stages: (I) atypical adenomatous hyperplasia 

(AAH), characterised by the growth of atypical epithelial cells with a slight thickening of 

the alveolar wall; (II) adenocarcinoma in situ (AIS) and (III) minimally invasive 

adenocarcinoma (MIA), with a small focus of invasion (usually smaller than 5 mm of 

diameter) (Figure 1.2) [12, 13]. Importantly, most stages of human lung cancer have been 

reported to be accurately recapitulated in lung cancer mouse models widely in use in 

research [14], where the development of lung adenocarcinoma comprises hyperplasia 

(corresponding to AAH), low- and high-grade adenoma (a stage that correlates to AIS or 

MIA, depending on its progression) and adenocarcinoma (human lung ADC). 
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Figure 1.2. Histological representation of the different pre-cancerous lesions of ADC.. AHH is the first 

histological alteration featured by the proliferation of rather atypical epithelial cells surrounding the 

parenchyma. AIS is characterised by atypical cells with an increased size surrounding an intact alveolar wall 

in the periphery of the lesion. Towards the centre of it, the wall becomes more thickened and the cellular 

atypia is more marked and distinct. In MIA lesions, wall thickening and atypia are even more pronounced, 

increasing with progression from the periphery (zone 1) towards the centre (zones 2 and 3). Importantly, MIA 

exhibits a small focus of invasion in its centre (zone 4). Picture adapted from [15].  

 

 
Despite a general characterisation of pre-neoplastic lesions during ADC 

development has long been recognised [16], the underlying biological mechanisms 

driving malignant transformation and progression remain poorly understood. The study 

of lesions found to be associated with malignancies or in individuals with an increased 

risk for cancer development, as well as the identification of genetic similarities between 

advanced tumours and pre-malignant lesions have shed some light onto the nature of 

early lung ADC development. This has not only allowed the description of the sequential 

pre-neoplastic steps in lung cancer as presented above, but also their general histology 

and molecular pathology [16, 17]. For instance,  abnormal expression of p53 appears to 

be increased in AAH [16], and up to 40% of this type of pre-neoplastic lesions have also 



GENERAL INTRODUCTION 

 7 

been reported to display KRAS mutations on codon 12 [17]. Nevertheless, only a limited 

number of molecular alterations have been described, and many processes in lung 

tumorigenesis remain to be elucidated.  

In this context, the identification of the cell or cells that give rise to NSCLC, as well 

as the molecular and cellular processes promoting its progression, still remains a 

challenge. The significant genetic alterations and the heterogeneity of the histological 

subtypes found in the tumours are major confounding factors [6]. Initial observations 

pointed at bronchioalveolar stem cells (BASCs) as potential precursors of lung tumours 

in vivo following oncogenic Kras activation [18]. However, successive studies that targeted 

oncogenic Kras to specific cell types markers showed that BASCs cells were only able to 

give rise to bronchiolar hyperplasias but did not progress to more malignant stages [19]. 

In addition, subsequent reports showed that adenocarcinomas only derived from 

surfactant protein C (SPC)-expressing AT2 cells in the alveoli upon Kras activation or Pten 

loss [18, 20, 21]. It is since then believed that lung adenocarcinomas most likely arise from 

AT2 cells [22-24], but it is worth noting that these studies are the result from the targeted 

activation of a single oncogene or the loss of a single tumour suppressor in such specific 

cell type. It is thus conceivable that other oncogenic mutations, insults or drivers that 

occur in alternative cell types, or a combination of them, can also lead to the development 

of lung adenocarcinoma. In addition, it remains largely unknown how these acquired 

mutations drive the progression of the disease in the early stages. Further work is 

therefore needed to elucidate not only the cell of origin of lung adenocarcinoma, but also 

the intrinsic and extrinsic mechanisms in the niche whereby this cell gives rise to a 

tumour and tumorigenesis is ensued and supported. 

 

1.1.2.3. NSCLC management 

 

Except for tumours that present known driver mutations or fusion proteins, including 

EGFR-TK, ALK and ROS-1, for which specific targeted therapies are available and under 

extensive clinical development, lung cancer management currently depends on the stage 

at which it is diagnosed and the general health of the patient [25]. Staging of NSCLC is 

performed using the Tumour-Node-Metastasis (TNM) classification system. For patients 
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diagnosed at stages I-III, surgery and platinum-based systemic adjuvant or neoadjuvant 

therapy, sometimes in combination with radiotherapy, constitute the standard of care 

treatment. More than half of the patients, however, present with stage IV disease, for 

which the indicated first-line standard management if the PD-L1 levels detected in the 

tumour is lower than 50% is platinum-doublet chemotherapy (cisplatin or carboplatin in 

combination with third-generation chemotherapy agents, such as docetaxel, paclitaxel or 

pemetrexed) [25]. In addition, the same combination of chemotherapy is indicated as a 

second-line regime when targeted therapies fail. Overall, a large proportion of lung 

cancer patients receive chemotherapy, and most relapse within 2 years after treatment 

and die from systemic metastases, which indicates flaws in the current standard of care 

of lung cancer [3]. 

Cisplatin, also known as cisplatinum, is a chemotherapeutic drug that enters the 

cell by binding to CTR1 copper membrane transporter. Once inside the cell, the chloride 

atoms in the molecule are displaced by water molecules, which makes it become a very 

potent electrophile and therefore it is considered to become activated, as it can react 

with any nucleophile. Cisplatin binds to the N7 reactive centre of purine residues and 

causes DNA damage within cells, blocking cell division and inducing apoptosis or cellular 

senescence. Depending on the amount of drug, the adducts formed as a result of cisplatin 

DNA damage are GpG (90%) or ApG (<10%), although GpXpG are sometimes also formed 

and they are a sign of severe cytotoxicity [26]. Cisplatin-based chemotherapeutic 

regimens for the treatment of lung cancer were first implemented in the 1970s, and they 

have since then been pivotal in the management for NSCLC as a single agent and in 

combination with second- and third-generation agents [27]. 

Docetaxel is an antineoplastic agent that acts by disrupting the microtubular 

network in cells that is essential for mitotic and interphase cellular functions. It binds to 

free tubulin and promotes the assembly of tubulin into stable microtubules while 

simultaneously inhibiting their disassembly. This leads to the production of microtubule 

bundles without normal function and to the stabilisation of microtubules, which results 

in the inhibition of mitosis in cells, therefore leading to cell death or senescence [28]. 

Docetaxel as a single agent is indicated for the treatment of patients with locally advanced 
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or metastatic non-small cell lung cancer, after failure of prior platinum-based 

chemotherapy [25]. 

Alternative chemotherapeutic drugs which are effectively used to treat other 

cancers are also being assessed for the treatment of lung cancer, such as the selective 

CDK4/6 selective inhibitor palbociclib. By targeting CDK4/6, this drug results in RB 

hypophosphorylation and inhibits the cell cycle, effectively inducing cellular senescence 

in tumour cells [29]. Palbociclib is currently under evaluation in a Phase I clinical trial in 

combination with the MEK inhibitor PH-0325901 to determine the maximally tolerated 

dose. The aim is to study the effect of this treatment for cancers with KRAS mutations for 

non-small cell lung cancer (NCT02022982). It is also under examination in a Phase II 

clinical trial as a second-line therapy in treating cell cycle gene alteration positive patients 

with recurrent stage IV squamous cell lung cancer (NCT02785939).  

As stated earlier, despite significant changes and advances over the past decades 

in NSCLC management, benefits have been limited to a subset of advanced patients, and 

the low rate of lasting responses together with the emergence of treatment resistance 

remain a concern. The mechanisms whereby chemotherapeutic agents like cisplatin, 

docetaxel and palbociclib exert their anti-tumorigenic effects have been extensively 

studied in vitro. However, despite recent advances have shed light into the effects of 

different anti-cancer treatments at the genetic and transcriptomic levels [30, 31], the 

physiological response to chemotherapy at the cellular and microenvironmental layers 

remains largely unclear. Consequently, continued research is important to obtain an 

enhanced perception of the tumour biological response to chemotherapeutic therapies, 

in order to overcome complications from ineffective tumour response and treatment 

failure.  

 

1.1.2.4. Mouse models of lung cancer 

 

Despite noticeable functional, physiological and structural differences between the 

human and murine lung [32], mouse models have been demonstrated to be valuable 

tools to recapitulate human disease and allow a better understanding of the underlying 

mechanisms. To date, a wide array of lung cancer models have been developed to mimic 
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both human NSCLC and SCLC tumorigenesis in mice, including genetically engineered 

models, chemically-induced lung cancer models, strains that have a higher predisposition 

to developing lung cancer spontaneously and subcutaneous and orthotopic 

transplantation models using both mouse and human lung cancer cells [33, 34]. While 

the nature of the molecular changes that occur in human lung cancer development still 

remains to be fully elucidated, both the histological and genetic profiles of the developing 

tumours can be at least partially recapitulated in murine systems.  

 A wide range of genetically-engineered mouse models of lung cancer have been 

developed, with the use of different cell-specific promoters and other inducible systems 

that allow the spacial-temporal control of the activation or loss of the oncogene/tumour-

suppressor that will initiate tumorigenesis in the lung. These have been designed largely 

based on recombination systems, such as the Cre/Lox and FLP/frt technologies, which 

induce the expression of mutated versions of genes that been generated to mimic lung 

cancer development, including Kras, Tp53, Egfr and Braf, among others [35].  

In this study, the genetically engineered FLP/frt-inducible Kras-driven lung 

adenocarcinoma and the KrasG12D;p53-/- orthotopically-transplanted mouse models were 

employed. 

 

1.1.2.4.1. Inducible model of NSCLC: Kras-FSF-G12V 

 

Transgenic or genetically engineered mouse models rely on the introduction of 

dominantly acting oncogenes, or the loss of tumour suppressors, linked to appropriate 

regulatory or tissue-directed tools with the aim to target their altered expression to a 

specific tissue or cell type in a timely manner. It is widely accepted that for a tumour to 

develop, a sequence or combination of acquired mutations is needed, following the 

multistep model of tumorigenesis described by Hanahan and Weinberg [36]. While we do 

not have a full detailed landscape of the mutations that occur in the human lung and their 

specific sequence [37], the analysis of well-defined human lesions at different stages of 

NSCLC progression has allowed a deeper understanding of the early and late events in 

adenocarcinoma development. Despite the order of such events in human lung NSCLC is 

hard to establish, it is believed that the most frequent mutations found in patient 
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samples, such as TP53 and KRAS mutations, are most likely the main drivers during early 

events of tumorigenesis. 

 Genetically modified Kras mouse models are the most commonly and successfully 

used models in lung cancer research, and a wide array of these models have been 

developed since 2001, with varying mutations, method of oncogene expression 

induction, phenotypes and tumour latency times [38].  Around 91% of the activating KRAS 

mutations in human NSCLC occur in the glycine residue of codon 12 of exon 1 (G12). Of 

these, approximately 44% result in the substitution by a cysteine (G12C), 23% in the 

substitution by a valine (G12V) and 17% by aspartate (G12D) [39].  

 The KrasFSF-G12V mouse model was developed by Barbacid’s laboratory through the 

insertion of an frt-flanked PGK-neo-STOP cassette upstream of the endogenous Kras 

initiation codon and the simultaneous introduction of two point mutations, resulting in a 

G12V mutation [40]. As shown in Figure 1.3a, this insertion primarily prevents the 

expression of endogenous Kras, meaning the KrasFSF-G12V allele is null and thus 

homozygous KrasFSFG12V embryos are non-viable. In order to induce lung cancer 

development in this model, heterozygous KrasFSFG12V/+ mice are infected with adenoviral 

particles expressing FLP Recombinase (Adeno-FLp) via intranasal or intratracheal 

instillation. When the particles infect the cells in the lungs, the FLP recombinase is 

synthesised and cleaves the STOP region flanked by frt sequences upstream the Kras 

initiation codon, allowing the expression of mutant KrasG12V under the constitutively 

expressed PGK promoter (Figure 1.3b). The aberrant expression of KrasG12V results in the 

continuous activation of the Ras-Raf-Mek-Erk signalling cascade, which activates essential 

genes implicated in cell growth and division (Figure 1.3c). Of note, the development of 

lung adenocarcinoma in the Kras-driven model was reported to be transcriptionally and 

histologically analogous to that of human ADC [14], rendering it a very useful tool to 

model human lung cancer progression in vivo.   
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Figure 1.3. Description of the KrasFSF-G12V inducible model of NSCLC. a. Diagram depicting single missense 

mutation described as KrasG12V, which results in the substitution of a glycine amino acid by a valine residue 

that is normally translated as part of codon 12 of exon 2 in Kras. As described above, approximately one in 

five KRAS alterations in human NSCLC follow this substitution. b. Graphical representation of the FSF-G12V 

construct and how the administration of Ad-Flp viral particles drives the expression of Kras-G12V  in the target 

tissue. c. Constitutively active oncogenic KrasG12V drives the aberrant overactivation of the Ras-Raf-Mek-Erk 

signalling cascade, resulting in uncontrolled cell growth and division.  

 

1.1.2.4.2. Orthotopic model of NSCLC: KrasG12D;p53-/- 

 

Orthotopic murine models of lung cancer are valuable tools that can present significant 

advantages over genetically engineered mouse models. While in the latter the 

development of tumours usually takes up to several months, orthotopic models provide 

rapidly growing lung cancer tumours in significantly shorter timeframes. In addition, 

compared to xenograft models, orthotopic transplantation of cancer cells allow for the 

investigation of relevant in vivo processes and mechanisms in a more relevant tissue and 

microenviroment [41]. In this thesis, we employ an orthotopic model described and 

validated in detail by Kerr and colleagues [42] through the transplantation of murine 

cancer cells harvested from advanced lung tumours from KrasG12D/+;p53-null mice [43]. 
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Importantly, however, this model might not recapitulate normal lung cancer progression 

as faithfully as genetically-engineered mouse models, given the rapid nature of the 

development of the lesions. In addition, sublethal irradiation is needed prior to 

transplantation to avoid tumour cell rejection, which may also represent significant 

differences compared to genetically-engineered models, where the immune system 

remains unaltered.  

 

1.2. Cellular Senescence 

 

1.2.1. Definition of cellular senescence 

 

In 1961, a seminal study by Leonard Hayflick and Paul Moorhead introduced cellular 

senescence for the first time, and described it as a state of irreversible cell cycle arrest 

after observing that serial passaging of human diploid fibroblasts resulted in replicative 

exhaustion [44]. This was followed by an additional report, where the “Hayflick limit”, 

referring to the maximum number of potential cell doublings of cells in vitro, was 

established [45]. The limited proliferative capacity was subsequently attributed to the 

gradual attrition of the telomeres at both ends of the chromosome that occurred through 

gradual division [46]. However, research over the past decades has demonstrated that 

this cell programme can be induced by many different triggers, and the concept, 

perception and understanding of the biology of senescence has greatly evolved over the 

years.  

As of today, senescence is described as a cellular programme characterised by a 

stable cell-cycle arrest elicited in response to multiple types of damage and stress, and, 

generally, by the implementation of a complex pro-inflammatory secretory phenotype. 

Despite being elicited by different insults, several traits and mechanisms are generally 

preserved among the different types of senescence, and they constitute the so-called 

hallmarks of senescence (Figure 1.4) [47, 48]. This stable proliferative arrest at the G1 

phase of the cell cycle is driven by the activation and cooperation of different proteins 

involved in the p21CIP1/p53 and p16INK4a/Rb pathways [49, 50]. Senescent cells also present 

epigenetic changes and chromatin reorganisation, which includes the formation of well-
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established structures named SAHFs (Senescence-Associated Heterochromatin Foci) [51] 

and DNA-SCARS (DNA Segments with Chromatin Alterations Reinforcing Senescence), as 

well as the disruption of the nuclear membrane by the downregulation of Lamin B1 

expression and the presence of more than one nucleus in the cell (multinucleation) [52, 

53]. These chromatin alterations derive from distinct histone modifications, including 

elevated trimethylation of lysine 9 or lysine 20 on histone H3 (H3K9me3 or H3K20me3) 

[54, 55]. 

In addition, senescent cells are characterised by metabolic changes and the 

accumulation of macromolecular damage, which results in higher ROS levels and 

dysfunctional mitochondria [56]. An additional hallmark is the well described resistance 

to apoptosis, which results from the upregulation and activation of pro-survival signalling 

pathways [57, 58]. Senescent cells also display an increased lysosomal compartment and 

the overexpression of SA-β-gal (Senescence-Associated β-galactosidase) [59], resulting in 

an enzymatic activity commonly used for the detection of senescence through a 

colorimetric reaction in vitro and in tissues. The senescent programme also features the 

implementation of a strong paracrine secretion of factors (including cytokines, 

chemokines, proteases, growth factors and other tissue remodelling factors) affecting the 

surrounding tissue, termed SASP (Senescence-Associated Secretory Phenotype) [60-62]. 

Further to these traits, senescent cells in vitro generally present a flattened and enlarged 

cellular morphology, probably derived from the adoption of a number of structural and 

metabolic changes. Finally, senescent cells have more recently been described to induce 

the expression of what is now surging as the senescent surfaceome (Figure 1.4) [63]. 

While all these elements are strongly associated to the senescent phenotype, they 

may not always be present or detected in senescent cells, as the majority are not 

exclusive nor indispensable for the implementation of the senescent programme, except 

for the cell cycle arrest. As a consensus in the field, the presence of more than two of the 

hallmarks described are generally sufficient to confirm the induction of cellular 

senescence in vitro and in vivo, as long as a stable cell cycle arrest is assessed. 

For decades, cellular senescence has been described as a biological mechanism 

related to ageing and essentially aimed at preventing the growth of potential 

premalignant cells. However, during the past few years, it has become evident that this 
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process involves more than a simple loss of proliferative capacity, which has put 

senescence in the spotlight for a wide number of physiological and pathological 

processes [64], which will be dissected in the following sections.  

 

 
 

Figure 1.4. Hallmarks of cellular senescence. Several morphologic, metabolic and biochemical changes 

have been described in senescent cells, which are generally used for the detection and validation of the 

senescent phenotype in vitro and in tissues. These traits include the increased expression of lysosomal SA-

β-gal, the upregulation of key cell cycle regulators, including p16Ink4a, p21CIP1 and p53, epigenetic markers of 

chromatin reorganisation and DNA damage (SAHFs and DNA-SCARS), disrupted integrity of the nuclear 

envelope due to decreased levels of lamin B1, upregulation of pro-survival pathways that result in apoptosis 

resistance, increased intracellular ROS levels and metabolic shifts, and the implementation of a strong 

secretion of factors, chemokines and metalloproteases termed SASP. DNA-SCARS, DNA segments with 

chromatin alterations reinforcing senescence; SA-β-gal, senescence-associated β-galactosidase activity; 

SAHFs, senescence associated heterochromatic foci; SASP, senescence-associated secretory phenotype. 
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1.2.2. Mechanisms of cellular senescence 

 

Depending on the trigger or the insult that a dividing cell receives, the senescent 

programme can be generally classified into different types, including, but not limited to: 

(i) replicative senescence, which takes place when telomeres shorten or become 

dysfunctional after a number of replications [65]; (ii) stress-induced senescence, which 

can be further subdivided into different types including chemotherapy-induced 

senescence [66], DNA damage-induced senescence [67] or oxidative stress-induced 

senescence [56], and (iii) oncogene-induced senescence, which occurs after the activation 

of an oncogene, such as RAS, or the loss of a tumour suppressor, such as PTEN [68]. 

Despite being triggered by different mechanisms, the molecular cascades that are 

activated in response (including DNA-damage response (DDR) [69] and mitogen-activated 

protein kinase (MAPK) pathways [70, 71]) mostly converge in the activation of the tumour 

suppressor p53 and the cyclin-dependent kinase (CDK) inhibitors p16 (or INK4A), p21 

(CIP1/WAF1), p15 (also known as INK4B) and p27 (see  [50] for review). This ultimately 

results in a permanent cell cycle arrest, in the G1 cell-division phase, which is further 

reinforced by the hypo-phosphorylation of the tumour suppressor protein 

retinoblastoma (pRB) (Figure 1.5) [50].  

When halted, unlike quiescent cells, senescent cells remain refractory to external 

mitogenic signals. Importantly, despite senescent cells can no longer replicate, they 

remain metabolically active, exerting a complex secretome that includes a wide number 

of pro-inflammatory cytokines, growth factors and matrix proteases. 
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Figure 1.5. Molecular pathways of cellular senescence. Most senescence-inducing triggers converge in 

the activation of the cell-cycle inhibitor pathways p53/p21 and/or p16INK4a. These result in the inhibition of 

cyclin-dependent kinase 1 (CDK1), CDK2, CDK4 and CDK6 which prevents the phosphorylation of the 

retinoblastoma protein (RB), leading to the suppression of S-phase genes and an ensuing stable cell cycle 

arrest. DNA damaging triggers activate the DNA-damage response (DDR) pathway resulting in the activation 

of p53 and p21. Ageing and epigenetic de-repression of the Ink4a/ARF locus also lead to the activation of cell 

cycle inhibitors p16 and p21. ROS lead to the activation of the MAPK signalling pathway and its downstream 

effector p38. The aberrant expression of oncogenes or the loss of tumour suppressors lead to p53 activation 

through the Ras-Raf-MEK-ERK or AKT signalling pathways, and TGF-β, and important factor of the SASP, leads 

to p15, p21 and p27 upregulation via SMAD signalling. Other triggers such as developmental cues and 

polyploidy activate the AKT, SMAD and/or Ras-Raf-MEK-ERK pathway for p21 upregulation, while processes 

such as cell fusion signal through the DDR for p53 activation.  

 

 

1.2.3. The Senescence-Associated Secretory Phenotype (SASP) 

 

This newly adopted cellular status is referred to as the Senescence-Associated Secretory 

Phenotype (SASP), a complex secretome that is orchestrated by the activation of various 

signalling pathways, including key drivers such as the mammalian target of rapamycin 
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(mTOR) [72, 73], the mitogen-activated protein kinase (MAPK) signalling [74], the 

phosphoinositide 3 kinase (PI3K) pathway [75], Notch signalling pathway [76] and 

GATA4/p62-mediated autophagy [77] (Figure 1.6). Despite the diversity in downstream 

activated cascades, most drivers have shown to converge in the activation of the NF-κB 

and the CCAAT/enhancer binding protein beta (C/EBPß) transcription factors pathways 

[78] (Figure 1.6). This results in the transcription, translation and secretion of a wide array 

of cytokines, chemokines, growth factors and proteases forming a local inflammatory 

milieu that attracts the immune system in order to resolve the damage created by the 

insult, while other factors impact nearby cells and contribute to signalling and 

intercellular communication processes. Some of the factors reported to be part of the 

SASP include the cytokines interleukin-6 (IL-6) and IL-8, IL-1α and IL1-β, transforming 

growth factor-β (TGF-β), TNFα, monocyte chemoattractant proteins (MCPs), granulocyte-

macrophage colony-stimulating factor (GM-CSF), serine proteases and 

metalloproteinases, such as urokinase plasminogen activator and MMP-3 (reviewed in 

[79]).  

 
Figure 1.6. Regulation of the inflammatory SASP in the induction of cellular senescence. SASP 

implementation is orchestrated by the activation of the transcription factors NF-κB and C/EBPß through 

upstream signalling pathways. DNA-damaging agents, ROS and OIS generally activate the expression of SASP 
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TFs via the AKT and/or the Ras-Raf-MEK-ERK axis. In addition, DNA fragments are also known to trigger the 

activation of the cGAS/STING signalling, resulting in the activation of the IRF3 TF and subsequent transcription 

of Type 1 IFN. OIS-derived SASP is dynamic and can also be orchestrated by NOTCH signalling, a process that 

restrains the inflammatory secretion by inhibiting C/EBPß at initial stages, and allows the activation of SASP-

related super enhancers through NF-κB later on. Finally, accumulating increased levels of TFs reinforce the 

senescent phenotype through autocrine and paracrine signalling. SASP-derived inflammatory chemokines 

such as IL-6 and IL-8 promote epigenetic modifications reinforcing the cell cycle arrest through the JAK/STAT 

cascade, while IL-1! stimulates the activity of NF-κB and C/EBPß promoting a positive feedback loop on the 

secretion of other cytokines. ATM/ATR, ataxia-telangiectasia mutated and Rad3-related homologue; IFN, 

interferon; OIS, oncogene-induced senescence; ROS, reactive oxygen species; SASP, senescence-associated 

secretory phenotype; TFs, transcription factors; TS, tumour suppressor. 

 

The array of pleiotropic effects that cellular senescence can have in surrounding 

cells have been mostly attributed to the implementation of this secretory phenotype. It 

is believed that when senescence takes place in an acute manner, in response to an 

intense and sudden insult, such as oncogene activation and occasional physical or 

chemical damage (including chemotherapy), SASP production promotes tissue 

regeneration, immunosurveillance and has an overall beneficial and tumour-suppressing 

impact (Figure 1.7). However, when the immune-driven senescence clearance is 

impaired, such as during ageing, prolonged and persistent damage or in certain 

pathological conditions, senescence accrual drives chronic inflammation, and the 

persistent secretion of SASP factors may promote several detrimental effects, including  

fibrosis, degeneration and even cancer promotion (Figure 1.7) (reviewed in [80]).  

Of note, the molecular processes governing these antagonistic effects, the factors 

responsible for them and the impact other elements may have on the resulting SASP 

remain broadly unknown. It remains to be fully elucidated to what extent the surrounding 

microenvironment, intrinsic cellular phenotypes or signatures or the senescence driver 

itself can determine the resulting secretion of factors that is implemented. A more refined 

understanding of the SASP is certainly needed in order to determine whether a certain 

insult or potential treatment may have beneficial or detrimental effects in our organism. 
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Figure 1.7. Unified model of the impact of resolved and unresolved senescence. Senescence is elicited 

in response to damage or stress and drives the recruitment of immune cells through the SASP to initiate a 

tissue remodelling and regenerative process. Recruited macrophages clear the senescent cells, and 

progenitor cells in the area subsequently repopulate and regenerate the damaged tissue. However, uoon 

persistent damage, stress or during ageing and certain pathological conditions, this sequence of senescence–

clearance–regeneration may be impaired. In such scenario senescent cells are not effectively cleared by the 

immune system and the tissue is not fully regenerated. Resolution of the damage in these cases involves a 

fibrotic scar with senescent cells, inflammatory cells and fibrotic tissue, resulting in chronic inflammation and 

the exertion of detrimental effects derived from senescence accrual. Adapted from [64]. 

 

1.2.4. Biological impact of cellular senescence 

 

Hayflick and Moorgate first described cellular senescence in fibroblasts as a phenomenon 

through which replicating cells reach their proliferative exhaustion and become arrested 

while metabolically active [44]. We now know that this observation relates to a particular 

type of senescence commonly referred to as replicative-induced senescence, which is 

implemented upon telomere shortening. However, as described earlier, a wide variety of 

stimuli, stressors and damaging factors can elicit the senescent response, and its 
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resulting biological impact significantly depends on the extent of the senescent burden, 

the physiological context, the tissue of origin and the senescent inducer itself. For this 

reason, cellular senescence is regarded as a double-edge sword, contributing to both 

beneficial and detrimental effects in the surrounding tissue in health and disease (Figure 

1.8).  

 

 
Figure 1.8. Antagonistic roles and functions of cellular senescence in physiology and pathology. 

Cellular senescence has been reported to play dual roles in physiology and disease. Senescent cells can 

implement a particular combination of factors as part of the elicited SASP that drives crucial developmental 

processes during embryogenesis, tissue repair and regeneration, and drive immune cell recruitment to 

promote immunosurveillance and tumour suppression. Importantly, the SASP can also induce cellular 

senescence in nearby cells, as well as it has also been reported to reinforce the senescent state and cell cycle 

arrest in an autocrine manner. Conversely, in chronic conditions, under persistent damage or stress and 

during ageing, as exemplified earlier via the unified model of resolved and unresolved senescence, the SASP 

can promote immune evasion, tissue dysfunction, chronic inflammation and even drive tumour promotion 

and metastasis.  
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1.2.4.1. Beneficial effects of cellular senescence 

 

Research in the past decade has provided compelling evidence of the presence and 

beneficial role of senescence in pathological and non-pathological conditions, where it 

has even been described to play key physiological roles. 

 A pivotal study demonstrated that senescent stellate cells restrict liver fibrosis by 

limiting the fibrogenic response to acute damage [81]. In addition to its role in limiting 

fibrosis, this work suggested the potential of cellular senescence to drive tissue repair. 

Indeed, functions related to tissue repair were subsequently reported by other groups, 

which demonstrate that senescent cells play a key role in wound healing through the 

secretion of SASP reparative factors, such as PDGF-AA in the context of cutaneous fibrosis 

[82, 83].  

In addition, senescence was also reported as a potential tissue regeneration driver 

when senescent cells were found accumulated in sectioned limbs in the salamander, an 

injury model that is able to fully regenerate them. It was then proposed that regeneration 

was driven by the recruitment of macrophages following the implementation of paracrine 

reparative signalling in senescent cells [84]. In addition to its roles in fibrosis restriction, 

tissue repair and regeneration, cellular senescence is also known to drive the acquisition 

of plasticity in surrounding cells, which in turn has been reported to drive the 

regeneration of different tissues, including the skeletal muscle [85], the skin and the liver 

[86].  

Intriguingly, cellular senescence has also been described as a key player during 

embryonic development, where it is more commonly known as developmentally-

programmed senescence and can regulate structural embryonic processes, remodelling 

and morphogenesis [87-89]. In adult tissues, programmed senescence has also been 

described in megakaryocytes and placental syncytiotrophoblasts, suggesting 

physiologically relevant functions in preventing myeloproliferative disorders and in 

placenta formation, respectively [90, 91]. 

In addition to fibrosis as described above, senescent cells have also been 

associated with several advantageous outcomes in other pathological conditions. For 

instance, senescence mitigates renal as well as cardiac fibrosis following infarction in 
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different mouse models [92, 93]. Reports also show that senescence can protect against 

atherosclerosis [94], and that deficiencies in senescence genetic drivers result in an 

increased susceptibility to this condition [95-97]. Importantly, senescence can further 

attenuate pulmonary hypertension [98-100], and promote tumour clearance through 

SASP-driven immune activation [101, 102].  

After the establishment of the direct connection between telomere shortening 

and cell cycle arrest [103, 104], researchers in the 90s hypothesised that senescence 

could also be elicited through oncogenic stress and play a role as a tumour suppressive 

response by preventing uncontrolled growth. In 1997, Serrano and colleagues 

demonstrated that oncogenic Ras signalling triggers premature senescence through the 

accumulation of p16INK4 and p53 [105]. Remarkably, this conceptually introduced what is 

known as oncogene-induced senescence (OIS) and demonstrated senescence-associated 

tumour suppressive effect. The role of senescence as an anti-tumour barrier will be 

described in the subsequent sections. 

It is important to note, as described earlier (Figure 1.7), that the physiological and 

beneficial roles of senescence in pathological contexts require an efficient SASP-mediated 

immunoclearance of senescent cells. When they are not effectively cleared, such as in 

chronic conditions or under persistent damage or stress, unresolved senescence may 

result in detrimental effects as described next.  

 

1.2.4.2. Detrimental effects of cellular senescence 

 

As previously introduced, the first evaluations of cellular senescence in vitro and in vivo 

suggested a connection between this cell mechanism and ageing, given that an 

accumulation of arrested cells were found in the skin of aged individuals as opposed to 

young donors [106]. This functional association was demonstrated in an early study that 

showed that the senescence-mediator INK4a/ARF is a biomarker and an effector of 

ageing [107]. Indeed, a large body of literature has since then demonstrated that 

senescent cells accumulate during ageing in multiple tissues and organisms [108-111], 

and, most importantly, that this accrual results in detrimental effects when senescence 

is not effectively cleared by the immune system (Figure 1.7).  
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This chronic, persistent senescence has largely been reported to contribute to the 

progression and even the onset of age-related pathologies. Most of these detrimental 

effects have been effectively demonstrated through the genetic or pharmacologic 

ablation of senescent cells in different models. In this context, the benefit of senescent 

cell removal was demonstrated for the first time in a progeroid mouse model by Baker 

and colleagues in 2011 [112]. In this study, the authors markedly showed that accelerated 

ageing, linked to high senescent accumulation in tissues, could be reverted through the 

ablation of Cdkn2a-positive cells [112].  

Further examples of age-related pathologies where senescence is known to be a 

key promoter include idiopathic pulmonary fibrosis. This condition has been linked to 

increased levels of senescence-related markers, such as SA-β-gal and p16, in both human 

and murine pulmonary fibrosis tissues [113-116]. Impaired senescence and SASP 

response through Caveolin-11 deficiency partially protected mice from bleomycin-

induced pulmonary fibrosis [116], and inhibition of NOX4, which contributes to lung 

fibrosis through high levels of ROS in a different model, decreased senescence-related 

markers and reverted the fibrotic phenotype [113]. Senescence in adipocytes has also 

been associated with conditions such as obesity, where the stress response recruits high 

levels of macrophages to the adipose tissue, triggering obesity-related systemic 

complications [117]. The use of mouse models demonstrated that abrogation of Trp53 

gene prevented senescence accrual in adipose tissue, and that deletion of Trp53 in the 

adipose tissue protected mice from insulin resistance [118].  

The list of pathological conditions where senescence has been reported to be 

associated and even causative is extensive and keeps growing as the field advances. In 

addition to the pathologies described above, senescence has further been described to 

contribute to type 2 diabetes [119, 120], sarcopenia [121, 122], neurological disorders 

[123], osteoarthritis [124, 125] and atherosclerosis [126], among many others.  

Of particular interest for this work, however, is the impact of cellular senescence 

in cancer. In this context, the dual role of cellular senescence is intriguingly maintained. 

Despite its undeniable role as a tumour suppressive mechanism by means of preventing 

the uncontrolled expansion of potential malignant cells, it can also promote tumour 

progression, immune suppression and metastasis [62, 127-130]. However, the processes 
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governing these antagonistic effects are not completely understood, and its complexity 

remains to be deciphered in many conditions, including lung cancer initiation, 

progression and management. 

 

1.2.5. Cellular senescence and cancer 

 

1.2.5.1. Oncogene-induced senescence in early tumorigenesis 

 

As with other conditions in which senescence is implicated, the activities of this cellular 

response in cancer are context- and stage-dependent. Oncogene-induced senescence 

(OIS) was first documented in cells ectopically expressing HRASG12V [105], and subsequent 

investigations demonstrated that p53 and p16INK4a networks downstream of the 

Raf/MEK/MAPK pathway are the main drivers in its implementation [131], providing the 

first evidence of senescence acting as a barrier to tumour progression upon oncogene 

activation in vitro. Importantly, as introduced in previous sections, in vivo validation 

emerged in 2005, when several groups reported the presence and accumulation of 

senescence in various human and murine pre-malignant lesions [132-136]. 

Overexpression of E2F3 in pituitary cells and BRAFV600E in skin melanocytes was found to 

initially boost cell proliferation in the short term, but this was then followed by a 

prominent cell cycle arrest and the acquisition of senescence-related features, resulting 

in a marked senescence accumulation in nevi and pituitary hyperplasias, respectively 

[134, 136]. Further studies independently demonstrated that the deficit of Suv39h1 and 

the combined loss of Pten and p53, which abrogated the ability of the cells to effectively 

undergo OIS, resulted in the earlier onset and accelerated progression of cancer in NRas-

driven lymphoma [132] and prostate cancer models [133].  

 In the context of lung tumorigenesis, Collado and colleagues also found that pre-

malignant adenomas in the KRasG12V mouse model of lung cancer presented a marked 

increase in the expression of senescence markers, including p16INK4a, p15INK4b, DcR2, Dec1, 

SAHFs and SA-β-gal activity, along with decreased levels of the proliferative marker Ki67 

[135]. Importantly, the authors demonstrated that such senescence-related markers 
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were scarce in lung adenocarcinomas, indicating the presence of cellular senescence in 

preneoplastic lesions but not in subsequent malignant stages.  

While these pivotal studies established senescence as a defining feature of pre-

malignant lesions and further supported the notion that this cell response serves as a 

barrier against oncogene-driven tumorigenesis, the fact that some of these lesions 

progress and give rise to malignant and invasive disease suggests that senescence or its 

dysregulation may contribute to tumorigenesis, which certainly warrants further 

investigations. 

 

1.2.5.2. Chemotherapy-induced senescence 

 

Increasing evidence supports the induction of senescence as a response to anti-cancer 

treatment, which, together with apoptosis, is generally perceived as a positive outcome, 

as it hampers the proliferation of cancer cells and promotes their clearance through the 

immunosurveillance of senescent cells [137]. Radiotherapy, which is commonly used in 

the clinic, has been reported to effectively elicit a senescent response in a wide variety of 

cells in vitro and in vivo, including lung adenocarcinoma, glioblastoma, neuroblastoma 

and breast and colorectal cancer cells [138-141]. On the other hand, an extensive number 

of anti-cancer drugs have also been described to induce senescence both in culture and 

living animals through varying mechanisms of action, including DNA damage and the 

inhibition of cell cycle inhibitor, DNA methyltransferases, tyrosine kinases and histone 

acetyltransferases [137]. Such agents include cisplatin, palbociclib, bleomycin, 

cyclophosphamide, doxorubicin, docetaxel and etoposide, among many others.  

Importantly, as opposed to the limited evidence of OIS in humans, reports have 

also demonstrated the implementation of chemotherapy-induced senescence (CIS) in 

specimens retrieved from patients upon neoadjuvant or palliative therapeutic cancer 

treatment [137]. In 2001, the first of these reports demonstrated increased levels of 

senescence markers, including SA-β-gal, p21 and p16, in breast cancer samples from 

patients that had received neoadjuvant chemotherapy [142]. Cisplatin and 

gemcitabine/pemetrexed neoadjuvant also demonstrated the upregulation of SA-β-gal 

activity and increased levels of PAI-1 and p21 expression in prostate cancer samples 
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[143]. Likewise, chemotherapeutic treatment with mitoxantrone in prostate cancer 

patients as a neoadjuvant regimen resulted in increased transcription levels of p16, p21, 

IL-6, IL-8 and IL-1b [144]. Intriguingly, increased circulating mRNA levels of senescence 

markers have also been detected in peripheral blood collected from breast patients 

undergoing chemotherapeutic treatment [145].  

With regards to NSCLC, chemotherapeutic agents commonly used for its 

management can effectively induce senescence in vitro, as described in section 1.1.2.3. 

Importantly, in 2005, Roberson and colleagues provided the first evidence in humans, 

when they analysed the expression of SA-b-gal in samples obtained during resection 

surgery of a small cohort of lung cancer patients [146]. The levels of this enzymatic was 

compared between patients who had undergone neoadjuvant chemotherapy of 

carboplatin combined with taxol to those that were not treated with chemotherapy 

before the procedure. Remarkably, the authors provided evidence of the accumulation 

of SA-b-gal-positive cells in lung cancer patients undergoing neoadjuvant chemotherapy 

(Figure 1.9a). But most interestingly, a follow-up of those cases indicated that patients 

that presented the highest levels of SA-b-gal relapsed within 14 months after treatment, 

while patients that had no or lower levels of senescent cells showed no evidence of 

recurrent disease during that period of time. Survival analysis demonstrated that patients 

whose samples were SA-b-gal-negative after neoadjuvant chemotherapy had a 

significantly increased survival compared to patients presenting SA-b-gal activity in the 

tumours (Figure 1.9b). Although it is unknown to what extent other factors may have 

impacted the outcome of the treatment, these data, together with the increasing 

evidence of tumour-promoting activities derived from senescence, as described in the 

next section, may suggest an implication of the accumulation of senescent cells during 

lung cancer chemotherapy in treatment failure.  

 



CHAPTER 1 

 28 

 
Figure 1.9. Neoadjuvant chemotherapeutic treatment in NSCLC results in increased levels of SA-b-gal 

in tumours and decreased survival. a. Representative histological images stained for Haematoxylin and 

Eosin (H&E) and Senescence-Associated b-galactosidase (SA-b-gal) activity in lung adenocarcinoma specimens 

resected from a patient upon completion of neoadjuvant chemotherapeutic treatment with carboplatin and 

taxol (+Chemo) and from an untreated patients (-Chemo). b. Survival analysis of NSCLC patients classified as 

SA-b-gal-positive or negative after histological assessment upon neoadjuvant chemotherapy (n = 11). Data 

adapted from [146].  

 

1.2.5.3. Senescence as a tumour promoter in cancer 

 

The activation of cellular senescence in response to oncogenic stress or therapeutic 

damage acts as a tumour-suppressive mechanism in the first instance. In addition, 

multiple reports demonstrate that its anti-tumour activities extend beyond the 

implementation of the cell cycle arrest. The SASP reinforces the senescent programme 

both in an autocrine [147, 148] and paracrine manner through IL-1 and NF-κB signalling 

[149]. Senescence can also drive immune stimulation in the local microenvironment, 

promoting the clearance of pre-cancerous and cancerous cells through the SASP, by 

promoting the infiltration and activation of different immune cells, including T 

lymphocytes and Natural Killers (NK) [101, 102, 150, 151]. Collectively, the halt of 

proliferation of pre-/cancerous cells, together with the amplification of the senescent 

response and the modulation of immunosurveillance through the SASP, thus provide a 

robust barrier against tumorigenesis. However, growing evidence demonstrates that 

when these mechanisms are compromised, senescence may also contribute to tumour 

development and advancement. 
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1.2.5.3.1. Senescence bypass 

  

In the context of OIS during early tumorigenesis, the progression to malignant 

phenotypes from pre-neoplastic lesions, in which senescence accumulates, suggests that 

pre-malignant senescent cells can either bypass or revert the senescent state. However, 

evidence of such mechanisms is scarce, especially with regards to OIS, and how tumour 

progression ensues within an arrested pre-malignant lesion remains to be fully 

elucidated.  

It is believed that while senescence may be implemented in most pre-malignant 

cells, a fraction of transformed cells that present a proliferative advantage during the 

early stages of tumorigenesis can acquire subsequent alterations or mutations that can 

abrogate their ability to undergo apoptosis or cellular senescence. In such cells, the loss 

of the tumour suppressive response will be favoured, and they will continue to proliferate 

and promote the progression to malignant stages, while cells that effectively entered the 

senescent programme will remain under persistent growth arrest and be eventually 

cleared by the immune system. This scenario can be recapitulated in vitro and in genetic 

mouse models, where the loss of a tumour suppressor integral to the senescence 

response, such as p53 [152] and the p16/Rb axis [153], can bypass the induction of the 

programme. Additional tumour suppressors the loss of which can circumvent senescence 

induction during tumorigenesis include components of the DNA damage response (DDR), 

such as Atm or Chk2 [154, 155], Hmga [156] and the methyltransferase Suv39h1 [132], 

which are needed for the formation of SAHFs. 

In the context of CIS, the complexity and heterogeneity of the genetic background 

of cancerous cells place senescence bypass as an almost inevitable response to genotoxic 

stress. Indeed, recent reports indicate that CIS can be incomplete in cancer cells, owing 

to the inactivation of tumour suppressor genes or the instability of epigenetic marks in 

full-blown malignant cells [157]. However, despite the abundance of studies using cell 

culture and genetic mouse models that pose senescence bypass as a plausible event, 

clinical evidence is still lacking due to the challenging nature of capturing this scenario in 

the human settings.  



CHAPTER 1 

 30 

 

1.2.5.3.2. Senescence escape or reversion 

 

Alternatively, senescence reversion or escape has emerged as a potential mechanism 

whereby senescence facilitates tumour progression. The long-standing perception of 

senescence as an irreversible state has been challenged by different groups, and some 

studies indicate that the withdrawal from an established state of cellular senescence may 

be possible. 

Early observations of cell cultures exposed to clinically relevant concentrations of 

chemotherapeutic drugs, including doxorubicin, etoposide and cisplatin, revealed that 

emergent colonies can be observed 3 to 4 weeks after removal of the drug, despite the 

senescent programme was initially established [146, 158-162]. Of note, these were mostly 

observed in breast, colorectal, ovarian and lung cancer lines that lacked pivotal 

senescence regulatory proteins, such as p53 and p16Ink4a, indicating the importance of 

such factors in maintaining the senescent state. These reports demonstrate, however, 

that the frequency of escape was around 1 in 103-106 cells, suggesting that the stability of 

the senescent cell cycle arrest is largely predominant and senescence reversion is a rare 

event [146, 163].  

Strikingly, some of these studies demonstrated that emergent clones presented 

increased resistance (i.e., decreased sensitivity) to the chemotherapeutic drug they had 

previously been exposed to [146] and that the so-called escapers displayed increased 

levels of cell cycle promoters, including PCNA, E2 and cyclin B1 [158]. Interestingly, 

additional reports associate senescence with the acquisition of stem-like features, as 

detected through the increased expression of the cancer stem cell markers CD34 and 

CD117 [163] and CD133 [159].  

More recently, in agreement with these observations, Milanovic and colleagues 

showed that doxorubicin treatment of Eμ-Myc ـــ Bcl2-overexpressing lymphoma cells 

induced a robust induction of cellular senescence, which was accompanied by an 

enhanced expression of markers associated with stem cell functions, including ALDH and 

ABC [164]. The authors subsequently used an inducible model to force senescence 

escape through the deactivation of p53 and Suv39h1, and determined that reverted 
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senescent cells entered the cell cycle with a more aggressive phenotype, forming rapidly 

growing colonies in vitro and more malignant tumours in vivo [164]. Additional instances 

of senescence escape have also been reported following inducers other than 

chemotherapeutic drugs, such as ionising radiation [165], but evidence of such reversal 

upon OIS implementation remains more limited.  

It is worth noting that studies reporting senescence reversion have been 

conducted mostly in vitro, and the outcomes observed in in vivo models were obtained 

through the forced genetic manipulation of key senescence epigenetic and cell-cycle 

arrest drivers [164]. Therefore, evidence of such reversion occurring spontaneously in 

living organisms is still lacking, particularly in the context of OIS. However, despite not in 

the context of cellular senescence, research has demonstrated that mutations can occur 

in non-proliferating cells, and that these can lead to the re-establishment of the cell cycle 

[166]. It is thus conceivable that persistent stress or oncogenic damage on arrested 

senescent cells leads to the acquisition of mutations that inactivate the senescent 

programme and subsequently allow re-entry into the S phase of the cell cycle, ensuing 

tumour progression. 

Taking into consideration the prevailing paradigm that senescence is irreversible, 

however, a major point of discussion in the field is whether the so-called senescence 

escapers fully implemented the senescent programme, or, alternatively, they were in a 

transient quiescent state displaying senescent-like traits and eventually bypassed the 

induction of senescence. While this still remains unclear, the development of multi-

marker tracking approaches that allow the tracing of bona fide senescent cells, especially 

in vivo, will be crucial to answer the question and fully uncover the impact of senescence 

reversion as a tumour-promoting mechanism during tumorigenesis and upon 

chemotherapeutic treatment.  

 

1.2.5.3.3. The dark side of the SASP 

 

As with many processes in cancer biology, the SASP programme is likely to generate 

heterogeneous responses, especially in vivo. Importantly, the composition of the SASP 

has been shown to vary depending on the cell type, the inducing stressor and the time 
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passed since the initiation of the programme, indicating that there is not a unique 

secretome (reviewed in [61, 127]). This is therefore likely to hinder the ability of predicting 

with certainty how a specific SASP programme will affect the surrounding tissue 

microenvironment in tumour biology, an aspect to be considered in certain situations 

such as the use of senescence-inducing chemotherapeutic drugs. Despite the SASP is in 

principle elicited as a way of promoting senescent cell clearance and restore homeostasis 

in the surrounding tissue, compiling evidence suggests that cellular senescence, both in 

cancer and stromal cells, can also promote tumorigenesis, impacting different aspects of 

cancer cell behaviour, including:  

 (I) Cellular proliferation. A significant number of studies have shown that cells 

undergoing senescence within the tumour niche, such as fibroblasts, can induce cell 

growth of cancer cells in vitro [62]. This effect has also been observed in in vivo contexts, 

where the co-injection of senescent fibroblasts with tumour cells resulted in a greater 

progression of the tumour mass in xenograft models [167]. Examples of factors shown 

to stimulate cell growth include growth-related oncogene (GRO)-a and amphiregulin. 

