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1 ABSTRACT 

Cellular senescence, originally defined as irreversible cell cycle arrest, was shown 

to act in organism as a double-edged sword. On the one hand, cellular senescence is 

considered an anti-cancer barrier and it beneficially contributes to processes such as wound 

healing and tissue regeneration. On the other hand, its longer persistence in the organism, 

usually when not eliminated by the immune system in elder age, cellular senescence 

contributes to age-related diseases and ageing itself. Moreover, senescent cells emerge as a 

result of radio- and chemo-therapy and can lead to detrimental effects when not eliminated. 

There is also accumulated evidence that senescent cells can overcome the proliferation 

barrier and become malignant (often after a cancer therapy) rendering senescence original 

definition invalid. In effort to improve the quality of health and life and to minimize the 

cancer risk after therapies, senescent cells have become one of the most interesting subjects 

for a targeted therapy. There is a promising potential in developing effective tools, namely 

drugs specifically killing senescent cells or reducing their detrimental effect (senolytics) that 

focus on senescent cells elimination in order to rejuvenate the organism, to extend a life 

span, and to prevent ageing-associated diseases and pathology. However, the main challenge 

in this field is a lack of markers specific to cellular senescence that are a prerequisite for 

such therapeutic approaches.  

This dissertation aims to identify a surface marker of senescent cells in order to target 

them. For this purpose, the surface proteome of replicatively senescent BJ fibroblasts was 

compared to proliferating cells using mass spectrometry. From about 150 proteins with 

changed expression in senescent cells, L1CAM protein was chosen for further validation 

and characterization. The decision for L1CAM was supported by several reasons, as its 

expression in healthy tissues and its association with tumours. First, under physiological 

conditions, L1CAM expression is restricted to neural cells, distal tubules of kidneys and 

peripheral ganglia in colon. Second, the elevated expression is detected in many tumours 

(e.g. glioblastoma, ovarian and endometrial carcinomas, pancreatic adenocarcinoma, and 

melanomas). In some tumours (e.g. cervical carcinoma), this protein is used as one of the 

tumour markers. Moreover, the presence of L1CAM is often associated with poor prognosis.  

Our results showed that the overexpression of L1CAM during cellular senescence is 

cell type- and senescence stimuli-dependent. In attempt to understand the mechanism of 

L1CAM increased expression, we found a negative feedback loop between Erk/MAPK and 
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L1CAM signalling pathways. We also demonstrated that L1CAM expression is a 

downstream event linked to the induction of inhibitors of cyclin-dependent kinases p16INK4a 

and p21CIP/WAF1. Furthermore, we showed that both proliferating and senescent cells with the 

increased L1CAM surface expression migrate faster and display higher adhesion compared 

to their counterparts with low surface expression. Furthermore, we also found a connection 

between L1CAM expression and changed metabolism during senescence, including a 

reciprocal link between L1CAM and SCL25A5/ANT2 (ATP/ADP translocator) transcript 

levels. We also showed that L1CAM and ANT2 regulation is connected to Erk/MAPK and 

TGFβ/SMAD signalling pathways. 

L1CAM, as a novel marker of cellular senescence, can be potentially used for 

targeting senescent cells and their selective elimination by nanoparticle-based approaches. 

The photothermal therapy with gold nanoparticles (nanorods) is one of potential applications 

we explored to be used for senescent cells elimination. We estimated biological properties 

of cationic gold nanoparticles including their uptake by senescent cells and toxicity both in 

vitro and in vivo in a mouse model. 

In addition, we explored also other characteristics of the senescent phenotype. 

Senescent cells typically produce various cytokines, chemokines, proteases and growth 

factors (collectively referred to as ‘senescence-associate secretory phenotype’, SASP), 

affecting their immediate microenvironment as well as distant sites in a paracrine manner. 

This paracrine SASP-mediated proinflammatory signalling may explain how relatively low 

numbers of senescent cells can promote a systemic failure, since production of SASP 

contributes to chronic inflammation, loss of tissue function and its regeneration. In our study, 

we identified IL6 and GROa as factors responsible for detrimental paracrine effects on 

neighbouring cells in dependence of a cell type and senescence stimuli. 

To conclude, we identified a novel marker of cellular senescence and suggested its 

targeting using gold nanoparticles. Moreover, we showed that cytokines IL6 and GROα are 

responsible for detrimental paracrine effects of senescent cells and can also be used for 

targeting within the frame of senotherapy. 

 

Key words: cellular senescence, senolytics, L1CAM protein, senescent secretome, 

secondary senescence, targeting, gold nanoparticles 
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ABSTRAKT 

Senescence, původně definovaná jako nevratná zástava buněčného cyklu, hraje 

úlohu dvousečné zbraně. Kromě toho, že je považována za bariéru bránící vzniku rakoviny, 

pozitivně přispívá k procesům, jako je hojení ran a regenerace tkání. Na druhé straně v 

případě, že senescentní buňky zůstávají v organismu delší dobu, většinou pokud nejsou 

eliminovány imunitním systémem, se podílejí na nemocech souvisejících se stárnutím a na 

stárnutí samotném. Senescentní buňky se také objevují jako nežádoucí výsledek radioterapie 

a chemoterapie, přičemž pokud nejsou takové buňky eliminovány, mají i v tomto případě 

škodlivý účinek. Poslední dobou se stále častěji objevují důkazy o tom, že senescetní buňky 

jsou schopny překonat antiproliferační bariéru, vstoupit zpět do buněčného cyklu a stát se 

maligními (často po nádorové terapii), což se zdá být v rozporu s jejich původní definicí. Ve 

snaze zlepšit kvalitu zdraví a života a minimalizovat vznik nádorového bujení v důsledku 

léčby se senescentní buňky staly jedním z nejzajímavějších objektů cílené terapie. To otevírá 

prostor pro vývoj efektivních nástrojů, jmenovitě léků specificky zabíjejících nebo 

minimalizujících škodlivé účinky senescentních buněk (senolytika). Tato senolytika jsou 

zaměřena na odstranění senescentních buněk ve snaze omladit organismus, zlepšit kvalitu 

života a předejít či potlačit rozvoj nemocí souvisejících se stárnutím. Jednou ze současných 

překážek vývoje cílené terapie senescence je nedostatek specifických markerů pro 

jednoznačnou identifikaci senescentních buněk.  

V této práci bylo naším cílem nalézt specifický povrchový marker senescentních 

buněk, který by byl použitelný pro jejich zacílení. Pomocí hmotnostní spektrometrie jsme 

porovnali povrchový proteom replikativně senescentních a proliferujících lidských 

fibroblastů. Z více než 150 proteinů se změněnou expresí jsme pro další charakterizaci 

vybrali protein L1CAM a to z několika důvodů. Zaprvé, za běžných fyziologických 

podmínek je jeho exprese omezena na nervové buňky, ledviny (v distálních tubulech) a tlusté 

střevo (v periferních gangliích). Dalším důležitým důvodem bylo, že zvýšená exprese 

L1CAM byla zjištěna u mnoha typů nádorů (např. glioblastomů, karcinomů vaječníků a 

endometria, adenokarcinomů pankreatu, melanomů, atd.). U některých, například 

karcinomu děložního čípku, je L1CAM využíván jako jeden z markerů onemocnění. Navíc 

přítomnost L1CAM je často spojována se špatnou prognózou nádorového onemocnění.  

Ukázali jsme, že zvýšená exprese L1CAM u senescentních buněk je závislá na 

buněčném typu a stimulu indukujícím senescenci. Dále jsme popsali negativní zpětnou 
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vazbu mezi signálními drahami Erk/MAPK a L1CAM a dokázali, že exprese proteinu 

L1CAM je spojena s aktivitou inhibitorů cyklin-dependentních kináz p16INK4a a p21CIP/WAF1. 

Též jsme ukázali, že buňky se zvýšenou povrchovou expresí L1CAM migrovaly rychleji a 

vykazovaly vyšší adhezi v porovnání s buňkami s jeho nízkou povrchovou expresí. Dále 

jsme zjistili, že L1CAM je zapojený ve změněném metabolismu senescentních buněk, 

ukázali jsme reciproční souvislost mezi hladinou L1CAM a ATP/ADP translokátoru 

SCL25A5/ANT2, přičemž jejich regulace je spojena se signálními drahami Erk/MAPK a 

TGFβ/SMAD.  

L1CAM jako nový marker buněčné senescence může být potenciálně využit pro 

cílení senescentních buněk v rámci senolytické terapie. Ukázali jsme, že fototermální terapie 

zlatými nanočásticemi (nanotyčkami) může najít uplatnění v eliminaci senescentních buněk, 

protože nanotyčky jsou zvýšeně pohlcovány senescentními buňkami a samy o sobě nejsou 

pro buňky a tkáně toxické jak in vitro tak in vivo.  

Navzdory ireverzibilní zástavě buněčného cyklu, senescentní buňky produkují různé 

cytokiny, chemokiny, proteázy a růstové faktory, kolektivně nazývané senescentní sekretom 

(“senescence-associated secretory phenotype,” SASP), který ovlivňuje okolní prostředí. 

Tato parakrinná prozánětlivá signalizace vysvětluje, jak relativně malý počet senescentních 

buněk může vést k systémovým selháním, neboť produkce SASP přispívá k chronickým 

zánětům, ke ztrátě funkcí tkaniva a jeho regeneraci. Pro lepší porozumění senescentnímu 

fenotypu jsme identifikovali IL6 a GROα jako faktory zodpovědné za škodlivé parakrinní 

účinky na sousední buňky v závislosti na buněčném typu a stimulu indukujícím senescenci. 

Lze shrnout, že jsme identifikovali nový marker senescentních buněk a navrhli jeho 

cílení pomocí zlatých nanočástic. Navíc jsme ukázali, že cytokiny IL6 a GROα jsou 

zodpovědné za škodlivé parakrinní účinky senescentních buněk a mohou být také použity 

na cílenou terapii.  

 

Klíčová slova: buněčná senescence, senolytika, protein L1CAM, senescentní sekretom, 

sekundární senescence, cílení, zlaté nanočástice 
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2 AIMS OF THE STUDY 

The main goals of the thesis, which are included in my first-author research paper, 

were: 

 to identify a novel surface marker(s) of senescent cells  

 to investigate specificity, mechanism of expression and function of the selected 

novel marker of senescent cells 

 

Along with the main goals, this thesis addressed several other questions, which are 

covered in articles I contributed to as a co-author: 

 to identify factors responsible for detrimental paracrine effects of senescent cells on 

the surrounding cells upon various senescence-inducing stimuli 

 to explore application possibilities of cationic gold nanoparticles as a tool for 

elimination of senescent cells including evaluation of their toxicity in vitro and in 

vivo and tissue distribution in a mouse model  
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3 INTRODUCTION 

3.1 Cellular senescence  

Cells can respond to multiple stress stimuli (for example, telomere erosion, DNA 

damage, oncogenic activation, and oxidative stress) by triggering signalling pathways, 

which lead to the activation of cell cycle inhibitors, followed by the inhibition of 

phosphorylation of the tumour suppressor protein RB (Figure 1). RB binds and represses 

E2F target genes involved in DNA replication resulting in the cell cycle arrest (Harbour and 

Dean, 2000). If the arrest persists for longer period of time, cells develop a specific 

phenotype termed cellular senescence. Based on this, cellular senescence is usually defined 

as an essentially irreversible cell cycle arrest, in which cells remain viable and metabolically 

active (Hayflick and Moorhead, 1961).  

 

Figure 1. The triggers and signalling pathways leading to the inhibition of phosphorylation of RB protein 

and senescence induction. Adapted from (Munoz-Espin and Serrano, 2014). 

This proliferation barrier acts in a contradictory manner. The function of senescent 

cells in the organism can be either beneficial or detrimental depending on various factors 

among which the time of persistence of senescent cells in tissues is one of the most crucial. 

The other key factor determining the fate of senescent cells and their effects on surrounding 

tissues is the secretion of specific substances collectively termed as ‘senescence-associated 

secretory phenotype’ (SASP) (Coppe et al., 2008). SASP comprises of components of the 

extracellular matrix (e.g. collagen and fibronectin and extracellular matrix modifiers - 

proteases and their regulators), reactive oxygen species (ROS) (Nelson et al., 2012), various 

cytokines including proinflammatory species (e.g. IL1, IL6, and IL8) (Orjalo et al., 2009), 
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chemokines (MCP-1) (Schafer et al., 2017), as well as damage-associated molecular patterns 

(DAMPs, such as cfDNA, HSP70, IL33, ATP, and HMGB1) (Bianchi, 2007). The main 

factors responsible for the expression of specific components of SASP are NF-κB and 

C/EBPβ whose activities depend on the cell type. While upon normal conditions the 

autophagic adaptor p62 targets the transcription factor GATA4 for (autophagic) degradation, 

upon DNA damage response ATM (ataxia telangiectasia mutated kinase) and ATR (ATM 

and Rad3-related kinase) kinases are activated and block p62, which leads to GATA4 

stabilization. This transcription factor activates NF-κB to initiate the SASP. p38MAPK 

signalling activated by DNA damage also leads to activation of NF-κB signalling pathway 

and expression of cytokines (Chien et al., 2011; Kang et al., 2015; Rovillain et al., 2011; 

Salminen et al., 2012). Transcription factor C/EBPβ (activated by DNA damage as well) is 

responsible for activation of several other SASP genes (such as IL6 and IL8) and p15INK4b 

(Freund et al., 2010; Kuilman et al., 2008; Sebastian et al., 2005). 

3.1.1 DNA damage response in cellular senescence 

DNA damage (DNA single- and double-strand breaks, DNA SSBs and DSBs) 

triggers a complex array of mechanisms collectively termed DNA damage response (DDR) 

resulting in cell cycle arrest. In dependence on tumour suppressor p53, the intensity of stress, 

and the cell type, various outcomes eventually occur. Upon a mild damage, cells are arrested 

transiently in cell cycle until the damaged DNA is repaired. On the other hand, upon a more 

severe stress, cells undergo senescence, apoptosis or become malignant (Oren, 2003; Sionov 

and Haupt, 1999). 