 (II) Invasion, angiogenesis and metastasis. Several studies have demonstrated that 

the conditioned medium of senescent cells can promote epithelial-to-mesenchymal 

transition (EMT) in vitro [168]. In addition, the elimination of senescent cells in in vivo 

settings has recently been demonstrated to delay the dissemination of cancer cells to 

distal tissues and tumour relapse [169]. Notably, the two major cytokines of the SASP, IL-

6 and IL-8, have been shown to disrupt cell adhesion, enhancing invasive properties of 

breast cancer cells [170]. 

 (III) Tumour-initiating cells and cellular reprogramming. The gain of stem cell traits, 

defined as the loss of differentiation markers and/or the gain of progenitor markers, is 

an important hallmark of cancer progression. Of note, the presence of less differentiated 

cancer cells in the tumour has been linked to an increased aggressiveness and a poorer 

outcome. In this context, the SASP has recently been linked to the inhibition of 

differentiation processes and the acquisition of markers of stemness [164, 171, 172]. 

Although not in an oncogenic setting, the senescent secretome has further been proved 

to induce cellular reprogramming of neighbouring cells in vivo [85, 86, 173]. Importantly, 

the first formal connection between senescence and tumour initiation through SASP-
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driven reprogramming was reported in a model of pituitary tumorigenesis, where 

reduced senescence and SASP was linked to decreased tumour-inducing potential of 

pituitary stem cells, resulting in abrogated cell transformation and tumour initiation [127, 

174]. 

 (IV) Immunomodulation. Senescent cells implement a strong pro-inflammatory 

environment to promote their own clearance through the secretion of cytokines and 

chemokines, such as CCL2. However, it has also been reported that they can have an 

opposite effect and evade immunosurveillance, by increasing the infiltration of tumour-

suppressive immune cells and inhibiting anti-tumour T-cell responses [128, 175]. 

It is important to note that the mechanisms described above are not mutually 

exclusive, and it is therefore likely that more than one takes place during early 

tumorigenesis and/or chemotherapeutic stress within a tumour. In such scenario, the 

tumour-promoting effects of the SASP could impact emergent populations that derive 

from senescence bypass or reversion. This can provide a survival niche that notoriously 

favours tumour progression, further increasing the complexity of the tumour dynamics. 

Therefore, understanding the impact of senescence in early disease and upon 

therapeutic treatment is imperative to predict potential detrimental effects and develop 

strategies that can deter, prevent or revert them for improved patient outcomes. In this 

context, senotherapies, or the use of senolytics, are emerging as treatment options that 

can have the potential to revolutionise cancer care.  

 

1.3. Senotherapies as potential anti-cancer treatments 

 

1.3.1. Therapeutic approaches to target senescence 

 

Over the past 15 years, along with the continuous increase in the number of studies 

demonstrating the detrimental impact of accumulated senescence in age-related 

disorders and other conditions, including cancer, efforts to find strategies to clear 

senescent cells in tissues have multiplied notoriously. The first formal demonstration of 

the potential of senescent cell abrogation was published by Baker and colleagues, who 
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showed that genetically-mediated eradication of p16Ink4a-positive cells resulted in the 

amelioration, delay and even reversion of age-associated disorders [112].  

After establishing the therapeutic potential of senolysis (induction of cell death in 

senescent cells), several research groups and companies have focused on the design, 

synthesis, development and validation of this treatment modality. In 2004, the first 

attempts to develop anti-senescence approaches utilised high-throughput compound 

library screens and  resulted in the generation of fusion proteins containing a domain 

that could bind to a senescent-specific cell surface receptor coupled to toxins [176]. 

However, after failing to provide the first ever senescence-abrogating drug, research 

centred on depleting senescent-specific mechanisms, such as the activation of pro-

survival pathways that render senescent cells resistant to apoptosis.  

Consequently, in 2015, Zhu and colleagues performed a bioinformatics analysis to 

search for anti-apoptotic nodes essential for senescent cells in a RNA interference 

screening. After testing several drugs known to target such networks, they reported the 

combination of dasatinib and quercetin (D + Q) as a potent combination to selectively 

target and kill senescent cells [177]. This type of pharmacologically-active agents that 

selectively target and induce cell death in senescent cells were named senolytics. 

Subsequent studies revealed the effective senolytic activities of additional drugs, 

including navitoclax (also known as ABT-263), a BCL-2 inhibitor [178, 179], and fisetin, a 

flavonoid related to quercetin [180], among others.  

Attempts aimed at discovering and validating novel senolytics and approaches to 

target senescence are on the rise, and to date, over 30 agents, inhibitors and mechanisms 

have been described as strategies to target, modulate and eliminate cellular senescence 

(Figure 1.10). Such approaches operate through one of four general strategies: (1) the 

induction of apoptosis, via the deregulation of factors that drive and maintain activated 

pro-survival pathways in senescent cells (such as the inhibition of BCL-2 proteins 

mediated by ABT-727, ABT-263 and A1331852); (2) the activation of the immune system 

against senescence, in order to promote senescent cell clearance (for instance, via 

antibody-mediated blocking of DPP4 or vimentin receptors); (3) the genetic and 

epigenetic manipulation of senescent cells to prompt senescence reversal or bypass (e.g. 

by targeting the p53 axis), and (4) the modulation of the SASP to prevent its deleterious 
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effects in the surrounding tissue (including mTOR and MAPK cascades blockade through 

modulating drugs such as rapamycin or MK2.III) (Figure 1.10).  

 

 
Figure 1.10. Therapeutic approaches targeting cellular senescence. To prevent the deleterious effects of 

cellular senescence, four different strategies can be potentially implemented. The inhibition of pro-survival 

pathways and apoptosis-inducing drugs is a leading approach. First and second generation of inhibitors of 

the BCL-2 cell death regulator family of proteins can induce selective apoptosis of senescent cells. Targeting 

senescence metabolism through glycolysis blockade and attenuation of ATM, HDAC, FOXO4 activities as well 

as the PI3K cascade have also been reported as effective approaches. A second strategy is the activation of 

the immune system against senescent cells to stimulate their clearance. Enhancing the cytotoxic activity of 

NK against senescent cells and manipulating the humoral innate immunity with the use of antibodies against 

receptors such as DPP4 and Vimentin are proposed attractive strategies. Thirdly, manipulation of the SASP 

without compromising the cell cycle arrest of senescent cells has also proven beneficial in particular settings. 

A large number of molecules can interfere with NF-κB and C/EBPß transcriptional activities or their upstream 

regulators, dampening the expression of SASP factors, such as IL-1, IL-6 and IL-8, and thus dampening the 

senescence-derived inflammatory milieu. Lastly, genetic and epigenetic manipulation of cells, including the 

induction of reprogramming, have been proposed as a means of bypassing or reverting the state of cellular 
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senescence, although these approaches should be taken with caution given the potential risk of cancer 

initiation. BCL-2, B-cell lymphoma 2; Casp-3, caspase-3; CAR, chimeric antigen receptor; GzmB, granzyme B; 

HDAC, histone deacetylase; HSP90, heat shock protein 90; i4F, inducible four factors; LSD1, lysine-specific 

histone demethylase 1A; MICA, MHC class I polypeptide-related sequence A; NK, natural killer; TERT, 

telomerase reverse transcriptase. 

 

Targeting upregulated pro-survival pathways in senescent cells remains the most 

common senolytic approach, and a number of natural and chemical compounds have 

been validated as potent inducers of apoptosis in senescent cells to date. As exemplified 

above, these drugs include the combination of D + Q (which act as a multi-tyrosine kinase 

inhibitor known to interfere with ephrin B (EFNB)-dependent suppression of apoptosis, 

and an inhibitor of the PI3K-Akt pathway, respectively [177), navitoclax (a potent inhibitor 

of BCL-2, BCL-xL and BCL-W) [179], ABT-737 (an analogue of navitoclax) [181], 

piperlongumine (which drives the apoptotic programme through the cleavage of caspase-

3) [182], panobinostat (an HDAC inhibitor) [183] and fisetin (a MAPK inhibitor) [180], 

among many others (Figure 1.10). Importantly, the use of such inhibitors has proven 

successful in depleting senescent cells in vitro and in vivo, and ameliorating a number of 

pathologies in which senescence is known to be causative, including osteoarthritis [125], 

premature ageing and age-related symptoms [178, 184] and Alzheimer’s disease [123, 

185].  

In the context of cancer, pro-apoptotic compounds have demonstrated improved 

efficacy in combination with standard chemotherapy in mouse models of breast cancer, 

ovarian cancer, head and neck squamous cell carcinoma and NSCLC [182, 183, 186]. More 

recently, cardiac glycosides, which target Na+/K+-ATPase pumps on the membrane and 

disrupt the cellular electrochemical gradient, have emerged as a family with potent 

senolytic activity, and have also been reported to effectively eradicate senescent cells in 

living organisms in models of therapy-induced cancer senescence [187, 188]. 

 Activation of the immune system to promote senescent cell elimination, also 

known as immune surveillance, is an alternative approach currently gaining attention in 

the field (Figure 1.10). Cytotoxic CD4+ T lymphocytes, macrophages and NK cells are 

believed to be the main drivers of senescence clearance in tissues [189]. An example of 

such immune-promoting strategies consisted in the administration of the NK TLR3 ligand 
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polyl:C, which activated NK-mediated senescent cell elimination, notably ameliorating 

liver fibrosis [190, 191]. More recently, Amor and colleagues developed chimeric antigen 

receptor (CAR)-T cells targeting overexpressed uPAR on the membrane of senescent cells 

as a novel senolytic approach, and demonstrated effective senescent cell clearance in a 

model of NSCLC in vivo and the reversal of CCl4- and diet-induced liver fibrosis, 

significantly improving clinical outcomes in both models [192]. This proof-of-principle 

represents an exciting approach, given the fact that the efficient development of anti-

tumor CAR-T cells is known to provide long-term immunological memory, which could be 

beneficial to prevent further complications from persistent senescence, avoiding, for 

instance, future cancer relapse in the context of chemotherapy-induced senescence. 

However, intra-tumoral senescent cells are known to promote an immune-suppressive 

microenvironment, and the efficiency of such strategies in these conditions remains to 

be addressed. Nevertheless, given the highly pro-inflammatory profile of senescent cells, 

more novel interventions focused on immune activation against senescence are likely to 

emerge in the coming years.  

 As presented earlier in section 1.2.2.3, contrary to the long-standing paradigm that 

the senescent programme is irreversible, research has demonstrated that the 

reactivation of the cell cycle after senescence implementation can be achieved, at least 

by genetic manipulation. However, this strategy may only be beneficial in conditions 

where the re-establishment of cell proliferation is needed to counteract the detrimental 

effects of accumulated senescence. Examples of strategies to achieve reversion include 

the suppression of the p16Ink4a/Rb pathway or abrogation of p53 [193], ectopic 

overexpression of the PcG protein CBX8 to repress the same signalling axis [194] and the 

induction of the so-called four Yamanaka factors (i4F) to drive the reprogramming of 

senescent cells and restore the cell cycle [195, 196] (Figure 1.10). Nevertheless, as 

described earlier, senescence reversion may be accompanied with a transformed cellular 

phenotype, including an increased aggressiveness and stem-like features, and thus this 

approach as a senolytic strategy should also be taken with caution.  

 Finally, there may be instances where blocking the adverse effects derived from 

the SASP while maintaining the integrity of the senescent cell cycle arrest might be 

relevant. In this direction, the manipulation of the SASP through the direct regulation of 
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key regulatory pathways, such as the NF-κB and C/EBPβ cascades, have also emerged as 

intriguing senomorphic approaches (Figure 1.10). Inhibitors of such pathways can act on 

different levels, and include NF-kB inhibitors apigenin, wogonin and metformin, MAPK 

blockers, such as SB203580, UR-13756 and MK3.II, and mTOR inhibitors including 

rapamycin and rapalogs, among many others (Figure 1.10) [197]. For instance, 

ginsenoside F1 and Nutlin-3a have been reported to robustly decrease the secretion of 

SASP factors such as IL6- and IL-8, effectively reverting  SASP-activated migration of 

glioblastoma cells [198] and breast cancer cell invasiveness [199]. Importantly, some of 

these inhibitors are currently under clinical evaluation for a variety of malignancies. 

Although none of them have been approved for clinical use in cancer patients so far, they 

represent an attractive approach for cancer treatment, where the prevention of SASP-

derived detrimental effects in the tumour, while keeping cancer cells arrested upon the 

implementation of senescence, can be a desired outcome.  

 

1.3.2. Second-generation senotherapies and future strategies 

 

Despite the benefits of senotherapies reported in different in vivo models, research 

demonstrates that such strategies are not risk-free and can present important associated 

toxicities, hampering their translation into the clinic. For instance, while navitoclax has so 

far been a cornerstone in the field of senolytics given its promising effects in pre-clinical 

studies against both liquid and solid tumours [200], it is known to cause severe 

thrombocytopenia and neutropenia [200, 201], as these circulating cells present 

increased levels of Bcl-XL to ensure survival. In addition, it can also impact trabecular bone 

structure by impairing osteoblast activity, resulting in decreased bone volume in vivo 

[202]. Other strategies may also result in on- and off-target effects due to the fact that 

targeted pathways are generally not exclusive of the senescent phenotype and may be 

upregulated or overexpressed in other tissues or cell types in the body [201]. Therefore, 

evident issues with selectivity, universality and toxicity remain to be further addressed in 

pre-clinical models before attempting clinical translation of senotherapies. The above 

toxicities are, at least partly, caused by the heterogeneity of senescence and the absence 

of universal and more specific targetable biomarkers. 
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To this aim, a number of innovative approaches are being developed to ensure 

increased specificity of senolytics, and in this context, two-hit approaches remain the 

prevailing strategy for the proposal of tenable solutions. These either entail (1) a 

combinatorial drug treatment, with two compounds abrogating different senescent-

specific targets, which can potentially lessen side effects by resulting in equal or improved 

efficacy at lower doses, or (2) the development of engineered activatable pro-drugs that 

remain “quenched” upon administration and become preferentially activated or released 

in senescent cells before exerting their senolytic functions. In this context, significant 

efforts are being made towards the development of second-generation drugs derived 

from pharmacologically active compounds that specifically target pathological senescent 

cells by exploiting synthetic lethal vulnerabilities. Another emerging approach focuses on 

enhancing specificity by modifying therapeutic agents to be activated or released by a 

senescent-specific ligand or enzymatic reaction, thereby increasing specificity.  

Of note, the first attempts at enhanced senescent targeting were performed 

through the engineering of nanoparticles (NPs) encapsulating tracers and diagnostic 

agents. Agostini and colleagues developed silica NPs, loaded with the dye rhodamine and 

coated with galacto-oligosaccharides, which effectively prevented the dye from being 

freed. Upon cellular uptake via endocytosis, the increased levels of SA-β-gal that 

characterises senescence allowed the release of rhodamine in human senescent 

fibroblasts ex vivo, while rhodamine remained encapsulated within the NPs in control 

proliferating cancer cells [203]. Similar strategies were next employed and refined by our 

group, who generated the first galacto-conjugated senolytic strategy through the design 

of 6-mer galacto-oligosaccharide-coated NPs (GalNPs) encapsulating doxorubicin and 

navitoclax. Remarkably, these NPs were selectively activated in palbociclib-induced 

senescent cells in NSCLC xenografts in vivo, resulting in effective senolysis and promoting 

tumour regression, thereby providing proof of concept of the therapeutic potential of 

senescent-directed engineering compounds in cancer treatment [204]. GalNPs effectively 

ameliorated lung fibrosis and led to the recovery of pulmonary function in bleomycin-

treated mice [204].  

Subsequent approaches have since then been developed for the senescent-

specific delivery of toxic compounds, including anti-CD9-lactose-wrapped NPs containing 
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rapamycin [205] and molecularly imprinted NPs functionalised against the senescent cell 

surface epitope B2M [206]. Despite the potential benefits of these innovative strategies, 

however, the understanding of nanotechnology-associated systemic interactions and 

toxicities is far from complete, which makes their clinical translation particularly 

challenging. Consequently, interest is expanding towards the engineering of compounds, 

other than NPs, that may represent safer alternatives. In this line, Lozano-Torres and 

colleagues reported the conjugation of an acetylated galactose to a diagnostic probe as 

an effective approach to increase senescence specificity [207]. This interesting approach 

leverages the membrane-permeable characteristics that the presence of acetyl moieties 

provides [208], thereby making the drug accessible to the lysosomal compartment, where 

it is digested by the increased β-galactosidase activity of senescent cells. The combination 

of this approach together with a drug that already exerts preferential activities in 

senescent cells with the aim of increasing specificity and decreasing associated toxicities, 

has not been attempted thus far. In this regard, new bio-engineering paradigms 

developed to ensure the clinical applicability of senolytics with improved safety profiles 

are likely to be pivotal in the coming years. 

 

1.4. The TGF-b signalling pathway 

 

Transforming Growth Factor-β (TGF-β) ligands have been reported to be secreted as part 

of the SASP [76, 88, 149, 209]. This family comprises more than 30 cytokines that are 

divided into two main branches, the first one including TGF-β1, β2 and β3, activin, nodal, 

lefty and myostatin, and the second one, the group of BMPs, GDFs and the anti-

muellerian protein AMH, among others [210]. These ligands play a variety of crucial roles 

in physiology and disease, ranging from embryogenesis, morphogenesis, wound healing 

and neural development to regulation of the immune response and cancer.  

 

1.4.1. The TGF-β ligands and receptors 

 

The three known isoforms of TGF-β (TGF-β1, TGF-β2 and TGF-β3) have been extensively 

studied given the wide array of pleiotropic functions they exert during development and 
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adult tissue homeostasis [211]. The mature, bio-active form of these ligands is composed 

of two monomers, linked by a disulphide bridge and several hydrophobic interactions. 

However, they are secreted to the extracellular matrix (ECM) as biologically inactive 

complexes or pro-proteins [212]. These complexes are formed of the dimeric TGF-β 

peptide bound to a large amino-terminal domain named latency associated protein (LAP), 

which allows the proper folding and dimerization of the mature peptide. In the Golgi 

apparatus, the TGF-β dimer is cleaved from LAP, but it remains associated with it via non-

covalent interactions (Figure 1.11) [213]. In addition, before the complex is secreted to 

the ECM, it is further associated with a glycoprotein named latent-TGF-β binding protein 

(LTBP), which aids the release of the latent complex to the ECM and regulates the 

bioavailability of the active dimer by preventing its interaction with target receptors 

(Figure 1.11) [214].  

The activation of TGF-β is a crucial step in the regulation of its activity, and several 

mechanisms and molecules are known to release the active dimer from the latent 

complex, including fibroblast growth factor (FGF), metalloproteases such as MMP-2 and 

MMP-9, integrins, retinoic acid and even an acidic pH, among many others [215]. Upon 

cleavage, the freed bioactive TGF-β dimer will then bind to the target receptor, which will 

mediate the activation of downstream TGF-β signalling in the recipient cell (Figure 1.11). 

There are three types of membrane receptors that can interact with TGF-β ligands: TGF-

β receptor 1 (TGF-βR1), TGF-β receptor 2 (TGF-βR2) and TGF-β receptor 3 (TGF-βR3). Out 

of these, TGF-βR1 and TGF-βR2, which are serine/theornine kinases, are the main 

mediators of signal transduction. The interaction of TGF-β ligands with TGF-βR2 induces 

the phosphorylation of a Gly-Ser regulatory domain in TGF-βR1, which results in the 

incorporation of TGF-βR1 and the generation of a multimer that consists of two pairs of 

TGF-βR1 and TGF-βR2. This large activated complex will then transduce the signal and 

prompt the activation of canonical and/or non-canonical signalling cascades in the 

recipient cell [215].  

 

 



CHAPTER 1 

 42 

 

 

Figure 2.11. TGF-β ligands maturation and activation. TGF-β is synthesised as a pro-peptide that consists 

of LAP and mature TGF-β region, forming a homodimeric structure. The dimer precursor is cleaved by furin 

to yield the inactive small latent complex. LAP folds around TGF-β while remaining non-covalently associated, 

blocking access to the mature cytokine. The small latent complex can then interact with LTBP to form the 

secreted large latent complex, allowing associations with the extracellular matrix to anchor TGF-β outside the 

cell. Cell-membrane integrins or other activators, such as low pH or metalloproteases, are able to bind and 

dissociate the structure, leading to the release of active TGF-β. Active TGF-β subsequently triggers signalling 

in cells via initially binding to the TGF-β receptor complex. LAP, latency associated protein; LTBP latent- TGF-

β binding protein. Figure generated with BioRender.com. 

 

1.4.2. Canonical and non-canonical TGF-b signalling 

 

The canonical TGF-β signalling pathway involves the activation of SMAD proteins, which 

are latent cytoplasmic transcription factors (TFs) and become directly mobilised upon 

LAP 
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phosphorylation by the TGF-βR1/R2 activated complexes. R-SMAD binds to TGF-βR1 and 

recruits non-activated SMADs to the complex, including SMAD2 and SMAD3. When 

recruited SMADs become phosphorylated, they lose affinity for the receptor, dissociate 

from them and subsequently form a higher-order aggregate, which commonly includes 

the association of SMAD2/3 with SMAD4, and translocate to the nucleus. A negative 

feedback loop is triggered shortly after activation of the receptors, whereby R-SMADs 

become ubiquitinated by Smurf1 and therefore degraded, which tightly controls the 

duration and intensity of the SMAD signal transduction [210]. Once within the nucleus, 

SMAD complexes remain retained through the interaction with additional protein binding 

partners and DNA. Such partners can be very diverse, including FOX, E2F, AP1, RUNX and 

HOX, among many others, and each SMAD-partner combination is known to target the 

transcriptional activation or repression of a particular subset of genes, regulating 

numerous signalling pathways [210]. These regulatory inputs further control the 

transcription of inhibitory SMADs like SMAD6 and SMAD7, which initiates a second wave 

of negative feedback loop to halt signal transduction. The activation of the SMAD-driven 

canonical TGF-β signalling is known to drive the inhibitory effects of TGF-β, including cell 

cycle arrest and apoptosis induction (Figure 1.12).   

Importantly, given the pleiotropic nature of TGF-β and the many (and sometimes 

antagonistic) functions triggered in response to TGF-β, the apparent simplicity of the 

SMAD-driven signalling cascade instigated a dilemma in the field. Years of research have 

subsequently demonstrated that the response to TGF-β signalling is determined by 

complex combinations of core pathway components (including TGF-β ligands and 

receptors, SMADs and TFs), by close interactions and cross-talks with other cascades 

within the target cell and by the ability of the activated receptor complexes to modulate 

and activate non-canonical pathways. Such non-canonical cascades include a wide range 

of MAP kinase (MAPK) pathways, GTPase signalling cascades and the 

phosphatidylinositol-3-kinase (PI3K)/Akt pathway, among many others (Figure 1.12).  

A prominent non-SMAD cascade is triggered by the TGF-β-induced Erk activation 

and tyrosine phosphorylation [216]. This activation is known to occur directly within 

minutes of ligand exposure, or hours after TGF-β stimulation, suggesting the requirement 

of additional protein translation for this response to be prompted. Erk cascade can be 
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triggered when the non-RTK Src phosphorylates the tyrosine residue of TGF-βR2 on Y284, 

which recruits signal transducers such as GRB2 and Shc, thereby forming a complex that 

will lead to the sequential activation of Ras/Raf/Merk/Erk [216]. This pathway has been 

described as crucial for the induction of EMT in epithelial cells, as it drives the dissociation 

of cell adherens junctions and promotes cell motility through the activated transcription 

of genes involved in those responses (Figure 1.12).  

Additional non-canonical signalling pathways that are known to be implicated in 

EMT induction upon TGF-β stimulation include the Rho-like GTPase-dependent and the 

JNK/p38 cascades. RhoA can be triggered via either SMAD-dependent or independent 

routes, and it has been reported to result in the formation of actin fibres and the 

dissolution of tight junctions, driving the establishment of an EMT programme. This 

pathway seems to be activated through the assembly and accumulation of TGF-βR 

complexes at tight junctions, which recruits and phosphorylates RhoA pathway 

transducers, including Par6, Smurf1 and Cdc42 [216]. Alternatively, activated TGF-β 

receptor complexes can interact with TRAF6 and induce its poly-ubiquitination, which 

results in the recruitment of TAK1 and subsequent stimulation of the JNK/p38 pathway. 

Transducers in this cascade will act in conjunction with Smads to induce TGF-β-driven 

apoptosis, or alternatively can activate in an Smad-independent manner the transcription 

of groups of genes involved in actin cytoskeleton reorganisation, mediating cellular shape 

changes and contributing to the EMT phenotype (Figure 1.12) [216].  

Lastly, an intriguing alternative non-SMAD pathway is the PI3K/Akt, which has 

been described to result in different cellular responses in the target cell. The activation 

of this cascade seems to be independent of Smad phosphorylation. Despite the 

molecular basis of this pathway remains to be fully elucidated, it is believed that the p85 

subunit of PI3K can interact with TGF-βR complexes, which results in the phosphorylation 

of the downstream effector Akt and the sequential activation of mTOR/S6K. Despite this 

pathway is described to be a crucial driver of cellular proliferation [217], its activation in 

the context of TGF-β has been mostly reported to drive the acquisition of EMT features 

in epithelial cancer cells, as well as antagonise TGF-β-induced growth arrest and apoptotic 

response through the inhibition of the TF FoxO and the sequestering of Smad3 in the 

cellular cytoplasm (Figure 1.12) [216].  
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Figure 1.12. Canonical and non-canonical TGF-β signalling pathways. In the canonical cascade, 

biologically active TGF-β ligands bind to TGFβR2, which in turn activates TGFβR1. TGFβR1-regulated SMAD2/3 

proteins are phosphorylated at their C-terminal serine residues and form complexes with SMAD4, triggering 

a number of biological processes through transcriptional regulation of target genes. In the non-canonical 

cascades, the TGF-β receptor complex transmits its signal through other factors, such MAPks, PI3K, TRAF4/6 

and the Rho family of small GTPases. Activated MAPKs can exert transcriptional regulation either through 

direct interaction with the nuclear SMAD protein complex or via other downstream proteins. In addition, 

activated JNK/p38/ERK act in concert with SMADs to regulate cellular apoptosis and proliferation, whereas 

they mediate metastasis, angiogenesis and cellular growth through other transcription factors, such as c-JUN 

and ATF. RhoA/ROCK activation induces actin stress fiber formation during EMT, and PI3K and AKT activation 

by inducing a physical interaction between the PI3K p85 subunit and the receptor complex leads to 

translational responses via mTOR/S6kinase activation. TGF-β-mediated signalling of the TRAF proteins can 

initiate NF-κB signalling activity, which results in an inflammatory response, among other processes. MAPK, 

mitogen-activated protein kinases; NF-κB, nuclear factor-κB; PI3K, phosphatidylinositide 3-kinase; TRAF4/6, 

TNF receptor-associated factor 4/6.  
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1.4.3. TGF-b in cancer 

 
As with many processes in cancer, the TGF-β ligands have been reported to play opposing 

roles, resulting in both tumour suppressive and tumour promoting activities.  TGF-β was 

initially described as a repressive cytokine as it maintains tissue homeostasis by 

preventing incipient tumours from advancing towards malignancy through the regulation 

of the cell cycle, differentiation, adhesion and survival [210]. However, cancerous cells 

present the ability to avoid or alter the suppressive impact of the canonical TGF-β 

pathway, which can result in the promotion of EMT, invasion, tumour growth and even 

evasion of immune surveillance. Researchers have for many years tried to uncover how 

cancer cells are able to circumvent the inhibitory effects of TGF-β, and it is believed that 

malignant cells can either inactivate core components of the canonical pathway, such as 

SMADs or TGF-β receptors, or present downstream alterations that disable the 

suppressive arm of the pathway while driving the regulation of alternative cascades to 

their advantage. In addition, of crucial relevance to cancer progression are the effects of 

TGF-β on the microenvironment, given its key influence on the immune system and other 

stromal cells [218]. These cytokines enforce immune tolerance at high levels, as well as 

they can also lead to chronic inflammation and the generation of a pro-tumorigenic niche. 

In addition to the effects on the immune system, TGF-β ligands can also recruit other 

stromal cells, such as fibroblasts, which in turn further support tumour dissemination. 

Given the wide array of extracellular and intracellular factors that can alter or modulate 

the response to TGF-β, elucidating the microenvironmental context, cell type and 

mutational profile as well as the presence of other interfering stimuli is imperative to fully 

understand the effects driven by to TGF-β under particular conditions. 

  

1.4.3.1.  Tumour suppression by TGF-β 

 

The most prominent effect of TGF-β is the suppression of cell proliferation on target cells. 

This growth inhibitory response is triggered through the direct inhibition of c-Myc and 

CDKs activities, as well as the induced expression of CDK inhibitors, such as p15INK4B, 

p21CIP1 and p27KIP1. Of note, researchers have demonstrated that this constraining effect 
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on cell growth only occurs in epithelial cells in the context of tissue injury and oncogenic 

stress, as well as in endothelial cells, but not in mesenchymal cells or during development 

[210]. Various reports show that deficiencies in the canonical cascade significantly 

accelerate malignant progression upon oncogenic transformation, including KRAS 

overexpression and APC loss, in several models of oral, skin, gastrointestinal and 

pancreatic cancer [219-222]. Importantly, such inhibitory effect on cell cycle progression 

has also been reported to prompt the senescent cell programme in target cells. 

Mechanistically, this can be explained by the induced cytostatic response to TGF-β, as 

well as the increased production of mitochondrial ROS [223], the suppression of 

telomerase [224, 225] and the disruption of DDR through the upregulation of several 

miRNAs [226, 227]. Indeed, TGF-β secreted as part of the SASP has been described to 

result in the paracrine induction and the autocrine reinforcement of cellular senescence 

[228, 229]. In addition to suppressing pre-malignant progression through a cytostatic 

response and/or the induction of cellular senescence, TGF-β has also been reported to 

trigger apoptosis in target cells, despite the molecular identities governing this response 

are not yet fully understood. Some candidate mechanisms include the induction of the 

death-associated protein kinase DAPK, the death receptor FAS and the pro-apoptotic 

effector BIM [210].  

TGF-β is regarded as a master regulator of the extracellular environment, having 

a prominent impact on stromal cells. However, its tumour suppressive effects are mostly 

reported on epithelial cells. Actually, according to the well-established paradigm 

regarding the opposing effects of TGF-β in cancer, it is believed that this cytokine exerts 

its anti-tumour response in early stages of cancer, preventing the progression of pre-

malignant cells upon early transformation. As the tumour develops and cancer cells 

acquire increasing numbers of mutations and alterations, and the cancer niche becomes 

more complex, the pro-tumorigenic functions of TGF-β will overwhelm the tumour 

suppressive ones through what is known as the “TGF-β paradox” [230], and this signalling 

pathway will start acting as a tumour promoter, impacting both cancer cells and the 

surrounding tissue.  
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1.4.3.2. Tumour promotion by TGF-β 

 

In advanced cancer stages, the role of TGF-β is prominently tumour-promoting, with 

effects ranging from EMT promotion to angiogenesis and immune evasion. EMT, or the 

transition of epithelial cells to a mesenchymal cellular phenotype, is characterised by a 

loss in cell polarity as well as cell-cell and cell-matrix adherence, resulting in an increased 

motility [231]. This process has been largely reported to orchestrate carcinoma invasion 

and metastatic spreading, and it is known to be one of the main responses to TGF-β 

stimulation in advanced tumours through the activation of the canonical pathway in 

combination with Smad-independent cascades, as described above. TGF-β induces the 

expression of TFs SNAIL, TWIST and ZEB, as well as it represses the expression of E-

cadherin, thereby regulating cell polarity and cytoskeleton organisation. It further allows 

its remodelling by potentiating the activities of several MMPs [231]. The role of TGF-β as 

an EMT promoter was first reported during murine heart development, in breast cancer 

cell lines and in mouse models of skin carcinogenesis [232], which was subsequently 

followed by many other studies. In human cancer, cells with traits that are characteristic 

of EMT were detected in invasive areas displaying enriched levels of TGF-β together with 

additional cytokines known to drive EMT induction [210]. 

Despite the cytostatic effect elicited in response to TGF-β in pre-malignant cells, 

under certain conditions, the activation of TGF-βR can stimulate cell proliferation. This 

effect has been reported to be highly dependent on the concentration of this cytokine, 

and it is believed that it can drive cell growth by inducing the production of mitogens that 

will act in an autocrine manner when relevant effectors of the cytostatic TGF-β response, 

such as p15INK4b or RB, are non-functional [210]. Several reports in the 90s demonstrated 

that glioma cells elicited increased proliferation in response to TGF-β via the induction of 

PDGF-B and PDGF-AA [233-236]. Later on, it was demonstrated that TGF-β1 and TGF-β2 

can also promote the proliferation of cells in vitro when in combination with other growth 

factors such as EGF and FGF [237]. Therefore, the final effect that TGF-β may exert on the 

tumour not only depends on the intrinsic characteristics of target cells, but also the 
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presence of additional growth factors in the microenvironment, a phenomenon that 

might be of particular relevance in the context of senescence and the SASP. 

TGF- β receptors are believed to be universally expressed in all cell types, and as 

such, it is also expected to impact stromal cells within the tumour. Interestingly, inhibition 

of TGF-β in hepatocellular carcinoma, glioblastoma and colorectal cancer models 

significantly decreased VEGF levels, reduced microvessel density and inhibited the 

generation of new blood vessels in the tumours [238-240], indicating that this cytokine 

can also function as a pro-angiogenic factor. In addition, fibroblast mobilisation and 

recruitment is another significant component of the tumour promoting actions of TGF-β. 

This cytokine has been reported to facilitate the generation of myofibroblasts, which are 

commonly known as cancer-associated fibroblasts (CAFs) in the context of the tumour. 

CAFs are major producers of MMPs, cytokines and chemokines that act conjunctively to 

promote cancer cell proliferation and tumour invasion [210].  

Further to these stromal effects, TGF-β has also been shown to play a role in 

cancer evasion from host immunity through the inhibition of Major Histocompatibility 

Complex (MHC) class II in both tumour cells and immune cells, including macrophages 

and NK cells [241]. This cytokine is a major inhibitor of lymphocytes, directly suppressing 

the functions of helper CD4+ and cytotoxic CD8+ T cells, and the proliferation of both T 

and B cells through the inhibition of c-Myc, which halts cell maturation. In humans, it has 

been demonstrated that high levels of TGF-β correlate with immune suppressive 

environments [218]. For instance, TGF-β was shown to diminish NKG2D receptor 

expression, which is an activator of NK and cytotoxic T cells [242]. 

Finally, further to the effects reported in stromal cells, an interesting study using 

a mouse model of SCLC showed that TGF-β can generate a marked heterogeneity in 

downstream signalling in the surrounding tissue, resulting in both TGF-β-responding and 

non-responding populations [243]. Most intriguingly, despite TGF-β-responding cells 

presented a decrease in proliferation rate upon exposure to cancer cell-secreted TGF-β 

compared to non-responders, they showed increased protection and enhanced survival 

following cisplatin treatment, leading to tumour relapse [243]. This importantly highlights 

the diversity of mechanisms whereby this complex signalling pathway may hamper 

cancer treatment and promote recurrence. 
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1.4.4. The roles of TGF-b as part of the SASP 

 

As it has been described previously, TGF-β ligands are known to induce cellular 

senescence by means of their cytostatic effect on target cells. Its role as a SASP ligand is 

now gaining attention, particularly in the context of ageing, as its levels have been 

reported to be increased in the plasma of elderly individuals [244, 245], and is believed 

to play important roles in age-related pathologies [246]. In developmentally-programmed 

senescence, secreted TGF-β regulates the tissue remodelling and the formation of 

embryonic structures [88]. In cancer, increased levels of TGF-β in the SASP have been 

described in OIS and chemotherapy-induced senescence, although the effects derived 

from this were not addressed [247]. In addition, induction of OIS resulted in an increased 

upregulation of NOTCH that was subsequently linked to the production of a TGF-β-rich 

SASP [76]. Induced TGF-β later acted in combination with NOTCH, orchestrating a 

dynamic loop that regulated the SASP and induced senescence in a paracrine manner 

[76, 248], consistent with the tumour-suppressive effects of TGF-β in early malignant 

stages. However, the impact of this cytokine as part of the SASP in the context of therapy-

induced senescence remains largely unexplored.  

Given the tumour-promoting actions of TGF-β in advanced cancer, it is conceivable 

that a SASP rich in TGF-β upon therapy-induced senescence may be detrimental. In 2007, 

Biswas and colleagues observed an increase in the circulation of TGF-β ligands upon 

therapeutic irradiation in a mouse model of breast cancer, despite the implementation 

of cellular senescence was not assessed in this study [219]. Intriguingly, higher expression 

of TGF-β in mice was further associated with increased breast cancer metastatic 

progression in vivo [219]. In addition, blocking of these ligands with neutralising 

antibodies prevented such tumour-promoting effects, suggesting a potential link 

between induction of senescence upon irradiation, TGF-β1 secretion as part of the SASP 

and tumour promotion. To this date, however, such interplay has not been established 

in the context of senescence.  
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1.4.5. TGF-b and NSCLC 

 

As previously stated, the role and impact of TGF-β is highly context-dependent. 

Importantly, a prospective analysis of a cohort of 383 NSCLC patients demonstrated a 

strong correlation between high expression of TGF-β in resected specimens and disease 

progression [249]. Elevated levels of TGF-β1 were also observed in serum samples from 

patients upon lung tumour resection [250]. Importantly, alterations in the downstream 

components of the canonical pathway seem to be crucial in NSCLC development. For 

example, inactivating mutations in SMAD6, which is an inhibitor of the TGF-β canonical 

cascade, are correlated with improved patient survival [251]. Altogether, these studies 

suggest that the inactivation of SMAD-mediated signalling and promotion of non-

canonical pathways may play an important role in driving NSCLC progression. At the 

cellular level, most experimental studies demonstrate that TGF-β drives the acquisition 

of EMT traits in lung cancer cells in vitro and in vivo, as recently reported [252, 253], which 

is known to be mediated by the crosstalk with other non-Smad signalling pathways. Of 

relevant importance is oncogenic or constitutively active KRAS, which is known to be a 

main mediator in the shift of TGF-β signalling towards the activation of the EMT 

programme [254]. Besides its effects on cancer cells, this cytokine is also widely reported 

to orchestrate the tumour microenvironment in lung tumours. Secreted TGF-β drives the 

remodelling of the stroma by promoting angiogenesis, immune evasion, and the 

mobilisation of cancer-associated fibroblasts (CAFs), that further support tumour 

progression [254, 255]. 

Interestingly, recent evidence suggests that high levels of TGF-β contribute to 

treatment resistance and decreased sensitivity to chemotherapeutic treatment in NSCLC 

[241, 256, 257]. In addition, recent reports show that the inhibition of TGF-β may pose a 

promising strategy to enhance cancer NSCLC immunotherapy [258, 259]. However, the 

mechanisms driving the expression of TGF-β in these cases and the potential interplay 

between therapy-induced cellular responses in the tumour, such as senescence, and TGF-

β remain largely unaddressed. As evidenced by the above, detecting and illustrating the 

molecular details of TGF-β in cancer is important, given the remarkable versatility, 

plasticity and context-dependent nature of this cytokine-signalling pathway. As evidenced 
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by the above, in the cases where TGF-β is found to drive lung cancer progression, the 

development of combinatorial therapeutic modalities aimed at circumventing its pro-

tumorigenic effects can result in very attractive approaches to improve patient outcomes. 

 

1.5. Thesis Aims and Rationale 

 

A better understanding of the mechanisms underlying lung cancer tumorigenesis and 

response to current treatment paradigms are imperative to improve patient outcomes.  

Early detection and prevention of NSCLC remain a formidable challenge. Several 

strategies have been proposed for earlier diagnosis, based on high-risk patient 

stratifications, liquid biopsy analyses and screenings based on low-dose CT imaging, but 

the benefits provided have been scarce so far. The elucidation of cellular processes and 

traits characteristic and exclusive of early NSCLC development can therefore result in 

innovative approaches that not only allow an earlier detection of cancer, but may drive 

the development of preventative therapies. This treatment modality still remains to be 

explored, but it can be of particular interest in scenarios such as the case of multifocal 

lung cancer. This is a complex condition, generally found incidentally, where multiple 

early lesions and tumours are present in the lungs, some of which will progress to 

malignant disease [260]. These patients therefore require close monitoring and repeated 

CT imaging, given the fact that there are currently no optimal strategies to target such 

lesions and prevent the progression to advanced stages of lung cancer. Consequently, 

understanding the nature of NSCLC early lesions and uncovering novel methods for their 

detection and abrogation can revolutionise cancer care and significantly impact patient 

survival.   

As previously introduced, despite significant advances in targeted therapies for 

oncogene-addicted NSCLC cancer in advanced stages, platinum-based chemotherapies 

have remained the standard-of-care for adjuvant, neoadjuvant and palliative modalities 

for over 30 years, and survival continues to be overly poor [2]. Although some reports 

indicate significant flaws derived from chemotherapeutic treatment [261] and suggest a 

link between chemotherapy-driven induction of senescence and poorer patient survival 

[160], evidence of the impact of chemotherapeutic treatment and how ineffective 
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response to therapy may promote tumour progression remains to be addressed. For this 

reason, understanding the underlying mechanisms of tumour response to lung cancer 

standard-of-care is imperative for the identification of novel targets and the development 

of more effective therapeutic modalities that prevent NSCLC treatment failure and cancer 

relapse. 

Strong evidence suggests that cellular senescence, a key player of the tumour 

microenvironment, may play a role in both early tumorigenesis and upon lung cancer 

chemotherapeutic treatment, but such interplay remains elusive. Cellular senescence 

was initially regarded as a cell autonomous response elicited in response to damage or 

stress, essentially aimed at preventing the expansion of potential malignant cells and 

preserve tissue homeostasis. However, as described in the previous sections, increasing 

evidence demonstrates that senescence can contribute to the progression and even be 

causative in a number of pathologies, as well as it can paradoxically contribute to tumour 

initiation, progression and relapse through different mechanisms. Such effects are hard 

to predict, as the resulting senescent phenotype greatly depends on the senescent driver, 

the tissue of origin, the genetic background of the cell and the chronicity of the senescent 

burden. Therefore, it is important to address the potential impact of senescence from a 

context-dependent perspective and within relevant models, which is not only crucial to 

advance our understanding of this cellular mechanism in other conditions like cancer, 

but can also provide novel insights for the prevention and improved management of 

NSCLC. In this context, the development of novel senescence-targeting approaches, or 

senotherapies, that effectively prevent the deleterious effects from unresolved 

senescence induction in tumours can be particularly attractive. However, existing 

senotherapies present worrying toxicities, such as thrombocytopenia, that can hamper 

their clinical translation. In addition, the potential benefits derived from the combination 

of senotherapies with other drugs commonly applied in the clinic, such as chemotherapy, 

has not been explored to date. Therefore, the development of novel, safer senolytic 

formulations are needed, and the potential of chemotherapeutic-senolytic modalities 

that may significantly improve NSCLC outcomes needs to be explored.   

Taking the above observations into consideration, the main objective of this PhD 

work is to test the central hypothesis that cellular senescence induced by 
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chemotherapeutic conventional treatment and by oncogene activation can 

contribute to lung cancer progression. To obtain observational evidence that 

unequivocally demonstrates this, as well as provide novel therapeutic strategies to 

counteract such effects, the three specific aims for this work are the following (Figure 

1.13):  

 

Aim #1. To demonstrate the incidence and extent of cellular senescence during NSCLC 

tumorigenesis, evaluate its role during lung tumour progression from pre-neoplastic to 

malignant stages and investigate the potential of senolysis as a preventative therapy. 

For this aim, the Kras-FSFG12V model of NSCLC will be employed. Lung cancer will 

be induced in mice through the intranasal/intratrachreal administration of AdFlp viral 

particles, which drive the expression of the mutant KrasG12V in the lungs, and markers of 

cellular senescence, including SA-β-gal activity, p21 and p16 will be analysed at the 

histological level to detect senescence in developing lesions. After assessment of 

senescence induction in the lesions, mice will be treated with the senolytic ABT-737 

during tumorigenesis to evaluate the impact of senescent cell removal on tumour burden 

and animal survival. Of note, this study is performed as part of a collaboration with the 

group of Martínez-Barberá (University College London), who generated a novel knock-in 

mouse model, named p16-FDR, that allows the visualisation, tracing and 

pharmacogenetic ablation of p16-expressing cells (see Supplementary Figure 3.1, 

Appendix). Our data will be compared to those obtained from their analyses, and will 

help establish whether senescent cell ablation during lung tumorigenesis is an approach 

with the potential to deter NSCLC development.  

  

Aim #2. To dissect the paracrine effects of senescence-inducing standard-of-care 

chemotherapies in the progression of NSCLC. 

Despite the widely reported tumour-promoting activities of senescent cells in 

different conditions, the role and impact of platinum-based chemotherapy in the context 

of NSCLC remains to be uncovered. This is of extremely importance given the wide use 

of cisplatin/carboplatin as first line regimens, the documentation of senescence in lung 
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tumours upon neoadjuvant treatment, and the high rate of failure of such modalities. To 

achieve this aim, we will first evaluate the senescence-inducing capability of standard-of- 

 

 
Figure 1.13. Thesis aims and rationale. Aim #1 of this work consists in demonstrating and characterising 

the extent and impact of cellular senescence induction during lung cancer tumorigenesis and progression. 

Based on published literature, lung adenomas accumulate cellular senescence. It is believed that persistent 

oncogenic stress leads to increased senescent burden due to a failure in immune-directed clearance. 

Accumulated senescent cells can subsequently contribute to tumour progression, either through the 
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secretion of pro-tumorigenic SASP factors, creating a favourable cancer niche, or through senescence escape 

and re-establishment of the cell cycle. Our working hypothesis is that senolytic elimination of senescent cells 

during lung cancer development prevents such tumour-promoting effects and abrogates lung cancer 

progression, whereby we aim to further demonstrate the benefits of senolytic-based preventative 

approaches for NSCLC. Aim #2 of this work focuses on characterising the role and impact of chemotherapy-

induced senescence in NSCLC progression. We hypothesise that upon chemotherapeutic insult, the majority 

of cancer cells may undergo different cell fates, including apoptosis and senescence. Due to tumour 

heterogeneity, a minority of cells may remain refractory to chemotherapeutic agent administration. If 

senescent cells are not effectively cleared or resected, their accumulation may contribute to the generation 

of a pro-inflammatory niche via the secretion of the SASP. This, together with the persistence of treatment-

resistant clones and the possibility of senescence reversion, may contribute to tumour advancement. We 

intend to demonstrate that blocking the tumour-promoting mechanisms following chemotherapy-induced 

senescence can serve as an effective strategy to halt tumour progression and improve treatment outcomes. 

Aim #3 of this work involves the validation of a novel, second-generation senotherapy in the context of NSCLC 

chemotherapy. First generation senolytics like navitoclax, despite being effective in senolysis, are associated 

with severe toxicities, such as thrombocytopenia, due to their on-target effect on platelets. As part of this 

work we will validate in vitro and in vivo a newly generated compound consisting of navitoclax conjugated to 

a galactose that can be cleaved upon SA-β-gal activity. The ultimate goal is to provide an innovative senolytic 

approach with increased specificity and decreased associated toxicities, and to propose chemotherapeutic-

senolytic combinatory modalities as effective therapies for the management of NSCLC. 

 

care chemotherapies commonly used in lung cancer management, including cisplatin, 

docetaxel and palbociclib, in human lung adenocarcinoma A549 cells and primary murine 

lung cancer cells L1475(luc), derived from a KrasG12V;p53KO mouse model of lung 

adenocarcinoma (also commonly known as KP cells). Upon validation of the induction of 

the senescent programme, the effects from the SASP will be analysed and compared 

between the different chemotherapeutics to determine whether factors secreted as part 

of the SASP can alter the behaviour and phenotype of untreated cancer cells. We will 

dissect the transcriptome and secretome of senescent cells and will analyse the potential 

candidates driving such effects, subsequently aiming to determine the mechanism of 

action whereby gain of malignant properties occurs. We will also study the impact of 

cisplatin-induced senescence in in vivo systems, by using human lung cancer xenografts, 

an orthotopic mouse model of lung adenocarcinoma and the Kras-FSFG12V mouse model 

of NSCLC. This work will help us establish whether platinum-based chemotherapy can be 

a contributor to treatment failure and cancer relapse in NSCLC, and determine possible 



GENERAL INTRODUCTION 

 57 

mechanisms whereby these effects take place within the tumour, so that new therapeutic 

approaches can be designed in order to prevent them. 

 

Aim #3. To test novel approaches to selectively eliminate senescent tumour cells in an 

effort to enhance the efficacy of lung cancer therapy and provide safer drug combinatory 

and senolytic alternatives. 

As part of this aim, we have established a collaboration with the group of Ramón 

Martínez-Máñez from the Polytechnic University of Valencia to develop a second-

generation senolytic consisting of an acetylated-galactose covalently linked to navitoclax, 

a modulation that exploits the selective expression of SA-β-gal in senescent cells. We 

hypothesise that this novel approach may result in higher efficacy and reduced off-target 

effects, in particular concerning navitoclax-induced thrombocytopenia. This novel pro-

drug will be systematically tested in vitro by performing cytotoxic assays in a variety of 

cancer cells and senescent inducers, including chemotherapy-induced senescent lung 

adenocarcinoma cells. As a first in vivo platform, we will use immunocompromised mice 

carrying subcutaneous A549 xenografts, which will be treated with the senescent-

inducing drug cisplatin in combination, both simultaneously and sequentially, with our 

pro-drug. Phenotypic readouts from our in vivo analyses will help determine whether this 

new pro-drug efficiently eliminates senescent cells in living organisms, improving 

therapeutic outcomes. Finally, we will subsequently use xenograft and orthotopic models 

of lung adenocarcinoma, as well as ex vivo treatment of murine and human blood, to 

evaluate the impact of this second-generation senolytic on platelet survival. Our 

overarching goal is to obtain proof-of-principle of the therapeutic activity of 

senotherapies in combination with senescence-inducing chemotherapy, and propose 

galacto-conjugation of senolytics as a novel approach to improve specificity and reduce 

senolytic-associated toxicities.  
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CHAPTER 2: 
MATERIALS AND METHODS 

 

 

 

2.1. Human material 

 

2.1.1. Ethical regulations 

 

Human lung adenocarcinoma samples from independent patients upon neoadjuvant 

chemotherapy were obtained from the Royal Papworth Hospital Research Tissue Bank 

(Project Number T02722). The retrieval, acquisition, processing and analysis of human 

biopsies was conducted in accordance with all legal requirements and the principles of 

good clinical practice. Patients signed the Papworth Hospital Tissue Bank general consent 

and accepted the use of their biopsy for research purposes. The protocol was approved 

by the Research Ethics Committee. 

 

2.1.2. Human biopsies 

 

Human biopsies were subjected to histological analysis as described in section 2.6.9. 

Information about the human samples evaluated for Chapter 4 are found in Table 1.  
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Patient 

number 

TB Number Pathological phenotype Stage Location Neoadjuvant treatment 

1 TB21.0210 Lung adenocarcinoma (poorly differentiated) T2a N2 M0  Right upper 

lobe 

3 cycles of platinum-based 

chemotherapy 

2 TB21.0209 Lung adenocarcinoma (acinar (70%) and 

micropapillary (30%) growth patterns) 

T3 N0  Left upper 

lobe 

4 cycles of 

cisplatin/vinorelbine 

3 TB21.0208 Lung adenocarcinoma (multifocal with lepidic 

invasive acinar growth patterns) 

T3 N3 M0 Right upper 

lobe 

5 cycles of 

carboplatin/pemetrexed 

4 TB14.0993  Lung adenocarcinoma (30% lepidic 

component) 

T3 N2 Left upper 

lobe 

Platinum-based 

chemotherapy 

 

Table 1. Histological, pathological and treatment details of the human lung adenocarcinoma samples subjected to evaluation in Chapter 

4.
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2.2. Cell culture methods 

 

2.2.1. Cell culture reagents 

 

2.2.1.1. A549 cell line 

 

A549 cells were obtained from the American Type Culture Collection (ATCC) (kindly 

provided by Dr Carla P Martins). The A549 cell line was developed from cells isolated from 

a pulmonary adenocarcinoma and specifically originated from adenocarcinoma human 

alveolar type II epithelial cells. These cells were authenticated during the duration of this 

PhD by the Biorepository and Cell Services Core Facility of the Cancer Research UK 

Cambridge Institute. A549 cells were maintained in DMEM medium supplemented with 

10% Foetal Bovine Serum (FBS).  

 

2.2.1.2. A549-Luc2 cell line 

 

A549-Luc2 cells were obtained from the American Type Culture Collection (ATCC), and 

derived from A549 cells through the transduction with a lentiviral vector encoding for the 

firefly luciferase gene (luc2) under control of EF-1a promoter. The cell line was established 

via single cell cloning, and express high levels of luciferase enzymatic protein in a 

constitutive manner. These cells were maintained in DMEM medium supplemented with 

10% FBS and 8 µg/mL Blasticidin (ThermoFisher Scientific). 

 

2.2.1.3. L1475(luc) cell line 

 

The heterozygous KrasG12D/WT murine L1475(luc) cell line was generated by Dr Carla P 

Martins from KRasLSL-12D/WT;p53-/- (KP) mice. The Kras status of this cell line was confirmed 

by PCR and pyrosequencing, as previously described [42, 43]. For luciferase imaging 

purposes, L1475 cells were transduced with an MSC-luciferase-hygromycin retrovirus and 
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subsequently selected with 350 µg/mL hygromycin B. These cells were maintained in 

complete DMEM/F-12 growth medium supplemented with 10% FBS. 

 

2.2.1.4. IMR-90 cell line 

 

The human lung fibroblastic IMR-90 cell line was obtained from the ATCC. These cells 

were derived from the lungs of a 16-week female foetus and are of myofibroblastic origin 

with smooth muscle-like contractile properties. IMR-90 cells were grown in complete 

DMEM growth medium supplemented with 10% FBS.   

 

2.2.1.5. MLg cell line 

 

The mouse lung fibroblastic MLg cell line was obtained from the ATCC. These cells were 

grown in DMEM/F-12 growth medium supplemented with 2 mM GlutaMAX and 10% FBS. 

 

2.2.1.6. SK-Mel-103 cell line 

 

Human melanoma SK-Mel-103 cell line was obtained from the ATCC. This is a generous 

gift from Dr Marisol Soengas (CNIO). The cells were maintained in complete DMEM 

supplemented with 10% FBS.   

 

2.2.1.7. HCT116 cell line 

 

Human colorectal carcinoma HCT116 cell line was obtained from the ATCC. The cells were 

maintained in McCoy’s 5A medium supplemented with 10% FBS.   

 

2.2.1.8. HEK-293T cell line 

 

Human Embryonic Kidney (HEK)-293T cells were obtained from ATCC and maintained in 

complete DMEM supplemented with 10% FBS.  
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2.2.1.9. Reagents and medium composition 

 

DPBS (Gibco, 14190144) 

Trypsin-EDTA (0.25%), phenol red (Gibco, 25200056) 

Trypan Blue Solution, 0.4% (Sigma, 72-57-1) 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, 11965084) 

DMEM, high glucose, HEPES, no phenol red (Gibco, 21063029) 

DMEM/F-12 Nutrient Mixture (Gibco, 11320033) 

McCoy's 5A (Modified) Medium (Gibco, 26600023) 

Foetal Bovine Serum (Gibco, 12103C) 

GlutaMAX® Supplement (Gibco, 35050061) 

No antibiotics were routinely used unless stated otherwise for selection purposes. 

 

2.2.2. General cell culture methods 

 

2.2.2.1. Cell passaging 

 

All cells were grown at 37ºC and 5% CO2, and they were routinely tested for Mycoplasma 

contamination using the universal mycoplasma detection kit (ATCC). In general, cells were 

passaged when they reached 70-90% confluency. For this, medium was aspirated and 

DPBS was added to remove residual products and serum. DPBS was aspirated and 0.25% 

trypsin-EDTA was added, and cells were incubated for 3-5 min at 37ºC until detached. 

Next, 5 volumes of media + 10% FBS was added to neutralise the trypsin and cells were 

collected and transferred into a 15 mL falcon tube and/or plated in a new plate or dish at 

the desired cell density. For routine passaging, cells were generally split to a 1:3-1:10 ratio, 

depending on cell type and downstream experiments.  
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2.2.2.2. Cell freezing 

 

Prior to experimental initiation, all cell lines used for this study were expanded and frozen 

down at low passages (<6-8) for stock generation and maintenance. For freezing, cell 

pellets were collected after trypsinisation as described above, and centrifuged for 5 min 

at 1250 rpm. Supernatant was discarded and cells were resuspended in 10% Dimethyl 

Sulfoxide (DMSO; Sigma-Aldrich, 276855) in FBS. Cell suspension was aliquoted into 

Nunc® CryoTubes cryogenic vials (Merck, V7634) in a volume of 1 mL per vial. For each 

flask at 70-90% confluency 2 aliquots were generated. Vials were placed into a CoolCell 

LX Cell Freezing Container (Merck, BCS-406) and immediately transferred to -80ºC. For 

long term storage, vials were transferred to a liquid N2 tank. 

 

2.2.2.3. Cell thawing 

 

All experiments were performed at passages below 25. When cells reached passage limit, 

they were disposed of and a new vial from stock was thawed. For this, new vials were 

transferred from liquid N2 to dry ice and then quickly thawed in a 37ºC water batch until 

most of the suspension was thawed. Cells were then transferred to a 15 mL falcon tube 

and resuspended with 10 mL pre-warmed medium, and then centrifuged for 5 min at 

1250 rpm. Supernatant was discarded and then cell pellet was resuspended in 10-12 mL 

medium and plated onto a flask/plate.    

 

2.2.2.4. Cell culture assays and procedures 

 

2.2.2.4.1. Induction of cellular senescence and reagents 

 

For chemotherapy-induced senescence, series of dose-ranging experiments were 

performed for each drug to test the optimal condition for cell senescence induction. A549 

cells were treated with 15 µM cisplatin, 100 nM docetaxel and 15 µM palbociclib for 7 

days and used for experimental purposes immediately after drug removal. L1475(luc) 

cells were treated with  3 µM cisplatin, 200 nM docetaxel and 30 µM palbociclib for 5 days. 
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SK-MEL-103 and 4T1 cells were treated with 5 µM palbociclib for 7 days. HCT116 cells 

were treated with 100 nM doxorubicin for 72 h. MLg cells were irradiated with 10 Gy and 

used for viability assays 10 days later. ER:Mek IMR90 cells were treated with 200 nM 4-

hydroxytamoxifen for 72 h and used for viability assays 2 days later. 

Cisplatin (Stratech) was reconstituted in sterile PBS and stored at 4°C for up to 6 

months. Docetaxel (Sigma-Aldrich) stock solution was prepared in DMSO, aliquoted and 

stored at -20°C. Palbociclib (PD0332991 isethionate, Pfizer Inc.) stock solution was 

prepared in DMSO and stored at -20°C. Doxorubicin (Carbosynth) was resuspended in 

sterile PBS and stored at -20°C.  The solution was filtered through a 0.22 µm Millex®GP 

Filter unit (Millipore) and stored at 4°C for up to 6 months. Docetaxel (Sigma-Aldrich) stock 

solution was prepared by dissolving 5 mg of the drug in 5 mL Dimethyl Sulfoxide (DMSO) 

Cell Culture Reagent (Santa Cruz Biotechnology). 4-hydroxytamoxifen (Sigma-Aldrich) was 

prepared in PBS, aliquoted and stored at -20°C. Solutions prepared in PBS were filtered 

upon preparation prior to storage. 

 

2.2.2.4.2. In vitro SA-b-gal staining 

 

After 5-7 days under treatment, cells were washed thoroughly with pre-warmed PBS 

twice, and then fixed and stained for Senescence Associated β-Galactosidase activity (SA-

β-Gal) using the Senescence β-Galactosidase Staining Kit (Cell Signaling) as per 

manufacturer’s instructions. Briefly, cells were fixed for 10 min at room temperature with 

1x fixative solution, washed with PBS, and then incubated 6 – 8 h or overnight at 37°C 

with 1x staining solution containing X-gal, in N-N-dimethylformamide (pH adjusted to 6.0). 

After staining, cells were thoroughly washed with PBS. Cells were then imaged using an 

Olympus Compact Brightfield Modular Microscope (Life Technologies) at 10X 

magnification, and total number of SA-β-Gal-positive cells was counted to assess the 

proportion of senescent cells under a certain treatment. 
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2.2.2.4.3. Proliferation assay 

 

To evaluate the effect of the different secreted factors or secretome on proliferation in a 

paracrine manner, cells that had been under chemotherapeutic treatment for at least 7 

days were thoroughly washed with PBS twice, and then fresh complete medium was 

added. After 48 h of incubation, the conditioned medium (CM) from senescent cells was 

collected and transferred to a Falcon tube. CMs were centrifuged for 10 min at 750 rpm, 

transferred to a new Falcon tube and then centrifuged again for 10 min at 2500 rpm. CM 

was added on top of recipient cells previously plated at a confluency of 10% in a 24-well 

plate (Corning). Cells were let to grow over a period of 72 h, and pictures were taken every 

2 h with an IncuCyte® S3 Live Cell Analysis System microscope (Essen Bioscience). A total 

number of 9 pictures covering all well were taken at 10X, and cell confluency was analysed 

for each time point using the IncuCyte ZOOMTM software analyser (Essen Bioscience). 

 For mechanistic analyses, A549 and L1475(luc) were also simultaneously treated 

with 50 μM galunisertib (Stratech), 1 μM rapamycin (Stratech) and 10 ng/mL rhTGF-beta1 

ligand (Bio-Techne). Such treatments and concentrations were also used during 

clonogenic and co-culture assays. 

 

2.2.2.4.4. Glucose analysis 

 

Glucose levels of conditioned medium from normal-growing and senescent A549 cells 

was analysed using the Glucose (GO) Assay Kit (Merck). Briefly, conditioned medium was 

collected after 48 h of conditioning, and centrifuged at 750 rpm for 10 min. CMs were 

transferred to a new Falcon tube and centrifuged for 10 min at 2500 rpm. Samples were 

frozen and stored at -80ºC until assayed following manufacturer’s instructions. Glucose 

levels were determined after reading optical density (OD) of samples and standards at 

540 nm in an Infinite 200 PRO Plate Reader (Tecan Life Sciences). 
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2.2.2.4.5. Scratch-wound cell migration assay 

 

To assess the effect of the secreted factors of the different types of cellular senescence 

on cell migration, a scratch wound cell migration assay was performed. A total number 

of 50,000 A549 cells was plated on each well in a 96-well plate (Eppendorf). On the 

following morning, when cells had reached 100% confluency, the WoundMaker tool 

(Essen Bioscience) was set on a wash boat containing 45 mL of sterile distilled water for 

5 minutes. The device was then placed in 70% ethanol for 5 min. It was allowed to air-dry 

for 30 min. The cell plate was inserted into the plate holder of the device, and the pin 

block was carefully placed on top and pushed following the manufacturer’s instructions 

to make the homogeneous wounds (700-800 µm wide) in the cell monolayers. The pin 

block was then washed in 0.5% Alconox (in H2O) for 5 min. It was then immersed in 1% 

Virkon for 5 min. It was subsequently washed in 70% ethanol and distilled water as 

previously described.  

CMs from senescent cells were collected and processed as previously described, 

and wounded cells were carefully washed once with PBS. CMs were then placed on top 

of monolayer cells, and the cells were allowed to migrate over a period of 36 hours. 

Pictures were taken every 2 h with an IncuCyte® S3 Live Cell Analysis System microscope 

(Essen Bioscience). A total number of 2 pictures covering all the wound were taken at 10X, 

and relative wound confluency was analysed for each time point using the IncuCyte 

ZOOMTM software analyser. 

 

2.2.2.4.6. Clonogenic assay 

 

A549 and L1475(luc) cells were trypsinised as usual and plated onto a 6-well plate (500 

cells per well). Cells were allowed to attach, and then CM from senescent cells were 

collected, processed as previously described and added on top of recipient cells. Plates 

were allowed to grow for 14 days, and fresh CM was added every 48 h. At day 14, colonies 

were washed once with PBS and then fixed in 4% PFA for 10 min. They were washed once 

again in PBS and permeabilised in ice-cold methanol for 20 min. They were allowed to dry 

for 30 min and then stained with 0.2% crystal violet (ACROS organics, 548-62-9) in 20% 
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methanol for 30 min. The excess of crystal violet was removed by a final wash in distilled 

water. Colony plates were scanned, and the number of colonies were scored for each 

condition. 

To determine the synergistic effect of the concomitant treatment of cisplatin and 

the senolytics used and developed in Chapter 5 (navitoclax and Nav-Gal), we calculated 

the co-coefficient of drug interaction (CDI) using the normalised clonogenic potential 

measurements of the individual and concomitant treatments at different concentrations. 

CDIs were calculated as ratios following the formula CDI = (AB)/(AxB), where AB is the 

clonogenic potential value of the concomitant treatment with the two drugs combined at 

a specific concentration, and A and B are the clonogenic potential values of the individual 

treatments of each drug at such concentration. Following this formula, a CDI > 1 indicates 

that the drugs are antagonistic, a CDI = 1 indicates that the drugs are additive and a 

CDI < 1 indicates that the drugs are synergistic, with values closer to 0 indicating higher 

synergy between the drugs [262]. This effect can depend on the ratio and molarity of 

drugs used, and for this reason, CDIs were calculated and plotted at different molar ratios 

of cisplatin and Navitoclax or Nav-Gal. 

 

2.2.2.4.7. Low-attachment sphere formation assay 

 

As an additional assay to assess the gain of malignant properties in cells derived from 

their incubation with CM from senescent cells, a sphere-forming ability assay was 

performed. Cover glasses (size 22 x 26 mm, thickness no. 1; VWR international) were 

placed inside a 6-well plate and washed in 70% ethanol for 30 min. Ethanol was then 

removed and the covers were allowed to dry for 20 min. After that, 0.01% polylysine was 

added on top for 30 min, removed and let dry for 10 min.  

CM from senescent cells, which had been conditioned for 48-72 h, were collected 

and processed as previously described. A549 cells were trypsined and counted, and a 

total number of 2,000 cells were centrifuged and resuspended in 2 mL of CM, 

supplemented with 10 ng/mL of fresh bioactive recombinant human FGF basic 146 aa 

(rhFGF, R&D Systems), 10 ng/mL of human recombinant epidermal growth factor (hEGF, 

ThermoFisher Scientific) and 1% N-2 Supplement (Life Technologies). Cells were then 
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placed inside the wells onto coverslips and allowed to form spheres for up to 14 days. 

Every 48 h, half of the volume inside each well was carefully aspirated, and fresh CM 

supplemented with rhFGF, hEGF and N-2 was added just before use. Cells were 

monitored and on day 10-14, medium was carefully aspirated, and spheres were fixed 

with 4% PFA for 20 min. Spheres were washed in PBS twice and kept at 4ºC until imaged 

with an AxioScan.Z1 microscope (Zeiss) at 10X magnification. Finally, the number of 

spheres for each condition was scored and sphere shape was analysed. 

 

 

2.2.2.4.8. Senescent and tumour cell co-culture 

 

As an alternative method to analyse the paracrine effects of the SASP in vitro with the aim 

of having control cancer and senescent cells in close contact, two different cell culture 

strategies were used. 

First, control and senescent cells were thoroughly washed with DPBS and 

trypsinised. A total of 100,000 control cells were seeded per well at the bottom of a 6-well 

plate. Medium was topped up to a total of 0.5 mL per well and cells were allowed to attach 

for 2 h. Next, senescent cells were washed with PBS and trypsined, and a total of 100,000 

senescent cells were seeded onto a Falcon® Cell Culture insert (Corning Life Sciences) in 

0.5 mL fresh medium. The inserts were placed onto each 6-welll plate were control cells 

had previously been plated, and media was topped up to a total 2 mL per well. Cells were 

let to grow over a period of 72 h, and pictures were taken every 2 h with an IncuCyte® S3 

Live Cell Analysis System microscope (Essen Bioscience). A total number of 9 pictures 

covering all well area were taken at 10X, and cell confluency was analysed for each time 

point using the IncuCyte ZOOMTM software analyser (Essen Bioscience). 

As a second approach, in order to analyse the effect in a three-dimensional 

strategy, an alternative sphere-forming assay was performed. First, control cancer cells 

were trypsinised and a total of 5,000 cells per well were carefully resuspended in 100 µL 

of Matrigel® Matrix mixed with ice-cold media at a 1:1 ratio, and carefully plated drop-

wise in the centre of a well in a 24-well plate. Cell-containing Matrigel drops were allowed 

to solidify for 20 min at 37ºC, and then senescent cells were trypsinised and plated on the 
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same well to a total of 15,000 cells/well. Media was topped up to a total volume of 0.5 mL, 

and spheres within the Matrigel were allowed to grow for 7 days. Pictures of 3D spheres 

formed were taken every day using an Olympus Compact Brightfield Modular Microscope 

(Life Technologies) at 10X and 20X magnification, and number and size of spheres were 

analysed for each condition. 

 

2.2.2.4.9. Cell mitochondrial stress test 

 

In order to assess the oxygen consumption rate (OCR) and extracellular acidification rate 

(ECAR) of cells after being treated with the CM from senescent cells, a total number of 

40,000 cells were seeded in a XFe24 cell culture microplate in 500 µL normal DMEM. Once 

cells had attached, CM from senescent cells was collected and processed as previously 

described, and then added on top of the recipient cells. After 48 - 72 h of incubation, CM 

was carefully removed and cells were washed once with PBS. Then, 675 µL of 

bicarbonate-free DMEM (Sigma-Aldrich) supplemented with 25 mM glucose, 1 mM 

pyruvate, 4 mM glutamine and 40 µM phenol red was added to each well. In order to 

eliminate residues of carbonic acid from medium, cells were incubated for 2 – 3 h at 37ºC 

with atmospheric CO2 in a non-humidified incubator. Seahorse cartridge containing the 

sensors for the assay were previously calibrated overnight in 1 mL of Seahorse XF 

Calibrant (Agilent). Around 30 minutes before performing the assay, mitochondrial stress 

drugs were added inside the A-C ports in the cartridge plate: 2 µM oligomycin (port A, in 

a total volume of 75 µL per port), 1 µM carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP, port B, in a total volume of 82 µL per port), 1 

µM rotenone and 1 µM antimycin A (port C, in a total volume of 83 µL per port). Cartridge 

previously soaked in calibrant and carrying the mitochondrial stress drugs within the 

ports was inserted inside the Seahorse XF-24 extracellular flux analyser for calibration. 

Once calibrated, the plate containing treated cells was inserted inside the flux analyser, 

and OCR and ECAR were assayed. Initial pH of media was also measured before drug 

injection. Three measurement cycles of 2 min-mix, 2 min-wait and 4-min measure were 

carried out at basal condition and after each drug injection. At the end of the experiment, 

each well was carefully washed with 800 µL PBS and protein was extracted with 50-60 µL 
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of RIPA lysis medium. The plates were incubated at -80ºC for 30 min and allowed to thaw 

at room temperature. Protein concentration in each well was measured by a PierceTM BCA 

Protein Assay kit (ThermoFisher Scientific) according to manufacturer’s instructions. OCR 

and ECAR values were normalised on total µg of protein in each well. 

 

2.2.2.4.10. Cell viability and apoptosis analysis 

 

For A549, SK-MEL-103, 4T1, HCT116 and ER:Mek IMR-90 cell lines, control and senescent 

cells were seeded in flat-bottom-clear 96-well plates at a density of 6,000–8,000 and 

4,000–6,000 cells per well, respectively. The following day cells were treated with serial 

dilutions of Nav-Gal or navitoclax in 0.2% FBS-containing media. Viability and IC50 was 

assessed 48 or 72 h later after two hours of incubation at 37°C with CellTiter-

Glo® Luminescent Cell Viability Assay (Promega) or CellTiter-Blue® Cell Viability Reagent 

(Promega). Raw data were obtained by measuring luminescence in a VICTOR Multilabel 

Plate Reader (Pelkin Elmer) or fluorescence at an excitation/emission wavelength of 

560 nm/590 nm in an Infinite 200 PRO Multimode Spectrophotometer (TECAN). 

For MLg cells, control and senescent cells were seeded in a 12-well plate at a density 

of 80,000 and 60,000 cells per well respectively, and cells were treated with three to five 

different increasing concentrations of Nav-Gal or navitoclax on the following day. After 

72 h, viability was assessed with CellTiter-Blue® Cell Viability Reagent (Promega) as 

described above. 

To determine the induction of apoptosis after the treatment with navitoclax and Nav-

Gal, 4,000 senescent and 6,000 non-senescent A549 or SK-Mel-103 cells were seeded in 

96-well plates. 24 h later, annexin V Fluorescent Reagent (Essen Bioscience) was added to 

the media, and after a first scan, the cells were treated with vehicle (DMSO), 10 µM 

navitoclax or 10 µM Nav-Gal for 48 h. Images were collected every 2 h with an 

Incucyte® S3 Live-Cell Analysis System microscope (Essen Bioscience) over time. A total of 

2 pictures per well were analysed using the IncuCyte ZOOM™ software analyser, and total 

and annexin V-positive cells were counted using ImageJ software. 
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2.3. DNA procedures 

 

2.3.1. Genotyping of mice by PCR of genomic DNA 

 

Mice bred for experimental purposes were genotyped using an ear biopsy collected by 

Cambridge Biomedical Services (CBS) staff. Genomic DNA was extracted from the 

biopsies in 25 µL alkaline lysis solution (25 mM NaOH, 0.2 mM EDTA in H2O) for 1 h at 

95ºC. The solution was then cooled down and lysis reaction was stopped by adding 25 µL 

neutralising buffer (40 mM Tris-HCl). Subsequent genotyping for Kras-FSFG12V mouse line 

was performed using 2 µL of this solution per polymerase chain reaction (PCR) 

amplification using the primer sets detailed in Table 2.  

 

Primer 

name 

Primer sequence (5’-3’’) Annealing  

Number 

of cycles 

Expected 

product 

Kras2F-

8B2 

CCACAGGGTATAGCGTACTATGCAG 

30 s at 65ºC, -0.5ºC 

decrease per cycle 

(Touchdown) for 

10 cycles 

30 s at 72ºC for 28 

next cycles 

10 

touchdown 

+ 28 

WT: 

507 bp 

MUT: 

358 bp 

3ex1 CTCAGTCATTTTCAGCAGGC 

STOP AGTGCCTTGACTAGAGATCA 

 

Table 2. Primers, amplification conditions and expected product for PCR genotyping of 

experimental mice. 

 

PCR reactions mixes were prepared using 1X SYBRTM Green PCR Master Mix 

(ThermoFisher Scientific), 10 pmol of each primer and ddH2O to a total volume of 20 µL 

per sample, and a negative control containing the lysis buffer without biopsied sample 

was used for each reaction. Initial strand denaturation was performed at 94ºC for 3 min 

(KRas-FSFG12V). Regions of interest were amplified in cycling conditions with denaturation 

steps conducted at 94ºC for 30 s followed by an annealing step dependent on specific 

primer sets and a polymerisation extension step at 72ºC for 1 min. A final extension step 
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was performed after all cycles were completed at 72ºC for 5 min. Finally, PCR products 

were resolved by gel electrophoresis in a 1.5% agarose (Sigma-Aldrich) gel containing 1X 

SYBR Safe DNA Gel Stain (ThermoFisher Scientific) at a voltage of 80V. Gels were imaged 

using an E-gel imager (ThermoFisher Scientific). 

 

 

2.3.2. Vectors and constructs 

 

Several vectors were used during this study and obtained from different sources (Table 

3).  

 

Vector name Selection Purpose Source 

pLV-mCherry Ampicillin Stable expression of mCherry in A549 cells Addgene # 36084 

pCMV-GFP Ampicillin Stable expression of GFP in A549 cells Addgene # 11153 

pCMVDR8.91 Ampicillin Vector encoding for packaging protein (Gag-pol 

driven by CMV promoter) required for 

lentivirus production 

Nova #PVT2323 

pMD2.G Ampicillin Vector encoding for envelope protein (VSV-G 

driven by CMV promoter) required for 

lentivirus production 

Addgene #12259 

 

Table 3. Vectors used for the fluorescent labelling of A549 cells. 

 

 

2.3.3. Bacterial transformation and plasmid isolation 

 

For vectors purchased from Addgene, bacteria containing the plasmid were picked with 

a sterile tip in sterile conditions (Bunsen burner) and spread onto an Agarose plate 

containing Ampicillin for resistance selection. The plates were left to grow overnight at 

37ºC and two colonies were picked the following morning with a sterile tip and 

transferred into a 50 mL falcon tube containing 7 mL of LB medium + Ampicillin, and left 

growing overnight at 37ºC. On the following day, bacteria suspension was centrifuged for 
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10 min at 5,000 rpm. Half of the pellet was used for storage (resuspended in 1 mL LB + 

glycerol (1:1)) and stored at -80ºC. The other half was used for plasmid isolation using the 

GenEluteTM Plasmid Miniprep as described above. Final plasmid was resuspended in 100 

µL nuclease-free water, and concentration and quality was assessed with a NanoDrop N-

1000 (NanoDrop Technologies) spectrophotometer. A total of 1 µg of plasmid was 

digested by restriction enzyme digestion to check for correct sequence by restriction 

enzyme digestion using two different restriction enzymes and following NEBcloner® 

(New England Biolabs) indications for digestion reaction conditions. In order to prevent 

self-ligation, digestion products were first treated with 1 µL of Alkaline Phosphatase (AP, 

20 U/µL) and 10 µL of AP buffer in water to a total volume of 100 µL and then run on a 

1% agarose gel at 80 V for 1.5 h. Plasmids were also sent for sequencing at the DNA 

Sequencing Facility, Department of Biochemistry, University of Cambridge. Once 

sequence was confirmed as correct, stored bacteria was thawed and grown in 100 mL LB 

Medium + Amp overnight (O/N), and then plasmid was purified using the GenEluteTM 

Plasmid MidiPrep (Sigma-Aldrich, PLD35). 

 

2.3.4. Virus construction, titration and infection 

 

For lentivirus construction, two different plasmids encoding for the regions needed for 

viral particles construction were transfected into easily-transfectable HEK-293T cell line 

alongside the plasmid of interested. Briefly, pCMVAR8.91 (plasmid encoding for 

packaging), pMD2.G (plasmid encoding for envelope protein) and plasmid of interest 

were mixed at a 2:1:3 proportion, respectively, in Opti-MEM medium (ThermoFisher 

Scientific), and mixed with pre-incubated Lipofectamine 2000 (ThermoFisher Scientific) as 

per manufacturer’s indications. Lipofectamine-DNA mix was added drop-wise on HEK-

293T cells previously seeded at a confluency of around 70-80% in a 6-well plate. Cells were 

incubated with the mix for 6 hours and then the medium was removed and fresh medium 

was added. Cells were further incubated for 48 h and then supernatant containing viral 

particles was collected and stored at -80ºC.  

Titration of the viral particles was performed following flow cytometry 

methodologies. Viral particles were added onto A549 cells plated in a 12-well plate 



MATERIALS AND METHODS 

 74 

containing 1,5 x 105 cells per well following a 1:10 serial dilution. After 48 h, cells were 

washed with PBS and then detached with trypsin/EDTA. Cells were then resuspended 

with DMEM and transferred to a 15 mL falcon tube. Cells were centrifuged for 5 min at 

1250 rpm and at 4ºC. Supernatant was removed and cells were washed twice with PBS 

and then centrifuged again. Supernatant was removed and 1% PFA (in PBS) was added 

on the cells and incubated for 5 min at room temperature for fixation and inactivation of 

vector particles. Cells were then washed again with PBS and resuspended in PBS for flow 

cytometry analysis using a Fortessa Flow Cytometer (BD Biosciences). Percentage of cells 

positive for infection was calculated following a gating strategy based on fluorescent 

reporter. For titer calculation, the viral particle dilutions yielding 1% to 20% positive cells 

were used. In a typical titration experiment, below 1% is not accurate enough to reliable 

determine the number of positive cells by flow cytometry, and above 20%, the chance for 

each positive target cell to be transduced more than once significantly increases, 

resulting in an underestimation of the number of transducing particles. The formula 

followed to calculate the titer was: 

 	

Titer	(transducing	units/mL)

=
456789	:;	<=9>8<	?8@@A	(?:5B<	=<	C=D	1)	F	

%	:;	H:AI<IJ8	?8@@A
100

L:@568	:;	A5H89B=<=B<	(6M)
 

 

Once the titer was calculated, a Multiplicity of Infection (MOI) of 0.1-0.3 was used to 

infect a total of 250,000 A549 cells plated in a 6-well plate. Infected cells were then sorted 

by the Flow Cytometry Unit of the Cambridge Institute for Medical Research, pooled and 

collected in DMEM + 20% FBS + P/S, and then expanded. 
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2.4. RNA procedures 

 

2.4.1. Transient downregulation of gene expression by siRNA technology 

 

For transient downregulation of GLB1 in A549 and SK-Mel-103 cells, a total of 30,000 

control or 50,000 senescent cells were seeded per well in a 24-well plate. On the next 

morning, cells were transfected with TriFECTa® Kit DsiRNA Duplex siRNAs (Integrated 

DNA Technologies) hs.Ri. GLB1.13.1 (siRNA1), hs.Ri.GLB1.13.3 (siRNA2) or scrambled 

siRNA, using Lipotectamine RNAiMAX Reagent (Thermo Fisher Scientific) as per 

manufacturer's instructions. Briefly, pre-designed duplex siRNAs were resuspended in 

ddH2O to a stock concentration of 2 µM, and 6 pmol of each duplex was gently mixed 

with 50 µL Opti-MEM® Medium (Gibco). In a different tube, 1 µL Lipofectamine RNAiMax 

Reagent was added to 50 µL Opti-MEM® Medium and gently mixed. The two solutions 

were combined and mixed and incubated for 20 min at room temperature. After 

incubation time, the RNAi duplex-Lipofectamine mix (100 µL) was added drop-wise onto 

cells bringing the total volume per well to 600 µL. After 48 hr, RNA was extracted as 

described below, and cells were further assayed for SA-β-gal activity and cell viability 

upon senolytic treatment.  

 

2.4.2. Gene expression knockdown by shRNA technology 

 

For TGFBR1 and Tgfbr1 knockdowns in A549 and L1475(luc) cells, viral particles were 

produced in 293T cells upon transfection with pCMVAR8.91, pMD2.G and shRNA plasmids 

mixed at a 1:2:3 proportion, respectively, with Lipofectamine 2000 (ThermoFisher 

Scientific) in Opti-MEM medium (ThermoFisher Scientific). Cells were incubated with the 

mix overnight and fresh medium was added the next morning. After 48 h incubation, 

supernatant was collected and filtered. Viral particles were added onto A549 and 

L1475(luc) cells, and positive selection was performed with puromycin treatment for 5 

days. RNA was then extracted as described above, and lines with the highest knockdown 

were used for further assessment and experiments. Clone IDs, target sequence and 

further details of the shRNA constructs used can be found in Table 4.  
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Name Clone ID Vector Clone 

Name 

Target Sequence Oligo Sequence (Forward) Oligo Sequence (Reverse) 

shTGFBR1 TRCN0000010443 pLKO.1 NM_0046

12.x-

2229s1c1 

CAGTAAGTGCCACTTCTGTGT CCGGCAGTAAGTGCCACTTCTGTG

TCTCGAGACACAGAAGTGGCACTT

ACTGTTTTTG 

AATTCAAAAACAGTAAGTGCCA

CTTCTGTGTCTCGAGACACAGA

AGTGGCACTTACTG 

shTgfbr1 TRCN0000022480 pLKO.1 NM_0093

70.2-

1394s1c1 

GCCTTGAGAGTGATGGCTAAA CCGGGCCTTGAGAGTGATGGCTA

AACTCGAGTTTAGCCATCACTCTC

AAGGCTTTTTG 

AATTCAAAAAGCCTTGAGAGTG

ATGGCTAAACTCGAGTTTAGCC

ATCACTCTCAAGGC 

 

Table 4. shRNA construct information and oligo sequences.  
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2.4.3. RNA extraction, cDNA synthesis and quantitative real-time PCR 

 

RNA from cells was extracted using the RNeasy Mini Kit (Qiagen) and resuspended in 

RNase-free H2O. For gene expression analysis, cDNA was synthesized with the High-

Capacity RNA-to-cDNATM Kit (Thermo Fisher Scientific) using a total of 500 ng of RNA per 

reaction. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed 

using 2 µL of cDNA solution and 250 nM of each primer mixed with the Luna® Universal 

qPCR Master Mix (New England Biolabs) following manufacturer’s indications. For 

amplification, a QuantStudio® 1 Real-Time PCR instrument (Applied Biosystems) was 

used with the amplification parameters detailed in Table 5.  

 

Cycle step Temperature Time Cycles 

Initial 

Denaturation 

95ºC 60 s 1 

Denaturation 95ºC 15 s 40 

Extension 60ºC 30 s (+ plate read) 

Melt curve 72ºC 5 min 1 

 

Table 5. Amplification parameters for real-time quantitative PCR amplification. 

  

Primers used to amplify target genes were generally pre-designed KiCqStart® 

SYBR® Green Primers (Sigma) and are detailed in Table 6.  

 

Target gene Forward (5’ – 3’) Reverse (5’ – 3’) 

CDKN1A CAGCATGACAGATTTCTACC CAGGGTATGTACATGAGGAG 

IL6 GCAGAAAAGGCAAAGAATC CTACATTTGCCGAAGAGC 

IL1A AGAGGAAGAAATCATCAAGC TTATACTTTGATTGAGGGCG 

LMNB1 GTATGAAGAGGAGATTAACGAGAC TACTCAATTTGACGCCCAG 

MMP9 TGCAACGTGAACATCTTCG GAATCGCCAGTACTTCCCA 
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TGFB1 AACCCACAACGAAATCTATG CTTTTAACTTGAGCCTCAGC 

TGFB2 TTGCTTTAGAAATGTGCAGG TCTGAACTCATAAATACGGG 

TGFB3 TGTTGAGAAGAGAGTCCAAC ATCACCTCGTGAATGTTTTC 

TGFBR1 GTACCAACAATCTCCATGTG AGACAATGGTACTTGGACTC 

GLB1 GACAGTACCAGTTTTCTGAG ATAGACTCTTTCTCTAGCAGC 

ACTB AGAAGGATTCCTATGTGGGC TACTTCAGGGTGAGGATGC 

Cdkn1a CTAGGGGAATTGGAGTCAGG  AGAGACAACGGCACACTTTG  

Cdkn2a GGGTTTCGCCCAACGCCCCGA TGCAGCACCACCAGCGTGTCC 

Il6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 

Il1a ATGATCTGGAAGAGACCATCC CGAGCTTCATCAGTTTGTATCTC 

Lmnb1 ATGAAGAGGAGATCAATGAGAC CATACTCAATCTGACGCCC 

Mmp9 GTCCAGACCAAGGGTACAG ATACAGCGGGTACATGAGC 

Tgfb1 ACCAAGGAGACGGAATACAG CGTTGATTTCCACGTGGAG 

Tgfb2 GAGATTTGCAGGTATTGATGG CAACAACATTAGCAGGAGATG 

Tgfb3 CTCAGTGGAGAAAAATGGAAC GGTCGAAGTATCTGGAAGAG 

Tgfbr1 CCTGAAGTTCTAGATGATTCC CTTCATGGATTCCACCAATAG 

Actb CTTTTCCAGCCTTCCTTCTTGG CAGCACTGTGTTGGCATAGAGG 

 

Table 6. Sequences of oligonucleotides used for the amplification of target genes during 

RT-qPCR. 

 

In order to analyse gene expression data, the Double Delta Ct Value Method (ΔΔCt) 

was used. Briefly, the mean of the Ct values was calculated for the housekeeping gene 

(H) and the gene being tested (T) in control sample (C) and experimental sample (E), 

returning 4 values: TE (Gene being Tested Experimental), TC (Gene being tested Control), 

Housekeeping Gene Experimental (HE) and Housekeeping gene Control (HC). The ΔCt 

values were obtained by calculating the differences between TE and HE (TE-HE) and TC 

and HC (TC-HC) for experimental (ΔCtE) and control conditions (ΔCtC), respectively. Next, 

the Double Delta Ct Values (ΔΔCt) were obtained by calculating the difference between 

ΔCtE and ΔCtc (ΔCtE- ΔCtC). Finally, fold change expression values were obtained by 

calculating logarithm base 2 of ΔΔCts (2^-ΔΔCt). 
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2.4.4. RNA quality control assessment for RNA sequencing analysis 

 

For the transcriptome analysis of different chemotherapy-induced senescent cells, RNA 

of control, drug-treated and CM-recipient A549 cells was extracted as described above. 

Prior to RNA extraction and processing, all surfaces were thoroughly cleaned with 10% 

bleach and Ultraclean Lab Cleaner (Ultrawave) and sprayed with RNaseZap 

Decontamination Solution (ThermoFisher Scientific). RNA was resuspended in RNAse-free 

water and RNA concentration, 260/280 and 260/230 ratios were first measured using a 

NanoDrop Microvolume Spectrophotometer (ThermoFisher Scientific). RNA samples 

were diluted to a range between 200-500 ng/µL and then RNA concentration was 

measured again using the Qubit RNA BR Assay Kit (ThermoFisher Scientific). Diluted 

samples were read in a Qubit 3.9 Fluorometer 2 min after reaction time following 

manufacturer’s indications. For RNA Integrity Number (RIN) analysis, samples were 

analysed using the Agilent RNA ScreenTape System (Agilent Technologies). Briefly, 

samples were incubated in RNA ScreenTape Sample buffer (Agilent Technologies) as per 

manufacturer’s instructions and loaded onto an RNA ScreenTape (Agilent Technologies) 

along with RNA ScreenTape Ladder (Agilent Technologies) for loading control. The 

ScreenTape was flicked and then loaded onto the 4200 TapeStation instrument and 

samples were analysed.  

Only samples with a RIN of 8.0 or higher were transferred to 1.5 mL Eppendorf 

tubes to a total quantity of 3 µg per sample, and submitted to BGI Group for DNBSeq 

Stranded mRNA library preparation and RNA sequencing. A total of 3 biological repeats 

for each experimental condition were submitted for analysis, and a minimum of 20 

million reads per sample threshold was used.   

 

2.4.5. RNA sequencing and analysis 

 

Analysis of RNA-seq results was performed by Dr Ezequiel Martin Rodriguez (Cancer 

Molecular Diagnostics Laboratory, Department of Oncology, University of Cambridge). 

Briefly, alignment of reads and overall QC was run following a custom pipeline using STAR 

in double pass mode versus hg38 in alt contig aware mode, including samtools, fastqc 
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and custom code. Cufflinks Quantification was performed and data was normalised 

following a Fragments Per Kilobase (of gene length) and Million reads (FPKM) 

normalisation. For downstream analysis of differential expression of genes, 

Cummerbund package and custom code including analysis for PCA, JS Distance, 

Network/Overrepresentation and Unsupervised Clustering was run, assessed, analysed 

and represented. 

 

2.5. Protein procedures 

 

2.5.1. SDS-PAGE and Western blotting 

 

2.5.1.1. Lysate production and electrophoresis 

 

Cell plated in 100 mm dishes were lysed at different time-points in 150-350 µL of 

Radioimmmunoprecipitation Assay (RIPA) buffer (Sigma-Aldrich, # R0278). RIPA buffer is 

made of 0.5% sodium deoxycholate, 1% Tritan X-100, 20 mM Tris pH 8.0, 0.1% SDS, 150 

mM NaCl and stored at 4ºC. Before use, it was supplemented with 1 mM 

ethylenediaminetetraacetic acid (EDTA), cOmpleteTM EDTA-free EASYpack protease 

inhibitor cocktail (Roche), previously prepared as a 25X stock solution by dissolving 1 

tabled in 2 mL H2O, and PhosSTOPTM EASYpack phosphatase inhibitor cocktail (Roche), 

previously prepared as a 10X solution by dissolving 1 tablet in 1 mL H2O. These 

compounds inhibit the activity of endogenous protease and phosphatase enzymes. Cells 

were then scrapped using a polyethylene cell lifter (Cornig) and transferred into a cold 

centrifuge tube, and incubated on ice for 15 min. The lysates were then centrifuged at 

4ºC (15,000 g) for 15 min and the supernatant (extracted cellular proteins) was collected 

and transferred into a new cold Eppendorf tube for further Western blot analysis. 

The protein lysate was quantified using the PierceTM BCA Protein Assay Kit (Thermo 

Scientific). Diluted Bovine Serum Albumin (BSA) standards were prepared following 

manufacturer’s instructions with a final BSA concentration of between 25 µg/mL and 

2,000 µg/mL. Protein samples were mixed following a 1:8 ratio with the working solution 

(provided by the kit) and placed into a Thermo ScientificTM 96-well plate. The plate was 
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incubated for 30 min at 37ºC, and was eventually analysed in a microplate reader (Infinite 

200 PRO Plate Reader (Tecan Life Sciences)) to measure protein concentration.  

A total of 30 µg of protein per sample were diluted in 4x Laemmli Sample Buffer 

(Bio-Rad) to a total volume of 20 µL, which were loaded onto a 12% Mini-PROTEAN® TGXTM 

Precast Gel. The gel was resolved for 40 to 50 min at a constant voltage of 200V in SDS 

Running Buffer (BioRad). Following separation, the proteins were electro-transferred 

from the gel onto a polyvinylidene difluoride PVDF Transfer Membrane, 0.45 µm, 26.5 cm 

x 3.75 m (ThermoFisher) by wet tank transfer. PVDF membrane was previously activated 

by a 60 s incubation in 100% methanol. The gel was placed into a Trans-Blot 

electrophoretic transfer tank (BioRad Laboratories) containing 1 L of transfer buffer (20% 

methanol in SDS Transfer Buffer (BioRad)) and ran overnight at 4ºC, at a voltage of 10V.  