After formation of DNA DSBs, so-called MRN complex is formed. It can be detected 

as DNA damage foci by fluorescence microscopy using specific antibodies (Grenon et al., 

2001). It includes proteins MRE11, RAD50 and NBS1 that recognize the site of DNA 

damage and recruit ATM kinase (Lee and Paull, 2004). If stressors induce DNA SSBs, ATR 

is recruited to damaged site by binding to protein ATRIP recognizing RPA (replication 

protein A) on the ssDNA (Zou and Elledge, 2003). 

Subsequently, the activated ATM/ATR kinases phosphorylate cell cycle checkpoint 

kinases Chk2/Chk1 leading to hyperphosphorylation of phosphatase CDC25A. An F-box 

protein β-TrCP targets phosphorylated CDC25A for degradation and, therefore, the 

inhibitory phosphate is not removed from CDKs, thus preventing the cell cycle progression 
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(Bartek and Lukas, 2003; Busino et al., 2003). Moreover, ATM kinase phosphorylates p53 

which activates several target genes including the inhibitor of cyclin-dependent kinases 

p21CIP/WAF1 (p21). p21 binds and inhibits cyclin E/CDK2 and cyclin D/CDK4/6 and as a 

result prevents phosphorylation of RB and expression of cell cycle-promoting genes. Thus, 

the cell stops in G1-phase of the cell cycle (Harper et al., 1993). Protein p21 is involved also 

in cell cycle arrest in G2 phase. p21 prevents the entry to M phase by downregulation of 

cyclin A and B1 and therefore by blocking CDK2/1 leading to accumulation of non-

phosphorylated RB (Baus et al., 2003). 

Besides p21, other CDK inhibitors, such as p15INK4B, p16INK4a, p27KIP1 and p57KIP2, 

play a role in the cell cycle arrest. Moreover,  p16INK4a (p16) induces cell cycle arrest by 

hypophosphorylation of RB without involvement of p53 (Rayess et al., 2012). 

3.1.2 Types of cellular senescence  

There are two main types of cellular senescence. One is so-called replicative 

senescence (Hayflick and Moorhead, 1961), originally characterized as Hayflick’s limit. 

According to this concept, cells in the culture have a limited proliferation capacity because 

of irreparable DNA damage of yet unknown nature triggered most likely by oxidative stress 

accompanying in vitro cell culture conditions (von Zglinicki, 2000, 2002). DNA damage 

signalling of unrepaired DNA lesions then leads to permanent activation of cell cycle 

checkpoints and cell cycle arrest. 

The second type termed premature senescence is represented by a variety of 

predominantly stress-induced types of cellular senescence. Therefore, it is also termed 

stress-induced premature senescence (SIPS) (Toussaint et al., 2000; Toussaint et al., 2002). 

The stress conditions include several DNA damaging factors, such as excessive production 

of reactive oxygen species (ROS), exposition to genotoxic drugs, ionizing and UV radiation, 

replication stress, activation of oncogenes, etc. (reviewed in (Itahana et al., 2004)). 

3.1.2.1 Replicative senescence 

Besides previously suggested mechanism of replicative senescence, more recent data 

show that there are also other mechanisms that stand behind the phenomenon. According to 

Watson’s and Olovnikov’s end replication problem hypothesis (Olovnikov, 1973; Watson, 

1972), telomeres (consisting of tandem TTAGGC repeats) shorten with each cellular 
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replication as a consequence of inability of DNA polymerase to replicate the telomeric 

lagging strand. However, the main factor responsible for telomeres attrition and replicative 

senescence is oxidative stress (Saretzki et al., 2003; von Zglinicki, 2002) which causes SSBs 

accumulating at telomeres. This leads to replication fork stalling and therefore to incomplete 

replication of chromosome ends resulting in telomere shortening (Petersen et al., 1998; von 

Zglinicki, 2000). Telomeres are associated with six proteins (telomeric repeat binding 

factors 1 and 2, TRF1/2; TRF2-interacting protein, RAP1; TRF1-interacting nuclear factor 

2, TIN2; adrenocortical dysplasia protein homolog, TPP1; protection of telomeres 1, POT1) 

forming the shelterin complex (Baumann and Cech, 2001; Bianchi et al., 1997; Bilaud et al., 

1997; Zhong et al., 1992). This complex stabilizes a lariat-like structure, the telomere-loop, 

protecting the exposed ends of linear chromosomes (de Lange, 2005). There are two 

mechanisms explaining telomere attrition depending on the shelterin complex presence or 

absence. Upon the oxidative stress at telomeres, shelterin proteins TRF1 and TRF2 are 

displaced which leads to telomere dysfunction (Opresko et al., 2005). Another suggested 

mechanism is when TRF2 protein is still present in cells exposed to stress which leads to 

persistent DNA damage (Fumagalli et al., 2012). Lesions at telomeres are repaired less 

efficiently compared to non-telomeric damage (Kruk et al., 1995) because of the presence 

of shelterin proteins. They inhibit non-homologous end joining at telomeres by preventing 

the action of DSB repair protein DNA-PK and inhibiting the ligase IV (Bombarde et al., 

2010; Kaul et al., 2011). Importantly, DSBs repair is dependent on the expression of 

telomerase, an enzyme present in germ cells, stem cells, some highly proliferative immune 

cells, and the vast majority of cancer cells whereas it is not present in somatic cells (Akincilar 

et al., 2016). While only highly proliferating cells, cells expressing telomerase, are able to 

initiate DSBs repair (Doksani and de Lange, 2016; Mao et al., 2016), other cells remain in 

cell cycle arrest.  

3.1.2.2 Premature forms of cellular senescence 

The premature forms of cellular senescence are caused mostly by DNA damage induced 

by various means such as ionizing radiation, cytokines, chemical treatment, and by aberrant 

activation of oncogenes. 
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3.1.2.2.1 Oncogene-induced senescence  

Although the activation of oncogenes usually correlates with increased proliferation 

and cancer development, in normal cells, it leads to genotoxic stress and cellular senescence 

(Saretzki, 2010; Serrano et al., 1997). The oncogene-induced senescence (OIS) can be 

triggered not only by ectopic expression of oncogenes (for example Ras, BRAF, AKT, 

E2F1, c-myc, c-mos, and cyclin E) but also by the inactivation of tumour suppressor genes 

(PTEN, NF1) (Courtois-Cox et al., 2008). The mechanism of OIS induction may vary 

between oncogenes and cell types. For example, activation of the Myc oncogene leads to 

slower replication fork progression and therefore replication stress, which eventually leads 

to the increased glycolysis rate in human osteosarcoma cell line U2OS, whereas in normal 

human (BJ) fibroblasts, there are no metabolic changes. On the other hand, after Ras 

induction, there is an initial proliferation burst and increased speed of replication fork 

progression. The resulting replication stress activates DDR (Di Micco et al., 2006; Kim et 

al., 2017b) through ATM and ATR kinases, as mentioned in Chapter 3.1.1. Ras-induced 

senescence leads to metabolic changes in both cell types (U2OS, BJ) (Maya-Mendoza et al., 

2015). Importantly, there is often increased non-mitochondrial ROS production after 

oncogene induction, another factor leading to DNA damage (Lee et al., 1999; Vafa et al., 

2002) by generating NADPH oxidase 4 (NOX4) (Weyemi and Dupuy, 2012), which is 

involved in DNA damage and subsequently in OIS (Weyemi et al., 2012). 

As for all types of senescence, the main regulators of OIS are tumour suppressors 

p53 and RB (Rayess et al., 2012; Rufini et al., 2013). They are responsible for cell cycle 

arrest (Brookes et al., 2002; Lin et al., 1998; Roninson, 2002). While p53 is stabilised and 

hypophosphorylated RB accumulated during OIS, the kinase p38 and downstream substrates 

PI3K/AKT/mTOR (mechanistic target of rapamycin) operate as mediators of OIS responses 

(Serrano et al., 1997; Sun et al., 2007; Xu et al., 2014). Moreover, during this process the 

transcription factor GATA4 is stabilised and activates NF-κB in senescent cells. This results 

in activation of SASP, especially in the expression of IL6, IGFBP7, and CXCR2 (Acosta et 

al., 2008; Kuilman et al., 2008; Wajapeyee et al., 2008). 
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3.1.2.2.2 Radiation-induced senescence 

DNA damage and subsequent DDR and cell cycle arrest can be induced also by 

ionizing radiation and UV light. Ionizing radiation causes DNA SSBs and DSBs, DNA base 

alterations including oxidation, and DNA-DNA and DNA-protein cross-links (Sachs et al., 

1992). UV light leads to cellular senescence by producing cytosine-thymine cross-links 

(pyrimidine dimers) leading subsequently to DSBs (Tavana et al., 2010). Cellular 

senescence is established as a result of DDR inefficiency. Moreover, also chromatin 

organization affects the ability to repair DNA damage (Costes et al., 2010; Goodarzi et al., 

2010; Goodarzi et al., 2008; Riballo et al., 2004). Therefore, genomes are not uniformly 

reparable and, interestingly, telomere regions resist the DDR (Fumagalli et al., 2012; Hewitt 

et al., 2012). Although it was shown that difficulties associated with persistent DDR are due 

to the complexity of these damaged DNA sites (Asaithamby et al., 2011), the recent study 

proves that both the complexity and location of DNA damage impact the repair efficiency 

(Zhang et al., 2016). 

3.1.2.2.3 Cytokine-induced senescence 

The cytokine-induced senescence can be defined as ‘senescence-induced 

senescence’, secondary senescence or ‘bystander’ senescence. Senescent cells induce 

senescence in surrounding cells in a paracrine manner through production of cytokines that 

trigger oxidative stress and DDR. The signalling pathways described to contribute to this 

effect are IL1β/NFκB and TGFβ/SMAD. Both increase ROS production through expression 

of NADPH oxidases including NOX4, which subsequently induces DNA damage and DDR 

(Hubackova et al., 2012). Besides IL1β and TGFβ, there are other cytokines known to induce 

bystander senescence, such as IFNβ/γ, BMP4, IL6/8, and TPO. The cytokine-induced 

senescence can be observed also in vivo, for example during megakaryocyte maturation 

(Besancenot et al., 2010). 

Moreover, it was shown that not only senescent cells are able to induce bystander 

senescence. Immune T-helper-1 cells produce IFNγ (activating the JAK/STAT signalling 

pathway) and TNF cytokines (activating the TNFR1 signalling pathway) that induce 

permanent cell cycle arrest in numerous cancers in vivo through activation of p16 and 

subsequent hypophosphorylation of RB (Braumuller et al., 2013). 
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3.1.2.2.4 Chemically-induced senescence 

A vast number of chemicals including currently used chemotherapeutic drugs can 

induce DNA damage and they do so via various mechanisms. Some drugs inactivate DNA 

polymerases (aphidicolin) or ribonucleotide reductase (hydroxyurea) (Kim et al., 2005), 

others act as inhibitors of mitochondrial respiratory chain, increasing production of ROS 

which leads to DNA damage. Another group of chemicals (with DNA damaging capability) 

is represented by inhibitors of topoisomerases (irinotecan (Rudolf et al., 2012), 

camptothecin, etoposide, and doxorubicin (Patro et al., 2011)). Nucleotide analogues such 

as 5-bromo-2’-deoxyuridine (BrdU (Michishita et al., 1999)), thymidine, halogenated 

uridines and azacytidine, DNA intercalators (actinomycin D), and DNA minor groove 

binder distamycin A (Chen et al., 1994; Suzuki et al., 2002) bind to/into DNA and cause 

DNA damage during replication (Michishita et al., 1999). Specifically, chemicals binding 

into DNA grooves cause DNA damage due to the block of the replication fork while creating 

a tension on the DNA chain (Chen et al., 1994).  

3.1.3 The beneficial role of cellular senescence 

As senescent cells with persistent DNA damage cannot propagate further, they play 

an important role in protection from cancer development (Bartkova et al., 2005; Chen et al., 

2005; Collado et al., 2005). Chemotherapy often induces senescence in cancer cells, which 

can limit the growth and progression of some tumours (e.g. hepatocellular carcinoma 

(Ozturk et al., 2006), or neurofibromas (Courtois-Cox et al., 2006)). They are also able to 

induce tumour clearance by production of inflammatory cytokines that trigger an innate 

immune response targeting the tumour cells (Xue et al., 2007). 

Moreover, senescent cells have also beneficial effect in various non-cancer 

pathologies. One example is the prevention of liver cirrhosis by senescence induction in 

activated stellate cells. After cell cycle arrest, these cells are subsequently eliminated by 

natural killer (NK) cells of the immune system and the liver tissue is regenerated 

(Krizhanovsky et al., 2008b). Senescence is also associated with pulmonary hypertension. 

The drug Nutlin-3a, a MDM2 inhibitor, used for treatment of this type of hypertension, 

induces senescence in pulmonary-artery smooth muscle cells by stabilization of p53 and 

subsequent inhibition of proliferation, resulting in reverting the pathology (Mouraret et al., 

2013). 
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Senescent cells can also contribute to wound healing and limit the oral submucous 

fibrosis. After the injury, senescent fibroblasts induce myofibroblast differentiation by 

secreting the platelet-derived growth factor (PDGF) and, subsequently, accelerate wound 

enclosure (Demaria et al., 2014; Jun and Lau, 2010; Pitiyage et al., 2011). 

Aged platelets lose sialic acid from their surface, which leads to their removal from 

the circulatory system by hepatocytes. Subsequently, platelets are recognized by the AMR 

receptors (Ashwell-Morell receptors, localized on the vascular face of the hepatocytes 

(Grewal et al., 2008)) that trigger the activation of JAK/STAT signalling leading to 

upregulation of thrombopoietin mRNA expression. The level of thrombopoietin increases 

in the serum, which leads to megakaryocyte maturation resulting in platelets biogenesis. 