 

2.5.1.2. Immunoblotting of membranes 

 

On the following morning, the membrane was washed once with Tris Buffered Saline with 

Tween 20 (TBS-T) and then incubated in 5% milk (Marvel) in TBS-T for 1 h at RT. Proteins 

present within the milk solution bind to the PVDF membrane, minimising the non-specific 

binding of primary antibodies. To remove excess blocking solution, this membrane was 

washed three times in TBS-T for 10 min each before immunoblotting. Primary antibodies 

were diluted in 5% milk in TBS-T at quantities indicated in Table 7. The PVDF membrane 

was subsequently incubated in the primary antibody solutions overnight, on a rocking 

shaker at 4ºC.   

 

Antibody Species Provider Catalogue 

Number 

Working 

Dilution 

Anti-GADPH Rabbit Abcam ab9485 1:2000 

Anti-Rb (4H1) Mouse Cell Signaling 9309 1:2000 

Anti-Phospho-Rb (Ser807/811) Rabbit Cell Signaling 9308 1:1000 

Anti-p53 (CO-7) Mouse Santa Cruz 

Biotechnology 

sc-47698 1:500 

Anti-Phospho-p53 (Ser20) Rabbit Cell Signaling 9287 1:1000 



MATERIALS AND METHODS 

 82 

Anti-p21 (F-5) Goat Santa Cruz 

Biotechnology 

sc-6246 1:250 

Anti-CDKN2A/p16INK4a 

(EPR1473) 

Rabbit Abcam ab108349 1:2000 

Anti-TGFB1 Rabbit Abcam ab92486 1:1000 

Anti-TGFB2 Mouse Abcam ab36495 1:1000 

Anti-TGFB3 Goat Bio-Techne AF-243-NA 1:1000 

Anti-Pan-P70S6K Mouse Bio-Techne MAB8962 1:1000 

Anti-Phospho-p70S6K (T389) Rabbit Bio-Techne MAB8963 1:1000 

Anti-Pan-Akt Rabbit Cell Signaling 4691 1:1000 

Anti-Phospho-Akt (S473) Rabbit Cell Signaling 9271 1:1000 

Anti-TGFBR1 Goat Abcam ab121024 1:1000 

 

Table 7. List of primary antibodies and staining conditions used for Western blotting. 

 

Following overnight incubation, the membrane was washed three times in TBS-T 

for 10 min each, before incubating with the appropriate species-specific secondary 

antibody. Secondary antibodies were diluted in 5% milk in TBS-T at quantities indicated 

in Table 8. The membrane was subsequently washed three times in TBS-T for 5 min each 

to remove the excess secondary antibodies. It was then incubated with freshly made 

Amersham Enhanced ChemiLuminescence (ECL) detection solution (Amersham) for 1 min 

in the dark. The membrane was placed on X-ray cassette, a film was placed on top and 

exposed for 1-60 s depending on signal intensity, and the film was developed using the 

Xograph Compact X4 automatic processor. Alternatively, membranes were imaged using 

a ChemiDoc imager (Bio-Rad) at automatic exposure times. Before incubation with a new 

antibody, the membranes were washed in Striping Buffer (15 g glycine, 1 g SDS, 0.1% 

Tween 20 in 1 L ultrapure water, pH 2.2) twice for 10 min, then washed twice in PBS for 

10 min each. Next the membranes were washed twice in TBS-T for 5 min each, and then 

finally blocked and re-probed as previously explained.  
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Antibody Species Provider Catalogue 

Number 

Working 

Dilution 

HRP-conjugated AffiniPute 

Anti-Rabbit IgG (H+L) 

Donkey Jackson 

ImmunoResearch 

711-035-152 1:5000 

HRP-conjugated AffiniPute 

Anti-Mouse IgG (H+L) 

Donkey Jackson 

ImmunoResearch 

715-035-150 1:5000 

HRP-conjugated AffiniPute 

Anti-Goat IgG (H+L) 

Donkey Jackson 

ImmunoResearch 

805-035-180 1:5000 

 

Table 8. List of secondary antibodies and staining conditions used for Western blot 

analysis. 

 

 

2.5.2. Human cytokine array 

 

Cytokine levels in CM were analysed using the Human Cytokine Array and the Human XL 

Cytokine Array (ProteomeProfiler human Cytokine Array Panel A, from R&D Systems), 

following the manufacturer’s instructions. A total volume of 700 µL of CM was mixed with 

300 µL of blocking buffer provided by the kit for the Human Cytokine Array, and 500 µL 

with 1 mL provided blocking buffer was mixed before incubation for the Human XL 

Cytokine Array. Pixel density was determined using the Image J Software, after 

subtracting background noise.   

 

2.5.3. Phospho-kinase array 

 

Changes in kinase phosphorylation upon exposure to the SASP was assayed using the 

Proteome Profiler Human Phospho-Kinase Array (R&D Systems). Briefly, A549 cells were 

exposed to FBS-free CM from control and senescent cells (with either vehicle or 50 μM 

galunisertib (Stratech)) for 30 min at 37°C. Protein was extracted immediately after as 

described above and protein concentration was calculated following the PierceTM BCA 

Protein Assay Kit (ThermoFisher Scientific). A total of 600 μg were immediately used for 

the assay following manufacturer’s indications. Membranes from the kit were incubated 
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with ECL (Amersham) and X-ray film was exposed to 1 and 10 min. Pixel intensity was 

calculated using FiJi software and normalised again loading controls. 

 

2.5.4. MicroEnvironment MicroArray (MEMA) technology 

 

The MicroEnvironment MicroArray (MEMA) platform was used as a high-throughput 

technology to determine the impact of different SASP ligands on A549 cell proliferation. 

Reuben Hoffman, from the laboratory of James E. Korkola (Oregon Health and Science 

University, Portland, US) performed the experiment and the analyses. Briefly, MEMAs 

were blocked for 20 min with 1% non-fouling blocking agent and rinsed three times with 

PBS. A total of 500 A549 cells/well per seeded in DMEM medium containing 10% FBS. After 

2-18 hours of adhesion, medium was aspirated and replaced with 0.1% FBS DMEM 

supplemented with experimental ligand. Cells were allowed to grow for up to 72 h and 

cells were washed and fixed with 2% PFA for 15 min. Cells were then permeabilised with 

0.1% Trixon X-100 for 15 min, and washed with 0.05% Tween 20 PBS, and incubated with 

EdU detection reaction reagents (Click-iTTM EdU Cell Proliferation Kit (ThermoFisher 

Scientific) for 1 h and protected from light. Cells were then washed again with BPS and 

imaged on an automated imaging system. Segment cells and intensity were calculated 

using CellProfiler. R-environment with custom code was used to normalise, correct 

variations and summarise the raw Cell Profiler derived data for each condition. 

 

2.5.5. Enzyme-linked Immunoassay (ELISA) 

 

To determine the amount of TGF-b1 in conditioned media from control and senescent 

cells, cells were thoroughly washed with PBS twice and serum-free medium was added 

onto control and senescent cells, and conditioned for 24 h. After this, CM was collected 

and transferred into falcon tubes, and centrifuged for 10 min at 1250 rpm at 4ºC. Then, 

supernatant was carefully transferred into new falcon tubes and centrifuged for 10 min 

at 2500 rpm at 4ºC. Supernatant was immediately stored at -80ºC until enzyme-linked 

immunosorbent assay (ELISA) was performed. For this, the Human TGF-beta 1 Quantikine 

ELISA Kit (R&D Systems), Human TGF-beta 2 Quantikine ELISA Kit (R&D Systems) and the 
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Human TGF-beta 3 DuoSet ELISA Kit (R&D Systems) were used following manufacturer’s 

instructions. First, in order to activate TGF-b ligands to their immunoreactive form, 100 

µL of each conditioned medium was mixed with 20 µL of 1 N HCl, mixed and incubated 

at room temperature for 10 min. Next, reaction was neutralised with 20 µL 1.2 N 

NaOH/0.5 M HEPES. Assay was continued following steps as described in the kit, and each 

sample was assayed in duplicates. Optical density was measured using an Infinite 200 

PRO Plate Reader (Tecan Life Sciences) at 450 nm, after applying a wavelength correction 

set to 540 nm. To calculate concentration in each of the samples, a standard curve was 

first constructed by plotting the mean absorbance for each standard used during the 

assay on the y-axis against its concentration on the x-axis, and a best fit curve through 

the points was drawn. Final concentration was calculated by subtracting the data from 

the fitted curve, and by multiplying by the final dilution factor performed during the assay 

(1:1.4 dilution). 

 

2.5.6. Recombinant proteins 

 

2.5.6.1. Proteins used in vitro 

 

Name of Ligand Manufacturer Catalogue 

number 

Uniprot ID Concentration 

used (μg/mL) 

ANG  R&D Systems 265-AN  P03950  0.05 

AREG  R&D Systems 262-AR-100  P15514  0.02 

CCL1   R&D Systems 272-I/CF  P22362  0.005 

CCL11    R&D Systems 320-EO/CF  P51671  0.005 

CCL13    R&D Systems 327-P4  Q99616  0.06 

CCL16    R&D Systems 802-HC  O15467  0.125 

CCL2   R&D Systems 279-MC  P13500  0.03 

CCL20|1    R&D Systems 360-MP  P78556|1  0.002 

CCL25|1   R&D Systems 9046-TK/CF  O15444|1  0.15 

CCL26   R&D Systems 653-E3/CF  Q9Y258  0.5 

CCL3    R&D Systems 270-LD  P10147  0.01 

CCL8    R&D Systems 281-CP  P80075  0.09 
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CSF1|1    R&D Systems 216-MC  P09603|1  0.0015 

CSF2    R&D Systems 215-GM-010  P04141  0.02 

CSF3|Short    R&D Systems 214-CS/CF  P09919|2  0.000006 

CXCL1    R&D Systems 275-GR/CF  P09341  0.004 

CXCL10    R&D Systems 266-IP/CF  P02778  0.15 

CXCL11    R&D Systems 672-IT/CF  O14625  0.02 

CXCL12|Alpha    R&D Systems 350-NS-010  P48061|2  0.01 

CXCL12|Beta    R&D Systems 351-FS  P48061|1  0.03 

CXCL13    R&D Systems 801-CX/CF  O43927  0.02 

CXCL5    R&D Systems 254-XB/CF  P42830  0.015 

CXCL8|1    R&D Systems 208-IL/CF  P10145|1  0.0025 

EGF|1    R&D Systems 236-EG-200  P01133|1  0.01 

EREG    R&D Systems 1195-EP/CF  O14944   0.000125 

FAS|1   R&D Systems 7398-FS  P25445|1  0.036 

FGF2|3    R&D Systems SRP4037-50UG  P09038|2  0.01 

FGF7|1    R&D Systems 251-KG  P21781|1  0.06 

HGF|1    R&D Systems 294-HG  P14210|1  0.04 

ICAM1    R&D Systems 720-IC  P05362  2 

ICAM3   R&D Systems 715-IC  P32942  2.25 

IFNG    R&D Systems 285-IF  P01579  0.00075 

IGFBP1   R&D Systems 871-B1  P08833  0.5 

IGFBP2    R&D Systems 674-B2-025  P18065  0.05 

IGFBP3|1    R&D Systems 675-B3-025  P17936|1  0.1 

IGFBP4|1    R&D Systems 804-GB  P22692|1  0.09 

IGFBP6    R&D Systems 876-B6  P24592  0.15 

IL13    R&D Systems 213-ILB-005 P35225   0.01 

IL15|IL15S48AA    R&D Systems 247-IL  P40933|1  0.01 

IL1A    R&D Systems 200-LA/CF  P01583  0.000006 

IL1B    R&D Systems 201-LB-005  P01584  0.001 

IL6    R&D Systems 206-IL-010  P05231  0.01 

IL7|1   R&D Systems 207-IL-005  P13232|1  0.01 

JAG1|1    R&D Systems 1277-JG  P78504|1  0.5 

KITLG|1    R&D Systems 255-SC  P21583|1  0.05 
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MIF   R&D Systems 289-MF  P14174  0.0001 

NGF    R&D Systems 256-GF/CF  P01138  0.002 

NRG1|1   R&D Systems 296-HR-050  Q02297|1  0.05 

OSTP|A   R&D Systems 264-PGB/CF  Q07326|1  0.0009 

PIGF|1    R&D Systems 9489-PS  P07225  0.9 

PROS1   R&D Systems 1433-OP  P10451|1  0.1 

rhTGF-beta1 Bio-Techne 240-B P01137 0.01 

TGFB1||Cterminus   R&D Systems 240-B-010  P01137  0.01 

TGFB2|A   R&D Systems 302-B2-010  P61812|1  0.01 

TNFRSF10C    R&D Systems 630-TR  O14798  0.06 

TNFRSF11B    R&D Systems 185-OS  O00300  0.02 

TNFRSF1A|1    R&D Systems 726-R2  P20333  0.016 

TNFRSF1B|1    R&D Systems 636-R1  P20333|1  0.09 

VEGFA|VEGF206    R&D Systems 293-VE-010  P15692|1  0.01 

WNT10A    R&D Systems 90009  Q9GZT5  0.1 

WNT3A|1    R&D Systems 5036-WNP  P56704|1  0.0075 

Wnt5a|1    R&D Systems 645-WN/CF  P22725|1  0.1 

WNT7A    R&D Systems 3008-WN  O00755  1 

WNT7B   Abnova H00007477-P01  P56706  0.1 

 

Table 9. List of recombinant protein ligands used in cell culture experiments.  

 

2.5.7. Immunohistochemistry (IHC) 

 

Tissue samples were fixed in 4% PFA, embedded in paraffin and cut in 3 µm sections, and 

then mounted in Superfrost® plus slides. Slides were deparaffinised in xylene and re-

hydrated through a series of graded ethanol until water. Masson's trichrome staining was 

used to assess the presence of fibrotic areas in the lung. For immunohistochemistry, an 

automated immunostaining platform (Ventana discovery XT, Roche) was used. Antigen 

retrieval was first performed with high pH buffer (CC1m, Roche), endogenous peroxidase 

was blocked, and slides were then incubated with the appropriate primary antibodies as 

detailed in Table 10. 
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Antibody Provider Target 

Species 

Catalogue 

Number 

Clonal (Clone) 

Ki-67 Dako Human IR626 
 

Mouse monoclonal 

(MIB-1) 

Ki-67 Cell Signaling Mouse 12202 Rabbit monoclonal 

(D3B5) 

p21 Dako Human M7202 Mouse monoclonal (CO-

7) 

p16 Abcam Human ab81278 Rabbit monoclonal 

(EP435Y-129R) 

Phospho-Histone 

H2A.X (Ser139) 

Millipore Mouse 05-636 Mouse monoclonal 

(JBW301) 

Cleaved Caspase-3 Cell Signaling Mouse 9661 Rabbit Polyclonal 

(Asp175) 

Phospho-AKT 

(Ser473) 

Cell Signaling Human 4060 Rabbit Monoclonal 

(D9E) 

Phospho-p70 S6 

Kinase 

Cell Signaling Human 9206 Mouse Monoclonal 

(1A5) 

 

Table 10. List of antibodies used for immunohistochemistry staining.  

 

After primary antibody incubation, slides were incubated with the corresponding 

secondary antibodies and visualization systems (OmniRabbit, Ventana, Roche) 

conjugated with horseradish peroxidase (Chromomap, Ventana, Roche). 

Immunohistochemical reactions were developed by using 3,3’-diaminobenzidine 

tetrahydrochloride (DAB) as a chromogen, and nuclei were counterstained with 

hematoxylin. Finally, the slides were dehydrated and mounted with a permanent 

mounting medium. Whole slides were digitalised with a slide scanner (AxioScan, Zeiss) 

using polarised light, and Zen 2.3 (Zeiss) software was used for image acquisition. 
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2.5.8. Immunofluorescence (IF) 

 

For the evaluation of apoptosis in the lungs upon in vivo senolytic treatment, frozen tissue 

samples were processed for TUNEL staining using the DeadEnd™ fluorometric TUNEL 

System (Promega) as per manufacturer's instructions. Briefly, slides were immersed in 

4% PFA for 25 min at 4ºC and subsequently washed with PBS twice. Sections were then 

permeabilised in 0.2% Triton X-100 for 5 min, and washed again with PBS twice. They 

were then incubated for 10 min in Equilibration Buffer (from the kit) and labelled with the 

addition of 50 μL TdT reaction mix. Reaction was stopped and slides were washed three 

times with PBS. Vectashield® Antiface Mounting Medium plus DAPI (Vector Laboratories) 

was used to mount the slides and counterstain cell nuclei. Whole slides were digitalised 

with a slide scanner (AxioScan, Zeiss), and Zen 2.3 (Zeiss) software was used for image 

acquisition. 

 

2.6. Mouse models and in vivo/ex vivo procedures 

 

2.6.1. Maintenance of mouse colonies 

 

All animal procedures were approved for Ethical Conduct by the Home Office England 

and Central Biomedical Services (CBS) of the University of Cambridge, regulated under 

the Animals (Scientific Procedures) Act 1986 (ASPA), as stated in The International Guiding 

Principles for Biomedical Research involving Animals, which are fully compliant with the 

current Home Office legislation. 

 

2.6.2. Mouse strains 

 

2.6.2.1. Kras-FSFG12V mouse line 

 

The Kras-G12V or KrasFSF-G12V/+ mouse line has previously been described [40], available at 

The Jackson Laboratory (B6.129-Krastm3Bbd/J). It was kindly gifted by Prof Mariano 

Barbacid (CNIO). In this line, the expression of the KrasG12V oncogenic protein is activated 
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following Flippase-mediated recombination, driven by the administration of FLP 

Recombinase (FLPo) Adenovirus (Vector Biolabs, #1775) particles. This line was 

maintained on a C57BL/6 background and bred in house, and heterozygous animals were 

used for experimentation.  

 

2.6.2.2. C57BL/6 mouse line 

 

For lung orthotopic transplantation experiments, the C57BL/6 mouse line was used. 

Although this strain is refractory to many tumours, it is a permissive background for 

maximal expression of most mutations, and therefore it used for the development of the 

KrasG12D;p53-/- model and the generation of the cell line L1475(luc) for orthotopic 

transplant experimentation as described earlier.  These mice were not bred in house and 

were obtained from Charles Rivers Laboratories.  

 

 

2.6.2.3. SCID mouse line 

 

For xenograft transplantation experiments, the Severe Combined Immunodeficiency 

Disease (SCID) mouse line was used. These mice contain the Pkrdcscid autosomal recessive 

mutation, which impairs the functionality of both B and T lymphocites, which prevents 

the rejection of transplanted tissue from human origin. These mice were not bred in 

house and were obtained from Charles Rivers Laboratories.    

 

2.6.3. Induction of murine lung tumours 

 

Lung tumours were generated in Kras-G12V mice through intranasal or intratracheal 

administration with FLPo-expressing adenovirus (Vector Biolabs, #1775). For virus 

solution preparation, viral particles (stored at -80ºC at a 6x107 PFU/µL titration) were 

thawed in ice, diluted in ice-cold DMEM, precipitated with 10 mM CaCl2 and incubated for 

20 min prior to nasal inhalation or intratracheal administration. In order to prevent titer 
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decrease over time, fresh virus solution was prepared every hour during intranasal and 

intratracheal administration procedures. 

For intratracheal administration of FLP-expressing adenovirus, mice were 

anaesthetised by an intraperitoneal injection of ketamine (Vetalar, Ketaset, Ketalar) (100 

mg/kg) and xylazine (Rompun) (16 mg/kg). Mice were transferred to an incubation 

platform, an optic fibre light source was placed onto the trachea for illumination, and a 

polyethylene tube (PE10) was inserted into the trachea. To confirm this, a 1 mL syringe 

containing bubbles was inserted into the tube, and correct placement was confirmed by 

the evidence of air flow passing through the syringe and moving the bubbles. Next, a total 

of 62.5 µL containing 5x108 pfu/mouse of virus of Adeno-FLIP particles was carefully 

inserted into the tube, and the tube was carefully held until the totality of the solution 

was aspirated by respiration. After this, mice were finally placed onto a pile of bedding in 

an upright position to prevent airway obstruction while still under anaesthesia, and the 

cage was placed inside a heat rack until full recovery. 

 

2.6.4. Administration of substances and treatments 

 

2.6.4.1. ABT-737 treatment 

 

To assess the effect of cellular senescence during lung cancer early tumorigenesis, 

KrasG12V mice that had been infected with Ad-FlpO particles via intratracheal 

administration were treated twice a month on two consecutive days with 25 mg/kg body 

weight of ABT-737 or vehicle (via i.p. injection) from month 5 to month 9 post-Ad infection.  

 To evaluate the senolytic effect of ABT-737 in combination with cisplatin treatment 

in the Kras-FSFG12V mouse model, mice were treated twice weekly on two consecutive 

days with 25 mg/kg body weight for two weeks (starting the day after cisplatin 

administration) via i.p. 

To determine the impact of depleting senescent cells during xenograft 

development, mice bearing A549 xenografts co-transplanted with cisplatin-induced 

senescent cells were also treated with ABT-737 at the same dosing following the 

experimental timing detailed in Chapter 3. 
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ABT-737 stock solution was prepared by dissolving ABT-737 (MedChemExpress) in 

DMSO at a concentration of 100 mg/mL, and stored at -20ºC in 100 µL-aliquots. 

Immediately before administration on each day of the treatment, aliquots were thawed 

and diluted in 1.9 mL vehicle, which was made of 30% propylene glycol (Fisher Scientific), 

5% TWEEN® 80 (Sigma-Aldrich) and 3.3% dextrose (D-glucose, Sigma-Aldrich) in water, 

and the pH was adjusted to 4-5 (final concentration of the solution: 5 mg/mL)). 

 

2.6.4.2. Cisplatin treatment 

 

Mice bearing A549-derived xenografts as well as KrasG12V animals were treated at the 

specified time-points with cisplatin. Generally, animals were treated with 1.5 mg/kg body 

weight of cisplatin or vehicle (via i.p. injection) 2 to 3 times a week during 2 weeks, unless 

stated otherwise. 

Cisplatin (Sigma-Aldrich) was dissolved fresh in sterile 0.85% saline solution to a 

final concentration of 150 mg/mL.  

 

2.6.4.3. Galunisertib treatment 

 

To evaluate the effect of TGFβR1 inhibition during lung tumour progression, A549 

xenograft- and L1475(luc)-orthotopically transplanted tumour-bearing mice were treated 

with 150 mg/kg body weight Galunisertib (LY2157299) or vehicle daily by oral gavage for 

5 consecutive days or as described in the respective figures in subsequent chapters.  

 Galunisertib solution was prepared fresh daily. Galunisertib was first dissolved in 

DMSO and subsequently diluted in sterile 0.85% saline solution to the desired final 

concentration immediately prior to administration.  

 

2.6.4.4. Navitoclax and Nav-Gal treatments 

 

To evaluate the therapeutic efficacy of senolytics in combination with chemotherapeutic 

treatment in vivo, mice bearing A549-derived xenografts as well as L1475(luc)-

orthotopically transplanted tumours were treated with 100 mg/kg body weight navitoclax 



CHAPTER 2 

 93 

(via oral gavage), with 85 mg/kg body weight navitoclax (via i.p. injection) or with 85 mg/kg 

body weight Nav-Gal as described in subsequent chapters.  

 Navitoclax was dissolved and prepared in freshly made vehicle dilution weekly, 

and stored at -4ºC. The vehicle was made of 10% ethanol, 30% PEG 400 (Sigma-Aldrich) 

and 60% PhosalPG:Phosphatidylcholine. To prepare Phosal PG: Phosphatidylcholine 

solution, soybean lecithin (ThermoFisher Scientific) was dissolved in 10% w/w propylene 

glycol (Fisher Scientific) to a concentration of 1.04 g/cm3. 

 Nav-Gal was prepared fresh daily by dissolving in DMSO and further diluted in 

sterile 0.85% saline solution to the desired final concentration. 

 

2.6.5. Xenograft subcutaneous transplantation 

 

A549 cells were treated with 15 µM cisplatin for 10 days, then thoroughly washed twice 

with PBS and trypsinised. Control and senescent A549 cells were then centrifuged at 1250 

rpm for 5 min and resuspended to a concentration of 1-4x106 cells/75 µL in DMEM. 

Matrigel was added 1:1 and the cell suspension was mixed and kept on ice. A total of 1-

4x106 senescent and/or control A549 cells were injected subcutaneously in the flank of 

SCID mice using a 22G syringe. Xenograft formation and growth was recorded using a 

digital calliper twice a week, and imaged using an IVIS Spectrum Zenogen machine 

(Calliper Life Sciences; small binning) as described below. Tumour volume was calculated 

as Volume = (D x d2)/2, where D and d refer to the long and short tumour diameters, 

respectively. Experiments were terminated at either pre-established time endpoints or 

when tumours reached an average diameter of 1.2 cm. At specified end-points or when 

tumours reached an average diameter of 1.2 cm, mice were culled and tumours were 

collected in 10% formalin for histological analyses.  

 

2.6.6. Lung cancer cell orthotopic transplantation in the lung 

 

Luciferase-expressing KrasG12D/WT;p53-/- murine lung tumour L1575(luc) cells were treated 

with 3 µM cisplatin, 20 nM docetaxel or 30 µM palbociclib. When cells became senescent, 

they were thoroughly washed and fresh DMEM-F12 media (supplemented with 10% FBS) 
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was added for medium conditioning. Conditioned medium (CM) was collected every 24 h, 

centrifuged for 10 min at 2500 rpm, and transferred onto normal luciferase-expressing 

L1575(luc) cells for 10 days. After this, cells exposed to the different CM were trypsinised, 

centrifuged for 5 min at 1250 rpm, washed three times with PBS and resuspended in PBS 

to a final concentration of 1x106 cells/mL.  

C57BL/6J female mice were sublethally irradiated at 4 Gy using a Caesium source 

irradiator 6 h before a total of 2x105 cells in 200 µL were injected via tail-vein. Baseline 

luminescence values were recorded 24 h after transplantation, and tumour growth was 

monitored twice a week by bioluminescence imaging after intraperitoneal injection with 

D-luciferin (150 mg/kg body weight, PerkinElmer) using an IVIS Spectrum Zenogen 

machine (Calliper Life Sciences). Relative luciferase activity corresponds to change from 

baseline at indicated time points, normalised to a blank control (luciferase-negative 

animal). Tumour survival represent the onset of moderate signs of disease. At this point, 

lungs were removed and fixed in 10% formalin overnight, and then transferred to 70% 

ethanol until paraffin embedding for further histological analyses. For tumour load 

analysis, lungs were collected 17 days after transplantation.  

 

2.6.7. In vivo bioluminescence imaging and analysis 

 

To monitor tumour burden in the orthotopic lung cancer model, luminescence intensity 

was recorded 24 h post-L1475(luc) cell transplantation for baseline luminescence values 

and at later time-points twice a week until experimental end-point was reached. To 

monitor A549-luc xenografts, luminescence intensity was recorded 7 days post-

transplantation for baseline luminescence values and then once a week until end of 

experiment.  

For this, animals were anaesthetised by isoflurane inhalation and injected with D-

luciferin (150 mg/kg body weight, PerkinElmer). After 10 min, mice were places within 

visualizer and luminescence was measured with an IVIS Spectrum Zenogen machine 

(Calliper Life Sciences; small binning). For analysis, images were analysed using Living 

Image Software (PerkinElmer). A ROI was drawn covering the lung area and total flux of 

radiance was subtracted (Total Flux [p/s]). Relative luciferase activity was then calculated, 
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and it corresponds to change from baseline at indicated time points, normalised to a 

blank control (luciferase-negative animal). 

 

2.6.8. Micro-Computed Tomography (micro-CT) imaging and analysis 

 

For tumour burden analysis, mice were anaesthetised by isoflurane inhalation and 

scanned using a microPET-CT scanner (Mediso Medical) using the parameters described 

in Table 11.  

 

Scan 

parameters 

XRay energy 35 kVp 

Exposure time 450 ms 

Number of 

projections 

720 

Projections per step 1 

Scan method Semi-circular single field of 

view 

Reconstruction 

parameters 

Voxel size Small 

Slice thickness Thin 

Filter type Butterworth 

X-Ray Dose Volume size (mm) 40 x 40 x 22 

Voxel size (µm) 40 x 40 x 40 

Voxels 972 x 972 x 538 

 

Table 11. Scanning and reconstruction parameters used for the micro-CT imaging of 

murine lungs. 

 

Scans were analysed and 3D reconstructions generated using Slicer 4.10.2 

software (3D Slicer) by Dr Guillermo Medrano, Dr Guillermo Garaulet and Dr Francisca 

Mulero (Molecular Imaging Unit, CNIO). To determine tumour size, the length (longest 

diameter, L) and width (diameter perpendicular to the length, W) were measured and the 

following ellipsoid formula was applied: (4/3)xPIx(W/2)2x(L/2). Results were plotted as 

individual tumour volume or as tumour burden/mouse, where volumes of total number 
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of tumours in each experimental mouse were added. Statistical differences were 

calculated with GraphPad following two-tailed Mann Whitney tests. 

 

2.6.9. Sample collection and processing 

 

2.6.9.1. Blood collection and platelet analysis 

 

In order to analyse platelet count in mice to assess the cytotoxic effect of in vivo senolytic 

treatment, blood was collected by cardiac puncture during isoflurane anaesthesia in 

xenograft experimental mice, and by superficial vessel puncture in wild-type C57BL/6J 

experimental mice. Blood was collected into anticoagulating Microvette® tubes (Sarstedt), 

and platelet levels were immediately measured using a Scil Vet abc Plus haematology 

analyser (Horiba). 

 For ex vivo platelet apoptosis analysis, blood from five wild-type C57BL/6J mice 

was collected by cardiac puncture in accordance with the University of Cambridge ethical 

committee and the UK Home Office guidelines. Samples were collected in non-vacuum 

citrate tubes (DH medical material), and blood in control tubes was diluted in Tyrode’s 

Buffer (Sigma-Aldrich). Blood in treated samples was mixed with 2X drug solution (either 

Navitoclax or Nav-Gal) in RPMI supplemented with 10% FBS at the concentrations 

specified in Chapter 5. Control and treated specimens were incubated for 5 h in 20% O2 

and 5% CO2 at 37°C. Treated samples were diluted in Tyrode’s Buffer (Sigma-Aldrich), and 

then all specimens were mixed with Annexin Binding Buffer (Thermo Fisher Scientific) and 

incubated for 10 min with Annexin V-FITC (Immunostep) and CD-41-PE (Immunostep) 

conjugated antibodies. A23187 (Sigma), a calcium ionophore, was also added in parallel 

control samples to induce cell death and be used as a positive control. Samples were 

finally diluted in Annexin Binding Buffer (Thermo Fisher Scientific), and data were 

acquired using an FC500 MPL Flow Cytometer (Beckman-Coulter) for human samples and 

an LSR Fortessa cell analyser running the FACSDiva software (BD Biosciences) for mouse 

samples. FlowJo 10.3 software was used to analyse the results. 
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2.6.9.2. Lung and tumour collection for histology 

 

Tissue of interest from experimental mice were collected and processed through 

different methodologies. In the case of lungs, mice were generally injected with an 

overdose of Dolethal (20% pentobarbital; Vetoquinol). Blood from lungs was carefully 

flushed by an intracardiac injection of 2 mL PBS and then processed differently 

depending on subsequent histological analysis objective as described below. In the case 

of xenografts, mice were culled by cervical dislocation and tumours were collected, 

washed once with PBS and fixed in 10% formalin overnight, or processed for flow 

cytometry analysis as described below.  

 

2.6.9.3. Lung vibratome-sectioning and fresh SA-b-gal staining 

 

Lungs were inflated with 1mL of 4% UltraPureTM Low Melting Point Agarose 

(ThermoFisher) (dissolved in PBS) previously warmed at 42ºC via intratracheal injection, 

and then allowed to set until agarose solidified. Lungs were removed, and placed on ice-

cold PBS, and immediately sectioned using a VT100S vibratome (Leica Biosystems) in 500 

µm-thick sections, at a vibration amplitude of 1.20 and a speed of 0.26 mm/s, submerged 

in ice-cold PBS. Fresh sections were then fixed in 1X SA-b-Gal Staining Kit (Cell Signaling) 

fixative buffer for 20 min at room temperature, washed twice with saline solution and 

stained for SA-b-gal activity using the same kit for 6 h at 37ºC. Sections were washed 

thoroughly with PBS, immersed in 70% ethanol and subsequently embedded in paraffin 

for further histological processing. Some of the vibratome-sections were not stained for 

SA-b-gal. In this case, they were fixed with 10% formalin for 40 min, washed thoroughly 

with PBS, immersed in 70% ethanol and subsequently embedded in paraffin for further 

histological processing. 

 

2.6.9.4. Whole-mount staining 

 

Lungs were inflated with 1 mL of PBS or saline solution via intratracheal injection, and a 

knot was made around the trachea with a thread before removing the needle to prevent 
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deflation of the lungs. Lungs were then submerged in PBS once to wash them, and then 

fixed in 1X SA-b-Gal Staining Kit (Cell Signaling) fixative buffer for 40 min at room 

temperature. Lungs were washed twice with saline solution and stained for SA-b-gal 

activity using the same kit at 37ºC overnight. On the next day, lungs were thoroughly 

washed with PBS, immersed in 70% ethanol and subsequently embedded in paraffin for 

further histological processing.  

 

2.6.9.5. OCT embedding and snap-freezing 

 

Lungs were inflated with 1 mL of 5% sucrose (dissolved in 1:1 PBS:OCT) via intratracheal 

injection, and a knot was made around the trachea with a thread before removing the 

needle, to prevent deflation of the lungs. They were then removed, washed once with 

PBS and carefully dried up to prevent the formation of crystals during freezing process. 

They were then embedded in OCT cryoembedding matrix (ThermoFisher Scientific, 

#12678646) and snap-frozen onto dry ice before storage at -80ºC. Lungs were sectioned 

using a cryostat in 10 µm-thick sections, which were mounted on Superfrost® plus slides. 

For SA-b-gal staining, sections were then fixed in 4% PFA for 4 min, washed with PBS, and 

stained using the SA-b-Gal Staining Kit (Cell Signaling) for 6 h at 37ºC. Slides were then 

immersed in PBS for several minutes to remove excess of staining solution. They were 

then placed on a tank with Haematoxylin Solution (Sigma-Aldrich) until stained as desired 

and subsequently washed in H2O. They were then transferred to a new tank containing 

Eosin Solution (Sigma-Aldrich) until stained as desired. Slides were transferred to 70% 

ethanol to wash out excess of staining, and then washed three times with 70% ethanol. 

Slides were washed twice in ethanol 100% for 5 min, then placed on HistoclearTM Tissue 

Clearing Agent (National Diagnostics) twice for 10 min for dehydration) and then covered 

in Eukitt mounting media (Sigma-Aldrich), covered with a coverslip and kept at room 

temperature in the dark. For TUNEL staining, sections were fixed and stained as described 

previously. 
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2.7. Cell and tissue imaging and microscopy 

 

2.7.1.1. Image acquisition and analysis 

 

Slides were digitalised using with a slide scanner (AxioScan, Zeiss) with polarised and 

fluorescent light at 10X magnification, and Zen 2.3 (Zeiss) software was used for image 

acquisition. The scale of the image was then calculated from graticuled images at the 

same magnification and Zen 2.3 (Zeiss) or Fiji/ImageJ was used to measure tissue sizes. 

Cell counting from microscope images was conducted manually using Fiji/ImageJ and the 

cell counter plugin. 

 

2.7.1.2. Cell quantification 

 

For quantification of p16+, p21+ and Ki67+ cells for the study of the accumulation of 

senescent cells during lung adenocarcinoma in Chapter 3, cell counting was performed 

in histological sections from at least 3 independent mice per experimental condition. For 

quantification of Caspase-3+, p16+, F4/80+, CD31+ and Ki67+ cells upon vehicle or ABT-

737 treatment in Chapter 3, 15 total tumours from at least 3 different experimental mice 

were analysed. Quantification of p21+, Ki67+ and TUNEL+ cells in A549 xenografts upon 

cisplatin, cisplatin + navitoclax and cisplatin + Nav-Gal treatment, a total of 4 

representative fields per tumour was analysed (total of 10-12 tumours per treatment 

condition). Populations were determined by taking the proportion of positive cells relative 

to total nuclei as marked with haematoxylin staining, except for CD31 staining, for which 

total pixel positive for the staining area was normalised to total nuclei, and TUNEL, where 

proportion of positive cells was calculated to total DAPI+ nuclei.  

 

2.8. Statistical methods 

 

R studio was used for statistical assessment of RNA-seq data and GraphPad Prism 

(GraphPad, CA, USA) software was used for statistical analysis of all other experiments. 

One-way ANOVA tests were performed to compare multiple experimental conditions, 
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followed by Tukey’s Multiple comparison test. Two sample Student’s t-tests were 

performed to calculate the statistical significance of all the results when comparing two 

independent groups. Where data did not follow a normal distribution or did not present 

equal variances between the groups, Welch’s correction was applied. Mann Whitney tests 

were performed to calculate the significance for tumour burden analysis. Statistical 

significance of survival analyses was calculated following a Log-rank (Mantel-Doc) test. A 

p-value below 0.05 was considered significant and indicated with an asterisk: *p, 0.05; 

**p, 0.01; ***p, 0.005. The asterisk is sometimes replaced by other symbols in the figures 

to indicate significant differences compared to a certain group, as detailed in the figure 

or figure legend. 
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CHAPTER 3: 
THE ROLE OF CELLULAR SENESCENCE 

DURING LUNG ADENOCARCINOMA 
TUMORIGENESIS  

 
 

3.1. Introduction 

 

Carcinogenesis involves a multi-stage process through which normal tissue is 

morphologically altered and eventually becomes cancerous. Pre-neoplastic or pre-

malignant lesions are defined as the first step in the process and are comprised of 

genetically and phenotypically transformed cells that present a higher risk of malignant 

evolution [263]. These lesions therefore represent a crucial stage of tumour formation 

and understanding their cellular heterogeneity, features and gene expression profiles 

and how they relate to the early tumour microenvirontment is vital for improved 

diagnostic, preventative and therapeutic strategies to enhance patient prognosis.   

In the context of lung cancer, Auerbach and Saccomano were the first researchers 

to detect the presence of early morphological alterations in bronchial cells found in the 

sputum of high-risk individuals [264]. Subsequently, research on the different steps of 

cancer initiation has for many years focused on centrally arising tumours, such as 

squamous carcinomas of the lung, given the higher accessibility of the airways, compared 

to lesions commonly developing in the distal lung, including lung adenocarcinoma, 

neuroendocrine tumours and small-cell lung cancer (SCLC) [13, 264]. In the last years, the 

development of new approaches and animal models to study genome-wide and 

phenotypic alterations in human lung premalignancy has provided insights into the 

cellular processes preceding malignant stages. The current consensus sequence of the 

development of lung adenocarcinoma consists of three pre-malignant stages: atypical 

adenomatous hyperplasia (AAH), adenocarcinoma in situ (AIS) and minimally invasive 

adenocarcinoma (MIA) [15]. Importantly, these can be histologically recapitulated in Kras-
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driven lung cancer mouse models commonly used in research, where the development 

of tumours includes hyperplasia (correlating to AAH), low- and high-grade adenoma 

(corresponding to AIS or MIA) and adenocarcinoma (human lung ADC). In addition, these 

models have also been described to closely mirror human NSCLC gene expression 

profiles and phenotypes [14]. However, despite advances in genomic and molecular 

characterisations, the particular cellular processes driving each of the stages remain to 

be fully elucidated. 

Accumulation of cellular senescence has been reported in several premalignant 

lesions, including prostatic intraepithelial neoplasia, melanoma and colon adenoma [132-

136], among others [265]. Of note, Collado and colleagues demonstrated that senescence 

is a defining feature of lung adenomas in a KrasG12V mouse model of NSCLC, suggesting 

that it may contribute to tumour suppression during early lung carcinogenesis in a cell-

intrinsic manner, by preventing the expansion of potential malignant cells upon 

oncogenic stimulation [135]. Paradoxically, as the understanding of this mechanism has 

expanded over the past few years, mounting evidence demonstrates that the cell 

extrinsic effects of cellular senescence can also alter the local milieu, promoting cancer 

progression via the SASP [266, 267], suggesting that the beneficial effects of senescence 

induction may be short-lived. Despite the impact this might have on cancer initiation, a 

full understanding of the prevalence and role of cellular senescence during the early 

stages of cancer development is far from complete. Insights into the interplay between 

senescence and lung cancer initiation are therefore needed and may be critical for novel 

interventions aimed at improving diagnosis and preventing tumour development.  

Following the elucidation of the detrimental consequences of cellular senescence, 

senolytic therapies have surged as a growing area of active investigation for cancer 

treatment. Several drugs have been identified and designed to preferentially ablate 

senescent cells, including Bcl2 anti-apoptotic inhibitors (such as ABT-263, or navitoclax, 

and second-generation ABT-737), dasatinib and quercetin, and a FOXO4-derived peptide, 

among others [268, 269]. Senolytics have been reported to enhance healthspan and 

effectively treat, prevent and even reverse a variety of chronic conditions and age-related 

complications [270]. However, to our knowledge, the use of senolytic therapies in the 

context of cancer prevention has not been evaluated thus far.  
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In this chapter, we investigate and assess the incidence and extent of senescent 

cells during the development of lung adenocarcinoma by using a Kras-FSFG12V mouse 

model of lung cancer, and demonstrate an increased senescent burden in lung 

adenomas compared to hyperplasias and adenocarcinomas. Of note, we performed this 

work in collaboration with Dr Martínez-Barberá’s group, who developed a novel 

engineered mouse model, named P16-FDR, in which p16-positive cells can be detected, 

traced, isolated and eliminated (Supplementary Figure 3.1, Appendix). Importantly, our 

collaborators generated a p16-FDR-KrasG12D mouse model of NSCLC and also observed 

an accumulation of p16-positive cells during early stages of lung cancer progression, 

which further validates our observations in an alternative model. Next in this chapter, we 

explore the expression of senescent markers in some stromal populations following 

observations by our collaborators, and determine a predominant expression of p16 in 

the macrophage compartment. Finally, we evaluate the impact of selectively eliminating 

senescent cells during lung cancer development with ABT-737, and demonstrate that 

senolytic treatment effectively abrogates tumour progression and improves survival in 

lung tumour-bearing mice. 

 

3.2. Results 

 

3.2.1.   Senescent cells accumulate during lung adenoma development in 

the Kras-FSFG12V/+ mouse model 

 

Initially, we sought to investigate and evaluate the potential burden of senescence during 

lung tumorigenesis by employing the Kras-FSFG12V mouse model of lung adenocarcinoma, 

in which the intratracheal administration of Adeno-FLP viral particles induces the 

expression of a Flp recombinase that in turn allows the expression of oncogenic mutant 

KrasG12V in the lungs of mice. In this model, the aberrant expression of the oncogene 

results in the development of malignant lesions that evolve from epithelial hyperplasia to 

lung adenomas and, eventually, adenocarcinomas, closely recapitulating human lung 

adenocarcinoma progression [14]. Lung tumorigenesis was induced in Kras-FSFG12V mice 

at 6-8 weeks of age, and then lungs were harvested and collected for histological analysis 
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at months 4, 5 and 6 post-induction of tumours. Of note, this is a p53 WT model in a pure 

C57BL/6 background, meaning that tumorigenesis is significantly slower than in other 

models and early lesions are only detected from month 4 post-induction of tumours. In 

addition, preneoplasia and neoplasia development occurs asynchronically, and lungs 

usually present with several lesions at different stages of tumour progression at a given 

time-point.  

 Evaluation of senescence and proliferation markers in tumour-bearing KrasG12V 

lungs revealed that a higher proportion of cells in lung adenomas were immunoreactive 

for proliferative arrest-related p16INK4a marker, compared to hyperplasia and lung 

adenocarcinomas (Figure 3.1a). Quantitative analysis showed that hyperplasias 

presented a mean average of 12.84% ± 6.45 of p16Ink4a-positive cells per lesion, while 

adenomas and adenocarcinomas showed a mean average of 18.37% ± 6.46 and 7.00% ± 

5.11, respectively. Posthoc multiple comparisons revealed that the difference between 

adenoma and adenocarcinoma was statistically significant (Figure 3.1b, top).  In a similar 

fashion, p21 expression was also increased in adenoma lesions compared to the other 

two stages (mean average of p21-positive cells per lesion: hyperplasia, 6.64% ± 3.81; 

adenoma, 18.33% ± 11.29; adenocarcinoma, 4.32% ± 1.72), despite the differences did 

not reach statistical significance (Figure 3.1b, middle). Inversely, the proportion of Ki67-

positive cells was significantly lower in adenomas compared to adenocarcinomas (4.98% 

± 3.06 Ki67-positive cells/lesion vs. 33.78% ± 13.08, respectively). Hyperplasias presented 

an increased proportion of cells immunoreactive for Ki67 compared to adenomas 

(17.28% ± 10.10), but the difference was not significant (Figure 3.1b, bottom). Of note, 

SA-β-gal staining was more extensive in adenoma lesions compared to hyperplasia and 

adenocarcinomas, further suggesting the accumulation of senescent cells in these pre-

malignant lesions (Figure 3.1a). 

Together, these results indicate that cells undergoing cell arrest (expressing cell 

cycle inhibitors) and presenting increased SA-β-gal activity (two major hallmarks of 

cellular senescence) accrue during lung tumorigenesis and particularly accumulate in 

adenoma lesions of the lung. 
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Figure 3.1. Senescent cells accumulate in lung adenomas in Kras-FSFG12V mouse model of lung cancer. 

a. Representative histological images of tumour-bearing lung sections stained for p16, p21 and Ki67 marker 

expression, from lungs harvested 5 to 6 months post-induction of tumours. Lungs were also subjected to 

whole-mount SA-β-gal staining prior to histological processing. Scale bar = 100 µm. b. Quantification of p16-

, p21- and ki67-positive cells per total cells in each lesion. Data is shown as mean ± SD (n = 5). One-way ANOVA 

followed by Tukey’s multiple comparisons test were performed to determine statistical significance of the 

result. Only statistically significant p-values (<0.05) are shown in the graphs.  

 

3.2.2. P16 expression predominantly co-localises with macrophage cell 

identity markers 

 

The results obtained from a transcriptomic analysis of isolated p16Ink4a-expressing cells 

performed by our collaborators indicated that a significant proportion of endothelial cells 

and macrophages activate the expression of p16 during KrasG12D-mediated lung 

tumorigenesis (see Discussion below). To validate these findings and as part of our 

interest in understanding the cellular identity of putative senescent cells in our model, 

we next set out to analyse the co-localisation of macrophage and endothelial cell markers 
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in tumour-bearing lungs. Our examinations revealed a noteworthy recruitment of F4/80-

positive cells in the lesions and a high degree of co-localisation between p16 and F4/80 

expression (Figure 3.2a). Of note, an average of 36.88% ± 16.00 of all macrophages were 

immunoreactive for p16. Conversely, the proportion of p16-positive cells that expressed 

the F4/80 macrophage marker totalled to an average of 45.14% ± 25.59 in the lesions 

(Figure 3.2b). We continued our investigations with the aim of detecting co-localising 

CD31 and p16 double-positive staining, but given the nature of the technique, the shape 

of endothelial cells and the distribution of CD31 in the cell membrane, we were unable to 

distinguish the two stainings separately, thereby making difficult a quantification. 

However, and although most p16-positive cells resembled monocyte and epithelial cell 

morphologies, we observed scattered p16-positive cells in close association with 

endothelial cells (Figure 3.2a, right).  