Interestingly, mature megakaryocytes show all signs of cellular senescence including cell 

enlargement, multinuclearity, DNA damage and activated DDR, and the expression of p21 

and SASP (Besancenot et al., 2010; Grozovsky et al., 2015). 

3.1.4 Role of senescent cells in pathophysiology and ageing 

Besides a positive role of cellular senescence, the pro-senescent and senescent 

phenotypes are believed to contribute to development of diseases associated with ageing and 

to ageing itself. This occurs when, after longer period of time, senescent cells are not 

eliminated by the immune system which is activated by SASP - predominantly in the ageing 

organism, when immune system does not work properly anymore. The accumulation of 

senescent cells was detected in several tissues in aged mammals including humans, namely 

in skin, liver, lung, spleen, and bone microenvironment (Dimri et al., 1995; Farr et al., 2016; 

Herbig et al., 2006; Ressler et al., 2006; Wang et al., 2009). The accumulation of these cells 

contributes to ageing-associated degenerative diseases, e.g. atherosclerosis (Erusalimsky, 

2009), cartilage degeneration leading to osteoarthritis (Jeon et al., 2017; Loeser et al., 2016; 

McCulloch et al., 2017), cardiac fibrosis (Zhu et al., 2013), hepatic fat accumulation and 

steatosis (Ogrodnik et al., 2017), diabetes type 2 and obesity (Minamino et al., 2009; Sone 

and Kagawa, 2005), and Alzheimer’s (Bhat et al., 2012) and Parkinson’s diseases (Chinta et 

al., 2013). In addition, because of growth signals, inflammation and tissue remodelling 

caused by SASP in the presence and persistence of the accumulated senescent cells, tumour 

progression occurs (Dilley et al., 2003; Krtolica et al., 2001; Maeda et al., 2005; Roninson, 

2002; Zhang and Friedman, 2012) and tumour growth accelerates (Simova et al., 2016). 
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Senescence is not associated only with age-related diseases. Senescent cells were 

also shown to be normally present in mesenchymal stem/progenitor cell pool in the primary 

spongiosa in long bones during late puberty (as a consequence, bones grow slower). During 

early puberty and in adulthood, the number of senescent cells is significantly reduced. In 

this case, senescence is epigenetically regulated through EZH2-H3K27me3 (the polycomb 

histone methyltransferase enhancer of zeste homolog 2 (Ezh2) and its trimethylation of 

histone H3 on lysine 27 mark (H3K27me3)). High level of EZH2 is responsible for 

proliferation of cells in primary spongiosa during early puberty, whereas in late puberty, its 

level decreases and cells undergo senescence. When the level of EZH2 decreases during 

childhood or early puberty, premature senescence occurs which leads to osteoporosis and a 

high bone fracture rate in later life (Li et al., 2017). 

Moreover, as a consequence of obesity, a gut bacterial metabolite deoxycholic acid 

induces DNA damage in hepatic stellate cells (HSCs), which in turn leads to senescence 

development and subsequently, to hepatocellular carcinoma induced by SASP (Takahashi 

et al., 2018; Yoshimoto et al., 2013). Another problem related to obesity and senescence is 

anxiety. By elimination of senescent cells from INK-ATTAC (for description of this model, 

see Chapter 3.1.7) high fat-fed and leptin receptor-deficient obese mice, neurogenesis can 

be restored and anxiety-like behaviour is decreased (Ogrodnik et al. 2018, under review). 

The ‘bystander senescence’, which is the consequence of the paracrine SASP and 

ROS influencing neighbouring non-senescent cells, is one of the detrimental characteristics 

of senescent cells. This spreading of senescence is a further pathogenic factor responsible 

for detrimental effects of senescent cells on the surrounding tissues (Hodny et al., 2010).   

3.1.5 Senescence bypass 

Replicative senescence of human embryonic fibroblasts was originally defined as the 

irreversible cell cycle arrest (Hayflick and Moorhead, 1961), as spontaneous escape form 

the arrest back to proliferation has never been observed even after years of maintenance of 

senescent human embryonic fibroblast cultures in vitro. However, senescent cultures of 

other human cell types such as keratinocytes are not as stable as (embryonic) fibroblasts. It 

was shown in the study performed on human keratinocytes in vitro that ROS produced by 

senescent cells are responsible for spontaneous senescence bypass and neoplastic 

transformation (Gosselin et al., 2009). In vitro and in vivo, replicatively senescent epithelial 
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cells (normal human keratinocytes, mammary epithelial cells) accumulate oxidative stress-

induced DNA SSBs rather than ATM/ATR-dependent DNA damage (DNA DSB). Because 

of decreased PARP1, a protein involved in DNA SSBs repair, these breaks are persistent 

and through SSB repair foci (XRCC1), p38MAPK signalling pathway is activated. This 

leads to p16INK4a upregulation and cellular senescence induction. If these cells possess a 

defective SSB repair, they are able to spontaneously escape senescence and transform into 

precancerous cells with mutations (Nassour et al., 2016).  

Importantly, manipulation with the senescence signalling machinery with the active 

cell cycle checkpoints proved that senescence per se does not represent the point of no return 

(Beausejour et al., 2003). The existence of senescence bypass is supported not only by 

normal diploid human fibroblasts escaping from senescence after inactivation of p21 gene 

(Brown et al., 1997), but also by the situation when cells with low expression of p16 at 

senescence launch proliferation after p53 inactivation. Interestingly, the inactivation of p53 

in cells with increased p16 expression prevents proliferation. Once RB is 

hypophosphorylated (in cells with high p16 expression), cells do not re-enter cell cycle even 

after p53 inactivation (Beausejour et al., 2003).  

Surprisingly, normal human mammary epithelial cells were shown to escape the cell 

cycle arrest spontaneously. Interestingly, the unknown signals activate p53 and p21 and 

despite that, cells re-enter cell cycle via an unidentified mechanism. This might suggest the 

early steps in transformation towards malignancy (Romanov et al., 2001). 

Apart from that, the more compelling evidence for the senescence bypass comes 

from in vivo experiments. Senescent cells form in vivo benign and precancerous lesions in 

response to hyperactivated mitogenic signalling. By this mechanism, senescent cells restrict 

tumourigenesis. Analysis of tumours initiated by an endogenous oncogene RAS revealed 

that senescent cells are present in premalignant tumours, such as adenoma, pancreatic 

intraductal neoplasia and skin papillomas, whereas there was no sign of senescence in their 

malignant versions (Collado et al., 2005). This indicates that senescence was bypassed 

toward malignancy. Moreover, Chen et al. (Chen et al., 2005) showed that senescent cells 

are present in PTEN-deficient prostate cancer (specifically in regions of prostate hyperplasia, 

rarely in areas of carcinoma, but never in areas of advanced tumour). The deletion of PTEN 

led to increase of p19Arf and therefore to stabilization of p53 (through the inhibition of Mdm2 

(Tao and Levine, 1999)), induction of p21 and the cell cycle arrest. Apart from that, PTEN 
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deletion resulted in the activation of Akt, which mediates growth arrest and cellular 

senescence through p53/p21 pathway (Chen et al., 2005; Miyauchi et al., 2004). Moreover, 

the authors also showed that the loss of p53 in these PTEN-deficient tumours leads to 

senescence bypass and therefore to massive tumour growth and lethal prostate cancer. To 

provide another example, senescent melanocytic nevi accumulate in skin with age in 

response to B-RAF oncogene mutation (Michaloglou et al., 2005). These senescent nevi are 

able to bypass senescence after PI3K activation by PTEN reduction (Vredeveld et al., 2012) 

which can be observed in nevus-to-melanoma metastasis progression (Whiteman et al., 

2002). 

Another example based on in vivo studies is senescence bypass in human 

papillomavirus- (HPV) positive cells. In these cells, papillomavirus E2 induces senescence 

via pRB and p21 pathways by repressing viral promoter of E6/E7 oncogenes (Wells et al., 

2000). The loss of E2 leads to deregulated expression of E6/E7 suggesting the possible 

contribution to carcinogenesis (Thierry and Howley, 1991). Interestingly, in this case, the 

senescence induction depends on the oxygen level. The above described situation occurs 

under normoxia. On the contrary, HPV-positive cells behave differently under hypoxic 

conditions. Hoppe-Seyler et al. (Hoppe-Seyler et al., 2017) compared the situation in HPV-

positive cancer cells grown in different oxygen levels. They observed that hypoxia resulted 

in E6/E7 repression, in the inhibition of mTOR and, surprisingly, in subsequent escape of 

cell cycle arrest accompanied with the resistance to chemotherapy. Moreover, the 

senescence was induced again after the reoxygenation. This suggests that the environment 

plays a key role in the probability of senescence bypass. A large number of factors 

determining the cells behaviour and senescence outcome might be involved. For these 

reasons, it is crucial to focus on the in vivo experiments to obtain compelling data.  

As described previously, RB protein together with p53 plays an important role in 

regulation of cellular senescence (Courtois-Cox et al., 2008; Ferbeyre et al., 2002; Lee et 

al., 2000). DNA oncoviruses’ oncoproteins, such as SV40 large T antigen, overcome 

replicative senescence in human fibroblasts by inactivation of both RB and p53 (Shay et al., 

1991). Senescent and also quiescent cells re-enter the cell cycle after acute loss of RB gene 

(Sage et al., 2003). It was shown that the inhibition of phosphorylation of RB together with 

suppression of p21 lead to senescence bypass. This occurs by de-repression of DNA 

replication (MCM3, cyclin E1) and mitotic E2F (cdc2, cyclins A and B) targets. 

Interestingly, co-inhibition of p16 and p21 does not de-repress cyclin E, even though the 
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cells escape senescence, suggesting a different mechanism involved in senescence bypass 

(Chicas et al., 2010).  

Twist proteins are important for regulation of embryogenesis and have a role in 

tumour progression by decreasing the E-cadherin level which subsequently induces 

epithelial to mesenchymal transition (EMT). These proteins also take part in induction of 

cellular senescence (through inactivation of Twist oncogene) and in OIS bypass (Ansieau et 

al., 2008; Kwok et al., 2007; Maestro et al., 1999). The proposed mechanism for such 

senescence abrogation is the disruption of p53 and RB tumour suppressor pathways. By 

cooperation with mitogenic oncoproteins (such as RAS), Twist1 and Twist2 inhibit p16 and 

p21 expression without downregulating ARF (a target of Twist, which is known to induce 

p53 (Maestro et al., 1999; Tao and Levine, 1999)) and p53. Subsequently, the EMT and 

invasiveness are promoted in both murine and human prematurely senescent cells.  

Reprogrammed metabolism seems to be another senescence bypass mechanism. 

Inhibition of ATM kinase in replication stress-induced senescent cells increases dNTP 

synthesis through upregulating c-Myc and downregulating p53 expression. This causes a 

shift in cellular metabolism and, consequently, the cells bypass senescence. Moreover, loss 

of p16 induces mTORC1 through the ATR pathway that also increases dNTP synthesis and 

allows cells to escape the proliferation arrest (Aird et al., 2015) (Buj R. et al, 2018, in 

revision). 

Another player in senescence bypass is thrombospondin-1 (TSP-1). This secreted 

protein is upregulated in endothelial brain cells (Gao et al., 2016)), and in lungs and arteries 

during human ageing (Meijles et al., 2017). In endothelial cells, the binding to its receptor 

CD47 leads to activation of the Nox1 complex and subsequent accumulation of ROS. This 

in turn activates p53/p21-induced DNA damage response and decreased RB 

phosphorylation resulting in replicative senescence (Gao et al., 2016; Meijles et al., 2017). 

TSP-1 is also responsible for induction of OIS (Ras) in premalignant lung tumours both in 

vivo and in vitro (Moreau M et al, 2018, in revision). In general, TSP-1 is considered 

responsible for blocking the senescence escape. Although, after its blocking by inhibition of 

CD47, cells escape the proliferation barrier (Gao et al., 2016) while upregulating c-Myc, 

which is responsible for the expression of genes actively transcribed in stem cells (Nie et al., 

2012). Therefore, CD47 through c-Myc expression regulates stem cell transcription factors, 

such as Klf4, Oct4 and Sox2 and induces the cell cycle arrest (Kaur et al., 2013).  
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Senescence induction in cancer cells is now considered the undesired side-effect of 

cancer therapy (Ablain et al., 2014; Toso et al., 2014; Wu et al., 2007). As mentioned above, 

longer persistence of senescent cells in the organism might become harmful. Several 

cytotoxic chemotherapeutic drugs induce cellular senescence in cancer cells (Beeharry and 

Broccoli, 2005; Sanoff et al., 2014; Sun et al., 2012; Wood et al., 2016). The drug-induced 

DNA damage is responsible for the changed phenotype that has impact on the treatment 

outcome (Chang et al., 1999; Schmitt et al., 2002). Moreover, senescence induction after 

some cancer treatments (therapy-induced senescence, TIS) can lead to tissue deterioration 

(Cmielova et al., 2012), heart malfunction (Gudmundsdottir et al., 2015), premature ageing 

(Marcoux et al., 2013; Ness et al., 2013), and the loss of cognitive function in adult survivors 

of retinoblastoma (Brinkman et al., 2015). Apart from that, there is a high risk of the TIS 

cancer cells escaping from senescence. Upon cell-cycle re-entry, these cells are 

reprogrammed into adult tissue stem cell state. The role of Wnt signalling is suggested, as it 

is active both in TIS cancer cells and after their senescence bypassing (Milanovic et al., 

2018). Therefore, elimination of TIS cancer cells prevents long-term consequences of anti-

tumour treatment and improves overall survival (Crescenzi et al., 2008; Dorr et al., 2013).  