 These data indicate a particularly predominant expression of the senescent 

marker p16 in the macrophage compartment, and warrants future validations of CD31 

and p16 co-expression using alternative techniques, such as confocal fluorescence 

imaging.  
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Figure 3.2. p16 expression co-localises with macrophage markers in Kras-FSFG12V tumour-bearing lungs 

during tumorigenesis. a. Representative histological images of tumour-bearing lung sections stained for 

p16, F4/80 and CD31 marker expression, from lungs harvested 6 months post-induction of tumours. Lungs 

were also subjected to whole-mount SA-β-gal staining prior to histological processing. Scale bar = 100 µm. b. 

Left, quantification of p16- and F4/80-double positive cells out of all F4/80- and p16-positive cells in the 

lesions. Data is shown as mean ± SD (n = 9 lesions).  

 

 

 

3.2.3. Pharmacologic ablation of putative senescent cells through senolytic 

treatment ameliorates tumour burden and increases survival 

 

With the aim of evaluating the impact and efficiency of senolysis during lung 

tumorigenesis, we next tested if senolytic treatment could be used to ablate putative 

senescent cells in our model. Bcl-2 inhibitors, which are one of the most promising 

senolytics being used in pre-clinical models, like navitoclax, effectively target multiple 

types of cells (including lung adenocarcinoma and fibroblastic cells) undergoing 

chemotherapy- and oncogene-induced senescence (see Chapter 5, Figure 5.3 and Figure 

5.4). We therefore opted to use ABT-737, a second-generation Bcl-2 inhibitor [181] that 

has shown potent senolytic capabilities in different models in vivo [271, 272]. ABT-737 

was injected intraperitoneally on two consecutive days once a month, from month 5 to 

month 8 post-induction of tumours (Figure 3.3a). Lungs were harvested immediately 

upon treatment completion and subjected to histological evaluation to assess the effect 

of senolytic treatment in the lesions. Representative histological images are shown in 

Figure 3.3b. Quantitative analyses revealed that specimens subjected to senolytic 

treatment showed a significant increase in cleaved-caspase 3 levels compared to vehicle-

treated animals (vehicle, 0.29% ± 0.25; ABT-737, 12.17% ± 9.13 of total cells in the lesion), 

confirming that pan-Bcl-2 inhibitor treatment induces apoptosis in the lesions (Figure 

3.3c). In addition, we observed that senolytic treatment also resulted in a significant 

reduction in cells immunoreactive for p16, which further indicates the preferential 

cytotoxic effect in senescent cells (vehicle, 2.49% ± 1.05; ABT-737, 1.19% ± 0.61 of total 
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cells in the lesion). Because we previously observed that p16 expression is predominant 

in the macrophage compartment, we analysed the effect of senolytic treatment on F4/80 

and detected a significant reduction compared to lungs from vehicle-treated individuals 

(mean F4/80-positive cells per total cells in lesion: vehicle, 11.05% ± 3.62; ABT-737, 5.469 

± 3.30). Despite we were not able to validate a predominant expression of p16 in 

endothelial cells, we still evaluated the effect on CD31-expressing cells in our lesions, 

given the fact that our collaborators have observed this enrichment. Interestingly, CD31 

expression in the lesions was also significantly reduced compared to vehicle-treated 

lungs (mean CD31-positive area/lesion: vehicle, 87.04% ± 73.28; ABT-737, 40.92% ± 23.37). 

Finally, ABT-737 treatment also significantly led to a reduction in the proportion of cells 

immunoreactive for the proliferation marker Ki67 (vehicle, 5.24 ± 3.14; ABT-737, 2.67 ± 

2.87). These data confirm that the intraperitoneal administration of ABT-737 effectively 

induces cell death, reducing the number of p16- and associated senescence markers-

expressing cells in the lesions. 

Next, in order to uncover the potential role of senescent burden during lung 

tumorigenesis, we subjected KRas-FSFG12V lung tumour-bearing mice to ABT-737 or 

vehicle treatment as described above (Figure 3.3a) and evaluated tumour burden by 

micro-computed tomography (micro-CT) imaging at 10.5 months post-induction of 

tumours. Strikingly, senolytic treatment led to a significant reduction in tumour burden 

compared to vehicle-treated mice (vehicle, 66.09 mm3 ± 33.1 average tumour burden per 

mouse; ABT-737, 22.53 mm3 ± 10.38) (Figure 3.3d). Representative micro-CT images and 

3D reconstructions of the lungs from vehicle- and ABT-737-treated animals are shown in 

Figure 3.3e. Remarkably, chemical ablation of senescent cells resulted in a significant 

prolonged survival of the mice (vehicle, average survival of 289 days ± 46.5 post-AdFlp 

administration; ABT-747, 384 days ± 138.4) (Figure 3.3f). 

Together, our data indicates that ablation of senescent cells with the senolytic 

ABT-737 significantly reduces tumour burden and enhances survival in a KrasG12V mouse 

model of NSCLC.  
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Figure 3.3. Pharmacologic ablation of senescent cells with ABT-737 treatment in KrasG12V mice during 

lung cancer tumorigenesis reduces tumour burden and prolongs survival. a. Schematic representation 

of experimental layout. Briefly, KrasG12V mice were infected with AdFlp viral particles at 6-8 weeks post-birth. 
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Animals were treated with 25 mg/kg ABT-737 or vehicle on two consecutive days once every 4 weeks from 

month 5 to 8 post-induction of tumours. Tumour burden was analysed at month 10.5 post-AdFlp by micro-

CT imaging, and survival was evaluated. b. Representative histological images of tumour-bearing lung 

sections stained for cleaved Capase-3, p16, F4/80, CD31 and Ki67 marker expression, from lungs harvested 

immediately after treatment completion at month 8 post-induction of tumours. Lungs were also subjected 

to SA-β-gal staining prior to histological processing. Scale bar = 100 µm. c. Quantification of cleaved Caspase-

3-, p16-, F4/80-, CD31- and ki67-positive cells or area per total cells in each lesion. Data is shown as mean ± 

SD (n = 15 tumours). Two-tailed Student’s t tests were performed to determine statistical significance of the 

results. d. Tumour burden in KrasG12V mice at month 10.5 post-tumour induction, plotted as the total volume 

occupied by tumours in the lungs per mouse. Data represents mean ± SEM (vehicle, n = 5; ABT-737, n = 7) 

and statistical significance was assessed by Welch’s t test. e. Transversal and sagittal micro-CT scan images 

and 3D reconstruction of representative lungs scanned at month 10.5 post-AdFlp. Tumours are delineated 

and reconstructed in red colour. f. Survival curve of KrasG12V mice (vehicle, n = 13; ABT-737, n = 14). Statistical 

significance was assessed by log-rank test.  

 

3.3. Discussion 

 

The role and impact of cellular senescence during NSCLC initiation and progression 

remains largely unexplored. While extensive research has expanded our knowledge on 

the benefits and disadvantages of senescence induction in cancer therapy and age-

related and chronic disorders, where senescence’s causative connection has been 

reported to a greater extent, the involvement of oncogene-induced senescence in 

tumorigenesis has not been extensively addressed and remains a formidable challenge. 

In lung cancer, senescent cells were described as a defining feature of adenomas but not 

adenocarcinomas [135], and it was therefore considered to act as a barrier to tumour 

progression by preventing the expansion of potential malignant cells. However, the lung 

microenvironment has been reported to be a crucial regulator of tumour initiation, 

progression and metastasis [273] and, in this context, the potential impact of 

accumulated senescence and its associated SASP has been omitted for years.  

In this chapter, we have captured supporting evidence of the accumulation of 

senescent cells in lung adenoma premalignant lesions in contrast to hyperplasia and 

adenocarcinomas. As introduced earlier, this work was performed as part of a 

collaboration led by Dr Scott Haston from Martínez-Barberá group (University College 
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London), and findings were compared and assessed in parallel. Our collaborators 

generated a novel knock-in mouse model named p16-FDR in which the endogenous 

Cdkn2a promoter drives the expression of a cassette encoding the flippase-recombinase 

(FLPo) and a diphtheria toxin receptor (DTR)/mCherry fusion protein (Supplementary 

Figure 3.1a, b, Appendix). This remarkably allows the visualisation, isolation, genetic 

lineage tracing and pharmacogenetic ablation of p16INK4a-expressing cells in vivo. 

Following the subsequent generation of p16-FDR-YFP-KrasG12D/+ heterozygous mice 

(Supplementary Figure 3.1b, Appendix), our collaborators were able to isolate 

p16/mCherry-positive cells from lungs post-induction of tumours, and perform RNA 

sequencing to explore the phenotype of these cells during KrasG12D-driven lung 

tumorigenesis. Gene set enrichment analysis (GSEA) demonstrated that mCherry-

expressing cells were positively enriched for signatures of senescence, SASP and 

lysosomal pathways, and negatively enriched for proliferation pathways, confirming the 

induction of senescence in early lesions in this alternative model of NSCLC 

(Supplementary Figure 3.1c, Appendix). It is worth noting, however, that the two 

models are inherently different in the timing and development of lung cancer lesions. 

Despite the correlation of the findings between the two studies, it would be interesting 

to generate p16-FDR-Kras-FSFG12V heterozygous mice and perform transcriptomic 

analyses of p16/mCherry-positive cells at the different time-points evaluated as part of 

this chapter, in order to further understand the dynamics of senescence induction and 

accumulation, and determine the extent of transcriptional similarities between the two 

models.  

Further, as part of our interest in uncovering the predominant senescent cell type 

during lung tumorigenesis, cell type identity deconvolution of RNAseq data performed by 

our collaborators suggested that p16Ink4a-expressing cells in the p16-FDR-KrasG12D/+ model 

predominantly featured a macrophage and endothelial cell identity (Supplementary 

Figure 3.1d, Appendix).  To validate these findings, immunofluorescence analysis of early 

lesions was performed using antibodies against macrophages (CD68) and endothelial 

cells (Pecam), among others (Supplementary Figure 3.1e, Appendix), and Haston and 

colleagues demonstrated that the majority of mCherry/p16Ink4a-expressing cells appeared 

to be macrophages (63% ± 17.8%) and endothelial cells (24% ± 10.7%) (Supplementary 
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Figure 3.1f, Appendix). In this chapter we therefore aimed to validate these observations 

using the Kras-FSFG12V model, and confirmed a significant co-localisation between F4/80 

and p16 markers in early lesions, although to a slightly lower extent (proportion of p16 

cells immunoreactive for F4/80, 45.14% ± 25.59). However, we could not validate the 

findings in the endothelial cell compartment, given the nature of the histological stainings 

performed for such analysis. In any manner, our results indicate that a large proportion 

of p16-expressing cells during lung tumorigenesis in both the KrasG12D and KrasG12V 

models of NSCLC fall outside the tumour cell lineage. To our knowledge, this is the first 

time that senescence is reported predominantly in non-epithelial cells in the context of 

pre-neoplastic lesions. Previous studies have demonstrated that AdCre and AdFlp 

intratracheal administration largely results in the infection and subsequent aberrant Kras 

expression in epithelial cells [23], and therefore oncogene-induced senescence (OIS) 

would be expected to occur in this cell compartment. While we cannot discard that 

epithelial cell OIS is induced in our model, the most prominent senescent response in our 

models seems to occur in stromal cells. Of note, a recent study reported that adenoviral 

vectors can actually transduce alveolar macrophages in NSCLC mouse models and 

activate KrasG12D expression in the cells, despite a senescent phenotype was not 

investigated [274]. However, RNA sequencing data from our collaborators demonstrates 

that KrasG12D-expressing cells largely present an epithelial cell identity signature 

(Supplementary Figure 3.1d, Appendix), and thus it is conceivable that senescence in 

macrophage and vascular cells is implemented in an extrinsic, paracrine fashion, and not 

as a result of oncogene insult. Indeed, a senescent-like phenotype has been reported in 

macrophages upon exposure to pro-inflammatory microenvironments [275, 276], and 

endothelial cells have also been described to undergo senescence in vivo in inflammatory 

conditions, including diabetes, atherosclerosis and ageing [277, 278]. Importantly, these 

observations open up the possibility of a crosstalk between oncogene-induced senescent 

pre-cancerous cells and the induction of senescence in macrophages and endothelial 

cells, an intriguing potential phenomenon that warrants further investigations. In future 

analyses, we will continue our validations of the senescent phenotype and p16-

expression in vascular cells using alternative immunofluorescence techniques, and will 
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also explore the extent of senescent markers expression in the epithelial cell 

compartment during the development of early lung cancer lesions.  

Remarkably, we demonstrate that pharmacologic ablation of senescent cells 

during lung tumorigenesis with ABT-737 senolytic treatment results in a significant 

reduction in tumour burden and prolonged survival in KrasG12V mice. A limitation of this 

approach includes the possibility of non-specific ablation of non-senescent cells, since 

ABT-737 particularly targets cells that exhibit apoptosis resistance, a trait that is also 

detected in some tumour cells [279]. Indeed, despite the obvious impact in the senescent 

cell compartment, observed through the significant reduction of p16-expressing cells 

upon senolytic treatment, we cannot exclude potential off-target effects of ABT-737 in 

our model. Importantly, however, our collaborators reproduced these findings using an 

alternative approach that reduced the possibility of non-specific killing by ablating 

senescent cells in a pharmacogenetic fashion. For this, Haston and colleagues made use 

of the newly generated KrasG12D/+;p16FDR/+;Rosa26loxP-STOP-loxP-YFP/+ (KY-FDR) model, where the 

administration of diphtheria toxin (DT) results in the induction of cell death in p16-

expressing cells, and tumour cells can be detected through the induced expression of YFP 

(Supplementary Figure 3.1b, Appendix). Animals were treated with either DT or vehicle 

via subcutaneous injection twice a week from week 2 to week 8 post-induction of 

tumours, and tumour burden was analysed by immunofluorescence staining and FACS 

analysis at the different time-points (Supplementary Figure 3.1g, Appendix). In line with 

our observations, Haston and colleagues detected that pharmacogenetic ablation of p16-

expressing cells during early lung tumorigenesis in this model resulted in a remarkable 

decrease in tumour burden, with up to a 74.4% reduction in the proportion of YFP-

positive tumour cells, depending on the time-point assessed (2 weeks, 74.4% reduction; 

4 weeks, 33.2% reduction, 8 weeks, 47.6% reduction) Supplementary Figure 3.1h, 

Appendix. Likewise, the number of YFP-positive tumour lesions decreased significantly 

in the DT treated group compared with the control, by an 85.42%, 76.32% and 52.55% 

reduction at weeks 2, 4 and 8, respectively (Supplementary Figure 3.1i, Appendix). 

These data further validate the outcome of eliminating senescent cells during lung 

tumorigenesis using an alternative approach and a different Kras-driven model of lung 
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adenocarcinoma, and together with our results, indicate that senescence exerts tumour-

promoting effects in early NSCLC lesions.  

Based on evidence reported in the literature in the past years, cellular senescence 

can promote tumour progression through two main mechanisms: (1) by escaping the 

proliferative arrest and re-entering the cell cycle, which has also been associated with 

increased plasticity, stemness  and malignant properties in senescence-escaping cells [86, 

164, 280, 281], and (2) by secreting pro-inflammatory, immune-suppressive and tumour-

promoting factors via the implementation of the SASP [167]. It is believed that 

premalignant lesions in which senescent cells accumulate upon oncogenic stimulation 

may progress through the reversion of senescence, driven by the acquisition of mutations 

or alterations that disrupt critical senescence maintenance pathways. Although 

compelling evidence of senescence reversion in vivo is still lacking, several studies have 

demonstrated that the modulation of key senescence drivers, including p53, Rb, DDR 

components and the SAHFs, can abrogate an established senescent state in vitro and 

reinstate DNA replication and cell cycle progression [282]. However, it is more plausible 

that a combination of a primary bypass of senescence (whereby transformed pre-

malignant cells acquire a proliferative advantage and are unable to undergo senescence 

upon oncogenic stimulation in the first place) together with senescence reversion take 

place simultaneously during neoplasia. In this context, the potential role of the SASP 

might be even more impactful, as its tumour-promoting effects could be boosting the 

progression of both senescence bypassers and escapers. 

The pro-tumorigenic nature of the SASP has been extensively reported, 

particularly in the context of therapy-induced senescence. Some of the factors reported 

to play a tumour-progressive role include IL6, IL-8, IL-1 α, AREG, CCL5, CXCL12 and several 

metalloproteases, which can increase cancer cell proliferation, invasion and migration in 

a paracrine manner [167]. In the context of tumour initiation, senescent fibroblasts were 

reported to directly promote the proliferation of pre-neoplastic ovarian epithelial cells 

[283], partially transformed epithelial keratynocytes [168, 284] and transformed breast, 

prostatic and hepatic cancer cells [129]. Of note, however, the paracrine impact derived 

from other senescent stromal cells remains largely unexplored. In this chapter, we 

demonstrate that the ablation of senescent cells, which largely present macrophage cell 
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identities in our model, and both macrophage and endothelial cell phenotypes in our 

collaborator’s studies, abrogates lung cancer tumorigenesis. The role of macrophages in 

cancer has been addressed extensively, and, in the context of NSCLC, recent research 

demonstrates that they provide a pro-tumorigenic niche in early stages of lung 

tumorigenesis [285]. On the other hand, endothelial cells have been described as key 

drivers of angiogenesis, immune recruitment and tumour cell proliferation and invasion 

[286]. However, how the implementation of senescence in these cells alters their 

phenotype and impacts tumour initiation and progression remains to be elucidated. 

Further work is therefore required to determine how p16-expressing macrophages and 

endothelial cells in our models drive lung adenoma-adenocarcinoma progression. The 

use of lineage tracing approaches where p16-expressing cells and neighbouring cells 

impacted by the SASP can be tracked, isolated and assessed can be very important to 

fully uncover the cell of origin in NSCLC and how senescence lends itself to the process 

of cell malignant transformation. This might not only be crucial to uncover tumour-

initiating mechanisms during lung tumorigenesis, but can also shed light on potential 

markers that could be utilised for early detection purposes.  

As shown in this chapter, the use of senolytics provide a means to elucidate the 

role of senescent cells. Our results indicate that senolytic treatment may serve as a novel 

and effective treatment against Kras-driven NSCLC, a modality that, to our knowledge, 

has not been proposed in the context of early lung tumorigenesis thus far. Senolytics are 

emerging as a class of drugs with the potential to revolutionise cancer treatment, 

particularly in combination with senescence-inducing treatments such as chemotherapy 

and radiation, where multiple studies have been generated in support of the detrimental 

effect of therapy-induced senescence [268]. We here demonstrate the potential benefit 

of senolytic drug treatment as a preventative cancer therapy, an approach that could be 

of particular importance in populations with an increased susceptibility for lung cancer, 

such as emphysema, pulmonary fibrosis and COPD patients [287], which have 

interestingly also been strongly associated with senescence accumulation [288-290]. 

However, it is important to take into consideration that the use of senolytics in other 

settings requires a detailed understanding of the context in which senescence is 

implemented and its connection with the disease.  
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Overall, the findings reported in this chapter demonstrate that senolytic therapies 

might provide a novel therapeutic strategy to control early-stage lung adenomas and 

manage NSCLC progression effectively. Finally, our observations can also serve as the 

basis for the development of novel tools aimed at detecting senescence burden in lung 

adenocarcinoma patients for diagnostic purposes.  
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CHAPTER 4: 
THE PARACRINE ROLE OF CELLULAR 

SENESCENCE UPON CHEMOTHERAPY IN 
LUNG ADENOCARCINOMA 

 
 

4.1. Introduction 

 

Lung cancer accounts for the highest proportion of cancer-related deaths in our society. 

The most common histological subtype is Non-Small Cell Lung Cancer (NSCLC), which 

constitutes around 85% of all lung cancer diagnoses. Significant advances over the last 

two decades have been made towards improving lung cancer treatment, including the 

development of targeted therapies for some subsets of patients with advanced disease. 

However, the overall survival and cure rates for NSCLC remain very low. Platinum-based 

doublet therapy, based on cisplatin or carboplatin administration in combination with 

another cytotoxic drug, remains the standard first-line therapy for early stage and non-

oncogene-addicted late-stage tumours. Despite favourable initial response rates, most 

patients relapse shortly after treatment completion, and around 84% of patients die 

within 5 years of first diagnosis [291]. Therefore, continued research into the mechanisms 

underlying treatment response and failure as well as enhanced therapeutic regimens are 

imperative to improve outcomes in NSCLC.  

Platinum-based compounds are cytotoxic agents that create crosslinks in the DNA, 

interfering with replication and cell division. In 2005, research demonstrated for the first 

time that this type of chemotherapy results in increased levels of intratumoral 

Senescence Associated β-galactosidase (SA-β-gal) activity, a marker that is strongly 

associated with cellular senescence [292]. Additional studies have further demonstrated 

the accumulation of senescent cells in different human tumour types upon neoadjuvant 

chemotherapy, including breast cancer, mesothelioma, prostate cancer, renal cell 

carcinoma and rectal cancer [137], suggesting that it is a common response to anti-cancer 
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therapies. Senescence can be elicited in response to a variety of stimuli, including DNA 

damage and oncogenic stress, and its implementation includes an irreversible cell cycle 

arrest, as well as the acquisition of a series of structural and metabolic changes that 

impacts tissue homeostasis. As presented in previous chapters, a key hallmark of this 

cellular state is the implementation of a strong paracrine secretion of cytokines, growth 

factors, proteases and other mediators, known as Senescence-Associated Secretory 

Phenotype (SASP), that creates a local inflammatory milieu and affects the surrounding 

tissue. Senescence is therefore a well-established tumour suppressive mechanism as it 

prevents the propagation of damaged cells, but compiling evidence indicates that it can 

also drive tumorigenesis through the promotion of cellular proliferation, invasion, 

angiogenesis and even metastasis in a paracrine manner [167, 293]. Recent investigations 

have primarily focused on the therapeutic benefits of therapy-induced senescence in 

tumour cells [294], but given the detrimental effects largely attributed to the SASP [167], 

it is conceivable that unresolved and persistent senescence upon chemotherapy may 

represent a barrier to effective lung cancer treatment. 

Despite a general list of factors is commonly described to constitute the SASP, 

including IL-6, IL-1α, CXCL2, MMP-3 and VEGF, among many others, its composition is 

known to be highly dependent on the inducer, the tissue of origin or cell type and even 

the duration and chronicity of the senescent burden [167]. Transforming Growth Factor-

β (TGF-β) is a pleiotropic cytokine that governs a wide array of cellular mechanisms in 

physiological and pathological processes, and it has also been reported to be secreted by 

senescent cells, contributing to paracrine-induced senescence, fibrosis and 

immunomodulation [295-297]. In the context of cancer, TGF-β has been described to play 

a dual role, the result of which largely depends on the surrounding microenvironment 

and the genetic background and phenotype of the recipient cell [231]. Paradoxically, this 

cytokine functions as a tumour suppressor in pre-malignant cells by inducing cell cycle 

arrest and apoptosis, but it can also drive tumorigenic and pro-metastatic responses in 

overtly malignant cells through the promotion of EMT, tumour invasion, proliferation and 

immune suppression [231, 298]. The complexity of the contextual nature of TGF-β as part 

of the SASP and its potential connection with chemotherapy-induced senescence remains 

unexplored and warrants further investigations. 
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  In this chapter, we demonstrate that cisplatin treatment results in the induction 

and accumulation of senescent cells in human and murine lung adenocarcinomas. 

Comprehensive phenotypic assessment reveals that the SASP derived from human and 

murine cisplatin-induced senescent lung cancer cells drives the acquisition of pro-

tumorigenic traits in a paracrine manner, which can be recapitulated in human 

xenografts and orthotopic mouse models of lung cancer. Mechanistically, we show that 

exposure to cisplatin-derived SASP orchestrates the TGFβR1-driven activation of 

Akt/mTOR signalling, which is responsible for the induction of increased proliferation in 

SASP-exposed cells. In agreement with this, we determine that pharmacological inhibition 

of TGFβR1 with galunisertib treatment reverts the tumour promoting effects of cisplatin-

induced senescence both in vitro and in vivo. Finally, we propose a novel therapeutic 

modality combining chemotherapeutic cisplatin treatment together with TGFβR1 

inhibition, which demonstrates improved treatment outcomes and enhanced survival in 

lung tumour-bearing mice.  

 

4.2. Results 

 

4.2.1. Platinum treatment induces expression of cellular senescence 

markers in Kras-FSFG12V/+ murine and human NSCLC tumours 

 

Anticancer therapeutics, including cytotoxic and genotoxic agents such as cisplatin, have 

been widely reported to induce senescence in experimental conditions [66, 299]. 

However, evidence of therapy-induced senescence in clinical settings remains limited. In 

the context of lung cancer, Roberson and colleagues demonstrated for the first time that 

lung tumours resected from patients upon neoadjuvant platinum-based therapy 

accumulated SA-β-gal-positive cells, a marker widely used to detect senescent cells in 

vitro and in tissues, compared to untreated specimens [292].  

To better define the physiological response to commonly used chemotherapeutics 

in lung adenocarcinoma, we first subjected lung-tumour bearing Kras-FSFG12V/+ mice to 

two cycles of cisplatin treatment. Histological analyses revealed a reduction in Ki67+ cells 

and an enhanced expression of p21+ in tumours compared to vehicle-treated individuals 
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(Figure 4.1), suggesting the induction of cell cycle arrest in the lesions. In addition, we 

observed increased reactivity against γH2AX, a particular phosphorylation of H2A histone 

that occurs upon the formation of double DNA strand breaks, confirming the genotoxic 

effect of cisplatin administration in the tumours (Figure 4.1). Next, we evaluated the 

effect of ABT-737 administration alone or in combination with cisplatin treatment. ABT-

737 is a second-generation senolytic agent that preferentially kills senescent cells through 

the induction apoptosis, and we hypothesised that its administration would result in 

increased apoptosis in tumours that had been treated with cisplatin compared to vehicle-

treated tumours, due to the induction of cellular senescence upon cisplatin treatment. 

As observed in Figure 4.1, as an internal control, we did not observe a general decrease 

in the expression of the proliferative marker Ki67 with ABT-737 single treatment, and 

levels of cleaved caspase-3 (a marker of apoptosis used to confirm the mechanism of 

action of the drug) remained similar to those in tumours from mice treated with vehicle 

or cisplatin alone, with some sporadic cleaved caspase-3-positive cells in the tumours. On 

the other hand, combined treatment of cisplatin and ABT-737 resulted in a marked 

decrease in Ki67 expression in the tumours and an enhanced expression of senescence 

and DNA damage markers p21 and γH2AX, as observed in cisplatin-only-treated 

specimens. Of note, in contrast to ABT-737 single administration, combinatory treatment 

resulted in an enhanced expression of cleaved caspase-3 in the tumours, thereby 

suggesting the induction of cell death in putative cisplatin-induced senescent cells (Figure 

4.1).  

Importantly, these analyses indicate that cisplatin in vivo treatment of lung 

adenocarcinoma-bearing mice results in increased expression of DNA-damage and 

senescence-related markers, combined with a decrease in proliferation in the tumours. 

Of note, levels of apoptosis evaluated through cleaved caspase-3 upon cisplatin 

treatment were negligible, overall suggesting that the decrease in proliferation derives 

from the induction of cellular senescence in the tumours. Notably, histological 

assessments indicate that senolytic treatment may result in increased cell death in the 

tumours when combined with cisplatin treatment compared to ABT-737-single 

administration, which may also be an indication of the increased senescent burden 
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following cisplatin treatment, and highlights the potential of this combinatory modality in 

arresting tumour progression. 
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Figure 4.1. Cisplatin treatment of lung tumour-bearing KrasG12V mice is associated with increased 

expression of p21 and γH2AX, and concomitant cisplatin + ABT-737 treatment results in higher cleaved 

caspase-3 signal in tumours. Representative histological images of lung tumours resected from mice at 

month 11-12 post-induction of tumours in the Kras-FSFG12V mouse model. Mice were treated with two cycles 

of cisplatin (1.5 mg/kg body weight i.p., once weekly) or vehicle, and/or ABT-737 (25 mg/kg body weight, i.p. 

twice weekly on two consecutive days after cisplatin administration) or vehicle. Lung sections were stained 

for Ki67, p21, γH2AX and cleaved caspase-3, and images depict representative regions from two independent 

mice per condition. Scale bar = 100 μm.  

 

Interestingly, a study reported that high levels of SA-β-gal in tumours following 

neoadjuvant therapy correlated with a significantly poorer prognosis in a small cohort of 

locally advanced NSCLC patients [161], suggesting a link between senescence induction 

and cancer relapse. We therefore set out to determine the impact of selectively 

eliminating senescent cells upon cisplatin treatment in lung cancer progression. Kras-

FSFG12V/+ mice bearing lung adenocarcinomas were subjected to 4 cycles of chemotherapy 

plus vehicle or ABT-737, and micro-CT imaging was used to assess tumour burden before 

and immediately after regimen completion, as well as 2 months after treatment (Figure 

4.2a). CT analysis showed that while the number of tumours in the lungs per mouse 

increased over time in animals treated with cisplatin only, it remained largely unchanged 

in animals treated with a combination of both drugs (Figure 4.2b). In addition, co-

treatment with cisplatin and ABT-737 resulted in a significantly decreased mean tumour 

volume compared to cisplatin-only treatment, relative to the volume before the start of 

chemotherapy (Figure 4.2c). While we cannot conclude the effect on tumour progression 

derived from the induction of senescence in the tumours, these results demonstrate that 

the combination of platinum-based chemotherapy induces senescence, and that its 

combination with senolysis is an effective and superior approach to abrogate lung 

adenocarcinoma growth in vivo compared to chemotherapy only. 
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Figure 4.2. Combination of senolytic treatment with platinum-based chemotherapy significantly 

decreases tumour burden in the KrasFSFG12V/+ mouse model of NSCLC. a. Schematic representation of 

experimental timeline used to determine effect of chemotherapy ± senolytic treatment in lung 

adenocarcinoma in KrasFSFG12V/+ animals. c. Number of tumours per mouse upon 

chemotherapeutic/senolytic treatment, as assessed by micro-CT imaging and analysis, normalised to the 

initial number of tumours in each animal pre-treatment (n = 3 per group). Data is shown as mean ± SEM. d. 

Fold change tumour volume at month 12 post-AdFLP administration, relative to tumour volume at pre-

treatment time-point (month 9). Data is shown as mean ± SD. Statistical significance was assessed by two-

tailed unpaired Student’s t-test. 

 

While the histological assessment performed by Roberson and colleagues was 

relevant, the detection of SA-β-gal in tumour specimens is insufficient to fully confirm a 

senescent phenotype in vivo. In order to further explore the potential of a senescent 

response upon platinum-based chemotherapy in human clinical settings, we analysed 

the expression of different proliferation and senescence-related markers in stage II-III 

human lung adenocarcinoma samples resected from individuals within one month of 

chemotherapeutic regiment completion (for more clinical and pathological information 

regarding the patients, see Table 1). Histological analysis showed that Ki-67 detection is 

heterogeneous and scattered throughout the tumours (Figure 4.3). Tumours were also 

immunoreactive for p21 and p16 cell cycle arrest markers, generally accumulating in the 

outer regions of the lesions and presenting a more dispersed pattern in the inner areas. 

Importantly, the sections where positive signal was observed for these two senescence-

related markers substantially overlapped, revealing an association between the 

expression of the two cell cycle inhibitors (Figure 4.3). Despite no treatment-naïve 

tumour samples were assessed and, therefore, we cannot conclude an accumulation of 

these markers upon chemotherapeutic treatment, the regional association between the 
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two cell cycle-dependent kinase inhibitors is compatible with the accumulation of a 

senescent response in different tumour areas. 
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Figure 4.3. Human lung adenocarcinomas from patients subjected to neoadjuvant platinum-based 

chemotherapy express senescence-related markers suggesting the induction of cellular senescence 

in the tumours. Representative histological images of lung adenomas resected from patients within 1 month 

of completing neoadjuvant platinum-based chemotherapeutic treatment (Table 1). Lung tumour sections 

were stained for H&E, Ki67, p16 and p21, and images depict a representative region from each patient. Scale 

bar = 500 or 100 μm as shown in picture.  

 

 

Taken together, our analyses with patient samples and genetically-engineered 

mouse models of KRas-driven NSCLCL are compatible with the induction of cellular 

senescence in lung adenocarcinomas upon platinum-based drug treatment. Intriguingly, 

we further demonstrate that senolytic treatment combined with cisplatin administration 

improves therapeutic outcomes, suggesting that the removal of senescent cells 

abrogates tumour growth, and therefore the accumulation of senescent cells might 

interfere with therapeutic effectiveness and contribute to tumour progression. 

 

4.2.2. Chemotherapeutic agents induce a senescent response in human and 

murine lung adenocarcinoma cells 

 

After exploring and having evidence of the induction of senescence in murine and human 

tumours upon cisplatin treatment in vivo and in clinical settings, we next evaluated the 

response to cisplatin and other common chemotherapeutics in the A549 human lung 

adenocarcinoma cell line and the primary KrasG12D/+;p53−/− L1475(luc) cell line (also 

commonly known as KP cells [300]), in  order to establish an in vitro model to investigate 

and compare the effects of cisplatin-induced senescence. Cells were subjected to 

increasing concentrations and treatment durations of each of the chemotherapeutic 

drugs until the optimal concentrations for senescence inductions were determined.  
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Figure 4.4. A549 cells undergo cellular senescence upon treatment with cisplatin, docetaxel and 

palbociclib in vitro. a. Representative images of control and chemotherapy-treated A549 cells fixed and 

stained for SA-β-gal activity after 7 days of treatment. Scale bar = 100 μm. b. Proportion of SA-β-gal+ A549 

cells for each treatment. c. Cell confluency over time of control and senescent A549 cells after 7 days of 

treatment (n = 3). d. Western blot analysis for the expression of relevant senescence markers in control and 

senescent A549 cells upon 7 days of treatment. Note that A549 cells bear a deletion of the INK4/ARF locus 

and hence do not express p16. e. Fold change gene expression levels of different senescence markers in 

senescent A549 cells relative to vehicle-treated cells. f. Oxygen-consumption rate (OCR) of control and 

cisplatin-, docetaxel- and palbociclib-induced senescent A549 in basal conditions and upon injection of 

oligomycin, FCCP, rotenone and antimycin A. Statistical significance was assessed by one-way or two-way 

ANOVA, followed by Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.005. 

 

 As observed in Figure 4.4a, A549 cells increased the expression of senescence 

marker SA-β-gal upon treatment with 15 µM cisplatin, 200 nM docetaxel and 15 µM 

palbociclib for 7 days. Quantification analysis confirmed a significant increase in SA-β-gal-

positive cells for all chemotherapeutic-treated cells compared to control (Figure 4.4b). In 

addition, cell growth evaluation over a 72 h period after completing the 7 days of 

treatment confirmed the cell cycle arrest that characterises cellular senescence for all 

three chemotherapeutics compared to control A549 cells (Figure 4.4c). We further 

validated the upregulation of several senescence-related markers at the protein level, 

including the decrease in phosphorylated Rb (Figure 4.4d). Of note, A549 cells are null 



THE PARACRINE ROLE OF CELLULAR SENESCENCE UPON CHEMOTHERAPY IN LUNG ADENOCARCINOMA 

 127 

for the cell cycle inhibitor p16 (encoded by the CDKN2A gene). RT-qPCR analyses 

confirmed increased levels of expression of CDKN1A, IL6, IL1A and MMP9, and the 

downregulation of LMNB1 (Figure 4.4e). Finally, as part of our interests in understanding 

the metabolic and respiratory changes in the cells, we analysed the bioenergectic profile 

of control and senescent cells, and observed that cisplatin-induced senescent cells 

present a significantly higher basal respiration rate compared to control cells (Figure 

4.4f). Of note, all senescent cells presented a significantly increased maximal respiration 

rate upon FCCP injection, with cisplatin-induced senescent cells displaying the highest 

rate among the three chemotherapeutics (Figure 4.4f).  

 We next continued our senescence assessment in the murine L1475(luc) line, and 

confirmed that after treatment with 3 µM cisplatin, 100 nM docetaxel and 20 µM 

palbociclib for 5 days, cells displayed relevant features of senescence. As observed in 

Figure 4.5a, SA-β-gal staining was not as prominent in these cells compared to A549, but 

quantification analysis confirmed a significant increase in SA-β-gal-positive cells for all 

chemotherapeutic-treated cells compared to control (Figure 4.5b). Further, cell growth 

evaluation over a 72 h period after the 5 days of treatment confirmed the cell cycle arrest 

that characterises cellular senescence for all three chemotherapeutics compared to 

control L1475(luc) cells (Figure 4.5c). Of note, Western blot analyses were not successful 

with these cell line, as they are null for TP53 gene, encoding for tumour suppressor p53, 

and therefore no changes were observed. In addition, antibodies against phospho-Rb 

and p16Ink4a did not result in positive reactivity. However, when we assessed changes at 

the transcription level, we observed a marked increase in the expression of cell cycle 

inhibitors Cdkn1a and Cdkn2a (encoding for p21 and p16, respectively), as well as for 

SASP factors Il6, Il1a and Mmp9. We next observed a marked downregulation of Lmnb1, 

further confirming a phenotype consistent with senescence in the cells (Figure 4.5d). 

Finally, mitochondrial respiration analysis of the cells confirmed the same trend as 

observed with A549 cells, with the exception of docetaxel-induced senescent L1475(luc) 

cells, which did not present an increased maximal respiration rate compared to control 

cells (Figure 4.5e). 

 These analyses confirmed that A549 and L1475(luc) cells can effectively undergo 

a stable cell cycle arrest and enter a robust senescent programme upon treatment with 
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cisplatin, docetaxel and palbociclib in vitro, allowing for the further assessment of our 

working hypothesis. 

 

 
Figure 4.5. L1475(luc) cells undergo cellular senescence upon treatment with cisplatin, docetaxel and 

palbociclib in vitro. a. Representative images of control and chemotherapy-treated L1475(luc) cells fixed and 

stained for SA-β-gal activity after 5 days of treatment. Scale bar = 100 μm. b. Proportion of SA-β-gal+ 

L1475(luc) cells for each treatment. c. Cell confluency over time of control and senescent L1475(luc) cells after 

5 days of treatment (n = 3). d. Fold change gene expression levels of different senescence markers in 

senescent L1475(luc) cells relative to vehicle-treated cells. e. Oxygen-consumption rate (OCR) of control and 

cisplatin-, docetaxel- and palbociclib-induced senescent L1475(luc) in basal conditions and upon injection of 

oligomycin, FCCP, rotenone and antimycin A. Statistical significance was assessed by one-way or two-way 

ANOVA, followed by Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.005. 

 

4.2.3. Cisplatin-induced senescence of lung cancer cells promotes the 

acquisition of malignant properties in non-senescent untreated cells 

in vitro through the SASP 

 

Mounting evidence has demonstrated that therapy-induced senescence can promote a 

chronic inflammatory niche in the tumour, which in turn has been reported to modulate 
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tumorigenesis and drive tumour progression via the SASP [167, 301]. To investigate the 

effects of chemotherapy-derived SASP, we used A549 cells and KrasG12D/+;p53−/− L1475(luc) 

cells subjected to cisplatin, docetaxel and palbociclib treatments, which effectively 

undergo cellular senescence (Figures 4.4 and 4.5, respectively). First, medium was 

conditioned for 48 h with each type of senescent cells upon drug removal, and untreated 

A549 cells were exposed to each type of drug-free conditioned medium (CM) (Figure 

4.6a). Our analyses revealed that exposure to cisplatin-derived SASP resulted in increased 

cell proliferation, compared to control CM and docetaxel- and palbociclib-derived SASPs, 

with exposed cells achieving an average 85.4% confluency at 42 h in the presence of 

cisplatin-induced senescent CM versus 53.2% in control conditions (Figure 4.6b). Cell 

tracking during wound-healing scratch assay showed that exposure to cisplatin-SASP also 

significantly increased A549 cells migration, compared to all other conditions (Figure 

4.6c).  

We next detected that exposure to cisplatin-induced senescent CM for 10 days led 

to a 3.4-fold increase in the number of colonies formed compared to control CM, while 

palbociclib-induced senescent CM had no effect and docetaxel-derived SASP resulted in 

a significantly lower number of colonies (Figure 4.6d, top). The number of spheres 

formed in low-attachment conditions was also significantly higher in the presence of 

cisplatin-derived SASP compared to all other conditions. Notably, these spheres also 

exhibited irregular morphologies as well as the formation of protrusions (Figure 4.6d, 

bottom), which, together with enhanced migration properties observed in our wound-

healing analyses, interestingly suggested the acquisition of an invasive phenotype 

consistent with an Epithelial-to-Mesenchymal Transition (EMT). To study the effect of the 

direct interaction between senescent and untreated tumour cells instead of exposure to 

CM, we cultured A549 cells in a three-dimensional (3D) spheroid system alone or co-

cultured with chemotherapy-induced senescent cells. Notably, 3D co-culture with 

cisplatin-induced senescent A549 cells resulted in the development of significantly bigger 

spheres compared to all other conditions (Figure 4.6e).  
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Figure 4.6. Cisplatin-induced senescence promotes malignant traits on non-senescent A549 cancer 

cells through the secretion of SASP factors. a. Schematic representation of experimental layout to test the 

effect of chemotherapy-derived SASP on non-senescent cells. A549 cells were treated with 15 μM CDDP, 150 

nM docetaxel or 15 μM Palbociclib for 7 days for senescence induction. Senescent cells were subsequently 

washed and fresh medium was added and conditioned for 48 h. Conditioned Media (CM) were collected, 

centrifuged and added onto non-senescent A549 cells, which were subsequently assayed for phenotypic 

assessment. b. A549 cell confluency (%) over a 72 h incubation-period exposed to CM from control or 

chemotherapy-induced senescent cells. c. Relative wound density of migrating A549 cells after scratching 

over a 66 h period exposed to CM from control or chemotherapy-induced senescent cells. d.  Left, 

representative images of A549 colonies (top) and spheres (bottom) formed after 10 days upon the exposure 

to the different CMs from non-senescent and chemotherapy-induced senescent cells. Right, quantification of 

the number of colonies (top) and the number of spheres (bottom) for each experimental condition. e. Left, 

representative images of A549 3D tumour spheres formed after 7 days of two-phase co-culture with control 

or chemotherapy-induced senescent cells. Right, quantification of sphere size in each experimental 

condition. Data are shown as mean ± SD (n = 3). Statistical significance was assessed using two-tailed one-

way or two-way ANOVA, followed by Tukey’s multiple comparisons test, **p < 0.01, ***p < 0.005, ****p < 

0.001. 

 

As part of our interest in understanding the changes occurring in cells upon 

exposure to cisplatin-derived SASP, we subjected A549 cells to a mitochondrial stress 

metabolic assay after the incubation with CM for 48 h. Oxygen Consumption Rate (OCR) 
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analysis upon injection of drugs targeting different complexes of the mitochondrial 

respiratory chain revealed a significantly increased maximal respiration in cells exposed 

to cisplatin-derived SASP compared to control (Figure 4.7a), suggesting a metabolic 

rewiring characterised by an increased ability to appropriately respond to high demands 

of ATP, and therefore a higher endurance during stress periods. No changes in 

respiratory ability were detected after the incubation of A549 cells with docetaxel- or 

palbociclib-induced senescent CM (Figure 4.7b, c).  

 

 
Figure 4.7. Bioenergetic profiling reveals that exposure of untreated A549 cells to cisplatin-induced 

senescence CM significantly increases basal and maximal respiratory rate, as opposed to other 

chemotherapies-derived SASPs. OCR of untreated A549 cells exposed to control and (a) cisplatin-induced 

senescent CM, (b) docetaxel-induced senescent cell CM and (c) palbociclib-induced senescent cell CM, in basal 

conditions and upon the injection of mitochondria-targeting drugs. Graphs show one representative 

biological repeat out of three independently performed (n = 3). Statistical significance was assessed using 

two-tailed one-way or two-way ANOVA, followed by Tukey’s multiple comparisons test, **p < 0.01, ***p < 

0.005, ****p < 0.001. 

 

To determine whether acidification or lower nutrient levels in CMs could be having 

an effect, we analysed the pH and glucose concentration and observed no changes 

between the different CMs (Figure 4.8 a, b), indicating that factors secreted by the cells 

to the CM, rather than biochemical changes or difference in nutrients, are the drivers of 

the paracrine effects detected. 
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Figure 4.8. Glucose and pH levels of the different CMs from control- and senescent A549 cells remain 

unaltered. a. Average pH measurements of the conditioned media (CM) collected from control and 

senescent A549 conditioned for 48 h post-removal of drug. b. Glucose levels of CM from control and 

senescent A549 cells conditioned for 48 h pot-removal of drug. 

 

We next aimed to validate our findings using the primary KRasG12D/WT;p53-/- murine 

L1475(luc) cell line, which also effectively underwent cellular senescence upon cisplatin, 

docetaxel and palbociclib treatments (Figure 4.5). Of note, these cells grow in clusters 

and become smaller as the clusters increase in size, and therefore cell confluency analysis 

did not fully recapitulate change in cell number. For this reason, we opted to assess cell 

growth by flow cytometry-based quantification. Relative cell count upon 48 h of exposure 

to CMs demonstrated that cisplatin-induced senescent CM also increased proliferation in 

untreated L1475(luc) cells compared to all other conditions, with a striking average fold 

cell count of 4.65 versus control (Figure 4.9a). In addition, culture of L1475(luc) with 

cisplatin-induced senescent CM for 10 days resulted in a significantly higher number of 

colonies formed, following the same trend observed for human A549 cells (Figure 4.9b). 

In addition, respiratory profiling of cells exposed to cisplatin-derived CM revealed a 

significantly enhanced maximal respiration, in line with our findings in human cells 

(Figure 4.9c). In contrast with these cells, L1475(luc) cells exposed to docetaxel- and 

palbociclib-induced senescent CM also presented increased OCR levels, despite to a lower 

extent compared to cisplatin-derived SASP exposure (Figure 4.9d, e).  
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Figure 4.9. Cisplatin-induced senescence promotes malignant traits on non-senescent murine 

L1475(luc) cancer cells through the secretion of SASP factors. a. Left, L1475(luc) cell count relative to 

control condition of cells exposed to control- or chemotherapy-induced senescent CM for 48 h. b. Left, 

representative images of L1475(luc) colonies formed upon exposure to control- or chemotherapy-induced 

senescent CM for 10 days. Right, quantification of the number of colonies formed in each experimental 

condition. c, d, e. OCR of untreated L1475(luc) cells exposed to control and (c) cisplatin-induced senescent 

CM, (d) docetaxel-induced senescent cell CM and (e) palbociclib-induced senescent cell CM, n basal conditions 

and upon the injection of mitochondria-targeting drugs. Graphs show one representative biological repeat 

out of three independently performed (n = 3). Statistical significance was assessed using two-tailed one-way 

or two-way ANOVA, followed by Tukey’s multiple comparisons test, **p < 0.01, ***p < 0.005, ****p < 0.001. 