After escaping the chemotherapy-induced senescence, transformed cells initiate 

tumour formation, become more invasive and resistant to anoikis. This process is regulated 

by Akt and the anti-apoptotic protein Mcl-1 (Jonchere et al., 2015). Further investigation 

identified the protein AP2M1 that may be involved in this process. AP2M1 is one of the 

EZH2 targets (Le Duff et al., 2018). EZH2 methylase is a target of the E2F pathway 

(Bracken et al., 2003) and is responsible for transcriptional repression of the INK4 locus that 

encodes inhibitors of CDK4 – tumour suppressors p15INK4b, p16, p18, and p14ARF (Bracken 

et al., 2007). During senescence, EZH2 is inhibited and therefore p16 is upregulated (Agger 

et al., 2009; Barradas et al., 2009). It was also shown that cyclin D1 is upregulated in TIS 

(Brookes et al., 2015; Le Duff et al., 2018; Leontieva et al., 2013). Through cyclin D1 

binding to CDK4, EZH2 and subsequently AP2M1 are activated. It is proposed that AP2M1 

transmits signals from the molecules secreted by senescent cells, and in this way, it regulates 

specific receptors responsible for escape from TIS (Le Duff et al., 2018). 

The role of C/EBPβ in cancer senescence bypass was also suggested (Basu et al., 

2018; Basu et al., 2011). The transcription factor C/EBPβ plays a role in senescence 

induction by DNA damage or oncogenes (Kuilman et al., 2008; Sebastian et al., 2005). Basu 

and colleagues showed that C/EBPβ is activated by oncogenic RAS through two separate 
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pathways that lead to OIS induction - RAF-ERK and CaMKKβ-AMPKα2. They also 

described the mechanism termed 3'UTR regulation of protein activity (UPA) by which 

cancer cells bypass senescence. In this model, the activation of C/EBPβ is inhibited by its 

3'UTR (by the G/U-rich elements (GREs)), and the senescent tumour cells re-enter the cell 

cycle.  

There are also several features shared by senescent and cancer cells supporting the 

previously described evidence of senescence bypass. One of the indirect signs suggesting 

that the senescence-to-cancer transformation might occur are observations that cancer cells 

may inherit some features from senescent cells not present in parental cells. For example, 

the both cell types share the similarities in epigenome where the same areas are either hypo- 

or hyper-methylated (Cruickshanks et al., 2013; Lowe et al., 2015; Zane et al., 2014). 

However, the recent study (Xie et al., 2018) has tracked the methylation changes from the 

proliferation to replicatively senescent state as well as during cellular transformation and 

suggests that these similarities in methylation status evolved independently. Moreover, on 

the contrary to previous statement, the authors proposed that the senescent cells methylation 

status might prevent tumourigenesis. Another mutual feature of cancer and senescent cells 

is the expression of stem cell markers, as described previously (Nie et al., 2012). 

Apart from that, replicatively senescent cells (cells with shortened telomeres) 

detected in vivo after ischemic injury during organ transplantation contribute to organ 

function deterioration (Chkhotua et al., 2002). Functional life span of transplanted organs 

can be improved by senescent cells elimination (Braun et al., 2012). This, together with the 

examples of senescent cells re-entering the cell cycle, proves that elimination of senescent 

cells might have a positive impact on the organism. 

3.1.6 Elimination of senescent cells possesses anti-ageing effects 

The significant break-through in the field of cellular senescence was made by Baker 

et al. in 2011. They introduced the senescent-cell reporter system INK-ATTAC in progeroid 

(prematurely aged) mice with a small fragment of the p16 promoter to drive transgene with 

GFP expression in fat tissues, skeletal muscles and eyes. This system enables elimination of 

p16-positive (senescent) cells by addition of the drug AP20187 to specifically activate 

caspase 8 and apoptosis. This reversed the symptoms of premature ageing and surprisingly 

had a positive effect on mice health and lifespan ((Baker et al., 2011) Figure 2A). Several 
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years later, the same group took advantage of this approach and performed the same 

experiment with naturally ageing mice. They obtained the similar results, suggesting that 

the accumulation of senescent cells in the ageing organism contributes to age-related 

diseases and shorter lifespan ((Baker et al., 2016) Figure 2B), and that the elimination of 

senescent cells is beneficial for an organism.  

Moreover, heterochronic parabiosis (animal organ sharing) and heterochronic blood 

apheresis (animal blood sharing) in the p16-3MR mouse model in which senescent cells 

undergo apoptosis by treatment with ganciclovir (Demaria et al., 2014) proved that age of 

circulatory milieu influences the tissue health and regeneration. The heterochronic blood 

exchange influenced muscles, liver, and brain both in old (positively) and young (negatively) 

mice organisms. After depletion of senescent cells, muscle regeneration enhanced and liver 

adiposity reduced (Rebo et al., 2016). 

 

Figure 2. Transgenic mice with (+AP) or without (-AP) the elimination of senescent cells. (A) Progeroid 

mice (upper mouse – treated with AP20187 (AP), lower mouse – control, without AP); (B) Non-progeroid 

mice: the results of senescent cells clearance in two cohorts of ATTAC mice (mix – with mixed genetic 

background, and BL/6) after 22 months (22 m). Adapted and modified from (Baker et al., 2011) and (Baker 

et al., 2016). 

To support this, transplantation of relatively small number of senescent cells into 

both young and old mice shortened per se the recipient’s health- and life-span. Importantly, 

by decreasing the number of senescent cells by the combinatory treatment with dasatinib 

and quercetin, the physical dysfunction in such aged mice was alleviated and the overall 

survival was prolonged (Xu et al., 2018). This once again proves the detrimental effects of 

senescent cells on health and overall organismal ageing. 

Therapy-induced senescent (TIS) cells induce inflammation in surrounding tissues 

by SASP. By elimination of these cells in the p16-3MR mouse model, the reduction in bone 

A B 
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marrow suppression, cardiac dysfunction, cancer recurrence, and strength and physical 

activity occurs (Demaria et al., 2017). It was also shown that environmentally induced 

senescence in brain astrocytes induces Parkinson’s disease (Chinta et al., 2013). In the p16-

3MR mouse model (Demaria et al., 2014), neurodegeneration was mitigated and it is 

suggested that this elimination could halt the progression of Parkinson’s disease (Chinta et 

al., 2018). 

Moreover, the elimination of senescent cells reduces post-traumatic osteoarthritis 

and the surrounding tissue regenerates (Jeon et al., 2017). 

Senescent cells can be eliminated from the organism not only after the induction by 

added chemicals (pharmacologically) but they can be also cleared by immune system. The 

next two sections explain both cases more in details. 

3.1.7 “Natural” elimination of senescent cells by immune system 

- immunosurveillance of senescent cells 

Having a harmful contribution (effect) in the context of diseases and organismal 

ageing, either by escaping from the cell cycle arrest or simply by the effect on tissue 

microenvironment, elimination of senescent cells is required in various biological processes, 

such as tumour suppression, tissue regeneration, embryonic development and ageing itself 

(Sagiv and Krizhanovsky, 2013). As already mentioned, one of the senescent cells’ 

characteristics is SASP which, depending on its character and the microenvironment, attracts 

the cells of both innate and adaptive immunity (monocytes/macrophages, neutrophils, NK 

cells, and T cells). These cells subsequently eliminate senescent cells by phagocytosis which 

leads to tissue regeneration (Freund et al., 2010; Hoenicke and Zender, 2012; Krizhanovsky 

et al., 2008a). 

As described previously, the tumour suppressor p53 plays a role in development of 

'senescent tumours'. While downregulation of p53 leads to development of aggressive 

hepatocarcinoma and sarcomas, its reactivation causes senescence in liver carcinomas and 

sarcomas (although, in lymphoid tumours, apoptosis occurs rather than senescence) 

(Ventura et al., 2007; Xue et al., 2007). These 'senescent tumours' subsequently produce 

inflammatory cytokines that attract the innate immunity cells: CXCL1 attracts neutrophils, 

CSF1 and MCP-1 attract macrophages, and IL15 attracts NK cells. Consequently, 'senescent 
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tumours' are eliminated and the tumour growth regresses (Xue et al., 2007). The trigger of 

this process, reactivation of p53, cooperates with NF-κB in order to induce senescence and 

subsequently initiates the SASP (Acosta et al., 2008; Chien et al., 2011; Jing et al., 2011). 

Therefore, for instance in senescent hepatic stellate cells (HSCs), the production of IFNγ 

promotes activation and polarization of M1 macrophages resulting in elimination of 

accumulated HSCs (Lujambio et al., 2013). Moreover, cells driven to senescence by p53 

attract also NK cells and cytotoxic T lymphocytes, suppressing the tumour progression in 

the liver (Chien et al., 2011; Kang et al., 2011b; Krizhanovsky et al., 2008b). The immune 

clearance of premalignant hepatocytes in which senescence was induced by activated 

oncogene (K-Ras), was shown to be dependent on the interaction of antigen-specific CD4 T 

cells with monocytes and macrophages (Kang et al., 2011b). In general, macrophages, 

neutrophils and NK cells are responsible for senescent tumour cells clearance, as was 

described in a study pioneering the idea of interaction between cellular senescence and 

immune system (Xue et al., 2007). NK cells are responsible for triggering the immune 

response and for elimination of senescent cells, which results in restriction of progression of 

liver cirrhosis (Krizhanovsky et al., 2008b). The mechanism of elimination of senescent cells 

by NK cells is through upregulation of decoy death receptor (Dcr2) which blocks the death 

receptor apoptotic pathway and opens the way for the granule exocytosis (Sagiv et al., 2013). 

Upon interaction with the target cell, the NK cell secretes granules containing perforin and 

granzymes A and B. Perforin perforates the cell membrane which is followed by granzyme 

release into the target cell where it induces apoptosis (Chowdhury and Lieberman, 2008). 

This process was shown to be important for elimination of activated senescent HSCs and 

therefore for limiting liver fibrosis (Sagiv et al., 2013). 

Ritschka et al. (Ritschka et al., 2017) showed in the mouse model that NF-κB-

induced SASP in senescent tumour cells in liver and in keratinocytes leads to increase of 

tissue-specific stem cell markers while the proliferation of these cells is restricted by p16. 

Although the transient SASP induced stemness, the cellular plasticity and tissue 

regeneration and the prolonged exposure to SASP led to decrease in regeneration. Moreover, 

some characteristics of NK cells as well as their receptors change during human life as a 

consequence of environmental factors (e.g. SASP, telomeric loss, oxidative damage) 

(Borrego et al., 1999; Chidrawar et al., 2006; Le Garff-Tavernier et al., 2010) and 

subsequently, these cells do not respond properly to cytokines. It is possible that this process 
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contributes to the development of immune senescence and promotes inflammation (Dalbeth 

et al., 2004).  

Last but not least, besides apoptosis (Conradt, 2009; Fuchs and Steller, 2011), 

senescence is another process that plays a role during embryonic development. Senescent 

cells were detected in multiple locations during various stages of mammalian (mouse, 

human) and chicken embryonic development whereas they were eliminated by macrophages 

(in the absence of apoptosis) before birth. This so-called developmentally programmed 

senescence is regulated exclusively through p21, independently of p53 and DNA damage 

(Munoz-Espin et al., 2013; Storer et al., 2013). The signalling pathway leading to 

developmentally programmed senescence was identified in senescent cells in the 

mesonephros and the endolymphatic sac of the inner ear. The regulation is mediated by 

TGFβ/SMAD and PI3K/FOXO pathways (Munoz-Espin et al., 2013). Senescent cells 

detected in apical ectodermal ridge and the neural roof plate were shown to share features 

with OIS (p21, p15, SASP) (Storer et al., 2013). The outcome of the absence of senescent 

cells during embryonic development depends on the localization. In the endolymphatic sac, 

there were only minor morphological changes which were ameliorated by macrophages in 

newborns and were not detected in adults, having no functional impact. This suggests that 

the role of developmentally programmed senescence in the endolymphatic sac is to regulate 

the balance between cell populations. In case of mesonephros, the absence of senescence 

was replaced by apoptosis by which the defects in morphology were eliminated. However, 

in female mice the absence of senescent cells in Wolffian duct led to reduced fertility 

(Munoz-Espin et al., 2013). 

3.1.8 Pharmacological elimination of senescent cells 

The current spectrum of senescence-eliminating drugs (senolytics) includes mostly 

the drugs originally developed for other purposes. One of them is rapamycin, used clinically 

as an immunosuppressant after organ transplantation (Laschke et al., 2009). Other examples 

are an antidiabetic drug metformin (Goodarzi and Bryer-Ash, 2005), the tyrosine kinase 

inhibitor dasatinib, and the flavonoid quercetin commonly used for cancer treatment 

(Bruning, 2013; Montero et al., 2011). All these drugs were found to have a senolytic effect 

as well (Bannister et al., 2014; Moiseeva et al., 2013; Oubaha et al., 2016; Wang et al., 

2017a; Zhu et al., 2015). Several new senolytics are currently in preclinical research, tested 
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for their ability to deplete the senescent cells and therefore to treat ageing-related diseases, 

such as diabetes type 2, hepatic steatosis, vertebral disk degeneration, osteoporosis, 

pulmonary fibrosis, cardiac dysfunction, cardiovascular diseases (Childs et al., 2018), and 

elimination of senescent cancer cells after radio- and chemo-therapy. 