 

Altogether, our in vitro assessments on both human and murine lung 

adenocarcinoma cells indicate that cisplatin treatment results in a particular type of 

senescence that can drive the acquisition of malignant properties in untreated cells 

through the SASP, promoting tumour cell proliferation, migration and enhanced 

respiratory endurance.  
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4.2.4. Cisplatin-induced senescent SASP promotes tumour proliferation in 

vivo 

 

With the aim to validate the ability of cisplatin-induced senescence to drive increased 

tumour cell proliferation in physiological models, we first co-transplanted 

subcutaneously cisplatin-induced senescent A549-GFP+ cells together with untreated 

A549-mCherry+ cells and analysed the growth of the xenografts formed over time (Figure 

4.10a). As observed in Figure 4.10b, relative tumour volume was significantly higher 

when tumour cells were co-transplanted with senescent cells, as compared to untreated 

cells transplanted alone. Strikingly, by day 21, co-transplanted tumours (untreated + 

senescent cells) were 2.18 times the volume of control tumours (co-transplanted, 325.44 

mm3 average tumour volume; control, 149.00 mm3) (Figure 4.10b). Importantly, 

transplantation of senescent cells alone resulted in xenograft recession, confirming the 

effect in co-transplanted tumours was likely driven through paracrine support from 

senescent cells and not because of senescence escape and cell cycle re-entry. Mean 

tumour weight of co-transplanted xenografts was also significantly higher than untreated 

tumours and senescent tumours (co-transplanted tumours, 251.11 mg mean tumour 

weight; control, 156.67 mg; senescent-only, 37.22 mg) (Figure 4.10c).  Of note, histological 

analyses of the tumours confirmed decreased levels of the proliferative marker Ki67 and 

increased expression of p21 in senescent xenografts compared to untreated and co-

transplanted tumours (Figure 4.10d). Representative pictures of the resected tumours at 

experiment completion are shown in Figure 4.10e. Despite fluorescent signal imaging 

confirmed senescent tumours were uniquely GFP+ and control tumours were positive for 

mCherry signal, we did not observe GFP signal in co-transplanted tumours, as expected. 

Of note, the number of senescent cells transplanted in mixed tumours was 4 times lower 

than in senescent-only tumours, and thus it is possible that the outgrowth of untreated 

co-transplanted mCherry+ cells in these tumours might have masked any GFP signal 

remaining from senescent cells. Another possibility is that the co-transplantation with 

untreated tumour cells drives an increase in senescent cell clearance in the tumours. 

Despite cells were transplanted in an immunodeficient mouse model (SCID) that lacks 

both B and T lymphocytes, these mice have normal NK, macrophages and granulocytes, 
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and therefore senescent clearance could also explain the lack of GFP signal in co-

transplanted tumours (Figure 4.10e).  

 

 
Figure 4.10. Cisplatin-induced senescent A549 cells drive increased xenograft growth in vivo. a. 

Schematic representation of experimental layout using the subcutaneous xenograft model. Briefly, animals 

were transplanted with either 4x106 untreated A549-mCherry+ cells, 4x106 untreated A549-mCherry+ cells 

and 1x106 cisplatin-induced senescent A549-GFP+ cells, or 4x106 cisplatin-induced senescent A549-GFP+ cells 

alone in the flank. b. Tumour volume of xenografts over time. Data is shown as mean ± SEM (n = 18 tumours 

per group). c. Mean tumour weight at experimental endpoint resected from mice transplanted with 

untreated A549 cells, a combination of untreated and cisplatin-induced senescent A549 cells or senescent-

cells only (n = 18 tumours per group). d. Representative histological images of resected xenograft from each 

experimental group, stained for H&E, Ki67 and p21 expression. e. Fluorescent images of resected tumours 

at the end of the experiment. Data in b and c are shown as mean ± SEM. Statistical significance for tumour 

volume was assessed using two-way ANOVA, followed by Tukey’s multiple comparisons test. 

 

We next investigated the paracrine effects of cisplatin-induced senescence using 

a KRasG12D/WT;p53-/- orthotopic murine model. L1475(luc) cells were continuously exposed 

to control or cisplatin-induced senescent CM for 10 days and were subsequently 
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transplanted in the lungs of C57BL/6 mice via tail-vein injection (Figure 4.11a). The 

expression of luciferase in these cells allowed the analysis of tumour burden over time 

via D-luciferin administration and longitudinal bioluminescence imaging. We observed 

that the transplantation of cells that had been exposed to cisplatin-derived SASP resulted 

in a significantly greater luciferase activity in the lungs, relative to day 1 post-injection 

(Figure 4.11b). Representative images of luciferase signal at 17 days post-transplantation 

are shown in Figure 4.11c, and higher number and size of tumour foci in lungs 

transplanted with cells exposed to cisplatin-derived SASP at the same time-point can be 

observed in Figure 4.11e, stained with haematoxylin and eosin. Notably, the 

transplantation of tumours previously exposed to cisplatin-induced senescent CM 

resulted in a significant decrease in survival by 30 %, with an average median survival of 

23 days compared to 32.5 in mice transplanted with tumours pre-conditioned with 

control CM (Figure 4.11d).  

To test whether sustained increased proliferation after exposure to cisplatin-

derived SASP could explain the accelerated tumour growth in animals, we analysed cell 

proliferation of cells pre-conditioned in parallel to transplantation. As previously 

observed, during CM exposure, cells under cisplatin-SASP conditions proliferated faster 

than those exposed to control CM (Figure 4.11f). However, upon removal of CM and 

culture of pre-conditioned cells in normal media conditions, we observed that the 

paracrine effect of cisplatin-derived SASP on cell proliferation decreased after 48 h and 

was neglectable after 10 days (Figure 4.11g), suggesting that the increased tumour 

growth in animals transplanted with cells pre-exposed to cisplatin-induced senescent CM 

is likely due to an initial accelerated expansion driven by the recent exposure to the SASP, 

rather than a higher proliferation rate sustained in time. 
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Figure 4.11. Transplantation of L1475(luc) cells previously exposed to cisplatin-induced senescent cell 

CM drives increased lung cancer growth compared to unexposed cells in an orthotopic model of 

NSCLC. a. Schematic representation of experimental layout. Briefly, untreated L1475(luc) cells were 

continuously exposed to the CM from control- or cisplatin-induced senescent cells for 10 days prior to lung 

transplantation via tail-vein injection.  b. Quantification of luciferase activity at day 17 post-transplantation, 

relative to activity recorded on day 1 after cell transplantation (n = 14 per group). c. Representative images 

of luciferase activity in mice 17 days after transplantation with lung cancer cells exposed to control- or 

cisplatin-induced senescent cell CM. d. Survival curve of mice in each experimental group (n = 14 per group). 

e. Representative images of histological sections from lungs resected at 17 days post-transplantation of lung 

cancer cells in each experimental condition. Scale bar = 1 mm. f. Representative images of L1475(luc) cells 

exposed to control- and cisplatin-induced senescent CM prior to transplantation. Scale bar = 400 μm. g. 

Statistical significance for tumour volume and difference in relative cell count was assessed using two-tailed 

Student’s t-tests. Data are shown as mean ± SEM in b and as mean ± SD. Survival analysis was performed 

using the Kaplan-Meier method and a two-sided log-rank test was conducted to determine statistical 
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significance. Orthotopic model data represents three independent experiments. *p < 0.05, n.s. = not 

significant. 

 

As part of our interest in better understanding the impact of platinum-based 

chemotherapy at the systemic level, we next investigated the effects of cisplatin 

treatment prior to lung cancer transplantation in our orthotopic model. Anti-cancer 

treatments that are administered intravenously, like platinum-based chemotherapy, 

have been reported to induce senescence in noncancerous tissues as well [302]. This has 

not only been linked to the worsening of chemotherapy-derived side effects, but it can 

also promote cancer progression and metastasis effects [130]. In addition, consistent 

with the known increase of senescence burden (and cancer incidence) with age [303], and 

considering that the average age of lung cancer patients at diagnosis is 70 years, we 

decided to investigate the interplay between systemic senescence induction, ageing and 

tumour progression. To this aim, we subjected young and aged mice to two cycles of 

cisplatin treatment and then transplanted L1475(luc) cells orthotopically in the lungs 

(Figure 4.12a). Tumour burden analysis by bioluminescence imaging at 7 days post-

transplantation revealed a trend for increased tumour volume in aged mice, despite the 

difference was not significant at this time-point (Figure 4.12b). However, analysis at day 

14 after tumour transplantation showed a significantly higher relative luciferase activity 

in aged animals compared to young individuals (Figure 4.12c). Representative images of 

luciferase signal at day 7 and 14 post-injection of cells are shown in Figure 4.12b and c, 

respectively. Strikingly, survival in aged animals was decreased by 31%, with a median 

survival time of 14.5 days compared to 21 days in young animals (Figure 4.12d). Finally, 

in order to gain further insights on the impact of systemic therapy, we analysed body 

weight over time as an indirect measure of chemotherapy-related adverse effects, and 

observed no major differences between the groups during cisplatin administration. 

However, aged individuals suffered a marked weight loss shortly after tumour 

transplantation, while young mice recovered the weight lost upon the second dose of 

administration during that same time frame (Figure 4.12e). These results suggest that 

young individuals present higher tolerability towards cisplatin treatment, and that ageing 

exacerbates tumour progression. 



THE PARACRINE ROLE OF CELLULAR SENESCENCE UPON CHEMOTHERAPY IN LUNG ADENOCARCINOMA 

 139 

 

 
Figure 4.12. Cisplatin treatment in aged mice prior to orthotopic transplantation supports increased 

lung cancer growth compared to young mice. a. Schematic representation of experimental layout. Young 

(8-10-week old) and aged (42-45-week old) animals were subjected to two cycles of 1.5 mg/kg body weight 

CDDP treatment. Mice were then transplanted with L1475(luc) in the lungs via tail-vein injection; tumour 

burden was assessed twice a week by bioluminescence imaging and survival was determined as the time 

from tumour transplantation until the onset of moderate signs of disease.  b. Left, quantification of luciferase 

activity at day 7 post-transplantation, relative to activity recorded on day 1 after cell transplantation (n = 4 

per group). Right, representative images of luciferase activity in mice at the same time-point. c. Left, 

quantification of luciferase activity at day 14 post-transplantation, relative to activity recorded on day 1 after 

cell transplantation (young, n = 5; aged, n = 3). Right, representative images of luciferase activity in mice at 

the same time-point. d. Survival curve of mice in the in each experimental group. e. Weight relative to baseline 

over time. Two-tailed Student’s t test was applied to assess significance relative luciferase activity. Survival 
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analysis was performed using the Kaplan-Meier method and a two-sided log-rank test was conducted to 

determine statistical significance. *p < 0.05, **p < 0.01, ***p < 0.005, n.s. = not significant. 

 

Taken together, our findings confirm that the induction of senescence with 

cisplatin treatment in living organisms exerts detrimental effects in a paracrine fashion, 

boosting lung cancer progression and shortening lifespan. 

 

 

4.2.5. Transcriptomic and proteomics analyses reveal differences in SASP 

signatures and highlight TGFβ ligands as potential factors driving pro-

tumorigenic effects in cisplatin-derived SASP 

 

To gain a deeper understanding of the changes that take place upon cisplatin-induced 

senescence, including those with a potential role in driving pro-tumorigenic properties, 

we next performed RNA-seq analyses of control, cisplatin-, docetaxel- and palbociclib-

induced senescent A549 cells. Gene-set enrichment analysis (GSEA) showed the 

upregulation of several senescence-related pathways, including the Fridman Senescence 

Up and the KEGG Cell Cycle ranked signatures, in all chemotherapeutic-treated A549 cells 

compared to vehicle-treated cells, confirming the induction of the programme (Figure 

4.13b). Scaled expression profile of the top differentially expressed genes are shown in 

the heatmap in Figure 4.13a. As expected, a much higher expression of mismatch repair 

and DNA repair-related genes were detected in cisplatin-treated cells. Notably, 

palbociclib-induced senescent cells presented the most distinct transcriptional profile 

compared to cisplatin- and docetaxel-induced senescent A549 cells. We next sought to 

uncover the genes exclusively upregulated in each type of chemotherapy-driven 

senescence, and observed that docetaxel-induced senescent cells present the highest 

number of uniquely upregulated genes (1961, including the significant representation of 

KEGG pathways such as Hippo signalling, N-Glycan biosynthesis and Phyrimidine 

metabolism, for instance), versus 751 in cisplatin-induced senescence (which were 

significantly overrepresented in Proteoglycans in cancer, Pentose Phosphate metabolic 

pathway and TGF-β signalling according to the KEGG database, among others)  and 363 
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in palbociclib-induced senescent cells (Figure 4.13d) (overrepresented in FoxO signalling, 

TNF signalling and Autophagy KEGG pathways).  

In order to characterise the changes in the secretory phenotype of each type of 

senescence, we next investigated the expression of known SASP factors in vehicle- and 

chemotherapy-treated A549 cells (Figure 4.13c). As expected, we observed a general 

increase in the transcription of inflammatory ligands and proteases in senescent cells, 

with the exception of cluster 9, which included the expression of factors such as CSF3, 

PLAUR, ANXA2 and EGFR, which were found generally expressed at a higher level in 

vehicle-treated A549 cells. Cluster 8, on the other hand, appeared particularly enriched 

in cisplatin-induced senescent cells versus docetaxel- and palbociclib-induced senescent 

and control A549 cells, which included genes encoding for CSF2RB, PDGFA and LIF. 

To further understand the most significant changes at the signalling level upon 

senescence induction in A549 cells, we performed pathway enrichment analyses of 

significantly differentially expressed genes in each type of chemotherapy-induced 

senescent cells against pre-defined sets from the Molecular signatures database 

(MSigDB). This revealed a significant enrichment in metabolic pathways across the three 

types of senescence, including fatty acid metabolism, oxidative phosphorylation, and 

ROS-related pathways (Figure 4.13e). Importantly, biologically relevant pathways 

including IL-2/STAT5 and TGF-β pathways were found to be uniquely enriched in cisplatin-

induced senescent cells, posing potential signalling cascades driving the paracrine effects 

observed for this type of senescence.  
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Figure 4.13. Transcriptomic analysis reveals different transcriptional and SASP signatures of 

chemotherapy-induced senescent A549 cells. a. Heatmap displaying expression z-scores of most 

significantly altered top gene expression changes and their hierarchical clustering in control and cisplatin-, 

docetaxel- and palbociclib-induced senescent A549 cells. b. GSEA of Fridman Senescence Up, WP Senescence 

and Autophagy in Cancer and KEGG Cell Cycle sets in cisplatin-, docetaxel- and palbociclib-induced senescent 

A549 cells versus untreated A549 cells. c. Heatmap of expression z-scores of selected SASP genes in control 

and cisplatin-, docetaxel- and palbociclib-induced senescent A549 cells.  d. Venn diagram of the number of 

genes significantly upregulated in cisplatin-, docetaxel- and palbociclib-induced senescent A549 cells vs 
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control. e. Top differentially enriched pathways in MSigDB Hallmark 2020 collection, sorted by combined 

score ranking, in cisplatin-, docetaxel- and palbociclib-induced A549 senescent cells vs control. 

 

In order to narrow down the factors likely driving increased proliferation in A549 

cells, we decided to collaborate with the group of James Korkola at the Oregon Health & 

Science University (OHSU) to make use of a recently developed microenvironment 

microarray (MEMA) platform. This technology allows the screening of the effects of 

multiple combinations of individual factors and cytokines in a high-throughput manner 

and the subsequent analysis of treated cells read-outs through advanced imaging [304]. 

Remarkably, analysis of the proportion of high-EdU+ A549 cells upon 72 h treatment with 

an array of SASP-related ligands performed by our collaborators revealed that exposure 

to TGFβ-2 and TGFβ-1 led to the highest proliferation rate of all factors tested in the array 

(Figure 4.14a). Representative immunofluorescence images of the wells stained for DAPI, 

EdU and KRT5 (as a marker of tumour cells) can be seen in Figure 4.14b, highlighting the 

increased number of EdU-positive cells upon exposure to TGFβ-1 and TGFβ-2. We 

therefore hypothesized that increased secretion of TGF-β ligands could be mediating the 

pro-tumorigenic effects observed in cells that are exposed to cisplatin-derived SASP. 

Thus, we confirmed that cisplatin-induced senescent cells present an increased 

expression of TGFB1, TGFB2 and TGFB3 ligands in our RNA-seq data (Figure 14.4c), which 

was further validated by RT-qPCR analysis in both A549 and L1475(luc) cells (Figure 

4.14d). Western blot investigation of control and senescent A549 cell extracts revealed 

increased protein levels of inactive and active TGFβ-1 in cisplatin-induced senescent cells 

versus control A549 cells, while free TGFβ-2 and TGFβ-3 expression was decreased 

(Figure 4.14e).  

Biologically active TGF-β ligands are closely regulated in producing cells, where 

they are normally stored in a latent form, and the efficient secretion, folding and 

extracellular deposition requires tight regulation of multiple steps [218]. To determine 

whether the lower intracellular levels of the ligands observed by Western blot were due 

to an increased secretion to the extracellular compartment compared to control cells, we 

analysed the levels of the active form in the SASP by ELISA. Importantly, this confirmed 

that the CM of cisplatin-induced senescent cells is significantly enriched in active TGFβ-1, 
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TGFβ-2 and TGFβ-3 compared to control and docetaxel- and palbociclib-induced 

senescent cells (Figure 4.14f). 

 
Figure 4.14. High through-put and transcriptomic data highlight TGFβ ligands as potential candidate 

drivers of malignant traits in cisplatin-derived SASP. a. Proportion of EdU High intensity A549 cells upon 

72 h of exposure to different SASP ligands using the MEMA technology, ranked left to right form lowest 

induced proportion to highest. For the full list of factors assessed please refer to Table 9. b. Representative 

immunofluorescence images of MEMA wells containing A549 cells upon exposure to PBS, TGFβ-1 and TGFβ-

2 recombinant ligands, depicting DAPI and KRT5 staining and EdU incorporation. c. Fragments per Kilobase 

of transcript per Million mapped reads (FPKM) of TGFB1, TGFB2 and TGFB3 ligands in control and cisplatin-, 

docetaxel- and palbociclib-induced senescent A549 cells. d. Fold change TGFB1/Tgfb1, TGFB2/Tgfb2 and 

TGFB3/Tgfb3 gene expression levels in control and chemotherapy-treated A549 and L1475(luc) cells. e. 

Western blot analysis of whole cell extracts of control and cisplatin-, docetaxel- and palbociclib-induced 

senescent A549 cells. f. Average concentration in CM of TGFβ1, TGFβ2 and TGFβ3 free ligands (activated) in 

each experimental condition measured by ELISA. Data are shown as mean ± SD (n = 3). Statistical significance 
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was assessed by one-way ANOVA, followed by Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, ***p 

< 0.005, ****p < 0.001. 

 

Together, these data indicate that chemotherapeutic treatment results in 

markedly distinct senescent transcriptional phenotypes, and suggest the secretion of 

TGF-β ligands in cisplatin-induced senescent A549 SASP as potential candidates 

promoting distinctive cisplatin-derived SASP pro-tumorigenic phenotypes on tumour 

growth. 

 

4.2.6. TGFβR1-driven activation of Akt/mTOR pathway orchestrates the 

induction of increased proliferation upon exposure to cisplatin-

derived SASP 

 

Bioactive TGF-β cytokines secreted to the extracellular space activate downstream 

signalling responses in recipient cells by driving the dimerisation of TGFβR1 and TGFβR2, 

two pairs of receptor serine and threonine kinases, respectively. To test whether blocking 

of TGFβR1 was sufficient to reverse the pro-tumorigenic effects derived from the 

exposure to cisplatin-induced senescent SASP, A549 and L1475(luc) cells were grown in 

the presence of control- and cisplatin-derived CMs and treated with galunisertib 

(LY2157299), a TGFβR1 inhibitor. Cell confluency and relative cell count analysis at 48 h 

revealed that TGFβR1 inhibition significantly hindered increased proliferation of cells 

exposed to cisplatin-derived SASPs (Figure 4.15a). We next observed that galunisertib 

treatment also resulted in a significant reduction in the number of colonies formed after 

exposure to cisplatin-induced senescent A549 and L1475(luc) CM for 10 days, compared 

to cisplatin-derived SASP exposure alone, while no differences were observed in cells 

treated with control CM (Figure 4.15b). In addition, TGFβR1 inhibition prevented the 

increase in the number of spheres and sphere size observed in 3D co-cultures of A549 

and L1475(luc) cells with cisplatin-induced senescent cells (Figure 4.15c). To ascertain the 

effects observed with galunisertib treatment were specific to the inhibition of TGFβR1, we 

silenced the expression of TGFβR1 and Tgfbr1 through the generation of A549 and 

L1475(luc) cell lines constitutively knocked down for these genes, respectively (Figure 
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4.15e). In agreement with the effects observed with galunisertib, reduced expression of 

TGFβR1 and Tgfbr1 resulted in a decreased impact on enhanced proliferation when A549 

and L1475(luc) cells were exposed to cisplatin-derived CM, compared to parental and 

scrambled-transduced cells (Figure 4.15f). In addition, we also observed that treatment 

of A549 cells with recombinant human TGFβ1 ligand significantly increased cell growth 

(Figure 4.15d), further validating our observations with the high-throughput MEMA 

platform. These results therefore confirm that the activation of TGFβR1 in recipient cells, 

likely through TGFβ ligands secreted by cisplatin-induced senescent cells, is responsible 

for the increased tumour growth driven by this particular secretome.  

 

 
Figure 4.15. Pharmacologic inhibition and silencing of TGFβR1 abrogates enhanced proliferation, 

colony- and sphere-forming abilities derived from exposure to cisplatin-induced senescent A549 and 

L1475(luc) CM. a. Cell confluency and relative cell count of A549 and L1475(luc) cells exposed to control and 

cisplatin-induced senescent CM with and without 50 μM galunisertib treatment for 48 h. b. Left, 

representative images of A549 and L1475(luc) colonies formed upon exposure to control and cisplatin-
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induced senescent CM for 10 days with and without 50 μM galunisertib treatment Right, quantification of the 

number of colonies formed relative to control condition treated with vehicle. c. Left, representative images 

of A549 and L1475(luc) tumour spheres formed after 7 days of two-phase co-culture with control or 

chemotherapy-induced senescent cells with and without 50 μM galunisertib treatment. Middle, number of 

spheres formed in each condition, relative to co-culture with control cells treated with vehicle. Right, average 

sphere size in each condition. For average sphere size, a total of 150 spheres from 3 independent biological 

repeats were measured. d. Normalised cell confluency over time of A549 cells treated with human 

recombinant TGFβ-1 ligand. e. Fold change TGFBR1/Tgfbr1 gene expression of scrambled- and shTGFβR1-

A549 cells (left) and scrambled- and shTgfbr1-L1475(luc) cells (right). f. Cell confluency and relative cell count 

of A549 (left) and L1475(luc) (right) original, scrambled and shTGFB1/shTgfb1 cells upon exposure to control- 

and cisplatin-induced senescent CM for 48 h. Data represent mean ± SD (n = 3). Statistical significance was 

determined by one- or two-way ANOVA followed by Tukey’s multiple comparisons test, and by two-tailed 

Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001, n.s. = not significant. gal. = galunisertib. 

 

Intriguingly, TGF-β cytokines can signal through the activation of several different 

pathways in recipient cells, which, paradoxically, can result in both tumour-suppressive 

and tumour-promoting effects [210]. In order to uncover the mechanism involved in the 

transduction of TGFβR1 activation upon exposure to cisplatin-induced senescent CM, we 

explored protein phosphorylation changes in A549 recipient cells exposed to control and 

cisplatin-induced senescent CM with and without galunisertib treatment. Phospho-kinase 

array analysis revealed increased phosphorylation of Akt1/2/3 at residue S473, one of the 

activating sites of this kinase, upon exposure of cells to cisplatin-induced senescent CM, 

and TGFβR1 inhibition through galunisertib treatment markedly prevented the 

phosphorylation of the same kinase (Figure 4.16a, b). This suggested that binding to and 

activation of TGFβR1 upon exposure to cisplatin-derived SASP mediates the downstream 

activation of the kinase Akt by a non-canonical mechanism. Because the 

Akt/mTOR/p70S6K is a cascade known to promote cell proliferation, we furthered our 

investigations into this signalling pathway. As observed in our phospho-kinase arrays, we 

detected an increase in phospho-Akt S473 in both A549 and L1475(luc) cells exposed to 

cisplatin-induced CM by Western blotting, which was substantially diminished upon 

galunisertib treatment (Figure 4.16c). Importantly, we observed the same trend in the 

phosphorylation of P70S6K in its activating site at Thr389, suggesting that 

phosphorylation of Akt results in the activation of P70S6K, a kinase downstream of mTOR 
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that induces protein synthesis and cell cycle progression (Figure 4.16c). To determine the 

implication of mTOR and this kinase, we treated CM recipient cells with rapamycin, a well-

known mTOR inhibitor. While increased phosphorylation of Akt at S473 remained 

unchanged in cells exposed to cisplatin-derived SASP and treated with rapamycin 

simultaneously, phosphorylation of P70S6K was reduced, confirming the connection of 

mTOR in the cascade stimulated upon TGFβR1 and Tgfbr1 activation in cells exposed to 

the CM from cisplatin-induced senescent cells (Figure 4.16c). To further validate the 

effect of this pathway on the phenotypic response observed upon exposure to the SASP, 

we conditioned A549 and L1475(luc) cells with control and cisplatin-induced senescent 

CM and observed that mTOR inhibition through rapamycin treatment also hampered the 

effect on proliferation driven by cisplatin-derived SASP in both human and murine cells 

(Figure 4.16d). Representative images of A549 cell confluency under each CM condition 

and upon galunisertib and rapamycin treatments are shown in Figure 4.16e.  

Together, our investigations demonstrate that the exposure of lung cancer A549 

and L1475(luc) cells to the SASP derived from cisplatin-induced senescent cells results in 

the TGFβR1-mediated activation of the Akt/mTOR/P70S6K pathway, which in turn ensues 

increased proliferation in the cells. 
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Figure 4.16. TGFβR1-driven activation of Akt/mTOR pathway orchestrates the induction of malignant 

traits upon exposure to cisplatin-derived SASP. a. Representative pictures of human phospho-kinase 

array panels of whole-protein extracts from A549 cells exposed for 30 min to either control- or cisplatin-

induced senescent CM with and without 50 μM galunisertib treatment. b. Heatmap of pixel intensity z-score 

of each kinase phosphorylation listed upon 30 min exposure to control and cisplatin-induced senescent CM 

in A549 cells. c. Western blot analysis of whole extracts of A549 and L1475(luc) cells exposed to control and 

cisplatin-induced senescent CM for 30 min with and without 50 μM galunisertib and 1 μM rapamycin. d. Cell 

confluency and cell count of A549 and L1475(luc) cells exposed to control and cisplatin-induced senescent 

CM for 48 h upon 1 μM rapamycin treatment, relative to cells exposed to control CM with vehicle. e. 

Representative images depicting cell confluency from cells exposed to control- or cisplatin-induced senescent 

CM for 48 h treated with either vehicle, 50 μM galunisertib or 1 μM rapamycin. Data represent mean ± SD (n 

= 3). Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparisons 

tests. *p < 0.05, **p < 0.01. 
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4.2.7. Histological assessment of human lung adenocarcinoma specimens 

subjected to platinum-based chemotherapy reveals association 

between senescent markers and activation of the Akt/mTOR pathway 

 

A major goal of this chapter was to obtain clinical supporting evidence of the effects and 

phenotypes observed through our in vitro and in vivo analyses. Towards this aim, we 

retrieved valuable samples resected from patients that had recently undergone 

neoadjuvant platinum-based treatment (for pathological, clinical and treatment details 

see Table 1). As described earlier, we detected areas enriched in p16 and p21 senescence 

markers in lung tumours subjected to platinum-based neoadjuvant chemotherapy in all 

four patients analysed. Further analyses showed a marked reactivity against phospho-

AKT and phospho-P70S6K in the tumours, which intriguingly correlated with the regions 

of accumulated p16- and p21-positive expression within the lesions (Figure 4.17). While 

further analyses are needed to determine the exact expression patterns, these findings 

importantly indicate an association between the induction of senescence in the tumours 

and the activation of the mTOR/Akt pathway in human lung adenocarcinoma following 

platinum-based chemotherapy.  
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Figure 4.17. Histological analysis of neoadjuvant chemotherapy-treated lung adenocarcinoma 

specimens shows association between p16, p21 markers and activation of the Akt/mTOR pathway 
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effectors. Representative histological images of lung adenomas resected from patients within 1 month of 

completing neoadjuvant platinum-based chemotherapeutic treatment (Table 1). Lung tumour sections were 

stained for Ki67, p21, p16, phosphor-AKT and phosphor-P70S6K, and images depict a representative region 

from each patient. Scale bar = 500 or 100 μm as shown in picture.  

 

4.2.8. Pharmacologic TGFβR1 inhibition effectively blocks pro-tumorigenic 

effects derived from exposure to cisplatin-induced senescence in vivo 

 

With the aim of validating our mechanistic findings in in vivo settings, we transplanted 

subcutaneously cisplatin-induced senescent A549 cells together with untreated A549 

cells, and subjected mice to galunisertib and senolytic treatment with ABT-737 during 

tumour development (Figure 4.18a). As expected, ablation of senescent cells in the 

tumours through senolytic treatment prevented the increase in tumour growth in co-

transplanted xenografts, compared to co-transplanted tumours treated with vehicle only 

(Figure 4.18b, c). In addition, galunisertib treatment in mice also significantly blocked the 

tumour-promoting effect derived from co-transplantation with senescent cells in the 

xenografts, while it had no effects in control A549-transplanted mice (Figure 4.18b, c). 

This confirmed the efficiency of inhibiting TGFβR1 as a means to prevent the deleterious 

effects derived from cisplatin-induced senescent SASP in vivo.  

 

 
Figure 4.18. TGFβR1 inhibition and senolytic treatment markedly prevent cisplatin-induced 

senescent-driven increased tumour growth in A549 xenografts. a. Schematic representation of 

experimental layout. Briefly, animals were transplanted subcutaneously with either 4x106 untreated A549 

cells or 4x106 untreated A549 combined with 1x106 cisplatin-induced senescent A549 cells. 5 days post-

transplantation, animals were subjected to 150 mg/kg body weight galunisertib treatment, 25mg/kg body 
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weight ABT-737 or vehicle at timings depicted. Tumour volume was measured twice a week and tumours 

were resected at day 30 post-initiation of treatment. b. Tumour volume over time for each experimental 

condition (n = 12 tumours per group). c. Tumour weight of each experimental group upon resection of 

tumours at day 30. Data are shown as mean ± SD. Statistical significance was determined by one- or two-way 

ANOVA followed by Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01. 

 

We next investigated the effects of Tgfbr1 inhibition simultaneous to cisplatin-

induced senescence CM exposure using the KRasG12D/WT orthotopic murine model. 

L1475(luc) cells were exposed to cisplatin-induced senescent CM with or without 

galunisertib for 10 days and were subsequently transplanted in the lungs of C57BL/6 mice 

via tail-vein injection (Figure 4.19a). Analysis of relative luciferase signal in mice at day 16 

post-transplantation revealed a significantly decreased tumour burden in those animals 

transplanted with cells simultaneously exposed to cisplatin-derived SASP and galunisertib 

(Figure 4.19b). Representative images of luciferase activity are shown in Figure 4.19c. 

Finally, we observed a clear trend for an increased survival in mice transplanted with 

tumours that had been pre-treated with the TGFβR1 inhibitor during exposure to 

cisplatin-induced senescent CM (Figure 4.19d).   

 

 
Figure 4.19. Galunisertib treatment during cisplatin-derived SASP exposure prevents increased 

tumour burden in orthotopic model of NSCLC. a. Schematic representation of experimental layout. 
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L1475(luc) cells were exposed to cisplatin-induced senescent CM continuously for 10 days and treated with 

either vehicle or 50 μM galunisertib. Pre-conditioned cells were subsequently transplanted in the lungs of 

mice via tail-vein injection. Tumour burden was then assessed twice a week by bioluminescence imaging and 

survival was determined as the time from tumour transplantation until the onset of moderate signs of 

disease. b. Relative luciferase activity at day 16 of mice transplanted with cells pre-conditioned to cisplatin-

derived CM with and without galuniseritb (n = 6). c. Representative images of luciferase activity at day 13 

post-transplantation from each experimental group. d. Survival curve of mice from each experimental group. 

Statistical significance was determined by two-tailed Student’s t-test. Survival analysis was performed using 

the Kaplan-Meier method and a two-sided log-rank test was conducted to determine statistical significance.  

 

Altogether, these results provide mechanistic evidence in vitro and in vivo of the 

implication of the TGFβR1/Akt/mTOR/P70S6K pathway in driving cancer progression 

through cisplatin-induced senescent paracrine effects in human and murine lung cancer 

models, including subcutaneous and orthotopic transplantation models. 

 

4.2.9. Cisplatin and galunisertib concomitant treatment reduces tumour 

burden and improves survival 

 

Given the evidence in this study demonstrating the detrimental paracrine impact of 

cisplatin-induced senescent lung cancer cells on tumour progression, we next aimed to 

determine whether combinatory treatments that can prevent the deleterious non-

autonomous effects of senescence accumulation in the tumours could serve as novel and 

more efficient strategies to improve lung cancer treatment. To this aim, we used the 

KRasG12D/WT;p53-/- orthotopic murine model and first analysed the expression of 

senescence-related markers and Tgf-β ligands in the lungs of mice subjected to vehicle, 

cisplatin and galunisertib treatment or a combination of both drugs as described in 

Figure 4.20a. As we have previously reported using this model, cisplatin treatment of 

L1475(luc)-transplanted mice results in the increased expression of the of SA-β-gal in 

tumour-bearing lungs [305]. Importantly, RT-qPCR analysis of RNA extracted form whole 

lungs upon 7 days of treatment revealed a trend for increased gene expression levels of 

senescence marker Cdkn1a as well as Tgfb1 and Tgfb2 in cisplatin-treated animals 

compared to the vehicle group (Figure 4.20b).  
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Having confirmed the increased expression of such factors, we subjected lung 

tumour-bearing mice to either single treatment with cisplatin or galunisertib or a regimen 

combining the two pharmacologic drugs, and analysed tumour burden over time (Figure 

4.20c). Analysis of luciferase activity revealed that while single-drug treatments did not 

decrease luciferase activity signal compared to vehicle treatment, animals treated with 

the combined regimen presented a trend for decreased tumour burden as compared to 

the other experimental groups, despite this did not reach statistical significance (Figure 

4.20d, e). Of note, cisplatin and galunisertib co-treatment significantly improved survival 

of individuals by 33%, with a mean average survival of 20 days compared to 15 in vehicle-

treated mice (Figure 4.20f). Finally, as an indirect measure of chemotherapy side-effects, 

we studied the impact of the addition of galunisertib to cisplatin treatment on body 

weight throughout the therapeutic regimen, and observed that animals receiving the 

combination of the two drugs displayed improved tolerability and decreased weight loss 

and fluctuation, compared to cisplatin-only-treated animals (Figure 4.20e). Importantly, 

these results demonstrate the potential of modulating the detrimental effects of the SASP 

in combination with platinum-based chemotherapy to improve treatment outcomes in 

lung cancer.  
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Figure 4.20. Cisplatin and galunisertib concomitant treatment reduces tumour burden and 

significantly enhances survival in orthotopic model of lung cancer. a. Animals were transplanted with 

L1475(luc) cells in the lung via tail-vein injection, and after 3 days, they were subjected to 1.5 mg/kg body 

CDDP, 150 mg/kg body weight, a combination of both or vehicle as shown in the timeline. Lungs were 

resected at day 7 post-transplantation and RNA was extracted from whole lungs. b. Fold change gene 

expression of Cdkn1a, Il6, Tgfb1 and Tgfb2 in samples from each experimental condition (n = 3). c. Schematic 

representation of experimental layout. Animals were transplanted with L1475(luc) in the lungs via tail-vein 

injection, and after 3 days, they were subjected to 1.5 mg/kg body CDDP, 150 mg/kg body weight, a 

combination of both or vehicle as shown in the timeline. Tumour burden was assessed twice a week by 
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bioluminescence imaging and survival was determined as the time from tumour transplantation until the 

onset of moderate signs of disease. d. Representative images of luciferase activity in mice at day 2 and 10 

post-initiation of treatment. e. Absolute radiance and relative luciferase activity recorded in each 

experimental group at day 0, 8 and 15 post-initiation of treatment (n = 9 per group). f. Survival curve of mice 

in each experimental condition. g. Weight of mice subjected to CDDP and CDDP + Galunisertib treatment 

over time. Data are shown as mean ± SEM. Statistical significance in luciferase activity measurements was 

assessed by ANOVA test using Welch’s correction for unequal variances. Survival analysis was performed 

using the Kaplan-Meier method and a two-sided log-rank test. Statistical significance in weight differences 

were assessed by one-way ANOVA, followed by Tukey’s comparisons test, ***p < 0.005. 

 

4.3. Discussion 

 

The treatment of NSCLC has experienced significant changes over the past decades. 

Targeted therapies have evolved as an important strategy providing remarkable 

improvements in survival, but their benefit is limited to a subset of advanced patients, 

since only about 20% of all metastatic NSCLC tumours are oncogene-addicted [306]. In 

addition, lasting responses to these treatments are infrequent, and emergence of 

secondary clones and treatment resistance are still a concern [291]. Thus, cytotoxic 

chemotherapies are likely to remain the mainstay option as neoadjuvant, adjuvant and 

second-line therapies, as well as first-line regimens for the treatment of earlier stages of 

NSCLC tumours with curative intent. It is for this reason that an enhanced perception of 

the tumour biology upon chemotherapeutic treatment is imperative to overcome 

complications derived from ineffective tumour response and improve outcomes further.  

Platinum-based chemotherapeutic regimens were introduced in 1979 with the 

approval of cisplatin for cancer treatment, followed by carboplatin and oxaliplatin in the 

coming decades [306]. The mechanisms whereby platinum compounds exert their anti-

tumorigenic effects and the processes driving treatment resistance have been studied 

extensively in vitro, but the clinical relevance of tumour response in animals and humans 

is not entirely clear. DNA-damage-driven apoptosis has historically been believed to be 

the main cell response to these genotoxic agents, but mounting evidence suggests that 

cellular senescence can be a major therapeutic outcome, particularly with the adoption 

of lower doses schedules to increase treatment tolerability [137, 157]. In this work, we 

demonstrate that cisplatin treatment results in decreased proliferation and higher 
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expression of markers of cell cycle arrest, accompanied by low levels of apoptosis, in 

murine lung adenocarcinomas. Further, we show that cisplatin and senolytic co-

treatment results in enhanced expression of apoptotic marker cleaved caspase-3, which 

further indicates the accumulation of putative senescent cells in the tumours. With the 

aim of finding supporting clinical evidence, we show that human lung adenocarcinoma 

samples resected from patients that had recently received platinum-based neoadjuvant 

therapy present a marked expression of p16 and p21 senescence markers, further 

expanding the observations reported by Roberson and colleagues in human lung NSCLC 

specimens upon platinum-based chemotherapy, who assessed senescence based on SA-

β-gal staining only [292]. The expression of senescence-related markers has also been 

reported to be upregulated following chemotherapeutic treatment in breast cancer, 

malignant pleural mesothelioma, prostate cancer, renal cell carcinoma, breast cancer 

and rectal cancer [137], among other cancer types, providing solid evidence of a 

senescent response in clinical settings.  

It is important to note that the utility of inducing cellular senescence as a 

therapeutic endpoint remains a subject for discussion, as it can paradoxically result in 

both tumour-suppressive and tumour-promoting effects, in particular when senescent 

cells are not cleared and persist post-treatment. Its cytostatic response through the 

implementation of the cell cycle arrest is by nature a powerful barrier against cancer 

progression and has proven beneficial. For instance, doxorubicin-induced senescence 

was reported to inhibit tumour relapse in T cell acute lymphoblastic leukaemia by stably 

halting cancer cell replication [307]. In addition, the implementation of the SASP has also 

been reported to recruit a tumour-suppressive immune microenvironment following 

therapy in melanoma patient-derived xenografts, promoting tumour cell killing by 

tumour-infiltrating lymphocytes [308]. On the other hand, however, increasing evidence 

demonstrates that senescence and the SASP implemented upon chemotherapy can also 

yield opposing outcomes, driving tumour relapse, resistance to therapy, metastasis and 

chemotherapy-related adverse effects [167]. Nevertheless, most studies have focused 

their investigations on the effect derived from senescent stromal cells, such as 

fibroblasts, rather than chemotherapy-induced senescent cancer cells [62, 129, 130, 309, 

310]. Despite the importance of the local and systemic effect from senescent stromal cells 
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upon chemotherapy, senescence in cancer cells is likely to be a major determinant in 

treatment response and efficacy due to their predominance in the tumour and their 

inherent genetic and phenotypic complexities. Here, we examined the effect of the SASP 

from different chemotherapy-induced senescent lung cancer cells in both human and 

murine lung models, and we demonstrate that the SASP derived from cisplatin treatment 

of lung adenocarcinoma cells drives enhanced proliferation, migration, EMT and maximal 

respiratory abilities in recipient lung cancer cells, as opposed to docetaxel and palbociclib. 

Cisplatin is a genotoxic agent that induces a robust DNA damage response, while 

docetaxel blocks microtubular depolymerisation, and palbociclib directly inhibits Cdk4/6. 

It has been postulated that persistent DNA damage prompts an enhanced and more 

inflammatory SASP [309], and therefore it is likely that the divergent responses to the 

different SASPs from these three chemotherapeutics are explained by the interplay 

between the cascades activated in response to the drug in particular and the different 

regulatory pathways of the SASP.  

In this chapter, we show that cisplatin-induced senescence supports increased 

tumour growth in xenograft and orthotopic models of lung cancer through paracrine 

effects on recipient cancer cells. Of note, previous reports have reported similar effects 

derived from doxorubicin treatment in breast cancer and melanoma cells [130, 311, 312], 

and have even explored the effect of cisplatin on A549 lung adenocarcinoma cells, but 

the treatment conditions used by the authors in this study were suboptimal for the 

effective induction of cellular senescence [311]. Further, we also demonstrate that the 

concomitant treatment with cisplatin and the senolytic ABT-737 of lung cancer in the 

KrasFSFG12V/+ NSCLC mouse model effectively decreases tumour burden and blocks 

progression compared to cisplatin treatment alone. Of note, these observations are in 

accordance with early findings showing that induction of cisplatin-based chemotherapy 

in a small cohort of NSCLC patients actually resulted in increased tumour progression 

during the waiting time for radiotherapy compared to untreated patients [261]. This 

importantly highlights the potential detrimental impact of unresolved senescence driven 

by cisplatin administration, and the clinical dimension of the mechanistic outcomes and 

proposed therapeutic strategy of our study. 
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Importantly, systemic administration of chemotherapeutics targets not only 

cancer cells but healthy tissue as well, resulting in the induction of senescence in non-

transformed cells, mirroring the effects of ageing [313]. Despite we did not evaluate the 

changes occurring in the mice upon cisplatin treatment, such as the analysis of circulating 

SASP factors in the plasma that could confirm the induction of this cell response, 

chemotherapeutic treatment is known to result in senescence in non-cancerous tissues, 

which has in turn been demonstrated to contribute to organismal toxicity, including 

frailty, physical decline, cardiac dysfunction and even bone loss [130, 294, 314]. Taking 

into consideration that most cancer patients are 65 years of age or older at diagnosis, the 

potential interplay between ageing and the systemic effect of chemotherapy is intriguing. 

While research has extensively demonstrated that senescent cells accumulate with age 

[303, 315], it remains unknown to what extent the ability to implement a senescent 

response upon chemotherapy is affected in aged individuals or whether the already 

existent senescent burden plays a role in chemotherapy-derived effects. In this chapter, 

we show that cisplatin treatment prior to lung cancer orthotopic transplantation may 

boost cancer progression in aged individuals compared to young mice, resulting in 

decreased survival. While further analyses are needed in our model to better understand 

the systemic impact of chemotherapy in the different age groups, this effect could be 

explained by an increased systemic inflammation (inflamm-ageing) supporting tumour 

progression, due to either the already existent senescent burden, or the induction of a 

particular type of chemotherapy-induced senescence with a more pro-tumorigenic 

profile. Of note, the comparison between chemotherapy- and non-treated aged 

individuals should help clarify the differences observed. Understanding the crosslink 

between ageing and systemic chemotherapy-induced senescence may be crucial for 

improved, less toxic strategies in cancer management. 

Mechanistically, we establish that the SASP derived from cisplatin treatment of 

lung adenocarcinoma cells is enriched in TGF-β ligands, which bind to TGFβ-R1 in 

untreated cells, resulting in the activation of the mTOR/Akt/P70S6K pathway, thereby 

driving an enhanced proliferation in the cells. TGF-β is a highly pleiotropic cytokine that 

has multiple and dual effects in cancer, highly dependent on the extracellular context and 

the phenotype of the recipient cell [298]. Given the multifaceted nature of this ligand and 
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the complexity of the senescent phenotype, the relationship between the two remain 

largely elusive. Recent findings suggest that senescent-derived secretion of TGF-β 

exacerbates age-related disorders including Alzheimer’s disease, muscular atrophy and 

obesity [246]. In the context of cancer, the most prominent function of TGF-β is its 

cytostatic effect. In fact, TGF-β has been reported to induce cellular senescence and 

reinforce the proliferative arrest in an autocrine fashion, mainly through the Smad-driven 

activation of CDK inhibitors [228, 297, 316]. The exact molecular mechanisms underlying 

TGF-β-mediated promotion of cell proliferation and survival remain unclear, but it is 

believed that they rely on the balance of all signalling inputs received by the cell, the 

insensitivity to the TGF-β-induced anti-proliferative cascade and the abundance or activity 

of TGF-β in the extracellular matrix and the tumour microenvironment. Intriguingly, early 

reports demonstrate that the presence of additional growth factors in the environment, 

such as EGF and FGF, supports the switch towards TGF-β-driven pro-proliferative effects 

[237]. An additional study demonstrated that TGF-β treatment of glioma cells resulted in 

the autocrine induced expression of mitogens, including PDGF-B and PDGF-AA, eliciting 

an increased proliferation in the cells. The complex combination of factors present in the 

SASP is therefore likely to play a role in the pro-tumorigenic effects derived from TGF-β 

in our experiments, but further investigations are needed in order to elucidate this 

potential crosstalk. Actually, our data show that TGF-β cytokines are also present in 

docetaxel- and palbociclib-induced senescence, although to a lower extent compared to 

cisplatin-derived SASP, which further suggests that an interplay between different factors 

might be taking place. Intriguingly, preliminary cytokine array analyses showed that 

cisplatin-derived SASP is enriched in factors such as PDGF-A and HGF compared to 

docetaxel- and palbociclib-SASPs (data not shown), but the impact of these cytokines and 

their potential interplay with TGF-β has not been evaluated thus far. In any manner, to 

our knowledge, here we report for the first time the connection between senescence, 

TGF-β and mTOR/Akt-driven increased proliferation upon chemotherapeutic treatment. 

This non-Smad TGF-β signalling was first reported in 2007 [317], and several studies have 

since then demonstrated that the interplay between TGF-β and mTOR/Akt pathways is a 

strong promoter of EMT and metastasis in malignant cells [318]. Indeed, the increased 

migratory properties and formation of protuberances during sphere development of 
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A549 cells observed in our analyses suggest the acquisition of an EMT phenotype in 

response to cisplatin-derived SASP, which interestingly warrants further investigations. 

Supporting these mechanistic insights detected in vitro, in this chapter we importantly 

demonstrate an association between the accumulation of cellular senescence markers 

and the activation of the mTOR/AKT pathway in human lung adenocarcinoma samples 

obtained from patients that had recently received platinum-based neoadjuvant therapy. 

While further analyses are needed, including the evaluation of such markers in 

treatment-naïve specimens, these encouraging observations indicate the potential 

relevance of our findings in human clinical settings.  

We further report that the pharmacologic inhibition of TGFβ-R1 through 

galunisertib treatment, as well as senescent cell depletion with senolytic ABT-737, 

effectively prevent the detrimental effects derived from cisplatin-induced senescent cells, 

both in vitro and in vivo. Galunisertib is a promising oral small molecule inhibitor currently 

under extensive clinical investigation both as a monotherapy and in combination with 

standard anti-cancer regimens for the treatment of various cancer types, including 

hepatocellular carcinoma, glioblastoma, ovarian cancer and NSCLC, among many others, 

and it renders great potential in suppressing tumour progression and promoting 

immune-surveillance [319]. Of note, TGF-β  is a potent immune regulator, and its 

circulation as part of the SASP resulted in immunosuppression via the recruitment of M2 

macrophages following irradiation-induced senescence in murine kidneys [320]. In 

addition, tumour-promoting paracrine effects of senescent cells establishing an 

immunosuppressive microenvironment have been shown to apply not only to senescent 

cancer cells but also to stromal senescence [314]. Despite the effects on 

immunomodulation have not been explored in this chapter, it is tempting to speculate 

that a TGF-β-rich cisplatin-derived SASP may also contribute to additional adverse effects 

through the promotion of immunosuppression in tumours.  

Finally, as evidenced by recent advances in cancer management, novel treatment 

modalities are urgently needed in the context of chemotherapy to prevent treatment 

failure and relapse and maximize beneficial outcomes. We here propose the concomitant 

administration of platinum-based chemotherapy with galunisertib for the treatment of 

NSCLC tumours in which cisplatin results in the increased secretion of TGF-β ligands as a 
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strategy to prevent the paracrine promotion of malignant properties and prevent 

potential cancer relapse. 

Despite our focus on the paracrine effects of chemotherapy-induced senescence, 

it is important to note that the SASP may not be the only contributor to treatment failure 

following the induction of senescence. Contrary to the long-standing belief that 

senescence is an irreversible state, recent research demonstrates that a fraction of 

chemotherapy-induced senescent cells can escape the senescent phenotype and start 

proliferating again with enhanced malignancy [280, 281] and increased stemness 

properties [164], driving cancer recurrence. Notably, chemotherapeutic treatment has 

recently been reported to induce very heterogenous responses across lesions and within 

tumours [30, 31], and thus it is likely that a combination of different cellular processes 

occurs simultaneously in response to the treatment, including senescent, apoptotic and 

resistant cells as well as senescence-escapers. Indeed, high mutational burden has been 

linked to greater heterogeneity in tumours and poorer prognosis after first-line 

chemotherapy [30]. In this scenario, it is conceivable that the detrimental effects of the 

SASP are exacerbated, and therefore a complete and thorough dissection of tumour 

response in patients undergoing chemotherapy might be imperative for optimal 

personalised anti-cancer regimens.  

Taken together, our data demonstrate that cisplatin treatment in human and 

murine lung adenocarcinoma cells results in the implementation of a senescent 

phenotype that drives the acquisition of pro-tumorigenic phenotypes in a paracrine 

manner through the implementation of a SASP enriched in TGF-β ligands. We 

demonstrate that the detrimental effects of cisplatin-induced senescent can be 

effectively prevented through TGFβ-R1 inhibition and senolytic treatment. Finally, we 

present the combination of cisplatin chemotherapy and TGFβ-R1 pharmacological 

inhibition as a novel therapeutic approach for the treatment of NSCLC in order to prevent 

the detrimental effects from unresolved bystander senescence in tumours.
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CHAPTER 5: 
A NOVEL APPROACH TO TARGET 

CHEMOTHERAPY-INDUCED 
SENESCENCE IN LUNG CANCER  

 

 
5.1. Introduction 

 

Growing evidence demonstrates that therapy-induced senescent cells from both 

cancerous and stromal origins can drive tumorigenesis, either by releasing complex pro-
inflammatory and tumour-promoting SASP cocktails [127, 321], or by the reversion of the 

cell cycle arrest and the acquisition of stemness and aggressive clonogenic growth 

potentials [322]. Remarkably, it has been shown that chemotherapy-induced senescent 

breast cancer cells can promote tumour relapse in the lung [169], and senescent stromal 

cells create a niche that promotes metastasis in the bone [314]. In the case of NSCLC, 

neoadjuvant platinum-based chemotherapy results in the accumulation of senescent 

cancer cells in patients, and evidence has been found of the escape of replicative arrest 

in humans (therapy-induced) senescent lung cancer cells [146]. In line with these reports, 

we have demonstrated in previous chapters the detrimental effects of unresolved cellular 

senescence during the early development and therapeutic management of NSCLC. 

Accumulated senescent cells in adenomas contribute to tumour progression, and 

senolytic-driven clearance resulted in improved survival and decreased tumour burden 

in a KrasG12V mouse model of lung cancer (Chapter 3). In addition, findings in Chapter 4 

indicate that platinum-based chemotherapy induces a particular senescent phenotype 

that promotes the acquisition of malignant traits in untreated lung cancer cells through 

the SASP. We further show that senolytic ABT-737 treatment effectively prevents 

enhanced tumour growth driven by the co-transplantation of untreated and cisplatin-

induced senescent A549 cells compared to untreated cells only. Therefore, treatment 

modalities that specifically eliminate senescent cells may be critical for tumour 
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eradication, and thus senolytics, which preferentially kill senescent cells by different 

mechanisms [197, 323], represent an exciting avenue for cancer management. 

Senolytic drugs have been described and developed in the recent years through 

the identification of targetable vulnerabilities in senescent cells. These compounds 

include the BCL-2 family inhibitors navitoclax (ABT-263) [178] and ABT-737 [181], which 

have been used in throughout this PhD work, the flavonoid fisetin [324], combinations of 

tyrosine kinase inhibitors and flavonoids (such as dasatinib and quercetin, which are used 

in combination [177]), FOXO4-p53 interfering peptides [325], HSP90 chaperone inhibitors 

[326], piperlongumine [182] and cardiac glycosides [187, 188]. Senolytics have emerged 

as promising agents for the treatment of pulmonary fibrosis, atherosclerosis, 

osteoarthritis, type 1 and 2 diabetes mellitus, and neurocognitive decline, among other 

diseases, and they can also rejuvenate aged hematopoietic and muscle stem cells and 

extend the lifespan of naturally aged mice [197]. However, less research has focused on 

their application as part of cancer management and preventative modalities.   

Despite successful pre-clinical proofs-of-concept for this class of drugs, their 

potential translatability is hampered by their associated toxicities, which warrants the 

development of more specific and less toxic second-generation senolytics. Navitoclax has 

been validated in a variety of pre-clinical models showing a prominent ability in killing 

senescent cells. However, it also results in significant on-target haematological toxicities, 

including thrombocytopenia [327]. This importantly narrows its therapeutic window and 

can preclude concomitant treatment with other agents with haematological toxicities. 

While targetable vulnerabilities of senescence have been discovered, these are often also 

present in some non-senescent tissues, leading to problems with specifically targeting 

senescent cells. As described in Chapter 1, a prominent feature of senescent cells is their 

enrichment in lysosomes and lysosomal proteins, including senescence-associated β-
galactosidase (SA-β-gal), which is widely used as a marker of senescence [328] and can 

be readily detected in these cells [59]. Interestingly, researchers have utilised these traits 

as a means to enhance the targeting of senescent cells. Recent reports from our group 

and collaborators (Prof Manuel Serrano (IRB, Barcelona) and Prof Martínez-Máñez, 

(Polytechnic University of Valencia))  showed that the encapsulation of nanoparticles with 

galacto-oligosaccharides (GalNPs) is an efficient method to preferentially deliver cytotoxic 
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drugs and tracers to the lysosomes of senescent cells, where SA-β-gal activity digests the 

galacto-oligosaccharides, thereby releasing the cargo [203, 204]. This work demonstrated 

that galacto-encapsulated doxorubicin is preferentially released into fibrotic tissues and 

tumours accumulating senescent cells, and its concomitant administration with the 

senescence-inducing anti-cancer treatment palbociclib effectively halts tumour growth in 

xenograft models of melanoma and NSCLC [204]. Authors also showed that a fluorescent 

probe covalently linked to multi-acetylated galactose is preferentially digested by 

senescent cells, releasing the free fluorophore [207]. The presence of multiple acetyl 

moieties in the galactose residue is thought to render it membrane-permeable and 

therefore accessible to the lysosomal compartment [208]. Consequently, engineering 

approaches that modify the structure of senolytics by leveraging senescence 

biochemistry to increase their specificity have the potential to accelerate their translation 

into the clinic.  

As part of this chapter, we collaborated with the group of Ramón Martínez-Máñez 

(Polytechnic University of Valencia) with the aim of developing a novel senolytic to 

enhance senescence specificity and reduce potential on-target or off-target toxicities for 

improved cancer therapeutic management. To this aim, and in order to exploit the 

enriched SA-β-gal activity of senescent cells, Dr Beatriz Lozano-Torres (Polytechnic 

University of Valencia) and colleagues generated an engineered and activatable version 

of navitoclax by modifying its molecular structure with an acetylated galactose, which we 

named Nav-Gal (Figure 5.1a).  

To do so, navitoclax was reacted with 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl 

bromide (Gal) through bimolecular nucleophilic substitution (SN2) in the presence of 

potassium carbonate, yielding the Nav-Gal prodrug (Figure 5.1a). This was 

comprehensively characterised by several nuclear magnetic resonance techniques 

(NMR), including 1H-NMR, 13C-NMR and correlated spectroscopy (COSY) NMR, as well as 

by attenuated total reflectance (ATR) and high-resolution mass spectrometry (HRMS) 

(Supplementary Figure 5.1, Appendix). The 1H NMR signal centred at 5.6 ppm 

(Supplementary Figure 5.1b, Appendix) corresponds to the anomeric proton of the 

attached galactose and indicates the successful covalent linkage of the monosaccharide 

to navitoclax. In addition, the appearance of a signal centred at 1,749 cm−1 in the ATR 
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spectra (Supplementary Figure 5.1e, Appendix) indicates that galactose remains 

acetylated after purification. Correct functionalisation to the nitrogen atom of 

bis(sulfonyl)aniline is further corroborated through the fragmentation peaks observed in 

the mass spectrum (Supplementary Figure 5.1f, Appendix). After extensive structural 

characterisation, Lozano-Torres and colleagues examined the ability of Nav-Gal to be 

enzymatically hydrolysed to navitoclax. GLB1 is the human lysosomal β-galactosidase 

responsible for the SA-β-gal activity [59]. Our collaborators used high performance liquid 

chromatography (HPLC) to examine the time-dependent hydrolysis reaction of PBS (pH 

7)-DMSO (0.01%) solutions containing Nav-Gal in the presence of recombinant GLB1 and 

compared the peaks with those of navitoclax (Figure 5.1b). The obtained chromatograms 

showed the Nav-Gal peak with the subsequent appearance of free navitoclax signal in the 

presence of the human β-galactosidase activity of the lysosomal enzyme and confirmed 

that Nav-Gal was completely hydrolysed. No significant spontaneous Nav-Gal hydrolysis 

was observed (data not shown). 

 

 
Figure 5.1. Galacto-conjugation of the senolytic navitoclax into a new generation senolytic prodrug, 

namely Nav-Gal. a. Chemical structures of Nav-Gal prodrug and navitoclax. The presence of 

galactopyranoside, covalently linked to the N of bis(sulfonyl)aniline as synthesised in this prodrug, hinders 

two key interactions: (i) π-π interaction between the phenylthioether moiety and the bis(sulfonyl)aniline ring; 

and (ii) the hydrogen bond between morpholine with Tyr-199 [329], thereby preventing the inhibitory effect 

of the molecule. This moiety, the galactopyranoside, can be hydrolysed in the presence of human β-

galactosidase (cleavable galactose). b. Chromatograms depicting hydrolysis reaction of Nav-Gal aqueous 

solutions in the presence of human β-galactosidase followed by HPLC-UV as described in the text. 
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Following synthesis, characterisation and hydrolysis reaction studies performed by 

our colleagues at the Polytechnic University of Valencia, we proceeded with the in vitro 

and in vivo assessment and validations of the new pro-drug. In this chapter, using a 

variety of model systems, we show that galacto-conjugation of navitoclax, namely Nav-
Gal, results in a prodrug with selective, pro-apoptotic senolytic activity released in 

senescent cells that is dependent on GLB1 activity. Concomitant treatment of Nav-Gal 

with the senescence-inducing chemotherapy cisplatin (CDDP) efficiently arrests tumour 

progression in models of orthotopically transplanted murine lung adenocarcinoma cells 

and in a tumour xenograft model of human NSCLC. Importantly, galacto-conjugation of 

navitoclax reduces thrombocytopenia in treated mice at therapeutically effective doses, 

as well as apoptosis of platelets in human blood samples treated ex vivo.  

 

5.2. Results 

 

5.2.1. Nav-Gal shows efficient senolytic activity and an increased senolytic 

index compared to navitoclax 

 

Senescent cells commonly display high lysosomal SA-β-gal activity, thus we hypothesised 

that galacto-conjugated navitoclax would be preferentially processed and activated in 

senescent cells and hence could function as a pro-drug with more selective senolytic 

activity. To investigate this, we performed cell viability assays using a model of therapy-

induced senescence. The lung carcinoma cell line A549 was treated with cisplatin (CDDP) 

for 10 days, resulting in elevated SA-β-gal activity and expression of markers of 

senescence (Figure 5.2a-c). Cisplatin-treated A549 cells were then subjected to increasing 

doses of either navitoclax or newly developed Nav-Gal for 72 h. As shown in Figure 5.3a, 

after 72 h of treatment, the concentration of navitoclax required to induce death in 50% 

of the cells, termed half maximal inhibitory concentration (IC50), was 1.926 µM for non-

senescent and 0.122 µM for cisplatin-induced senescent A549 cells, while the IC50 for 

Nav-Gal was 9.758 µM for non-senescent and 0.275 µM for senescent A549 cells (Figure 

5.3b). Indeed, the senolytic index of Nav-Gal was substantially higher than navitoclax 
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(35.52 vs. 15.85, respectively; Figure 5.3a,b), indicating an increased senescent specificity 

in Nav-Gal.  

Lozano-Torres further validated the same effects in a model of palbociclib-induced 

senescence with the human melanoma cell line SK-Mel-103, which according to our 

experiments is generally more sensitive to senolytic treatment (Figure 5.2a-c and Figure 

5.3c,d). In this case, the concentration of navitoclax required to kill 50% of the cells was 

28 nM non-senescent cells and 0.1 nM for palbociclib-induced senescent SK-Mel-103 cells 

(Figure 5.3c). On the other hand, Nav-Gal IC50 was 125.2 nM in non-senescent cells, and 

0.16 nM in palbociclib-induced senescent cells (Figure 5.3d). Consequently, the senolytic 

index for Nav-Gal in SK-Mel-103 cells was also substantially higher than navitoclax (78.45 

vs. 25.68, respectively) (Figure 5.3c,d), indicating the increased protection of non-

senescent cells 

Taken together, these results show in two different models of chemotherapy-

induced senescence that Nav-Gal has an improved senolytic index over navitoclax and 

indicates that this effect is mainly mediated by a higher degree of protection of non-

senescent cells from cytotoxic activity.  
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Figure 5.2. Assessment of the induction of cellular senescence in cell lines used for in vitro 

experiments. a. Representative images of SA-β-gal staining of control and cisplatin-induced senescent A549 

cells, palbociclib-induced senescent SK-Mel-103 cells, cisplatin-induced senescent KRasG12D/WT;p53-/- lung 

cancer cells (L1475(luc)), palbociclib-induced 4T1 senescent cells, doxorubicin-induced senescent HTC116 

cells, irradiation-induced MLg fibroblastic cells and hydroxy-tamoxifen-treated ER:Mek IMR90 cells. b. 

Quantification of SA-β-gal positive cells of control and senescent cells. C. Western blot analysis of the 

expression of phospho-retinoblastoma (p-Rb), p53 and p21 in control and senescent cells. 
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Figure 5.3. The prodrug Nav-Gal shows efficient senolytic activity and an increased senolytic index, 

conferring a protective effect on non-senescent cells. a, b. Quantification of viability and half maximal 

inhibitory concentration (IC50) of (a) navitoclax and (b) Nav-Gal on control and cisplatin-induced senescent 

A549 cells. Senolytic indices for each drug are shown in the tables below. Viability assay on A549 cells was 

performed as n = 5, and graphs depict one representative repeat. c, d. Quantification of viability and maximal 

inhibitory concentration (IC50) of (c) navitoclax and (d) Nav-Gal on control and palbociclib-induced senescent 

SK-Mel-103 cells. Senolytic indices of each drug are shown in the tables below. Viability assay on SK-Mel-103 

cells was performed as n = 3, and graphs depict one representative repeat.  

 

In an attempt to determine whether senolytic activity and non-senescent cell 

protection by Nav-Gal were more widely observed, we then performed cell viability assays 

using a variety of cell lines and diverse triggers of cellular senescence. Figure 5.4a-e 

shows the effects on cell viability of both navitoclax and Nav-Gal at different 

concentrations in cisplatin-induced senescent mouse lung adenocarcinoma 

(KrasG12D/+;p53−/− (KP)) L1475(luc) cells [300], which have been used in previous chapters, 

palbociclib-induced senescent mouse breast cancer 4T1 cells, doxorubicin-induced 

senescent human colorectal carcinoma HCT116 cells, irradiation-induced senescent 

mouse lung fibroblasts MLg and oncogene-induced senescent human lung IMR90 

fibroblasts, versus their non-senescent counterparts. Efficient implementation of cellular 
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senescence using these triggers was confirmed by SA-β-gal staining and Western blotting 

for senescence markers (Figure 5.2a-c). In L1475(luc) cells, Nav-Gal treatment resulted in 

76.8% viability of non-senescent cells at the highest dose tested (20 µM), while non-

senescent cell viability upon 20 µM navitoclax treatment was just 53.1%, a difference that 

was statistically significant (Figure 5.4a). Significantly higher cell viability of non-

senescent cells remained consistent in all the additional human and murine cell lines at 

the highest doses of navitoclax and Nav-Gal tested, while senolytic activity of Nav-Gal was 

generally as effective as that of navitoclax, independently of the senescence-inducing 

trigger used. This confirmed that Nav-Gal exerts effective senolysis and presents a 

significantly higher degree of protection of non-senescent cells when compared to 

navitoclax. 

 

 
Figure 5.4. The prodrug Nav-Gal shows efficient, broad range, senolytic activity in different cell lines 

and models of cellular senescence. a-e. Quantification of cell viability upon Navitoclax and Nav-Gal 

treatment of control and (a) cisplatin-induced senescent KRasG12D/WT;p53−/− lung adenocarcinoma tumour 

cells L1475(luc) (n = 4), (b) palbociclib-induced senescent 4T1 cells (n = 3), (c) doxorubicin-induced senescent 

HCTT116 cells (n = 3), (d) irradiation-induced senescent MLg cells (n = 3) and (e) oncogene-induced senescent 
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IMR90 cells (previously treated for 72 h with 200 nM 4-hydroxytamoxifen (4-OHT)) (n = 3). Data represent 

mean ± SD of all replicates, and statistical significance was calculated using two-way ANOVA ; *p < 0.05, 

**p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001. 

 

5.2.2. GLB1 transient downregulation prevents the senolytic activity of Nav-

Gal 

 

To ascertain whether the senolytic effect of the prodrug Nav-Gal depends on the 

increased lysosomal β-galactosidase activity of senescent cells, siRNAs were used to 

transiently knock-down the expression of GLB1 in A549 and SK-Mel-103 cells. Of note, 

A549 cell transduction with siRNA2 resulted in a significantly decreased number of SA-β-

galactosidase-positive cells (Figure 5.5a,b) and efficiently downregulated the 

transcription of GLB1 after 48 h (Figure 5.5c), when compared to scrambled siRNA and 

siRNA1, which was deemed non-functional. The same trends were observed in SK-Mel1-

3 cells, where siRNA2 resulted in a more efficient downregulation of GLB1 and SA-β-gal 

staining, compared to A549 cells (Figure 5.5d-f).  

We next compared the senolytic effects of navitoclax and Nav-Gal treatment in 

both cell lines, and observed that, as expected, the killing efficiency of navitoclax was 

maintained in the senescent cells knocked-down for the enzymatic expression, compared 

to scrambled and siRNA1-transfected cells (Figure 5.5g). Of note, a slight decrease in cell 

viability was observed in siRNA1-transfected A549 cells, which we assume is caused by an 

off-target effect of such transfection. Markedly, transient downregulation of GLB1 with 

siRNA2 significantly prevented the senolytic activity of Nav-Gal. Average cell viability of 

senescent scrambled and siRNA1-trasnfected A549 cells upon 48 h treatment with Nav-

Gal was 49.1% and 47.3%, respectively, while GLB1 downregulation with siRNA2 resulted 

in an increased viability of 82.7% (Figure 5.5h, left). On the other hand, average cell 

viability of senescent scrambled and siRNA1-trasnfected SK-Mel-103 cells upon 48 h 

treatment with Nav-Gal was 38.0% and 41.1%, respectively, while GLB1 downregulation 

with siRNA2 resulted in a significantly increased viability of 67.9% (Figure 5.5h, right). 

Importantly, these results indicate that the selective senolysis of the prodrug is at least 

partially driven by the increased GLB1 expression of senescent cells. 
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Figure 5.5. GLB1 transient downregulation prevents the senolytic activity of Nav-Gal. a. Representative 

images of SA-β-gal staining of control and cisplatin-induced senescent A549 cells 48 hr after transfection with 

scrambled siRNA, siRNA 1 and siRNA 2. Scale bar = 200 μm. b. Percentage of SA-β-gal-positive cells in 

conditions presented in (a). Bars represent mean ± SD (n = 3). c. GLB1 fold change gene expression in control 

and senescent A549 cells 48 h post-transfection with different siRNAs. d. Representative images of SA-β-gal 
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staining of control and palbociclib-induced senescent SK-Mel-103 cells 48 h after transfection with scrambled 

siRNA, siRNA 1 and siRNA 2. Scale bar = 200 μm. e. Percentage of SA-β-gal-positive cells in conditions 

presented in (d). Bars represent mean ± SD (n = 3). f. GLB1 fold change gene expression in control and 

senescent SK-Mel-103 cells 48 hr post-transfection with different siRNAs. g. Quantification of cell viability 

upon 48 hr Navitoclax treatment of control and cisplatin-induced senescent A549 cells (10 μM navitoclax) 

(left) and control and palbociclib-induced senescent SK-Mel103 cells (7.5 μM navitoclax) (right) previously 

transfected with different experimental siRNAs against GLB1 transcript. h. Quantification of cell viability upon 

48 hr Nav-Gal treatment of control and cisplatin-induced senescent A549 cells (10 μM Nav-Gal) (left) and 

control and palbociclib-induced senescent SK-Mel103 cells (7.5 μM Nav-Gal) (right) previously transfected 

with different experimental siRNAs against GLB1 transcript. Note that siRNA 1 was not functional in all the 

experiments and hence used as an internal negative control. All bars represent mean ± SEM (n = 3). One-way 

ANOVA followed by Tukey's post-tests were performed to calculate the significance of the results; 

*p < 0.05, **p < 0.01, ***p < 0.001. 

 

 

5.2.3. Nav-Gal induces cell death through apoptosis in senescent cells, while 

it maintains viability of non-senescent cells 

 

The use of navitoclax has been described to induce apoptosis preferentially in senescent 

cells through inhibition of the BCL-2-regulated pathway [178]. To assess whether Nav-Gal 

and navitoclax killed senescent cells by the same end mechanism, cisplatin-induced 

senescent lung cancer A549 cells and palbociclib-induced senescent melanoma SK-Mel-

103 cells were treated with navitoclax or Nav-Gal (or vehicle) in parallel, with automated 

real-time measurement of apoptosis study using a live-cell analysis system. Figure 

5.6a,b and Figure 5.7a-d show that treatment with either navitoclax or Nav-Gal induced 

apoptosis preferentially in chemotherapy-induced senescent cells (as inferred from an 

increased annexin V signal). Importantly, and consistent with the results described 

previously, the induction of apoptosis was lower in control non-senescent cells treated 

with Nav-Gal compared with navitoclax (both at a high dose; 10 μM), particularly at later 

time points. While over 70% of non-senescent A549 cells presented a strong signal for 

annexin V after 36 hr of treatment with navitoclax, this was true for only ~30% of the cells 

after treatment with the same dose of Nav-Gal (Figure 5.6a,b  and Figure 5.7a). 

Consistent effects were observed with the melanoma cell line SK-Mel-103 (Figure 5.7b-
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d). These results indicate that Nav-Gal kills senescent cells by inducing apoptosis and that 

it protects against non-senescent cell death to a higher extent than navitoclax. 

 

 
Figure 5.6. The galacto-conjugated prodrug Nav-Gal demonstrates a lower induction of apoptosis of 

non-senescent cells. a. Representative images of cell viability showing staining for annexin V (red) of control 

or cisplatin-induced senescent A549 cells, exposed to vehicle, navitoclax (10 μM) or Nav-Gal (10 μM) 

treatment over time. Red scale bar = 300 μm; black scale bar = 100 μm. b. Average percentage of annexin V-

positive cells in control and cisplatin-induced senescent A549 cells exposed to vehicle (top), navitoclax (10 

μM; middle) or Nav-Gal (10 μM; bottom) treatment over time. Data represent mean ± SD (n = 3), where for 

each biological repeat the percentage of annexin V-positive cells was calculated in 3 independent technical 

repeats per experimental condition. Statistical significance was calculated using two-tailed Student's t tests; 

*p < 0.05, **p < 0.001. 
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Figure 5.7. The galacto-conjugated pro-drug Nav-Gal shows a lower induction of apoptosis of non-

senescent melanoma SK-Mel-103 cells and lung cancer A549 cells. a. Average percentage of Annexin V-

positive cells in control (left) or cisplatin (CDDP)-induced senescent A549 cells (right) exposed to navitoclax 

(10 μM) or Nav-Gal (10 μM) treatment over time. b. Representative images of cell viability depicting staining 

for Annexin V (green) of control or palbociclib-induced senescent SK-Mel-103 cells, exposed to navitoclax (10 

μM) or Nav-Gal (10 μM) treatment over time. Scale bar at lower magnification = 300 μm. Scale bar at higher 

magnification = 100 μm. c. Average percentage of Annexin V-positive cells in control (top) or palbociclib-

induced senescent SK-Mel-103 cells (bottom) exposed to navitoclax (10 μM) or Nav-Gal (10 μM) treatment 

overtime. d. Same as in (c) but directly comparing the effect in control and senescent cells of navitoclax (top) 

or Nav-Gal (bottom) treatment. Data represent mean ± SD (n = 3), where for each biological repeat the 

percentage of Annexin V-positive cells was calculated in 3 independent technical repeats per experimental 

condition. Statistical significance was calculated using two-tailed Student’s t-tests; *p < 0.05, **p < 0.001. 

 

5.2.4. Cisplatin and Nav-Gal have additive anti-tumour effects in vitro 

 

Effective anti-cancer treatments have enhanced clinically beneficial effects when given in 

combination, including in NSCLC. We therefore next sought to ascertain the efficacy of 



CHAPTER 5 

 178 

concurrent cisplatin and Nav-Gal treatment in vitro. We first used clonogenic assays to 

determine the efficacy of the combination of senescence-inducing cisplatin and 

navitoclax, Nav-Gal or vehicle, administered concomitantly to A549 cells. Compared with 

monotherapies, the combination of cisplatin and a senolytic drug was substantially more 

effective at inhibiting cell proliferation (Figure 5.8a-d). From 0 to 2 µM cisplatin, as the 

concentration of both navitoclax and Nav-Gal increases, additional impairment of cell 

growth was observed. There was also a significant reduction in the concentration of Nav-

Gal required to produce growth inhibition in 1 µM cisplatin versus 0.5 µM cisplatin 

(Figure 5.8e). Similar to the IC50 experiments (Figure 5.3a, b), a higher dose of Nav-Gal 

than Navitoclax was required to achieve the same effect, likely due to the sequential 

requirement for Nav-Gal processing and activation by lysosomal β-galactosidase activity. 

While both senolytic drugs showed an additive effect in combination with cisplatin, 

increasing doses of Nav-Gal exhibited coefficients of drug interactions (CDIs) <1 and 

closer to 0 in combination with 1 μM cisplatin (Figure 5.8e), which suggests that the 

combination of drugs may be synergistic [262]. Of note, these observations were also 

validated in the context of a sequential treatment, where colonies were first exposed to 

increasing concentrations of cisplatin for 7 days, followed by 7 days of senotherapy 

(Figure 5.9a,b). 
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Figure 5.8. The galacto-conjugated prodrug Nav-Gal shows an enhanced effect when combined to 

senescence-inducing cisplatin treatment. a, b. Representative images of clonogenic survival of A549 cells 

exposed to increasing concomitant concentrations of cisplatin (CDDP) and c navitoclax or d Nav-Gal as 

specified in axis. c, d. Numerical heat map representation of normalised mean clonogenic potential after 10 

days of increasing concomitant treatment with CDDP and d navitoclax or d Nav-Gal, where 1 = maximum 

clonogenic potential corresponding to untreated condition (n = 3). e. Co-coefficient of drug interaction (CDI) 

value trend of navitoclax and Nav-Gal across 0.5 μM cisplatin treatment (left) and 1 μM cisplatin treatment 

(right). CDI < 1 (yellow area) indicates a synergistic effect, where CDI values closer to 0 correlate to higher 

synergy between the drugs concomitantly used. Data represent mean ± SD (n = 3). 
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Figure 5.9. The galacto-conjugated pro-drug Nav-Gal significantly decreases clonogenic potential in 

combination with cisplatin. a. Representative images of clonogenic survival of A549 cells exposed to 

increasing concentrations of CDDP for 7 days followed by the treatment of  navitoclax (left) or Nav-Gal (right) 

as specified in axis for 7 days. b. Numerical heat-map representation of normalised mean clonogenic 

potential after 7 days of CDDP treatment followed by 7 days of senotherapy treatment navitoclax (left) or 

Nav-Gal (right), where 1 = maximum clonogenic potential corresponding to untreated condition (n = 2). c. 

Normalised mean clonogenic potential of A549 cells upon increasing concentrations of navitoclax (left) or 

Nav-Gal (right) as a single or combined treatment with CDDP.  

 

5.2.5. Nav-Gal demonstrates therapeutic effect in combination with 

cisplatin treatment in vivo 

 

In order to validate the efficiency of the prodrug Nav-Gal in combination with senescence-

inducing chemotherapy in vivo, we used a model whereby A549 cells were transplanted 

subcutaneously into the flanks of severe combined immunodeficient (SCID) mice. In a first 

approach, we aimed to assess the induction of senescence in tumour-bearing mice 

treated with cisplatin. Histological analyses of the tumours collected after treatment 

showed evidence of senescence induction upon cisplatin administration (as inferred from 

SA-β-gal positivity) (Figure 5.10a). The effects of concomitant treatment with cisplatin and 
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each senolytic were then investigated. Once tumours reached an average volume of 

100 mm3, mice were treated with cisplatin and daily doses of navitoclax or Nav-Gal, alone 

or in combination, for 17 days (as shown in Figure 5.10b). Importantly, both drugs 

significantly improved the tumour growth inhibition of cisplatin (Figure 5.10c). The 

combination of cisplatin with either navitoclax or Nav-Gal had comparable effects on 

tumour growth inhibition, but both showed statistically significant differences with 

control and monotherapy groups. In contrast, navitoclax and Nav-Gal had no appreciable 

effect on tumour growth when administered in the absence of cisplatin, indicating that 

their therapeutic activities require concomitant induction of senescence by cisplatin in 

this model system. Consistently, histological analyses of the tumours revealed that 

cisplatin treatment results in increased p21 positivity (correlating with Western blot 

analyses of cisplatin-treated cells in vitro, Figure 5.2c) and decreased Ki67 positivity, 

which together constitute a hallmark of senescent cells (Figure 5.10d,e). Treatment with 

cisplatin and either navitoclax or Nav-Gal exhibited reduced levels of p21 and Ki67 

positivity, alongside a strong TUNEL signal, strongly suggesting that apoptosis of 

senescent cells facilitates the anti-tumour effect. Additionally, a therapeutic effect of both 

navitoclax and Nav-Gal in tumour growth was observed in a sequential treatment after 

one week of cisplatin administration, suggesting a potential application as adjuvant 

therapy for clearing senescent cells (Figure 5.11a,b). 

To obtain further evidence of the therapeutic potential of Nav-Gal in combination 

with senescence-inducing chemotherapy in a more physiological context, we used an 

orthotopic model of NSCLC. Here, wild-type C57BL/6J mice were transplanted (via tail vein 

injection) with a syngeneic luciferase-expressing KP lung adenocarcinoma cell line 

(L1475luc) [300]. Once tumours were established in the lungs, baseline luciferase signals 

were obtained and mice were then treated for 10 days with cisplatin alone, cisplatin and 

Nav-Gal in combination, or their vehicles in combination, using the experimental scheme 

shown in Figure 5.12a. Representative images of the luciferase signal at initial- and end-

points are shown in Figure 5.12b. Luciferase signal monitoring demonstrated that 

concomitant treatment of the mice with cisplatin and Nav-Gal significantly decreased 

tumour burden (Figure 5.12c) compared with cisplatin monotherapy. Histological 

analysis of the lungs showed high burden of senescent cells only in cisplatin-treated mice 
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(as evidenced by increased SA-β-gal and p21 levels), and decreased SA-β-gal and p21 

levels and higher TUNEL staining in mice concomitantly treated with cisplatin and Nav-

Gal, indicating enhanced apoptosis of senescent cells (representative areas are shown in 

Figure 5.12d). 

Taken together, these results demonstrate that the combination of senescence-

inducing therapy with senotherapy is highly effective in inhibiting tumour growth in vivo, 

providing preclinical proof-of-principle of the therapeutic benefits of using Nav-Gal as a 

potent activatable prodrug with senolytic activity. 
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Figure 5.10. Concomitant treatment with the prodrug Nav-Gal and cisplatin significantly inhibits 

tumour growth in a human lung cancer xenograft mouse model. a. Representative images of A549 

xenografts stained for SA-β-Gal activity (in blue) after treatment with cisplatin or vehicle. b. Schematic 

representation of concomitant treatment on A549 xenograft-bearing mice. c. Tumour volume of A549 
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xenografts in mice concomitantly treated with cisplatin and navitoclax or Nav-Gal (as described in b; n ≥ 10 

tumours per group. Data represent mean ± SEM. d. Representative histological images of tumours at the end 

of concomitant treatment, stained for Ki67 and p21 expression, and labelled using TUNEL staining. Scale 

bar = 100 μm. e. Percentage of Ki67- (top), p21- (middle) and TUNEL-positive (bottom) cells in tumours from 

animals treated with vehicle, cisplatin, or cisplatin and navitoclax or Nav-Gal concomitantly (n ≥ 5 tumours 

per group). For quantification, a total of 4 fields per tumour was analysed, covering most of the total tumour 

area. Two-way ANOVA followed by Bonferroni post-tests was performed to calculate the significance of the 

results; *p < 0.05; **p < 0.01; ***p < 0.001. 

 

 

Figure 5.11. Sequential Nav-Gal treatment after chemotherapy decreases tumour volume compared 

to navitoclax. a. A549-xenograft-bearing mice were first treated for a week with cisplatin (CDDP, 1.5 mg/kg 

three times a week) and then treated daily with navitoclax (100 mg/kg body weight) or Nav-Gal (85 mg/kg 

body weight) or their vehicles until end-point. b. Tumour volume of A549 xenografts in mice treated as 

described in (a) over time. Data represent mean ± SEM. Two-way ANOVA followed by Bonferroni post-tests 

or one-tailed t-tests were performed to calculate the significance of the results; *p < 0.05; ***p < 0.001; ****p 

< 0.0001. 
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Figure 5.12. Concomitant treatment of lung tumours with pro-drug Nav-Gal and cisplatin significantly 

decreases tumour burden in lung orthotopic mouse model. a. Transformed primary luciferase-

expressing KRasG12D/WT;p53-/- lung cancer cells (L1475(luc)) were orthotopically transplanted in the lungs of 

C57BL/6J mice via tail-vein injection. After 5 days, animals were imaged and randomised into different groups 

following luciferase signal analysis, and subsequently treated with either vehicle (n = 4), cisplatin (1 mg/kg 

body weight; n = 5) or cisplatin and Nav-Gal (85 mg/kg body weight; n = 6) as shown in schematic 

representation. Mice were imaged at day 10 and 15 post-transplantation and lungs were collected at end-

point for histological analysis. b. Representative images of luciferase activity signal at day 5 (start of 

treatment) and 15 (end of treatment) of each experimental group. c. Fold-change of relative luciferase activity 

of each group over-time. d. Representative histological images of lung sections of each experimental group 

stained for SA-β-gal activity (left, in blue) and TUNEL (right, in green). Data in (c) represents mean ± SEM, and 

statistical significance was calculated by one-way ANOVA followed by Bonferroni post-tests. 
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5.2.6. Nav-Gal presents reduced platelet toxicity ex vivo and prevents 

thrombocytopenia in mice upon chemotherapeutic and Nav-Gal co-

treatment 

 

Thrombocytopenia is a major dose-limiting, and clinically important, toxicity that is 

produced by navitoclax in human patients [327, 330]. A potential benefit for galacto-

conjugation of senolytic drugs is the reduction of their associated toxicities, and the 

potential widening of their therapeutic windows. To determine whether galacto-

conjugation affected platelet toxicity, Dr David Macías and Dr Beatriz Lozano-Torres 

continued with this work performing ex vivo experiments with both human and murine 

blood samples, where whole blood was exposed to increasing concentrations of either 

navitoclax or Nav-Gal, using fluorescein-labelled annexin V to identify apoptotic platelets 

by flow cytometry ([331]; Figure 5.13e, f). As observed in Figure 5.13a, b for human 

blood and in Figure 5.13c, d for mouse blood, when samples were exposed to the same 

concentrations of navitoclax and Nav-Gal, the proportion of platelets with annexin V 

signal was significantly higher after exposure to navitoclax than with Nav-Gal. This effect 

persists in both models, despite a significant difference in platelet sensitivity to BCL-2 

family inhibition between each model. 
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Figure 5.13. Nav-Gal reduces platelet apoptosis in human and mouse blood ex vivo. a. Blood from 

healthy human volunteers was collected and treated ex vivo with 60, 20 and 6.66 μM navitoclax or Nav-Gal 

as described. Apoptosis was analysed after annexin V-FITC antibody incubation by flow cytometry. Graphs 

show proportion of apoptotic platelets upon each treatment based on scatter signals and annexin V 

expression signal after gating for CD41-positive cells. b. Percentage of annexin V-positive platelets in human 

blood after treatment with 60, 20 and 6.66 μM navitoclax or Nav-Gal. Bars represent mean ± SD (n = 3). c. 

Blood from wild-type C57BL/6J mice was collected and treated ex vivo with 0.72, 0.24 and 0.08 μM navitoclax 

or Nav-Gal as described. Apoptosis was analysed after annexin V-FITC antibody incubation by flow cytometry. 

Graphs show proportion of apoptotic platelets upon each treatment based on scatter signals and annexin V 
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expression signal after gating for CD41-positive cells. d. Percentage of annexin V-positive platelets in mouse 

blood after treatment with 0.72, 0.24 and 0.08 μM navitoclax or Nav-Gal. Bars represent mean ± SD (n = 5). e, 

f. Gating strategy for the analysis of Annexin V-positive platelets (apoptotic platelets) in samples from (e) 

human and (f) mouse blood. Total platelet events were gated based on scatter signals (SSC-A vs FSC-A) and 

then free platelets were gated through CD41 expression. The percentage of apoptotic platelet was 

determined by analysing Annexin V-positive population. Two-way ANOVA followed by Bonferroni post-tests 

or one-tailed t tests was performed to calculate the significance of the results; * p < 0.05; ***p < 0.001; 

****p < 0.0001. 

 
 

To determine whether Nav-Gal also protected platelet levels at therapeutic doses 

in vivo, we first examined the platelet count of wild-type C57BL/6J treated daily with 

senotherapy for a total of 10 days (Figure 5.14a). As shown in Figure 5.14b, daily 

administration of navitoclax resulted in severe thrombocytopenia after only 5 days of 

treatment, independently of the route of administration. Remarkably, Nav-Gal treatment 

did not cause thrombocytopenia in the mice and led to platelet count levels comparable 

to those of vehicle-treated individuals, showing reduced platelet toxicity compared to 

navitoclax. In order to validate our findings in the context of an in vivo cancer model, the 

platelet count was also assessed at end-points of the concomitant treatment of 

xenograft-bearing mice described in Figure 5.10b-d. Notably, as shown in Figure 5.14d, 

no significant additional thrombocytopenia was observed in the group treated with 

cisplatin and Nav-Gal (cf. navitoclax). We also found that Nav-Gal reduced platelet toxicity, 

either in combination with cisplatin or as monotherapy, when administered in a 

sequential manner (Figure 5.14e,f), providing further evidence of platelet protection in 

vivo. 

These results confirm that the galacto-conjugation of navitoclax to produce the Nav-

Gal activatable pro-drug serves as an effective strategy to decrease navitoclax-driven 

thrombocytopenia at physiologically relevant concentrations capable of halting cancer 

growth. Altogether, we conclude that galacto-conjugated navitoclax is effective in clearing 

senescent cells in vivo and can reduce its associated toxicities. 
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Figure 5.14. Nav-Gal reduces prevents thrombocytopenia in mice treated concomitantly and 

sequentially with chemotherapy, compared to navitoclax. a. Wild-type C57BL/6J mice were treated daily 

with navitoclax by oral gavage (o.g.) (100 mg/kg body weight), with navitoclax administered by i.p. injection 

(85 mg/kg body weight) or with Nav-Gal by o.g administration (85 mg/kg body weight) for 10 consecutive days. 

Blood was collected on day 0, 5 and 10 by superficial vessel puncture and platelet counts were analysed. b. 

Platelet count on day 0, 5 and 10 during the treatment of wild-type C57BL/6J mice in each experimental 

condition as described in (e) (vehicle, n = 4; navitoclax o.g., n = 9; navitoclax i.p., n = 8; Nav-Gal o.g., n = 8). 

Bars represent mean ± SEM. c. SCID mice bearing A549-derived xenografts were treated with cisplatin (CDDP, 

1.5 mg/kg body weight three times a week) and concomitant daily senotherapy (navitoclax [100 mg/kg body 

weight] or Nav-Gal [85 mg/kg body weight]) as shown in this schematic representation. Blood was collected 

after treatment by cardiac puncture and, platelet counts were analysed. d. Platelet count in each 

experimental condition described in (g) upon end of treatment in vivo (vehicle and CDDP, n = 5; 

CDDP + navitoclax, n = 4; CDDP + Nav-Gal, n = 6). e. A549-xenograft-bearing mice were first treated for a 

week with cisplatin (CDDP, 1.5 mg/kg three times a week) and then treated daily with navitoclax (100 mg/kg 
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body weight) or Nav-Gal (85 mg/kg body weight) or their vehicles until end-point. Blood was then collected 

by cardiac puncture and platelet counts in each group were analysed. f. Platelet count normalised to vehicle 

(left) or cisplatin-only treatment (right) in each experimental condition upon end of treatment in vivo (vehicle, 

navitoclax, Nav-Gal and CDDP + navitoclax, n = 5; CDDP and CDDP + Nav-Gal, n = 3). Data represent 

mean ± SEM. Two-way ANOVA followed by Bonferroni post-tests or one-tailed t tests was performed to 

calculate the significance of the results; * p < 0.05; ***p < 0.001; ****p < 0.0001. 

 

5.3. Discussion 

 

In the past years, the development and use of novel genetically engineered mouse 

models has demonstrated that the selective abrogation of senescent cells attenuates a 

variety of age-related pathologies and promotes both the lifespan and healthspan of mice 

[332]. These observations led to the development of senotherapies, treatment modalities 

aimed at interfering with cellular senescence, either by killing senescent cells (senolytics) 

or by inhibiting its associated SASP (senomorphics or senostatics) [197]. However, 

specifically targeting senescent cells still remains a considerable challenge in most cases, 

and senotherapies are not exempt from both on- and off-target toxicities, due to the 

activity of these agents in non-senescent cells, such as platelets. In this chapter, we report 

a versatile methodology for the generation of pro-drugs that increases the selectivity of 

senolytic activity. We show that galacto-conjugation of the BCL-2 family inhibitor 

navitoclax allows therapeutically relevant activity in subcutaneous tumour xenografts 

and orthotopic mouse models of chemotherapy-induced senescence in the context of 

lung carcinoma. In addition, this strategy reduces navitoclax-associated 

thrombocytopenia in treated mice, and platelet apoptosis in human and murine blood 

samples. 

Galacto-conjugation as a strategy to target cellular senescence relies on the high 

levels of lysosomal β-galactosidase (SA-β-gal) activity present in senescent cells. Although 

SA-β-gal is an imperfect marker of senescence, diseased tissues are often positive for this 

marker, particularly when senescent cells accumulate and persist in damaged areas [328, 

333]. In order to exploit the accumulated pathological SA-β-gal activity, a previous study 

from our laboratory in collaboration with the same group from the Polytechnic University 

of Valencia used beads with a mesoporous silica core that were functionally capped with 
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a homogeneous coating of galacto-oligosaccharides, thereby allowing the encapsulation 

of cytotoxic drugs, including doxorubicin and navitoclax, as well as fluorescent tracers for 

the detection of senescent cells. This nanotechnology	 allowed the preferential cargo 

release within senescent cells, and the efficacy of this approach was validated in models 

of bleomycin-induced pulmonary fibrosis and palbociclib-treated melanoma and NSCLC 

tumours [204]. However, despite the emergent interest in the development of 

nanomedicine and the considerable technical success of an increasing number of 

nanotechnologies in preclinical models, only a small number of formulations have 

reached clinical translation. The current limitations stem from an incomplete 

understanding of nano-bio interactions, potential toxicities, and challenges regarding 

biodistribution, such as systemic trafficking, presence of physiological barriers (such as 

the phagocytic reticuloendothelial system (RES)), mechanisms of cellular uptake, 

pharmacokinetics/pharmacodynamics (PK/PD), and routes and timelines of elimination 

[334]. In order to simplify the delivery of tracers to the lysosome of senescent cells, our 

group created an OFF-ON two-photon fluorescent probe conjugated with an acetylated 

galactose for tracking cellular senescence in vivo [207]. Acetylation is a widely used 

technique to markedly increase cellular permeabilisation and uptake of N-acetylated 

amino sugars [208], and represented an attractive approach to generate a novel senolytic 

pro-drug with increased senescence specificity. 

In this chapter, we demonstrate that conjugation of navitoclax with a β-
galactosidase activity-driven, cleavable acetylated galactose results in an effective pro-

drug that enhances its selective senolytic activity over the parent agent in a variety of cell 

types and senescent phenotypes, suggesting a potentially universal approach for 

senescence targeting. This includes cisplatin-induced senescence in human (A549) and 

mouse (KP) lung cancer lines; human melanoma (SK-Mel-103) and mouse mammary 

gland (4T1) cancer cell lines responsive to palbociclib; doxorubicin-induced senescent 

colorectal carcinoma cells (HCT116); mouse lung fibroblasts (MLg cells) subjected to X-ray 

radiation and human lung fibroblasts undergoing oncogene-induced senescence (ER:Mek 

IMR90 cells). Since navitoclax is a potent small-molecule inhibitor of BCL-2, BCL-XL, and 

BCL-W proteins that exerts its killing activity by inducing apoptosis [335], we also tested 

whether this underlying mechanism of cell death is conserved for Nav-Gal. Following the 
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action of navitoclax, we observed that Nav-Gal induces the appearance of annexin V-
positive cells in two models of chemotherapy-induced senescence (cisplatin-induced 

senescent A549 lung cancer cells and palbociclib-induced senescent SK-Mel-103 

melanoma cells), thereby indicating that senolysis by Nav-Gal is driven by the 

implementation of the apoptotic programme. 