3.1.8.1 Mechanism of killing the senescent cells 

The fact that senescent cells are less sensitive to apoptosis (Wang, 1995) suggests that 

senescent cell anti-apoptotic pathways (SCAPs) are active, (Zhu et al., 2015), which gave 

rise to first senolytics targeting SCAPs. Successful examples of this strategy are represented 

by drugs navitoclax and piplartine. The Table 1. lists the current senolytic drugs targeting 

SCAPs. 
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Table 1. Senolytic agents targeting senescent cell anti-apoptotic pathway (SCAP) and cell 

lines they are effective in. Adapted and modified from (Kirkland and Tchkonia, 2017) 

Senolytic agent SCAP Target SC types References 

Dasatinib (D) dependence receptor/ Src 

kinase/tyrosine kinase 

Primary human and 

murine preadipocytes 

(adipose-derived stem 

cells) 

(Zhu et al., 2015) 

Quercetin (Q) Bcl-2 family, 

p53/p21/serpine, 

PI3K/AKT 

HUVECs, mouse bone 

marrow-derived 

mesenchymal stem cells 

(Zhu et al., 2015) 

D+Q dependence receptor/ Src 

kinase/tyrosine kinase, 

Bcl-2 family, 

p53/p21/serpine, 

PI3K/AKT 

The same as for D and 

Q, plus primary human 

lung fibroblasts and 

mouse embryonic 

fibroblasts 

(Zhu et al., 2015) 

Navitoclax 

(ABT-263) 

Bcl-2 family (Bcl-2/xL/w) IMR-90, HUVECs, 

mice bone marrow cells 

(Chang et al., 2016; 

Kim et al., 2017a; 

Zhu et al., 2016) 

Piperlongumine p53/p21, Bcl-2 family 

(PUMA) 

WI-38 (Wang et al., 2016) 

A1331852 Bcl-2 family (Bcl-xL) IMR-90, HUVECs (Zhu et al., 2017) 

A1155463 Bcl-2 family (Bcl-xL) IMR-90, HUVECs (Zhu et al., 2017) 

Panobinostat Bcl-2 family (Bcl-xL) Non-small cell lung 

cancer and head and 

neck squamous cell 

carcinoma cell lines 

(Samaraweera et 

al., 2017) 

Fisetin PI3K/AKT HUVECs (Zhu et al., 2017) 

FOXO4-related 

peptide 

Bcl-2 family, 

p53/p21/serpine 

IMR-90, WI-38, BJ (Baar et al., 2017) 

Nutlin-3 p53/p21/serpine Melanoma cells (Korotchkina et al., 

2010) 

14-AAG 

(Tanespimycin) 

HSP-90 Ercc1-/- murine 

embryonic fibroblasts 

(Fuhrmann-

Stroissnigg et al., 

2017) 

Geldanamycin HSP-90 Ercc1-/- murine 

embryonic fibroblasts, 

HUVECs 

(Fuhrmann-

Stroissnigg et al., 

2017) 

17-DMAG 

(Alvespimycin) 

HSP-90 Ercc1-/- murine 

embryonic fibroblasts, 

IMR-90, WI38 

(Fuhrmann-

Stroissnigg et al., 

2017) 

Although the expression of p16 does not directly cause osteoarthritis, it is a 

biomarker of aged chondrocytes (Diekman et al., 2018). An anti-cancer drug navitoclax 

(ABT-263), an inhibitor of antiapoptotic factors from Bcl-2 family (Rudin et al., 2012), is 

effective in clearance of p16-positive cells in the p16-3MR mouse model (Chang et al., 

2016). It reverses the progression of pulmonary fibrosis (Pan et al., 2017), reduces heart 
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dysfunction and fatigue caused by senescence (Demaria et al., 2017), and rejuvenates 

senescent hematopoietic stem cells in the bone marrow (Chang et al., 2016).  

Another anticancer drug piplartine (piperlongumine), a dietary natural product 

isolated from the plant Piper longum L. (Bezerra et al., 2013; Prasad and Tyagi, 2016; Wang 

et al., 2016) and its structural analogues are promising drugs targeting preferentially 

senescent cells (Liu et al., 2018). 

The Bruton’s tyrosine kinase (BTK) is a p53 target gene (Althubiti et al., 2016) 

modulating the p53 activity by phosphorylating MDM2 creating a positive feedback loop 

(Rada et al., 2017). Use of a chemical inhibitor of BTK in Drosophila melanogaster results 

in preventing the p53-induced senescent cells accumulation (Akang E et al., unpublished). 

3.1.8.2 Mechanism of inhibiting detrimental effects of the senescent cells 

Besides targeting SCAPs, another mode of action of the antisenescent drugs is the 

reduction of senescent cell detrimental effects by inhibition of SASP (e.g., metformin, 

rapamycin, or glucocorticoids (Laberge et al., 2012)).  

For example, SASP is known to be negatively regulated through p53 in normal 

human HCA2 fibroblasts (Freund et al., 2011). By inhibiting MDM2 (which promotes 

degradation of p53) with nutlin-3a or MI-63, the level of p53 increases and SASP production 

is attenuated. Moreover, also the ability to stimulate cancer cell aggressiveness by senescent 

cells is reduced (Wiley et al., 2018).   

Cytoplasmic chromatin fragments (CCFs; extruded fragments of γH2AX-positive 

chromatin in the cytoplasm of senescent cells) activate the innate immunity cytosolic DNA 

sensing cGAS-STING pathway which in turn activates SASP in primary human and mouse 

cells (Dou et al., 2017; Dou et al., 2015; Ivanov et al., 2013). In effort to achieve “healthy” 

ageing (without detrimental effects of SASP) when mitochondria are dysfunctional, non-

cytotoxic inhibitors of histone deacetylase (HDAC) (anti-inflammatory agents, e.g. 

trichostatin A, benzamides, valproic acid) are used. These inhibitors block SASP by 

suppressing CCFs, which does not affect the senescent growth arrest (Vizioli MG, et al., 

2018, in revision).  

Another way how to block SASP is possible via the inhibition of the polypyrimidine 

tract binding protein 1 (PTBP1) (Georgilis et al., 2018), a regulator of alternative splicing, 
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previously described to promote proliferation and metastasis of cancer cells (Wang et al., 

2017b). It also regulates alternative splicing of intracellular trafficking genes, such as 

EXOC7, through which it regulates SASP. By blocking the PTBP1 by shRNA, SASP is 

inhibited as well, whereas other senescence phenotypes, such as cell cycle arrest, are not 

affected (Georgilis et al., 2018).  

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) 

signalling is involved in regulation of cytokine production (Meyer and Levine, 2014). 

Moreover, JAK2 is essential for the function of many cytokine receptors (Parganas et al., 

1998). The inhibition of JAK1 and JAK2 by RNA interference or by chemical inhibitors 

(such as ruxolitinib and INCB018424) blocks the SASP which was shown to be sufficient 

to enhance physical function (Verstovsek et al., 2010; Xu et al., 2015a; Xu et al., 2015b) and 

prevented the bone loss (Farr et al., 2017) in older mice. Also rapamycin, the inhibitor of 

mTOR that was described to reduce the cytokine production and senescence increases 

overall survival in aged mice (Chen et al., 2009; Chung et al., 2016; Harrison et al., 2009; 

Johnson et al., 2013), and improves cardiac (Dai et al., 2014; Flynn et al., 2013) and immune 

functions (Chen et al., 2009). 

3.1.8.3 Mechanism of targeting senescent cells metabolism 

Senescent cells display altered mitochondrial morphology, increased mitochondrial 

membrane potential and cellular respiration. Taking advantage of this fact, senescent cells 

can be eliminated by anticancer, mitochondria-targeted drugs mitocans (Dorr et al., 2013; 

Neuzil et al., 2013). One of them, MitoTam (mitochondria-targeted tamoxifen) targets 

mitochondria with increased mitochondrial membrane potential and blocks cellular 

respiration and maintenance of mitochondrial membrane potential. It was shown that a low 

level of adenine nucleotide translocase-2 (ANT2), which is associated with senescence and 

increases the level of ROS (Kretova et al., 2014), enables MitoTam to kill targeted cells, 

while after restoration of ANT2, cells become resistant to MitoTam treatment (Hubackova 

et al., 2018). 

It was shown that iron accumulates in senescent cells and, as a consequence, the level 

of ROS increases (Killilea et al., 2004). Moreover, it is proposed that iron induces 

senescence in neighbouring cells as well. The increased iron metabolism was found also in 

lung fibrosis (probably because of leakage of iron from erythrocytes). The iron-damaged 

erythrocytes upregulate not only ROS and p16, but also inflammation by inducing SASP. 
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U.S. FDA-approved iron chelator deferiprone (Ferriprox) used for treatment of thalassaemia 

major has found another application - killing of senescent cells with accumulated iron 

(Serrano M. et al., 2018, unpublished). 

3.1.9 Drug delivery to senescent cells 

The most common method of targeted delivery is the injection of a drug or of 

neutralization antibodies to the area of interest (Sun et al., 2018). However, similarly to 

radio- and chemo-therapy used in cancer treatments, specific targeting of senescent cells is 

tricky. The main challenge is how to deliver a drug specifically into to senescent cells. One 

of the strategies recently described to target senescent cells is taking advantage of their 

lysosomal (beta-galactosidase, β-gal) activity (for more details, see Chapter 3.1.11). The 

main principle is the coating of the cytotoxic drug of interest with galactooligosaccharides. 

The released encapsulated drug is subsequently digested by the lysosomal β-gal in senescent 

cells. The drug kills the senescent cells whereas the encapsulation reduces the toxic side 

effects. By this method, pulmonary fibrosis in mice was significantly regressed. Moreover, 

in combination with the drug palbociclib, TIS can be reduced (Munoz-Espin et al., 2018). 

Liposomes, nanospherical vesicles with at least one lipid bilayer, are an effective 

tool for hydrophobic drugs delivery. There are some modifications to improve the properties 

of liposomes, such as PEGylation (poly(ethylene)glycol, PEG) that prolongs blood 

circulation time (Tang et al., 2017; Vemuri and Rhodes, 1995), and incorporation of an 

acidic cholesterol ester, cholesteryl hemisuccinate, to provide the liposomes with a pH-

dependent drug release property (Hafez and Cullis, 2000; Nguyen et al., 2017b). Due to the 

increased lysosomal and endosomal activity, senescent cells create acidic environment 

making liposomes the suitable vehiculum for drug delivery (Lee et al., 2006; Nguyen et al., 

2017b). A surface glycoprotein CD9 overexpressed on the membranes of senescent 

fibroblasts and vascular endothelial cells (Kim et al., 2008; Lafferty-Whyte et al., 2009) can 

serve as a target for drug delivery. Antibody against CD9 conjugated to the surface of the 

PEGylated liposomes containing the drug rapamycin inhibits mTOR and reduces the 

senescent cells number in prematurely senescent human skin fibroblasts. Acidic pH specific 

for senescent cells dissolves the liposomes, and the drug is subsequently released. This 

technique is more effective than antibody-mediated drug delivery (Nguyen et al., 2017a).  
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Moreover, similar approach for elimination of senescent cells by liposomes was 

developed by the company Oisin Biotechnology. They took an advantage of the liposome 

encapsulating a plasmid containing senescent cells suicidal gene (designed by Baker and 

colleagues in 2011). This enables to target senescent cells expressing p16 

(https://www.oisinbio.com). 

In addition, CD9 targeting is used also for rapamycin delivery in lactose-wrapped 

calcium carbonate nanoparticles for elimination of senescent human skin fibroblasts (Thapa 

et al., 2017).  

3.1.10 Characteristics, properties and usage of gold nanoparticles 

Nanoparticles (NPs), consisting of noble metals, are easy to synthesise. Thanks to 

the spontaneous formation of organic molecules on their surfaces (termed self-assembly 

monolayers), it is easy to modify their surfaces. Moreover, due to their properties and their 

small size, NPs represent a promising tool for drug delivery.  

Among all noble metals, gold possesses unique properties - it is by its chemical 

nature highly nonreactive (inert) which makes it also nontoxic and biocompatible. 

Therefore, the use of gold for synthesis of NPs is the most recent trend. Gold nanoparticles 

(GNPs) possess the ability to absorb light and transform it into heat, based on localized 

surface plasmon resonance (LSPR, the resonant oscillation of conduction electrons in NPs 

which can be excited by incident light) (Chen et al., 2010a; Chen et al., 2012; Hu et al., 

2006; Huang et al., 2010). A newly developing field of theranostics (a term used for 

approaches combining therapy and diagnosis into one tool) takes advantage of this property. 

The transformation of light into heat leads to increase of localized temperature, to 

biomolecules´ denaturation and cell damage (Guo et al., 2010; Huang et al., 2010; Kirui et 

al., 2010; Samim et al., 2011).  Photothermal therapy can be applied in cancer treatment 

(Chen et al., 2010b; von Maltzahn et al., 2009; Wang et al., 2010) and in the heat-induced 

drug release (e.g. doxorubicin) from GNPs, also used in cancer treatment (Park et al., 2009). 

GNPs are usually detected by UV-VIS light (UV light – the detection of ligand; 

visual (VIS) light – the detection of NPs) or turbidimetric (the measurement of the loss of 

intensity of transmitted light based on the scattering effect of aggregated NPs) (Haiss et al., 

2007; Unciti-Broceta et al., 2015). Many GNPs-based systems are used as a diagnostic tool 
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(for example contrast agents for micro-CT) for the detection of e.g. lung, breast, colorectal, 

prostate, and head and neck cancer (Hakim et al., 2011; Peng et al., 2010; Peng et al., 2009). 

They can be also used as sensors for bacteria (Agrawal et al., 2013; Sharma et al., 2015), for 

immunodetection (e.g. pregnancy test) and for allergy testing (Bangs, 1990; Ewan and 

Coote, 1990).  

Due to the LSPR, solution of small spheroid GNPs (20 nm) has a deep red colour. 

After the GNPs diameter increases (as synthesised or by aggregation or interaction with 

another compound), there is a colour shift from red to blue/purple. This property is used for 

diagnostics based on optical sensing (Link and El-Sayed, 2003; Liu et al., 2011), which is 

used, for instance, for detection of Mycoplasma pneumoniae (Xianyu et al., 2014) and of 

wide range of analytes (e.g. nucleic acids and small molecules, such as cocaine) (Zhang et 

al., 2008).  

GNPs are able to modulate fluorescence. There is difference between photon 

absorption and emission, which depends also on the proximity of fluorophore to GNPs 

(Kang et al., 2011a). This property in combination with LSPR is used in biosensors where 

the detection of the analyte correlates with the emission output (Beni et al., 2012; Chinen et 

al., 2015; Degliangeli et al., 2014; Kim et al., 2016; Shi et al., 2015; Wang et al., 2015b).  

As all noble metals, the gold surface amplifies the collision between incoming source 

of light and an analyte. This effect is caused by a charge transfer between gold surface and 

the target molecule (Alonso-Gonzalez et al., 2012). This is used for detection of nucleic 

acids, antibodies, proteins, and small molecules (Bantz et al., 2011; Podstawka et al., 2005; 

Vo-Dinh et al., 2010).  

Due to high conductivity, high surface-to-volume ratio, and catalytic properties, 

GNPs are also used as electrochemical sensors for detection of DNA (Ng et al., 2015), small 

molecules, such as estradiol (Liu and Wong, 2009), and circulating cancer cells (Maltez-da 

Costa et al., 2012). 

The unique optical properties of GNPs make them easy to be detected by many 

microscopic methods (El-Sayed et al., 2005) and enable to track the drug delivery (Heo et 

al., 2012). They can be also used as contrast agents for photoacoustic imaging (Chen et al., 

2010c; Emelianov et al., 2009; Yang et al., 2009).  
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Another advantage of GNPs is that they can be synthesized in many shapes (spheres, 

rods, shells, etc.) (Daniel and Astruc, 2004; Stewart et al., 2008; Vigderman and Zubarev, 

2012; Xia et al., 2011) and their surface can be modified by ligands or drugs for specific 

applications. The interaction with the cell surface and the cellular uptake of NPs depends on 

the combination of many parameters, such as shape, size and charge of NPs, the ligand 

density, the level of receptor expression, and a cell type. When bound to ligands, single 

GNPs are taken up by cells predominantly via clathrin-mediated endocytosis pathway 

whereas ’clusters’ of GNPs are taken up (by cells) via different mechanisms, e.g. by 

macropinocytosis. GNPs are eventually diluted by cell proliferation or leave the cell by 

exocytosis (Chithrani et al., 2006; Gao et al., 2005; Jiang et al., 2008; Ma et al., 2011). It 

was shown that when administered to the blood, the nanorods have ten times longer lifespan 

compared to nanospheres (Geng et al., 2007). The addition of PEG to the surface of NPs 

avoids the phagocytic elimination and prolongs the blood half-life (Owens and Peppas, 

2006). The increase of the length of PEG on the GNPs leads to better NP stability in the 

blood (Gref et al., 2000; Perrault et al., 2009; Zhang et al., 2009).  

GNPs, especially gold nanorods, are usually synthesized with cetyl 

trimethylammonium bromide (CTAB), which controls the NP shape. Because of its toxicity, 

CTAB cannot be used for applications in biological systems (Alkilany et al., 2012; 

Takahashi et al., 2006; Vigderman et al., 2012). As it is noncovalently bound to NPs, it can 

be easily substituted, for instance, by thiolated compounds, where the toxicity is eliminated. 

One such compound is represented by (16-mercaptohexadecyl)trimethylammonium 

bromide (MTAB), a CTAB’s thiolated low-toxic analogue that is easily taken up by cells, 

compared to PEG, in large amounts (Wang et al., 2015a).  

As stated above, thanks to their special properties, GNPs have many applications. 

Besides already mentioned light-to-heat transformation, GNPs strongly absorb X-ray energy 

and elevate the absorbed dose. By this mechanism, GNPs delivered to tumours enhance the 

therapeutic effects of radiotherapy (Hainfeld et al., 2004; Kong et al., 2012; Liu et al., 2010; 

Ramos and Rege, 2012). 

The modifiable surface of GNPs enables the loading with various agents (proteins, 

peptides, oligonucleotides, drugs, etc.) (Daniel and Astruc, 2004; Love et al., 2005), usually 

via linkers (Ghosh et al., 2008; Kim et al., 2009; Rana et al., 2012). For example, conjugates 

covalently bound to GNPs, such as tamoxifen (Dreaden et al., 2009), paclitaxel (Gibson et 
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al., 2007; Zhang et al., 2011), Kahalilide F (Hosta et al., 2009), 5- fluorouracil (Agasti et al., 

2009), and doxorubicin (Wang et al., 2011), are used in anticancer drug delivery. Besides 

drugs, antibodies targeting cancer cells (Bernardi et al., 2008; Carpin et al., 2011; Fay and 

Scott, 2011), antibiotics (Huang et al., 2007), and nucleic acids (Lee et al., 2009; Shim et 

al., 2010) can be also bound to GNPs. The release of ligands from the GNPs is mediated via 

thermal dissolution, e.g. when detaching the covalently bound DNA (Chen et al., 2006; 

Huschka et al., 2011) or through decreased pH, as in case of RNAi to silence the c-myc 

protooncogene (Conde et al., 2012). 

3.1.11 Markers of senescent cells 

Despite large efforts, there is still no universal marker enabling unequivocal 

detection of senescent cells. Currently, a set of non-specific markers is used to detect 

senescent cells both in vitro and in vivo. 

In vitro, senescent cells can be easily distinguished by changed morphology. The cell 

body is flattened and enlarged several times compared to proliferating cells (Hayflick and 

Moorhead, 1961). Due to increase of lysosomal mass, senescent cells display the enhanced 

activity of acidic lysosomal β-galactosidase detected at suboptimal pH and termed 

senescence-associated β-galactosidase (SA-β-Gal) (Dimri et al., 1995; Lee et al., 2006). SA-

β-Gal assay is a widely-used method for detection of senescent cells both in vivo and in 

vitro. However, as almost all cells express some β-Gal activity, the false positivity cannot 

be excluded. This is for example in the case of human cancer cells chemically induced to 

differentiate, cells upon contact inhibition or starvation, and matured macrophages 

(Bursuker et al., 1982; Coates, 2002; Krishna et al., 1999; Severino et al., 2000; Untergasser 

et al., 2003; Yang and Hu, 2005; Yegorov et al., 1998). Moreover, some cell types (e.g. 

murine fibroblasts and epithelial cells) display only a weak SA-β-Gal staining (Dimri et al., 

1995; Itahana et al., 2013). The mentioned limitations can be compensated by the use of α-

L-fucosidase (α-Fuc), a lysosomal glycosidase involved in the metabolism of glycoproteins, 

oligosaccharides and glycolipids. Both the transcript and protein levels of α-Fuc are 

upregulated in senescent cells, even in those in which SA-β-Gal staining is not effective 

(Hildebrand et al., 2013). 

Another disadvantage of SA-β-Gal assay is that it can be used only on the fresh tissue 

specimens rather than on formalin-fixed and paraffin-embedded archival tissues (Debacq-
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Chainiaux et al., 2009). This limitation can be overcome by the detection of an 

autofluorescent pigment lipofuscin, whose intracellular accumulation is also a characteristic 

feature of senescent cells (Katz et al., 1984) and therefore can compensate for SA-β-Gal 

assay. Lipofuscin is an aggregate of oxidized proteins, lipids, and metals and can be detected 

using Sudan Black B (SBB) (Debacq-Chainiaux et al., 2009). In addition, a newly 

discovered promising method for detection of senescent cells in situ uses the biotinylated 

SBB (SenTraGorTM) which is possible to apply on any type of fixed tissues with enhanced 

sensitivity and background reduction. By this method, the senescence during the thymic 

involution (thymus age-related regression in size initiated prior to early puberty, (Shanley et 

al., 2009)) was identified on formalin-fixed and paraffin-embedded thymic tissues (Barbouti 

et al., 2018; Evangelou and Gorgoulis, 2017; Evangelou et al., 2017). 

The expression of CDKi p16 and p21 (Alcorta et al., 1996; Brenner et al., 1998; Hara 

et al., 1996; Serrano et al., 1997; Stein et al., 1999) represent other features of senescent 

cells that can be used in combination with other markers. Although the expression of p16 is 

considered a marker of senescent cells both in vitro and in vivo (Diekman et al., 2018; 

Lessard et al., 2018), certain cells, such as some human fibroblasts and endothelial cells, 

undergo senescence without the expression of p16 (Freedman and Folkman, 2005; Herbig 

et al., 2004). On the other hand, besides cellular senescence, an increased expression of p16 

is displayed also in non-senescent cells, such as T cells (Akbar and Henson, 2011) and 

activated macrophages (Hall et al., 2016). Moreover, the expression of p21 is necessary also 

for growth arrest in quiescence (Steinman et al., 2004) making this CDKi not a specific 

marker of cellular senescence.  

Besides the changed overall cell morphology, the nuclei of senescent cells undergo 

changes as well. They are enlarged, irregular and the cells are frequently multinuclear. There 

are also changes in chromosome condensation and distribution as the larger chromosomes 

migrate toward the nuclear envelope (Mehta et al., 2007; Zhang et al., 2007). The nuclei 

reorganization during cellular senescence is correlated with the decline or loss of lamin B1 

which is one of the proteins localized on the inner surface of the nuclear envelope and which 

contributes to the nuclear shape, size, and stability (Dechat et al., 2008; Freund et al., 2012; 

Meyer et al., 2010). The loss of lamin B1 has also limitations as a promising hallmark of 

senescent cells as lamin B1 expression is increased in the oxidative stress-induced 

senescence (Barascu et al., 2012). 
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Also nuclear senescence-associated heterochromatin foci (SAHF), dense DNA 

domains with histone modifications, are not specific for all senescent cells and are 

senescence stimuli-dependent (Kosar et al., 2011). Senescent cells with genomic DNA 

damage contain persistent nuclear foci (distinguishable from the transient ones) so-called 

DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS) (Rodier 

et al., 2011), containing proteins of activated DDR, such as substrates of ATM and ATR, 

including the serine139-phosphorylated histone variant γH2AX. This hallmark of 

senescence can be used as a marker both in vivo and in vitro, although again in combination 

with other markers (d'Adda di Fagagna et al., 2003; Herbig et al., 2004; Rodier et al., 2009). 

Note, DNA damage foci can be detected in cells prior to entering apoptosis as well, therefore 

this hallmark cannot be considered specific for senescent cells either (Zhu et al., 2014). 

In conclusion, there are several markers of senescent cells; however, none of them 

is universal for all types of senescent cells regardless of stimuli used for senescence 

induction.  Moreover, despite efforts of several laboratories and companies, there is still lack 

of markers expressed on the surface of senescent cells suitable to target them. Therefore, it 

is necessary to use more than one marker for detection of senescence, both in vitro and in 

vivo. For example, as suggested by Nassour et al., XRCC1 foci (SSB foci) should be used 

in combination with p16 for detection of epithelial cell senescence (Nassour et al., 2016). In 

addition, recently described nuclear accumulation of ribosomal protein RPL29 (probably as 

a consequence of defects in ribosome biogenesis (Wild et al., 2010)) is considered to be 

another biomarker of senescent cells in vivo, as its nuclear accumulation with the 

combination of another known marker, p16, was detected in naevi and in benign prostatic 

hyperplasia lesions (Lessard et al., 2018). 
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3.2 The structure and function of L1CAM protein 

In our work, we described L1CAM protein as a potential novel marker of cellular 

senescence. Hence, the next chapter is dedicated to its structure and function. 

Human and mouse gene for L1CAM protein (L1CAM, CAML1, MIC5) is located in 

Xq28 position of the long arm of X chromosome (Djabali et al., 1990). Mutations in this 

gene cause X-linked neurological syndromes, collectively known as CRASH (corpus 

callosum hypoplasia, retardation, aphasia, spastic paraplegia and hydrocephalus) (Fransen 

et al., 1995). Due to alternative splicing, L1CAM exists in three isoforms that differ in their 

amino acid sequences and tissue expression. Isoform 1 (fl-L1) with the canonical sequence 

is found on the surface of neural cells (where L1CAM was first described (Rathjen and 

Schachner, 1984)), while isoforms 2 (sh-L1) and 3 are mostly expressed in other cell types, 

predominantly in kidneys and with lower expression also in intestine and skin (Reid and 

Hemperly, 1992). 

L1CAM (L1 cell adhesive molecule, L1; alternatively, neural cell adhesion molecule 

L1 (N-CAM-L1, NCAM-L1), or CD171) is a type I transmembrane glycoprotein that 

belongs to the immunoglobulin superfamily. The 200 kDa soluble ectodomain comprises of 

six immunoglobulin-like (Ig) domains and five fibronectin (FN)-type III repeats. Ig6 

contains the RGD-motif - the aminoacid sequence (arginine-glycine-aspartate) that binds 

integrins α5β1, αvβ1, αvβ3, αvβ5, and αIIbβ3. These interactions are important for cell 

migration and adhesion (Moos et al., 1988; Rathjen and Schachner, 1984). The 

plasmin/trypsin digestion site is located in the FN3 repeat (Nayeem et al., 1999; Sadoul et 

al., 1988). The extracellular domain can be cleaved and therefore released by 

metalloproteinases ADAM10 and ADAM17, leaving the highly conserved cytoplasmic tail 

anchored to the transmembrane part (32 kDa together with the cytoplasmic domain) (Figure 

3) (Beer et al., 1999; Maretzky et al., 2005). Depending on the binding partners, the 

extracellular domain triggers various signalling pathways leading either to cell motility and 

invasiveness, or to cell adhesion. Homophilic clustering of L1CAM with another L1CAM 

molecule triggers phosphorylation of Erk1/2 kinases that leads to translocation of Erk to the 

nucleus. As a result, the gene transcription is affected and cell mobility increased (Silletti et 

al., 2004). The cytoskeletal protein ankyrin is an L1CAM binding partner contributing to 

cell adhesion (Gil et al., 2003). 
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Similarly to cadherins, not only extracellular, but also intracellular part of the 

L1CAM protein has a signalling function. The transmembrane stub can be proteolytically 

cleaved by presenilin (γ-secretase) (Maretzky et al., 2005). After the cleavage, the soluble 

intracellular cytoplasmic domain translocates from the cytoplasm into the nucleus where it 

affects the expression of genes contributing to pro-tumourigenesis and anti-apoptosis, such 

as HOX-A9, AP2α, CRABPII, IER3, cathepsin, and integrin β3 (Gast et al., 2008). L1CAM 

cytoplasmic domain also binds to a cytoskeleton-crosslinking protein ezrin. This binding is 

required for NF-κB activation leading to increased cell invasiveness and motility (Gavert et 

al., 2010).  