After validating the use of Nav-Gal with senescent cancer cells in culture, we 

focused on two in vivo models of lung carcinogenesis subjected to senescence-inducing 

chemotherapy. Data presented in this chapter showed that simultaneous administration 

of Nav-Gal with the standard-of-care senescence-inducing cisplatin treatment (widely 

used in the management of NSCLC patients, as presented in previous chapters) resulted 

in reduced tumour burden in SCID mice bearing subcutaneous human A549 lung tumour 

xenografts. Concomitant treatment with cisplatin and Nav-Gal also reduced tumour 

burden in an orthotopic transplantation model using murine KP lung adenocarcinoma 

cells. Nav-Gal administration showed a strong effect in reducing tumour growth during 

both sequential and concomitant treatment with cisplatin. Combination treatment 

suggests an additive/synergistic effect between cisplatin and Nav-Gal, as observed in our 

clonogenic assays and further confirmed by the calculated coefficient of drug interaction 

(CDI). It is important to note that neither navitoclax nor Nav-Gal had any relevant impact 

on tumour burden in the absence of cisplatin in our murine models, strongly suggesting 

a therapeutic activity restricted to the induction of senescence or whenever tumours 

contain senescent areas, but not in fully proliferative tumours. These observations 

reinforce the concept of Nav-Gal as a senolytic pro-drug and, more generally, open up 

the possibility of using senotherapies as promising adjuncts to treat cancer in 

combination with senescence-inducing chemotherapies. The eradication of senescent 

cancer cells by Nav-Gal may also prevent tumour progression by mitigating the senescent 

secretome (SASP) and its broad range of potential pro-tumorigenic effects [167], which 

have also been reported in our models in Chapter 4. In this regard, cancer therapies can 

induce senescence not only in cancer cells but also in stromal cells, and this is also the 

case in lung cancer patients subjected to platinum- and taxane-based chemotherapy 

regimens [146]. Stromal senescence appears to establish an immunosuppressive 

microenvironment that influences and promotes tumorigenesis [128] and can also be a 
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fundamental driver of the metastatic niche [314]. Future studies will examine the impact 

of Nav-Gal on stromal senescence. Taken together, our data reinforce the concept that 

combination treatments comprised of senescence-inducing radio/chemotherapy and 

senolytics might result in potent approaches for precision cancer management in the 

near future. 

As with many targeted agents, navitoclax presents clinically important and dose-
limiting haematological toxicities in clinical trials, including thrombocytopenia [327], 

presenting particular challenges when given in combination with cytotoxic 

chemotherapies which also have dose-limiting haematological toxicities. For navitoclax, 

this occurs because of the importance of BCL-XL in platelet survival, and the gradual 

reduction of its levels by navitoclax promotes a change in the molecular clock that 

determines platelet lifespan leading to the pro-apoptotic activity of BAK [336]. In addition 

to thrombocytopenia, the first trial to evaluate navitoclax in lymphoid malignancies 

resulted in grade III transaminitis and gastrointestinal bleed in a proportion of patients 

subjected to a continuous dosing schedule [330]. The modification of navitoclax with an 

acetylated galactose may prevent the exposure of healthy (non-senescent) cells to the 

inhibitory activity of BCL-2 family protein members and, thereby, reduce unwanted side 

effects. In support of this, our IC50 experiments with A549 cells treated with cisplatin 

indicated that the enhanced senolytic index of Nav-Gal when compared to navitoclax is 

mainly due to reduced cytotoxicity in the absence of senescence induction, suggesting 

that the pro-drug is not efficiently activated in non-senescent A549 cells. Also, we noted 

that although the percentage of annexin V-positive senescent cancer cells at a high 

concentration of both navitoclax and Nav-Gal is similar and results in the complete 

eradication of these cells, non-senescent cancer cells were substantially more protected 

from the induction of apoptosis when exposed to Nav-Gal, indicating enhanced selective 

sensitivity for Nav-Gal for senescent cells. Importantly, we have observed that Nav-Gal 

results in less thrombocytopenia (compared with navitoclax) in daily-treated mice. We 

also show that Nav-Gal reduces apoptosis in platelets, using both human and mouse 

blood samples. A recent study has shown that another navitoclax derivative, namely 

DT2216, exerts anti-tumour activity by targeting BCL-XL to the VHL E3 ligase for proteolytic 

degradation [337]. However, distinctly to Nav-Gal, DT2216 has not been designed for 
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targeting senescent cells, but for reducing thrombocytopenia (as platelets are 

characterized by poor VHL E3 ligase expression) while maintaining anti-cancer properties. 

In addition, DT2216 specifically targets BCL-XL, but not BCL-2 or BCL-W, and its potential 

senolytic activity was not explored. Shortly after the publication of our work [305], He and 

colleagues made use of the same PROTAC strategy to develop PZ15227 [338]. Despite it 

is also designed to target BCL-XL specifically, the authors demonstrated a decrease in 

platelet toxicity, while equal senolytic in vitro effectiveness compared to navitoclax upon 

treatment of irradiation-induced senescent human lung fibroblasts. This new senolytic, 

however, was only tested in vivo to evaluate its effect in rejuvenating aged mice, and its 

potential therapeutic benefits were not explored in the context of cancer treatment. 

In summary, this chapter presents the synthesis of a potent senolytic prodrug that 

can be used to kill multiple types of senescent cells. We propose galacto-conjugation as 

a versatile strategy that might be expanded to other cytotoxic agents and senolytic drugs 

to develop more specific, next-generation senolytics. As a proof-of-principle, we show 

that galacto-conjugated navitoclax (Nav-Gal) selectively kills a variety of human and 

murine cell types undergoing senescence by different stressors in vitro and that it has 

therapeutic efficacy in combination with cisplatin in murine NSCLC models. Importantly, 

we also demonstrate that galacto-conjugation of senolytics can reduce potential toxicities 

of the conjugated drug. The development of galacto-conjugated prodrugs has 

considerable promise for improving cancer treatment, as well as other human 

senescence-related disorders. 
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CHAPTER 6: 
GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 
 
 

 

Lung cancer remains the leading cause of cancer-related deaths worldwide, with more 

than 1.6 million deceases every year. Despite notable declines in lung cancer incidence 

and the development of novel and effective targeted therapies, most of the cases are 

detected incidentally and at late stages, at which point therapeutic options are limited, 

which results in poor survival. Consequently, the postulated approach to tackle this 

disease is two-fold nowadays:  first, by improving our understanding of early lung cancer 

development in order to generate efficient early detection and screening strategies and 

identify more specific targetable biomarkers, and second, by elucidating the 

physiological, cellular and molecular mechanisms that occur upon standard-of-care 

treatment, for the development of more efficient treatment modalities aimed at 

preventing failure and relapse. This thesis provides evidence of the incidence and role 

that cellular senescence exerts in promoting the progression of early and advanced 

NSCLC, and demonstrates that platinum-based chemotherapy drives the acquisition of 

malignant phenotypes in a paracrine fashion. It presents senolytic and TGFβR1 inhibitory 

treatments as effective management approaches with the potential to prevent such 

tumour-promoting effects. Lastly, it introduces a novel therapeutic strategy, based on the 

galacto-conjugation of navitoclax, to mitigate senolytic-associated toxicities and enhance 

senescence targeting in the context of lung cancer treatment.  

   

6.1. Understanding the role of senescence during NSCLC tumorigenesis 

 

Efforts in the last decades have focused on uncovering the molecular drivers of lung 

cancer with the aim to identify high-risk populations and biomarkers, and develop 

effective prediction tools largely based on genomic technologies [339]. Indeed, emergent 
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evidence highlights the benefits of lung cancer screening [340]. Despite the high rate of 

false positives, low-dose computed tomography (CT) screening of high-risk populations 

has shown to be valuable, leading to a reduction in lung cancer mortality by more than 

20% compared to chest radiography screening [340, 341]. In addition, recent clinical trials 

have evaluated liquid biopsy and plasma analysis coupled with CT scanning, which has 

been shown to effectively reduce the rate of false positives [342, 343]. In spite of these 

advances, the implementation of a national screening programme based on such 

approaches still remains controversial, mostly due to cost-effectiveness concerns. Novel 

strategies to detect NSCLC earlier are needed, but a comprehensive understanding of 

how this cancer type initiates and develops during early stages is still lacking. Therefore, 

uncovering new vulnerabilities and defining features that could be leveraged for the 

development of effective diagnostic approaches is imperative to improve lung cancer 

patient prognosis.  

 Cellular senescence is an intriguing cell response known to be causative in a wide 

array of conditions and pathologies [64], and several studies have demonstrated its 

accumulation in early cancer lesions [265], including lung adenomas [135]. In Chapter 3, 

we present further evidence of a marked senescent burden in lung adenomas in 

comparison with hyperplasias and lung adenocarcinomas. Importantly, the detection and 

monitoring of this accumulation in clinical settings may represent an attractive approach 

for diagnostic purposes. In this context, several probes have been developed aimed at 

monitoring senescence in living organisms, most of which are generated through 

technologies that leverage the increased lysosomal SA-β-gal activity of senescent cells, 

providing fluorescent or chromogenic labelling upon catalytic activity [197]. Although 

these so-called senoprobes are still in pre-clinical phases and further characterisation, 

optimisation and safety studies are needed before they can be tested in humans, they 

hold the potential to enhance screening strategies if integrated in combination with CT 

or X-ray scanning, as the use of contrast materials that can distinguish particular 

phenotypes in the lesions is known to significantly improve diagnostic confidence [344]. 

Moving forward, a next step in this study will involve the validation of increased senescent 

burden in early NSCLC human lesions, which is particularly challenging given the scarcity 

of available specimens at such stages. In an effort to find supportive clinical evidence of 
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the incidence and extent of cellular senescence in NSCLC, our group has recently 

obtained several human lung samples through our collaboration with Dr Robert Rintoul 

and Dr Doris Rassl (Papwoth Hospital), consisting of a wide histological representation of 

early lesions, including atypical adenomatous hyperplasia (AAH), minimally invasive 

adenocarcinoma (MIA), adenocarcinoma in situ (AIS) as well as treatment-naïve lung 

adenocarcinoma (ADC). Immediate future work will therefore focus on performing 

immunohistochemical analyses in order to detect and determine the extent of senescent 

markers in each type of lesion. If a significant increase in early lesions (AAH, MIA, AIS) is 

uncovered in comparison with untreated ADC, our analyses will present, for the first time, 

evidence of a senescent accrual in the context of human lung tumorigenesis, providing 

crucial clinical insights and allowing the evaluation of senescence-targeted approaches 

as potential early detection strategies. 

Despite the validation of its accumulation can be of significant clinical value per 

se, understanding the processes whereby senescence may contribute to tumour 

progression in the early lesions can also be essential for the development of monitoring 

or preventative approaches. From a cell-intrinsic perspective, the net effect of senescent 

induction is a robust suppression of tumour progression. It is for this reason that early 

reports describing senescence as a defining feature of early cancer lesions deemed OIS 

as a barrier to tumour development [132, 133, 135, 154, 155]. However, in the context of 

complex biological systems, senescence fostering tumour progression through paracrine 

signalling or escape from the senescent programme is a possibility. Nevertheless, 

spontaneous senescence escape upon OIS in living organisms has not been 

demonstrated so far. In addition, probably owing to the challenging nature of evaluating 

this in vivo, the cell extrinsic role of senescence in the context of early cancerous lesions 

remains largely elusive. Intriguingly, a recent study demonstrated that accumulated 

senescent cells in pre-malignant lesions in a Kras-driven mouse model of pancreatic 

cancer support tumour progression through the secretion of pro-inflammatory factors, 

including Cox2 [345], thereby proposing OIS as an actual driver of tumorigenesis. In line 

with this, our analyses indicate that senescence accrual in lung adenomas in a KrasG12V-

driven NSCLC mouse model may promote lung cancer advancement, since senescent 
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eradication through senolytic treatment abrogates tumour growth and enhances mouse 

survival.  

Importantly, histological evaluation and transcriptomic analyses performed by our 

collaborators have shed light onto the most prominent cell types exhibiting a senescent 

phenotype, but further work is needed to uncover the mechanisms through which they 

exert pro-tumorigenic effects in the pre-malignant niche, and how such effects eventually 

result in the initiation or progression of the disease. In this context, it would be interesting 

to determine whether a link between senescent and tumour-initiating cells in the lung 

exists. To this date, the identification of the cell of origin NSCLC is still controversial and 

challenging [346], but recent studies have concluded that the cell of origin may be a 

differentiated cell that upon oncogenic damage, including the activation of oncogenes 

and/or the loss of tumour suppressors, undergoes de-differentiation and acquires an 

aberrant or hyperplastic plastic state, initiating cancer (reviewed in [347, 348]). 

Accordingly, AT2 progenitors with stem-cell activity have been reported as 

adenocarcinoma initiating cells [22-24].  The concept of cell damage creating a 

microenvironment that favours cell de-differentiation and plasticity places cellular 

senescence as an intriguing key process, given the fact that the SASP is known to promote 

reprogramming-like processes during tissue regeneration, including the secretion of 

factors like IL-6 [85, 173, 349]. It is therefore tempting to speculate that the accumulation 

of senescence in adenomas may promote a maladaptive gain of plasticity in nearby cells, 

favouring lung cancer initiation. In the future, we will explore the expression of 

reprogramming, stemness and proliferation markers in cells located in close vicinity to 

senescent cells in early lesions, to further elucidate the interaction between the two and 

the particular phenotypic changes elicited in response to the SASP. We also plan to 

generate in vivo tracing approaches that allow us to detect, monitor and isolate both 

senescent and SASP-exposed cells in the early pre-malignant niche, in order to 

characterise by single-cell RNAseq the transcriptional changes and the cell identity of the 

cells involved in these potential interactions.  

In this work, we further demonstrate that senolytic treatment of lung cancer 

developing lesions can serve as an efficient strategy to hamper NSCLC progression. 

Senolytic modalities are currently entering clinical trial stages for the management of 
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several age-related diseases [197], and their potential benefits in the context of cancer 

care are only beginning to be explored. Although a promising approach, the use of 

senolytics should be considered with caution, especially considering that targeting 

senescence at the systemic level may compromise patient health. For instance, targeting 

senescence holds the risk of abrogating particular subsets of macrophages [275, 276], 

megakaryocytes [90] and osteoblast progenitors in long bones [350]. In addition, 

senescent elimination in the case of ageing or age-related disorders can result in 

problems of structural integrity. As an example, Grosse and colleagues demonstrated 

that abrogation of p16-high cells in aged mice led to severe bleeding due to the 

accumulation of senescent endothelial cells and hepatic fibrosis [351].  

In addition to systemic senescence, it is worth noting that, as evident from our 

analyses, different subtypes of senescent cells co-exist in early lung pre-malignant 

lesions. Consistent with our data, Kolodkin-Gal and colleagues also demonstrate distinct 

subsets of senescent cells in pancreatic pre-malignant lesions, identified in both the 

epithelial and stromal cell compartments [345]. Given the fact that the resulting 

senescent phenotype and exerted SASP largely depend on the cell type, it is important to 

understand the role of the different types of senescent cells in pre-malignant lesions. Can 

different senescent subsets be exerting opposing roles in the niche? Could Kras-driven 

epithelial senescent cells be acting as a barrier to tumour progression, while senescent 

stromal cells (such as macrophages) promote tumour progression in a paracrine manner? 

In such scenario, the resulting overall net effect of senescence induction could also 

depend on the proportion of each subset of senescent population. Consequently, it is 

imperative to explicitly characterise both the phenotype and proportion of each 

senescent population to ensure maximum benefit from senolytic strategies.  

In this thesis, we demonstrate that senolytic treatment has the potential to serve 

as a preventative therapy in the context of NSCLC. This is of particular relevance in the 

case of multifocal lung primary lesions or neoplasms, a complex condition in which 

multiple precancerous early lesions are present in the lungs, with a minority of them, if 

any, eventually progressing to malignant disease [260]. These multifocal primary pre-

invasive NSCLC patients are usually patients with a smoking history, and their numbers 

are dramatically increasing the set-up of screening programmes in many countries, 
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including the UK. Since they accumulate high numbers of premalignant neoplasms, 

patients are not suitable for lung tissue resection and require frequent monitoring by CT, 

given that no effective pharmacological strategies are currently available in order to 

prevent the potential progression of the lesions (i.e. chemotherapies do not usually work 

in precancerous tumours that hardly progress or develop slowly). Approaches as the one 

we propose in Chapter 3 could therefore be considered as effective preventative courses 

for the progression of pre-cancerous NSCLC lesions, and may even be extended to other 

pre-malignant diseases where senescence accrual has been reported as a key player of 

the tumour niche [265]. Despite chemoprevention currently remains limited to very few 

circumstances (such as tamoxifen and raloxifene for high-risk of breast cancer individuals 

[352]), with further research and clinical support, we believe that senolytic preventive 

strategies hold the potential to revolutionise cancer care in the future.  

In closing, future work will uncover the potential existence of cellular senescence 

in human early lung pre-malignant specimens. Planned studies should also provide a 

more detailed elucidation of the identity and characteristics of the different senescent 

cell subtypes that exert pro-tumorigenic effects in lung adenomas, as well as the 

mechanism of action whereby tumour promotion or initiation takes place. In addition, 

future analyses will address the potential effects of the senolytic treatment on other cell 

populations for a complete picture of the benefits and risks of these modalities in early 

cancer management. The elucidation of such elements will be crucial for the 

understanding of NSCLC initiation and progression, and will open up the dialogue for the 

potential implementation of senescence-targeting strategies as diagnostic and 

preventative approaches in the context of lung and other cancers. 

 

6.2. The impact of chemotherapy-induced senescence in lung cancer 

management 

 

As the evidence of therapy-induced senescence and tumour-promoting effects 

accumulates, the impact of senescence in cancer care has become an increasing concern. 

Therapy-induced senescence substantially contributes to the efficacy of anti-cancer 

treatments, but unresolved senescence has been reported to drive tumour relapse, 
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metastasis and even chemotherapy-derived toxicities and complications [294]. 

Consequently, the growth arrest observed by imaging techniques during chemotherapy 

monitoring should not always be interpreted as a favourable response.  

 In the context of NSCLC, the first clinical evidence of a potential detrimental effect 

from cisplatin administration was reported in a study published in 2003, where authors 

observed that NSCLC patients who received platinum-based chemotherapy presented 

increased tumour progression while waiting for radiotherapy, compared to untreated 

patients [261], contrary to the general cytostatic perception of chemotherapy to date. 

Later studies demonstrated that platinum-based treatment results in increased SA-β-gal 

levels in lung adenocarcinoma tumours, and that higher levels of this senescent marker 

correlated with poorer patient outcomes [160, 292]. However, the role of senescence or 

the mechanisms whereby these pro-tumorigenic effects take place upon chemotherapy 

in NSCLC have not been addressed to date. In this thesis, we present evidence of the 

induction of cellular senescence upon cisplatin treatment in both human and murine lung 

adenocarcinoma cells, and we demonstrate that the SASP implemented by these cells, 

enriched in TGF-β ligands, drives the acquisition of malignant traits in untreated or nearby 

lung cancer cells.  

 Evidence of the role of TGF-β as a promoter of proliferation is scarce. While this 

cytokine has been widely reported to play a dual role in cancer, the pro-tumorigenic 

effects are largely related to the promotion of EMT phenotypes in advanced tumours and 

metastasis [210]. However, a limited number of reports demonstrate that, in certain 

circumstances, exposure to TGF-β can also result in increased proliferation. Intriguingly, 

these studies indicate that growth promotion is greatly dependent on the concentration 

levels of this cytokine in the conditioned media, and that subtle changes can lead to 

opposing effects in proliferation [298]. Other reports, on the other hand, highlight the 

interplay between TGF-β and other factors, including PDGF-B, PDGF-AA and HGF, in 

driving cell growth [233-235, 237]. Intriguingly, we have actually found PDGF-AA and HGF 

particularly enriched in cisplatin-derived SASP in preliminary cytokine array analyses. 

Considering the complexity of TGF-β extracellular regulation and interplay with other 

factors, it is likely that additional mechanisms underlying TGF-β-derived pro-proliferative 

effects in our experiments are also taking place. Such scenarios may include not only the 
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parallel secretion of other factors as part of cisplatin-derived SASP, but also the existence 

of particular co-receptors or membrane-bound activating molecules already present in 

untreated cells, their de novo expression upon exposure to TGF-β, or the induced 

secretion of mitogens in recipient cells that promote cell proliferation in an autocrine 

manner. While we cannot exclude these additional mechanisms, especially considering 

that TGF-β ligands also appear upregulated in docetaxel- and palbociclib-induced 

senescent cells (although to a lower extent compared to cisplatin-induced senescent 

cells), the effects observed are likely to be driven by these cytokines, given the fact that 

both genetic downregulation and pharmacologic inhibition of TGFβR1 reverts the 

observed phenotype. In addition, we also demonstrate that exposure of A549 cells to 

TGF-β1 and TGF-β2 is sufficient to increase cell proliferation. In the future, further 

experiments will be performed in order to validate the specific TGF-β factor(s) responsible 

for the promotion of malignant traits in untreated cells, including antibody-mediated 

inhibition assays and the generation of A549 and L1475(luc) lines deficient for each of the 

ligands.  

As part of our on-going interest in elucidating the impact of TGF-β-rich SASP in the 

tumour microenvironment, we will also aim to investigate the immune landscape and 

dynamics during cisplatin-induced senescence in mice, since TGF-β is known to be a 

strong immune modulator. For this, we have recently generated a new cell line derived 

from L1475(luc) mouse adenocarcinoma cells that secretes a cell-penetrating fluorescent 

protein that can be taken up by surrounding cells in vivo, allowing their labelling and 

identification [353]. We plan to transplant senescent and non-senescent L1475(luc)-

labelling cells orthotopically, characterise the phenotype of labelled (recruited) immune 

cells in the tumour niche, and investigate whether the effects or phenotypes detected are 

dependent on SASP-derived TGF-β signalling, via galunisertib treatment. 

Elucidating an impact not only on the direct support of cancer cell growth but also 

the promotion of an immune suppressive environment would place TGF-β as an 

intriguing target in NSCLC management. Indeed, several clinical trials are currently 

evaluating anti-TGF-β therapies for the treatment of lung cancer. For instance, a phase 

1/2 trial is investigating the effect of galunisertib (TGFβ-R1 inhibitor) in combination with 

the anti-PD1 antibody Nivolumab for the treatment of recurrent or refractory NSCLC 
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(NCT02423343). In addition, the safety and efficacy of Fresolimumab, a human clonal 

monoclonal antibody directed against TGFβ-1, -2 and -3, is being tested on Stage IA and 

IB NSCLC patients as a way of inhibiting steoreotactive ablative radiotherapy (SABR)-

derived side effects on tumour growth (NCT02581787). Finally, a bifunctional fusion 

protein named M7824 that targets TGF-β ligands is being evaluated in comparison with 

pembrolizumab in patients with advanced NSCLC presenting high PD-L1 tumour 

expression (NCT03631706). If proven safe and successful, these trials may encourage the 

clinical evaluation of novel treatment modalities that have the ability to enhance 

standard-of-care chemotherapy by modulating TGF-β, such as the combination of 

cisplatin and galunisertib treatment proposed in this thesis, which has demonstrated 

potential in reducing tumour burden compared to cisplatin treatment alone. 

 Signalling pathway investigations in Chapter 4 indicate that the promotion of 

malignant traits occurs through the activation of the Akt/mTOR/P70S6K cascade, since 

the pharmacological inhibition of both TGFβ-R1 and mTOR (through galunisertib and 

rapamycin treatment, respectively) results in decreased activating phosphorylation levels 

and hinders the promotion of cell growth. Of note, the increased tumour burden 

observed in the orthotopic model when L1475(luc) cells previously exposed to cisplatin-

derived SASP were transplanted in the lungs of mice made us consider that the enhanced 

proliferation could be sustained in time, and therefore the cells had undergone 

epigenetic modifications and had been reprogrammed to proliferate faster indefinitely. 

Indeed, the activation of PI3K/Akt pathway in response to drug treatment, including 

cisplatin, has been reported to induce epigenetic changes that perpetuates a metabolic 

reprogramming in cancer cells, leading to treatment resistance [354]. However, our 

analyses determined that the effect on proliferation wore off with time and disappeared 

10 days after the exposure to cisplatin-derived SASP, suggesting that the promotion of 

proliferation is likely driven by a direct and transient response to the activation of the 

Akt/mTOR cascade. It is worth noting, however, that despite the stimulation of this 

pathway is only transient, the response in vivo can be chronic, as observed in our 

experiments, if senescent cells are not eliminated.  In order to better understand the 

particular changes that occur in cells exposed to cisplatin-derived SASP, we plan to 

perform RNAseq analysis of A549 and L1475(luc) cells upon incubation with the CM at 
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different time-points and elucidate the transcriptional dynamics that can explain the 

acquisition of a more malignant phenotype in the cells. 

 An important aim of Chapter 4 included the validation of our findings in human 

clinical settings. We aimed to analyse NSCLC data from The Cancer Genome Atlas (TCGA) 

in order to find evidence of a senescent transcriptomic signature in patients receiving 

platinum-based chemotherapy, but the available datasets only gather data from 

specimens resected prior to treatment or at the time of relapse, meaning that the 

evaluation of tumour response immediately after or close to chemotherapy 

administration was not possible. Future alternatives can include the analysis of additional 

datasets recently published in studies where the mutational burden of different 

chemotherapies has been studied in large sets of patients, including NSCLC [355]. 

Importantly, however, in Chapter 4 we show a marked expression of senescent markers, 

including p21 and p16, in samples resected from stage II and III NSCLC patients that 

underwent platinum-based neoadjuvant treatment. Next analyses will evaluate the 

expression of these markers in treatment-naïve human lung adenocarcinomas, and we 

will perform quantifications to determine the increased senescent burden compared to 

untreated specimens. Further, in support of our mechanistic insights upon exposure to 

cisplatin-derived SASP, we were able to identify an intriguing association between the 

expression of senescent markers in these samples and the activation of the mTOR/AKT 

pathway. In the future, we will perform co-stainings in order to evaluate the expression 

of these markers at the cellular level and validate a close vicinity between putative 

senescent cells and other tumour cells where this cascade is activated, together with 

more detailed histological analyses. The reported connection in our histological analyses, 

however, are promising and indicate the potential relevance of our findings in human 

clinical settings. 

 The evidence presented in this thesis strongly highlights the importance of 

elucidating the impact of chemotherapy-induced senescence in cancer care. In this 

context, it is crucial not only to understand the senescent phenotype (and its associated 

SASP) elicited in response to a particular treatment, but also to uncover how senescent 

cells prevail, adapt and evolve under the pressure of persistent genotoxic stress, 

something that has not been explored as part of this work, and that is likely to impact the 
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already well-established genetic instability of tumours. In addition, it remains unknown 

to what extent the cancer type, the molecular drivers of the tumour, the existent 

mutational burden before treatment and the chemotherapeutic agent itself can 

determine the phenotype of the senescent programme that is implemented during 

therapy. Of note, recent reports demonstrate that increased intra-tumoral heterogeneity 

in treatment-naïve tumours is linked to treatment resistance, and that platinum-based 

chemotherapy results in significant transcriptional and phenotypic diversity within the 

tumour [30, 31]. Intriguingly, this might indicate a significant heterogenic response in the 

tumour upon platinum treatment, including apoptotic, senescent and treatment-

resistant populations, setting a particular situation where the detrimental effects from 

unresolved senescence might be exacerbated. We thus believe that strategies for the 

detection of such unfavourable responses are needed, and in this context, the monitoring 

of relevant SASP factors, including TGF-β, could potentially help predict patient prognosis, 

contribute to patient stratification and motivate the administration of treatment 

modalities aimed at preventing tumour relapse and ensuring maximum benefit from 

chemotherapy. Understanding the different heterogenic responses within the tumour 

upon chemotherapeutic treatment and how these are implicated in treatment resistance 

and tumour relapse is therefore an essential goal for the future of chemotherapy. 

 In summary, we here demonstrate that cisplatin treatment results in the robust 

induction of cellular senescence in lung adenocarcinoma cells. Comprehensive 

phenotypic assessment reveals that the SASP derived from human and murine cisplatin-

induced senescent lung cancer cells drives the acquisition of pro-tumorigenic traits in a 

paracrine manner, which can be recapitulated in human xenografts and orthotopic 

mouse models of lung cancer. Mechanistically, we show that exposure to cisplatin-

derived SASP orchestrates the TGFβR1-driven activation of Akt/mTOR signalling, which is 

responsible for the induction of increased proliferation in SASP-exposed cells. In 

agreement with this, we determine that pharmacological inhibition of TGFβR1 with 

galunisertib treatment reverts the tumour-promoting effects of cisplatin-induced 

senescence both in vitro and in vivo. Finally, we propose a novel therapeutic modality 

combining chemotherapeutic cisplatin treatment together with TGFβR1 inhibition, which 

demonstrates improved treatment outcomes and enhanced survival in lung tumour-
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bearing mice. Future work will involve furthering the exploration of senescence and the 

mechanistic evaluation of our findings in clinical samples and patient-derived xenografts, 

as well as the analysis of SASP factors, including TGF-β, in peripheral blood collected from 

patients undergoing platinum-based treatment. We will also characterise the 

transcriptional changes elicited in response to the exposure of cisplatin-derived SASP 

with the aim of further understanding the mechanisms whereby acquisition of malignant 

traits take place in the cells. These insights can result not only in senolytic but in more 

refined senomorphic concomitant modalities with senescence-inducing therapies. In 

addition, we plan to explore the impact of cisplatin treatment in other cancer types where 

platinum chemotherapy largely remains the standard-of-cancer, such as ovarian cancer. 

Finally, in the long-term, we plan to explore if our observations can be expanded to other 

relevant cancer treatments, such as TKI and hormonal therapies. These further insights 

will not only strengthen our observations upon platinum-based chemotherapeutic 

treatment of NSCLC, but they can also help position the manipulation and targeting of 

cellular senescence as a relevant therapeutic proxy for improved cancer management 

and prioritise the most efficient preclinical strategies to early phase clinical trials. 

 

6.3. Second-generation senolytics with reduced toxicities and improved 

efficiency as novel modalities for cancer treatment 

 

Combinatory therapies for cancer management were first postulated in 1965 for the 

treatment of leukaemia [356], and represent today a cornerstone of cancer management. 

Finding additional tumour vulnerabilities or the mechanisms whereby the efficacy of 

single agent therapies may be compromised has proven crucial for new treatment 

paradigms. Indeed, the combination of chemotherapeutics and additional inhibitors that 

target different pathways can provide a synergistic or potentiation effects, yielding 

significant anti-tumour results [357]. The data generated in Chapter 4 indicates that 

unresolved platinum-based chemotherapy drives tumour progression through the 

implementation of a TGF-β-rich SASP, which poses the possibility of targeting either 

senescence, the SASP or TGF-β for improved treatment outcomes as an intriguing 

approach. Importantly, our investigations provide evidence of the therapeutic benefit 
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obtained through senolytic-driven ablation of senescent cells in the context of cisplatin 

treatment in NSCLC, which supports the potential of combining senolytics and 

chemotherapeutic regimens as promising two-hit strategies to increase cancer cell killing, 

eliminate residual disease and prevent unwanted tumour-promoting effects.  

In response to the identification of the deleterious consequences of senescence 

in cancer, ageing and other conditions, the field of senolytics and senomorphics has 

rapidly expanded. A number of novel small molecules that preferentially target, kill or 

modulate senescent cells have been identified and developed, providing a solid 

springboard for the evaluation of novel modalities in cancer care. Out of these, navitoclax, 

which is a synthetic small molecule that acts as a BH3 mimetic, has been the most 

successful in preclinical models of cancer to date. It has demonstrated a remarkable 

ability in eliminating cancer cells induced to senesce through varying therapeutic agents, 

including lung cancer cells treated with etoposide, kinase inhibitors and irradiation [358, 

359], ovarian and prostate cancer cells treated with PARP inhibitors [360, 361] and breast 

cancer cells exposed to doxorubicin, radiation or BET inhibitory treatments [359, 362, 

363], among many others. Despite its success, a major drawback of navitoclax treatment 

derives from its systemic toxicity, which appears to be a consequence of on-target BCL-

XL inhibition in platelets [364]. This results in severe thrombocytopenia and neutropenia 

in patients, which regrettably precludes its utilisation in the clinic [364]. Therefore, the 

development of advanced strategies with increased senescence specificity that leverage 

its senolytic potential while preventing such hematologic adverse reactions can be 

promising candidates for cancer treatment.  

In Chapter 5, we present the formulation of a novel pro-drug, named Nav-Gal, 

developed through the conjugation of a cleavable galactose to navitoclax, with the aim to 

increase specificity and reduce navitoclax-associated toxicities. Through a variety of 

model systems, our data shows that Nav-Gal is effectively activated in senescent cells in 

a GLB1-mediated manner, resulting in selective, pro-apoptotic senolytic activity. 

Concomitant treatment of Nav-Gal with the senescence-inducing chemotherapy cisplatin 

efficiently arrests tumour progression in models of orthotopically transplanted murine 

lung adenocarcinoma cells and in a tumour xenograft model of human NSCLC.  
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Importantly, recent studies have applied novel technologies for the development 

of new senolytics. Galacto-conjugation has recently been used by Guerrero and 

colleagues to generate a pro-drug through the combination of a galactose residue to the 

cytotoxic drug duocarmycin [365]. The authors demonstrate that the resulting agent 

preferentially kills a variety of senescent cells in vitro and reduces the number of 

precancerous senescent cells in an in vivo model of craniopharyngioma [365]. However, 

duocarmycin is not a senolytic per se, and the authors did not assess any potential 

associated toxicities derived from systemic off-target or on-target effects. Shortly after 

the publication of this study, He and colleagues made use of the proteolysis-targeting 

chimera technology [305] to develop a new drug, named PZ15227, with the aim of 

reducing platelet toxicity of navitoclax. PROTAC are small molecules that contain a ligand 

able to recognise a target protein (in this case, Bcl-xl) and a second region that is able to 

recruit the E3 ubiquitin kinase [337]. The induced proximity of the target (Bcl-xl) and the 

ubiquitin kinase drives the ubiquitination of the first one, and its subsequent degradation 

by proteasomes [338]. The application of this intriguing approach by the authors 

demonstrated a decrease in platelet toxicity, while equal senolytic in vitro effectiveness 

compared to navitoclax upon treatment of irradiation-induced senescent human lung 

fibroblasts [338]. This new drug, however, has been generated de novo and not derived 

form an existing and already well-studied senolytic, like Nav-Gal. In addition, it was only 

tested in vivo to evaluate its effect in rejuvenating aged mice, and its potential therapeutic 

benefits were not explored in the context of cancer treatment. Consequently, to our 

knowledge, our approach is the only one that has provided an actual second-generation 

senolytic, as we use galacto-conjugation as a means to increase the specificity of an 

existing first-generation senolytic, and tested in the context of cancer treatment. By 

applying this two-level functionalisation approach (targeting both the increased SA-β-gal 

and resistance to apoptosis of senescent cells), on-target effects on platelets are 

efficiently reduced, resulting in a marked decrease of thrombocytopenia in mice treated 

at therapeutically effective doses, as well as a reduction in apoptotic platelets in human 

blood samples treated ex vivo. In addition, we believe that using navitoclax as the 

backbone of our new pro-drug places Nav-Gal at a particular advantage for rapid clinical 

translation. Indeed, navitoclax is already being evaluated in several clinical trials in 
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combination with different chemotherapies to treat solid tumours, including EGFR-

positive advanced NSCLC (NCT02520778), SCLC (NCT00878449) and metastatic 

melanoma (NCT01989585), among many others [197], highlighting the potential impact 

that Nav-Gal presents as a combinatory approach for cancer treatment. 

Of note, we did not evaluate the potential uptake and effects of galacto-

conjugation of navitoclax in tissues and cells known to have increased GLB1 activity in 

living organisms, such as macrophages and osteoclasts. Despite we hypothesise Nav-Gal 

will not result in detrimental effects in these cells, given the underlying working 

mechanism of the active drug, the assessment of potential side effects in these 

populations should be carried out in the future. In addition, although no obvious side 

effects derived from Nav-Gal administration were detected in any of the in vivo models 

tested, further safety and toxicity studies that elucidate the pharmacodynamics and 

pharmacokinetics processes will be imperative to confirm the favourable safety profile of 

Nav-Gal and allow its further evaluation and assessment in clinical settings.  

Finally, it is worth noting that navitoclax treatment has been reported to provide 

additional benefits derived from the removal of non-malignant therapy-induced 

senescent cells. Strikingly, this has been shown to result in less severe bone-marrow 

suppression and a decrease in cardiac dysfunction following doxorubicin treatment in an 

orthotopic model of breast cancer [130], as well as it alleviated symptoms of cisplatin-

induced peripheral neuropathy [367] and hampered cortical bone loss, also upon 

doxorubicin treatment [368]. In the future, it would therefore be interesting to investigate 

whether Nav-Gal preserves such therapeutic benefits while maintaining the efficiency in 

senescent cell removal in the tumours and preserving platelet survival. Future 

investigations will also evaluate the therapeutic benefit in additional conditions where 

senescence accumulation is known to be detrimental, such as pulmonary fibrosis [204]. 

 Altogether, our results from Chapter 5 provide the proof-of-concept of a novel 

potent formulation that has the potential to increase senolytic specificity, improving 

chemotherapeutic treatment outcomes in NSCLC models, and providing a safer 

alternative that precludes haematologic toxicities.  

 

 



CHAPTER 6 

 210 

6.4. Concluding remarks 

 

The purpose of this thesis was to investigate whether cellular senescence induced by 

oncogene-activation and by platinum-based chemotherapeutic conventional treatment 

can contribute to lung cancer progression, and to provide a novel therapeutic strategy to 

counteract such effects with reduced toxicities. 

 In Chapter 3, we employed the Kras-FSFG12V model of NSCLC and demonstrated the 

increased expression of markers of cellular senescence in lung adenomas at the 

histological level, including higher SA-β-gal activity, p21 and p16 expressions. After 

verification of senescence induction in the lesions, we evaluated the impact of senescent 

cell ablation during lung tumorigenesis through senolytic ABT-737 treatment, and 

concluded that senolysis results in decreased lung tumour burden and enhanced animal 

survival, thereby demonstrating that senescence accumulation during NSCLC 

tumorigenesis supports lung tumour progression (Figure 6.1). 

 

 
 

Figure 6.1. Cellular senescence accumulates during NSCLC tumorigenesis supporting cancer 

progression, and senolytic treatment can serve as a potential preventative therapy in NSCLC. In this 

thesis we confirm our working hypothesis and show that senescent cells accrue in lung adenomas, and their 

pharmacologic depletion effectively abrogates tumour progression. 

 

In Chapter 4, we determined that cisplatin chemotherapeutic treatment results in 

a strong induction of cellular senescence in NSCLC human and murine cells, 

characterised by the implementation of a SASP enriched in TGF-β ligand secretion. This 

particular SASP was further demonstrated to drive the acquisition of enhanced malignant 
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properties in untreated or nearby lung cancer cells, both in vitro and in vivo, suggesting 

that this type of chemotherapy may contribute to tumour progression and subsequent 

treatment failure. Remarkably, we established that TGFβ-R1 inhibition and senolytic 

treatment efficiently prevent the enhanced proliferation of tumour cells derived from the 

exposure to cisplatin-induced senescence in human lung cancer xenografts and an 

orthotopic mouse model of lung adenocarcinoma (Figure 6.2). 

 

 
 

Figure 6.2. Cisplatin-induced senescence in lung adenocarcinoma promotes tumour progression 

through a TGF-β-rich SASP, which can be hampered with senolytic and TGF-βR inhibitory treatments. 

In Chapter 3 we provide compelling evidence of the acquisition of malignant traits in untreated lung 

adenocarcinoma cells upon exposure to cisplatin-derived SASP, which is rich in TGF-β ligands. We 

demonstrate that this is directed by the activation of TGF-βR-driven mTOR/Akt/P70S6K pathway, and show 

that senolytic treatment and TGF-βR inhibition with galunisertib effectively prevents enhanced tumour 

growth.  

 

In Chapter 5, we evaluated a novel approach to selectively eliminate senescent 

tumour cells using a newly developed second-generation senolytic consisting of an 

acetylated-galactose covalently linked to navitoclax, named Nav-Gal (Figure 6.3). This 

novel pro-drug was systematically tested in vitro and in in vivo platforms, which 

confirmed its senolytic efficacy in combination with cisplatin treatment, as well as its 

markedly reduced systemic toxic effects with regards to navitoclax-induced 
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thrombocytopenia. We therefore obtained proof-of-principle of the therapeutic activity 

of this novel senotherapy in combination with senescence-inducing chemotherapy, 

thereby proposing galacto-conjugation of senolytics as a novel second-generation 

senolytic strategy to improve specificity and reduce senolytic-associated toxicities.  

 

 

Figure 6.3. Galacto-conjugation of the senolytic navitoclax into a new generation senolytic prodrug, 

namely Nav-Gal, as an efficient second-generation strategy for selective senolysis. Schematic 

representation of the mechanism of action of Nav-Gal prodrug. Nav-Gal is passively taken up by both non-

senescent and senescent cells. In non-senescent cells, its conjugation with a cleavable galactose renders it 

inactive and unable to inhibit anti-apoptotic proteins, such as BCL-2, preventing the induction of apoptosis. 

In senescent cells, the increased lysosomal and galactosidase activity, a hallmark of cellular senescence, 

allows the hydrolysis of the cleavable galactose, resulting in the release of active Navitoclax into the 

cytoplasm of senescent cells. Free navitoclax will inhibit anti-apoptotic BCL-2 proteins, which are 

overexpressed in senescent cells, driving specific apoptosis of these cells 

 

Overall, the work hereby presented aims to place senescence detection, 

assessment and targeting as a therapeutic proxy for cancer management, and 

demonstrate that safer senolytic approaches can provide attractive strategies to control 

early-stage and advanced NSCLC. 
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APPENDIX 
 

 
 
Supplementary Figure 3.1. Novel p16-FDR mouse model and relevant findings 

during KrasG12D-driven lung tumorigenesis. a. Schematic representation of newly 

generated p16-FDR allele, inserted within Exon 3 of Cdkn2a locus. P2A; 2A self-cleaving 

peptide, FLPo; mammalian optimised FLP-recombinase, DTR; diphtheria toxin receptor. 

b. Schematic representation of strategy for the tracking of G12D-positive (tumour) cells 
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and p16-positive (senescent) cells, as well as the targeted ablation of p16-positive cells, in 

p16-FDR-KrasG12D mouse model. DT, diphtheria toxic; DTR, diphtheria toxin receptor. c. 

GSEA comparing transcriptomic data from mCherry-positive and YFP/mCherry-negative 

cell fractions showing an enrichment of senescence-associated pathways in mCherry-

positive cells (senescence, SASP). d. Heatmap of differentially expressed genes showing 

that senescence markers (notably Cdkn2a, Cdkn2b and Cdkn1a), as well as SASP and 

lysosome markers are enriched in the mCherry-positive cell fraction, which shows down-

regulation of proliferation-associated genes. e. Double immunofluorescence staining of 

mCherry expression in KY-FDR lungs 8 weeks after tumour induction with macrophages 

(CD68+) and endothelial cells (Pecam+). f. Quantification of the degree of colocalisation 

between mCherry and the different lung cell type markers from (e). g. Experimental 

schematic for pharmacogenetic ablation of mCherry (p16INK4a)-expressing cells with DT. 

DT treatment was initiated in KrasG12D/+;p16FDR/+;Rosa26loxP-STOP-loxP-YFP/+ (KY-FDR) mice the day 

after AdCre administration and lungs analysed 2, 4 and 8 weeks post viral induction.  h. 

FACS analysis of the proportion of YFP-positive tumour cells (relative to total live cells) 

between KY-FDR mice treated with either vehicle control or DT, showing a reduction in 

the number of YFP-positive cells after DT treatment. i. Quantification of number of 

tumour lesions in KY-FDR mice treated with either vehicle control or DT, showing a 

reduction in the number of lesions. Note that these data belong to Dr Scott Haston 

(Martínez-Barberá group, UCL) and have been included in this thesis to show the results 

obtained in parallel to our experiments in Chapter 3, and to facilitate the understanding 

of the rationale behind our assessments of the macrophage and endothelial cell 

compartment in our model.  
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Supplementary Figure 5.1. Molecular characterisation of Nav-Gal. a. Schematic 

chemical structural representation of synthesis of Nav-Gal prodrug. b, c. Chemical shifts 

of the signals of proton (b) and carbon (c) atoms of Nav-Gal observed in 1H and 13C NMR 

recorded in a 400MHz NMR spectrometer using deuterated chloroform (CDCl3) as 

solvent. 1H NMR (400 MHz, CDCl3) δ = 8.25 (d, J=2.19Hz, 1H), 7.98 (d, J=9.18Hz, 1H), 7.86 

(dd, J= 2.19, 9.18Hz, 1H), 7.41-7.26 (m, 5H), 7.03 (d, J=8.43,2H), 7.01 (d, J=8.43Hz,2H), 6.80 

(d, J=9.4Hz, 2H), 6.65 (d, J=9.4Hz, 2H), 5.71 (d, J=8.24 Hz,1H), 5.48 (dd, J=10.37, 8.24 Hz, 1H), 

5.41 (d, J=2.72 Hz, 1H), 5.07 (dd, J=3.41, 10.4 Hz, 1H), 4.09-4.06 (m, 1H), 4.00-3.94 (m, 2H), 

3.80 (t, J=4.51 Hz, 4H), 3.28 (t, J=5.15 Hz, 4H), 3.10-2.92 (m, 3H), 2.73 (s, 2H), 2.43-2.14 (m, 

12H), 2.04 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H), 1.99 (s,3H), 1.82 (s, 2H), 1.69-1.50 (m, 2H), 1.4 

(m, 3H), 0.99 (s, 6H) ppm. c. 13C NMR (400 MHz, CDCl3) δ =170.24, 170.48, 170.26, 170.05, 

169.21, 154.90, 151.31, 141.97, 135.55, 134.93, 133.63, 132.22, 131.34, 131.30, 131.29, 

131.15, 129.83, 129.49, 129.44, 129.41, 129.39, 128.46, 127.62, 127.52, 113.60, 113.38, 

112.67, 94.76, 90.80, 71.72, 70.76, 68.64, 68.35, 66.92, 60.68, 54.59, 53.79, 53.74, 53.56, 

52.42, 50.86, 50.95, 46.82, 41.64, 41.00, 39.22, 36.77, 35.79, 31.00, 29.83, 29.11, 28.58, 

28.26. d. Homonuclear bidimensional correlated spectroscopy 1H-1H (2D) COSY NMR 

(400MHz, CDCl3). Signals outside of the diagonal arises from the protons that are coupled 

together in neighbouring carbons. e. Attenuated total reflectance (ATR) spectra of Nav-

Gal and Navitoclax compounds, the signal centred at ca. 1795 cm-1 are assigned to the 

C=O stretching vibration present in Nav-Gal structure. f. The high-resolution mass spectra 

shows molecular fragments obtained after Nav-Gal ionization corroborating the chemical 

structure of Nav-Gal. HRMS-EI m/z: calculated:(M+H) = 1304.3979 m/z, measured:(M+H) = 

1304.4001 m/z. This work was performed by Dr Beatriz Lozano-Torres (Polytechnic 

University of Valencia).  
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