As suggested above, L1CAM protein plays a crucial role during brain development, 

where it is involved in neurite outgrowth (Rathjen and Schachner, 1984) and fasciculation 

(Fischer et al., 1986), adhesion and migration of neurones and astrocytes (Keilhauer et al., 

1985; Lindner et al., 1983). L1CAM also mediates the elongation of Schwann cells along 

the axon and promotes neural cells survival (Wood et al., 1990). Besides promoting cell 

migration (Geismann et al., 2009), L1CAM confers anti-apoptotic protection, 

chemoresistance (Sebens Muerkoster et al., 2007) and radioresistance of cancer cells (Cheng 

et al., 2011), stimulates cell survival (Nishimune et al., 2005) and acts as a pro-angiogenic 

factor (Friedli et al., 2009). Furthermore, L1CAM promotes epithelial to mesenchymal 

transition (EMT) and cancer cells metastasis in many human cancers, e.g. ovarian (Bondong 

et al., 2012), gastric (Chen et al., 2013), lung (Tischler et al., 2011) and pancreatic cancer 

(Geismann et al., 2009), adenocarcinoma (Tsutsumi et al., 2011), melanoma (Fogel et al., 

2003) and others (reviewed in (Altevogt et al., 2016)). Moreover, its presence is associated 

with poor prognosis. The process of L1CAM signalling that leads to EMT is following: in 

cancer cells, a zinc finger transcriptional repressor Slug induces upregulation of L1CAM on 

the cell surface whereas TGFβ1 produced by surrounding fibroblasts acts as an inducer. As 

a next step, L1CAM induces NF-κB activity by IL-1β secretion (Kiefel et al., 2010) and by 

activation of the integrin-FAK-Src-PI3K/Akt signalling. Subsequently, the soluble 

ectodomain (cleaved by ADAM10) released from tumour cells significantly contributes to 

EMT by disrupting E-cadherin adherent junctions and therefore to increased cell motility. 
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Figure 3. Schematic depiction of L1CAM protein structure and its related signalling 

pathways. Adapted and modified from (Kiefel et al., 2012) 

 

In conclusion, the aberrantly elevated expression of L1CAM contributes to 

malignancy. On the other hand, the surface expression enables targeting of cancer cells for 

drug delivery or for the cancer cells elimination. 
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4 LIST OF USED METHODS 

 Cell culture 

 Senescence induction (replicative, chemically-, -radiation- and oncogene-induced) 

 Purification of cell surface proteins 

 Preparation of samples for mass spectrometry 

 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

 Immunoblotting 

 Indirect immunofluorescence 

 Live cell fluorescence microscopy 

 Fluorescence-activated cell sorting (FACS) 

 Cell cycle analysis 

 RNA interference (siRNA transfection, shRNA lentiviral transduction) 

 Senescence-associated-β-galactosidase assay 

 Quantitative real time-PCR (qRT-PCR) 

 Detection of cytokine secretion by FACS beads 

 Migration assays (Boyden chamber, wound healing, 3D migration) 

 Adhesion assay 

 Measurement of RhoA activity 

 Analysis of cell (nuclei) polarization 

 In vivo experiments (mice handling)  

 Immunohistochemistry  
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6 CONTRIBUTION OF BLANKA MRAZKOVA TO PRESENTED 

PUBLICATIONS 

Research paper #1: 

Blanka Mrazkova as the first author elaborated a vast majority of experimental 

results and participated on the manuscript preparation and submission. 

 

Research paper #2: 

Blanka Mrazkova as a co-author performed immunoblotting, immunofluorescence 

staining and image acquisition by fluorescence microscopy. 

 

Research paper #3: 

Blanka Mrazkova as a co-author contributed to the paper by preparing replicatively 

senescent cells and performing experiments with this cell model. 

 

Research paper #4: 

Blanka Mrazkova as a co-author contributed to the paper by preparing of 

replicatively senescent cells and performing migration assays; she also contributed to mouse 

model experiments (mice handling, injections of GNRs, autopsies, preparation of samples 

for histology and atomic absorption spectrometry). 
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7 LINKING OF PUBLICATIONS 

In recent years, a great effort has been put into development of senolytic drugs for 

elimination of senescent cells in order to abrogate their detrimental effects. A key 

prerequisite for such effort is the understanding of the senescence phenotype and all its 

characteristics. This will enable us to find proper candidates for senolytic therapy.  

We investigated some of senescent cells characteristics and found that senescent 

cells induce senescence in surrounding cells through the bystander effect which is cell type- 

and senescence stimulus-dependent. In addition, we identified SASP components IL6 and 

GROα (CXCL1) as factors responsible for detrimental paracrine effects of senescent cells 

upon various senescence stimuli (Publication #2). 

In an attempt to contribute to the development of senolytic approaches, we aimed to 

identify a surface marker of senescent cells suitable for their targeting. By comparing the 

surface proteome of senescent and proliferating cells using the mass spectrometry, we 

identified L1CAM as a protein overexpressed on the surface of senescent fibroblasts. We 

showed further that its elevation on the cell surface is dependent on the cell type and 

senescence-inducing stimuli. We also described its functional impact (increased cell 

migration and adhesive properties) and uncovered its role in Erk/MAPK and TGFβ/SMAD 

signalling pathways in the context of cellular senescence. We suggest this protein is a 

suitable marker for many types of senescence (Publication #1). 

Furthermore, in line with the efforts of our laboratory to develop nanoparticle-based 

senolytic therapies based on photothermal effect, we found that senescent cells are able to 

specifically absorb MTAB-coated gold nanoparticles that are subsequently sequestered in 

lysosomes (Publication #3). We investigated acute toxicity at both cellular and organismal 

level of MTAB-coated gold nanoparticles with a result that these particles are non-toxic and 

suitable for application in biological systems (Publication #4).   
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8 DISCUSSION  

8.1 Identification of novel markers of cellular senescence 

Detection of senescent cells remains challenging, as there is no single and general 

marker. Therefore, a combination of several non-specific markers is routinely used to 

visualize and distinguish senescent cells both in vitro and in vivo. The absence of specific 

and unique marker limits not only the cells detection, but also their specific targeting during 

the senolytic therapy.  

In effort to find a specific marker of senescent cells, researchers have been using 

various strategies. One of the approaches is based on mRNA alternative splicing and on its 

variations between proliferating and senescent cells (Wang et al., 2018). It was shown that 

alternative splicing affects ageing-related phenotypes, most probably by three types of 

mechanisms: decrease or abnormal increase in the isoform function (loss- or gain-of-

function), and imbalance in the isoform ratio; in addition, mutations and changed expression 

of upstream regulators (e.g. splicing factors) contribute to senescence. 

Other approach to identify a marker of senescence uses immunization of e.g. mice 

with senescent murine cells and a subsequent screen for antibodies recognizing senescence-

associated antigens. By this method combined with mass spectrometry analysis, an oxidized 

form of vimentin was identified on the surface of primary fibroblasts (Frescas et al., 2017). 

The most commonly used method for identification of a cell surface marker, which  

we used in our study as well, is based on comparing the surface proteome of senescent cells 

and their proliferating counterparts by mass spectrometry (Althubiti et al., 2014; Kim et al., 

2017c; McRobb et al., 2017; Mrazkova et al., 2018). By this method, several novel markers 

have been identified previously; however, none of them is specific for all types of 

senescence and for all senescence-inducing stimuli. For example, a recently described 

promising surface marker of senescence, dipeptyl peptidase 4 (DPP4), can be used for direct 

targeting of senescent cells, as it was tested on replicatively senescent and irradiated human 

diploid fibroblasts, OIS mouse embryonic fibroblasts (MEFs), and irradiated human 

umbilical and aortic endothelial cells (HUVECs, HAECs). By targeting with an antibody 

against DPP4 and by using the antibody-dependent cell-mediated cytotoxicity approach, the 

elimination of senescent cells by NK cells was achieved. Although this method was 
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sufficient to kill the mentioned types of senescent cells without affecting the proliferating 

ones (Kim et al., 2017c), other cell types exposed to other types of senescence inducers were 

not tested for DPP4 expression. Therefore, without the verification, this promising marker 

of senescence cannot be considered universal.  

Another potential surface marker of senescence, which was identified by surface 

proteome mass spectrometry analysis, is the secretory carrier membrane protein 4 

(SCAMP4). Its inhibition was shown to cause the decrease in the SASP factors, such as IL6, 

IL8, IL7, GDF15 and CXCL1 in normal human replicatively senescent fibroblasts, therefore 

it is considered important for promoting and enhancing the SASP (Kim et al., 2018). The 

overexpression of this protein was detected also in irradiated fibroblasts, HAECs and 

HUVECs, in doxorubicin-treated and OIS fibroblasts. Despite these promising results, more 

experiments need to be performed using more cell types. 

 The set of proteins DEP1, B2MG, NTAL, EBP50, STX4, VAMP3, ARMCX3, 

LANCL1, VPS26A and PLD3 was found overexpressed on the surface of bladder cancer 

cell line EJ with a tetracycline-regulated p16 (EJp16) or/and p21 (EJp21) expression. In 

combination with other markers, the above mentioned proteins can be used for detection of 

senescent cells both in vivo and in vitro. Moreover, due to their specificity to either p16 or 

p21, they can be considered as markers of one of the pathways, either p53-p21, or p16-RB 

(Althubiti et al., 2014). Nevertheless, the further testing of these proteins surface expression 

on other cell lines is needed.  

Despite all the above mentioned promising results, a specific marker of senescence 

is still missing. This gap in knowledge motivated our research work. Using the mass 

spectrometry approach, we identified a set of proteins either upregulated (78 proteins) or 

downregulated (73 proteins) on the surface of replicatively senescent normal human BJ 

fibroblasts (as a control, proliferating BJ fibroblasts were used). Besides previously reported 

proteins that are overexpressed in senescence (e.g. metalloproteinase inhibitor 3 (TIMP3) 

(Kim et al., 2013), γ-glutamyltranspeptidase 2 (GGT2) (Martin et al., 2007), ADAMTS1 

(Yoon et al., 2004)), we identified several novel senescence-associated proteins, such as 

junctional adhesion molecule B (JAM2), thymocyte antigen 1 (THY1), FAT atypical 

cadherin 1 (FAT1), and L1 cell adhesive molecule (L1CAM). Based on our results we 

propose to include L1CAM among the senescence markers (Mrazkova et al., 2018). The 

observed increased L1CAM surface expression is supported also by the fact that L1CAM is 
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a proteolytic target of metalloproteinase ADAM10 and mass spectrometry revealed surface 

ADAM10 downregulation in irradiated brain microvascular endothelial cells (McRobb et 

al., 2017). 

Surprisingly, when we compared our results with data from previous studies, 

(Althubiti et al., 2014; Kim et al., 2017c; McRobb et al., 2017), barely any overlap was 

found. We assume two main reasons: each study differs in the used cell type, and, 

importantly, in the induction of senescence. We believe that a combination of these two 

parameters is critical and has to be taken into consideration in the interpretation of the 

results. 
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8.2 L1CAM as a senescence cell surface marker and its role in cellular 

senescence 

For further validation and characterization, we selected the L1CAM protein. The so-

far knowledge concerning the L1CAM functions and signalling is in connection to cancer 

or neural cells. Its presence on senescent cells has not been described before and hence, 

L1CAM attracted our attention as a potential candidate for a novel senescence hallmark. 

Moreover, its surface overexpression is a common feature of cancer and senescence 

supporting the theory that senescent cells can overcome proliferation barrier and become 

malignant - they display the property of cancer cells already upon senescence.  

We put the previously described facts about L1CAM into the context of cellular 

senescence. Specifically, we revealed its function in senescence. We suggested the link 

between L1CAM and senescence-associated metabolic changes as we found its reciprocal 

correlation with mitochondrial SCL25A5/ANT2 protein (previously described to be 

downregulated in cellular senescence (Kretova et al., 2014)). We showed that both proteins 

are regulated through Erk/MAPK and TGFβ/SMAD signalling pathways. However, the 

involvement of L1CAM in changed metabolism upon senescence is not clear. It might be 

either direct involvement or a consequence of changed metabolism. We speculate the latter 

is correct as it was previously shown that SCL25A5/ANT2 protein regulates oxidative 

phosphorylation in normal cells, is responsible for switch to glycolysis in cancer cells 

(Chevrollier et al., 2011) and its downregulation (upon senescence) leads to elevation of 

L1CAM. 

We also showed that expression of L1CAM is a downstream event linked to 

inhibition of CDKs by p16 and p21 in prematurely senescent cells. Next, we showed that 

L1CAM contribution to increased migration during cancer progression and metastasis can 

be applied to senescent cells as well. We hypothesize that after a stimuli inducing a 

senescence bypass, senescent cells become malignant and thanks to their surface expression 

of L1CAM they are able to migrate and invade, and therefore contribute to cancer 

progression. However, not all senescent cells display elevated L1CAM surface level. Thus, 

we assume that those cells with increased L1CAM expression are more prone to tumour 

formation and progression after overcoming the proliferation barrier compared to cells with 

low L1CAM surface expression. Therefore, elimination of senescent cells overexpressing 
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L1CAM could prevent aggressive tumour formation and reduce the detrimental effects of 

senescent cells at the same time. However, this hypothesis requires further investigation. 

Our results indicate also increased adhesion of cells with the increased surface L1CAM level 

to the proteins of extracellular matrix, especially to fibronectin. Extracellular part of L1CAM 

contains five fibronectin-type III domains (Moos et al., 1988) explaining stronger adhesion 

to this particular extracellular matrix protein. This is in agreement with the previously 

described L1CAM as a cell adhesive molecule (Rathjen and Schachner, 1984). Thus, the 

known properties of L1CAM (migration and adhesion) are applied also to senescent cells. 

Of note, both cell migration and adhesion depend on the binding partners that trigger 

particular signalling leading to the change in cell behaviour. 

Importantly, as we expected, the elevated surface expression of L1CAM was cell 

type- and senescence induction stimuli-dependent; the same factors determine the 

application of all markers of senescence.  

Taken together, we introduced L1CAM as a potential marker of cellular senescence 

and age-related diseases with the potential to be used for targeted senolytic therapy (thanks 

to its surface expression). The elimination of cells expressing L1CAM can also serve as 

prevention of cancer development. It is important to keep in mind that L1CAM as a marker 

of senescence and its application for the targeted therapy is restricted to the organs and 

tissues where L1CAM is not expressed under normal physiological conditions. Thus, 

senolytics targeting L1CAM can be used in all tissues except of kidneys, colon, and nervous 

system. 

In addition, besides L1CAM, our mass spectrometry analysis revealed also other 

potential markers of senescence that have not been described so far. Their validation and 

characterization must be performed on various cell types upon various senescence induction 

stimuli to determine their usage/application. 
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8.3. Spreading of senescence via SASP 

Though SASP is characteristic for all senescent cells, it is strongly time-, cell type-, 

and senescence stimulus-dependent. Therefore, it cannot be unambiguously defined (Coppe 

et al., 2010). By so called “bystander effect”, SASP differently influences the surrounding 

cell tissue microenvironment, as it can have not only pro-inflammatory but also pro-

tumourigenic effects by inducing proliferation, motility and invasiveness or cell 

differentiation, and it also affects leukocyte infiltration and tumour immunology (Sica et al., 

2006).  

For studying the bystander effect and SASP, we chose mouse cell lines B16 and TC-

1 and induced senescence by the treatment with the drug docetaxel (DTX). Indeed, the tested 

cell lines developed senescence and also produced cytokines IL6 and GROα (CXCL1) 

normally present in SASP (Calcinotto and Alimonti, 2017; Kojima et al., 2013; Ortiz-

Montero et al., 2017). On the contrary to DTX treatment, treatment with cytokines IFNγ and 

TNFα had only a minor effect on B16 cells. The cells halted in cell cycle transiently, but 

resumed proliferation shortly. Interestingly, these cytokines had no effect on TC-1 cells 

(Sapega et al., 2018). This is in contrast with reported effects of IFNγ and TNFα on other 

cell lines in which cell cycle arrest or apoptosis were induced (Braumuller et al., 2013). 

Moreover, IFNγ and TNFα were not able to induce stable bystander senescence which might 

suggest that either higher concentrations of IL6 and GROα or different SASP components 

are required for affecting the neighbouring cells permanently. 

In summary, the spreading of senescence by SASP is detrimental for surrounding 

tissues and organs. To avoid this harmful spreading, it is necessary to eliminate senescent 

cells, or to inhibit their SASP components. 
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8.4 Antitumour treatment targeting L1CAM 

Besides being a suggested novel marker of cellular senescence, the L1CAM protein 

is also a hallmark of tumour progression and poor prognosis in patients with a variety of 

tumours. Therefore, there are several studies suggesting the therapies targeting L1CAM. The 

mostly used therapeutic tools are antibodies blocking L1CAM alone (Arlt et al., 2006; 

Wolterink et al., 2010) or in combination with cytostatic drugs (Schafer et al., 2012). In these 

mouse model studies, antibodies were used. The differences between human and mouse 

L1CAM homologues have to be taken into account to allow the application of the results in 

humans. Therefore, Doberstein et al. (Doberstein et al., 2015) established the transgenic 

mice model with human L1CAM antigen and demonstrated that targeting of L1CAM with 

the antibody was successful in inhibition of tumour growth. Nevertheless, after the long-

lasting therapy, they observed increased expression of EGF, which negatively affected the 

tumour microenvironment by induction of EMT. They have not concluded whether EGF 

was secreted from tumour or immune cells. It is possible that while blocking the L1CAM 

using the antibody targeting its extracellular epitope, the cytoplasmic domain was still 

sufficient to trigger the signalling. Either way, the authors introduced a useful model for 

further studying and optimizing the L1CAM targeting antibody therapy.  

Another example of L1CAM targeting in anticancer therapy is suppression of 

prostate cancer bone metastasis using L1CAM-targeted liposome-encapsulated siRNA 

(Sung et al., 2014). The advantage of the gene silencing is the inhibition of all forms of genes 

(both mutant and normal alleles) and therefore all isoforms, as well as extracellular and 

intracellular domains (Bumcrot et al., 2006), thus blocking all possible L1CAM-engaged 

signalling. 
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8.5. Development of senescence-specific photothermal therapy 

Although cancer cells are efficiently eliminated by chemotherapeutics, a fraction 

often converts to senescence. Longer persistence of these senescent cancer cells in an 

organism has detrimental effects. By targeting L1CAM it is possible to eliminated both 

cancer and senescent cells at the same time, which is beneficial for cancer patients health. 

In our study, we decided to use gold nanorods (GNRs) as a potential tool for 

photothermal therapy based on L1CAM protein targeting. We made initial steps towards 

reaching this goal, as we described the GNRs uptake and their final destination in senescent 

cells, and proved that GNRs we used do not have any detrimental effect neither on cells nor 

on the surrounding tissues.  

Nanoparticles (NPs) can be prepared in different shapes and sizes and from various 

materials. In our case, gold was chosen as a material for its unique properties described in 

chapter 3.1.8.1. Compared to other shapes of NPs, the selected shape of nanorods possesses 

the best thermal properties – it enables the highest absorption of light, which is subsequently 

transformed to heat affecting surrounding cells or tissues (Hainfeld et al., 2004; Kong et al., 

2012; Liu et al., 2010; Ramos and Rege, 2012). We coated GNRs with MTAB rendering 

them nontoxic and easily internalizing into cells (Wang et al., 2015a). In details, we showed 

that GNRs are absorbed by cells either by clathrin-mediated endocytosis (individual NPs or 

small aggregates) or by macropinocytosis (larger aggregates) and vast majority of them ends 

up in lysosomes. While the proliferating cells distributed GNRs into daughter cells during 

cell divisions, senescent cells accumulated GNRs in lysosomes for more than one month. 

Moreover, we showed that senescent cells were gradually loosing GNRs accumulated in 

lysosomes most probably by exocytosis and the exocytosed GNRs were reabsorbed either 

back to the original cell or to the new neighbouring cells. Importantly, it was previously 

shown that the increasing cationic charge of NPs resulted in the increased toxicity. The main 

reason for this is their strong adhesion to the negatively charged cellular membrane and the 

invoked membrane disruption (Leroueil et al., 2008; Lin et al., 2010). Subsequently, NPs 

internalize into DNA causing DNA damage (McIntosh et al., 2001) while inducing oxidative 

stress leading to loss of homeostasis and cell death (He and Klionsky, 2009; Li et al., 2010). 

In case of polystyrene NPs with primary amine groups, damage of lysosomes is caused by 

lysosomal membrane permeabilization (Xia et al., 2008). Moreover, several reports show 

that the preparation of GNPs is accompanied with genotoxic effects (Cardoso et al., 2014; 
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Chompoosor et al., 2010; Fraga et al., 2013; Paino et al., 2012) and these NPs can lead to 

enhanced autophagy as a consequence of a stress response (Li et al., 2010; Ma et al., 2011). 

Using the in vitro cell cultures and in vivo mouse model, we showed that GNRs are not toxic 

for cells, do not cause changes in actin cytoskeleton, and do not affect cells properties (such 

as migration) in any aspect. Moreover, there were no signs of changes in lysosomes, 

lysosomal damage or stress, even in senescent cells after long-term (more than one month) 

intracellular presence of GNRs. We have also shown that GNRs, when administered to mice 

through the blood system, are distributed to spleen, lungs and liver, with no pathological 

changes nor toxic effects of GNRs.  

Having the increased lysosomal mass, senescent cells easily absorb NPs. The fact 

that NPs end up in lysosomes makes them an efficient tool for targeting senescent cells and 

for drug delivery. Moreover, the ability of senescent cells to distribute GNRs by exocytosis 

to neighbouring cells enhances the distribution of potential senolytic drug bound to GNRs 

to the surrounding senescent cells/tissues. Thanks to their non-toxicity and good tolerance 

in living systems, GNRs are suitable tools for in vivo studies.  
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8.6 Current status and perspectives of senolytic therapy 

The evidence that the elimination of senescent cells improves the quality of life and 

prolongs lifespan (Baker et al., 2016; Baker et al., 2011) initiated the revolution in research 

of senolytic therapeutics. Expectedly, with the growing field of senolytics-based therapy, 

many problems are arising. First, the principal challenge is to target the senescent cells due 

to the absence of a specific marker of senescence. Secondly, senescent features are cell type-

specific; therefore the particular senolytic drug cannot be used generally in all cases 

(requirement of organ-specific senolytics). Moreover, SASP inhibitors are not able to block 

all SASP components since SASP is also cell type- and senescence inducer-dependent 

(Coppe et al., 2010). Thus, senotherapy should be personalized and every aspect of the 

targeting of senescent cells should be taken into account as it influences the therapy 

outcome.  

It can be assumed that senotherapy, as any other therapy, will have side-effects. 

Indeed, the off-target effects of rapamycin treatment  as induction of insulin resistance, and 

cataract formation (Lamming et al., 2012) have been documented. On the contrary, the side 

effects of other senolytics are still an undiscovered area. Moreover, it is unclear what are the 

consequences of senescent cells clearance. Demaria and his colleagues showed that 

elimination of senescent cells delays wound healing, a process to which senescence 

contributes considerably (Demaria et al., 2014). There are also doubts about using 

senotherapy after TIS as senescent cells are able to activate the immune system (through 

SASP) that subsequently eliminates tumour cells. At the same time, senescent cells promote 

tissue repair. This underlines the above mentioned need for personalized senotherapy – it is 

essential to decide which cells will be eliminated and which not, and also when (which phase 

of the disease, part of the therapy, etc.) the elimination should proceed.  

Finally, from the evolutionary point of view, senescence is a conserved phenomenon, 

as suggested by the presence of senescent cells during embryonic development (Munoz-

Espin et al., 2013; Storer et al., 2013) and during the normal human ageing. This raises 

ethical questions about the efforts to eliminate senescence as an undesirable phenomenon – 

whether we should approach it the same way as we do with diseases that we commonly cure, 

or we should not intervene with the physiological processes of development and ageing. 

With the fast progression of senotherapies, this is expected to be a discussion topic in the 

following years. 
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9 CONCLUSIONS  

To contribute to the field of senescence and senotherapy, we: 

 identified the L1CAM protein as a novel marker of cellular senescence and described 

its role in senescence, in particular its positive effect on cells migration and adhesion 

and its use as a potential target molecule on the surface of senescent cells  

 showed that besides other senescent cells features (markers, SASP), also the 

bystander effect is cell type- and senescence stimulus-dependent 

 showed that IL6 and GROα, cytokines present in SASP, are responsible for 

detrimental paracrine effects of senescent cells and can be used for targeting in 

senolytic therapy 

 described MTAB-coated gold nanorods as an effective tool for targeting senescent 

cells and/or for (senolytic) drug delivery  

 showed that gold nanorods are nontoxic both in vivo and in vitro and are suitable for 

applications in biological systems. 
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10 SIGNIFICANCE OF RESULTS AND FUTURE PROSPECTS 

We have described the L1CAM protein as a novel surface marker of cellular 

senescence. This protein which expression is increased on the surface of senescent cells can 

serve as a potential target molecule for senolytic therapy. The promising approach how to 

target surface L1CAM is the use of gold nanoparticles/nanorods (GNRs) with linked 

antibodies or aptamers (bound directly or via a linker) specific for L1CAM. Aptamers appear 

as a better choice (for such application), as they bind with higher specificity and affinity to 

target molecules in comparison to antibodies (Thiviyanathan and Gorenstein, 2012). One of 

the strategies how to subsequently eliminate the cells is to attach a drug to GNRs. Moreover, 

as suggested in our work, the use of thermotherapy in combination with gold nanorods can 

represent an effective way of killing the GNRs-loaded senescent cells both in vitro and in 

vitro (Zarska et al., 2016; Zarska et al., 2018). Nevertheless, the elimination of cells deeper 

inside the tissues (and in the living organism) still remains a challenge. 

For drug delivery, aptamers seem to be more preferable as they are much smaller 

than antibodies. Therefore, senescent cells can take up the drug together with the whole 

aptamer-drug (alternatively with GNRs) complex, which would be subsequently 

accumulated in lysosomes. This enables the use of the drug that is released upon changed 

pH. Moreover, cells can distribute the GNRs with the attached senolytic drug to surrounding 

senescent cells by exocytosis, which facilitates their thermotherapy-induced death. 

Moreover, GNRs targeting L1CAM can be used not only for therapeutic, but also 

for diagnostics purposes, i.e. for detection of senescent cells. Thanks to their optical 

properties, GNRs can be visualized inside the senescent cells by computerized tomography 

(CT) or e.g. in the tissue biopsies by microscopic techniques. 

It is essential to take into consideration the origin of targeted cells/tissues. The 

L1CAM-targeted senolytic therapy is applicable only to organs and tissues where L1CAM 

is not expressed under normal/physiological conditions, it means to all organs except 

kidneys, colon, and nervous system. When targeting the tissues which normally express 

L1CAM (even when the expression is elevated upon senescence), it is necessary to use 

combination of markers. Importantly, the combination of more markers should be used to in 

any case to confirm the senescence in the cells of interest.  
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Finally, IL6 and GROα identified as factors responsible for paracrine effects of 

senescent cells can also serve as targets for senolytic therapy. As a prerequisite, further 

testing is needed to confirm whether their inhibition suppresses the detrimental effect of 

senescent SASP. 
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