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Summary (English) 
 

Chemotherapy causes DNA damage in lymphoma cells, causing apoptosis in most, 

but not all cells. Surviving cells can undergo therapy-induced senescence (TIS), an 

emergency mechanism that arrests the cell cycle. Cells in TIS exhibit a senescence-

associated secretory phenotype (SASP), which is part of an observed massive 

increase in protein production and responsible for proteotoxic stress, as previously 

shown. Senescent cells are generally considered terminally arrested, but SASP can 

stimulate dangerous inflammation. Another complication is that prolonged sustainment 

can allow some senescent cells to reenter the cell cycle in an extremely aggressive 

form. 

Previous work has studied the effects of targeting senescence with a secondary 

treatment following chemotherapy. Extended long-term survival in pre-clinical studies 

was achieved through strategies aimed at blocking the maintenance of a hyper 

metabolic state needed to fuel the high energy needs of the TIS cells. 

The present work takes a similar approach by targeting protein degradation, especially 

proteasome activity, reasoning that senescent cells likely rely on it as another way of 

reducing their excessive protein burden and delaying proteotoxicity. We used a setting 

involving Bcl2-overexpressing lymphoma cells from an Eµ-myc mouse transgenic 

model, which become senescent after treatment with Adriamycin, and compared the 

effects of the same treatment on lymphomas that do not become senescent due to a 

genetic impairment. The proteasome was found to have a reduced activity in TIS 

correlating to signs of proteotoxic stress, such as accumulation of protein aggregates 

and oxidized proteins. The findings of this work reveal that targeting the proteasome is 

at least as detrimental to senescent cells as targeting autophagy in vitro. Sensitivity of 

TIS cells to proteasome inhibition was dependent on NF-κB governed SASP 

production. Very significantly, combining proteasome inhibition by bortezomib with the 

autophagy inhibitor bafilomycin A1 had an additive effect on TIS cell susceptibility to 

rapid death. These findings were confirmed in an in vivo setting, where treatment with 

either inhibitor as a single agent, or both combined, improved the survival times of mice 

carrying lymphomas treated into TIS by Cyclophosphamide. Furthermore, the 

senescent-specific clearance of cells by bortezomib following TIS induction was 

confirmed using human lymphoma cell lines EHEB and RC-K8 which showed the same 
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reduced viability compared to non-senescent cells, confirming the proof-of-principle 

shown by the murine lymphoma data. This suggests that senescent cells are highly 

dependent on protein disposal and are hypersensitive to even relatively small changes 

in proteasome activity. Instead of suppressing SASP in hopes of avoiding the 

inflammation that follows chemotherapy, this vulnerability might be exploited in a novel 

synthetic lethality strategy to eliminate malignant cells.   
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Summary (German) 

Chemotherapien verursachen schwere DNA-Schäden in den Zellen von 

Lymphdrüsentumoren, was zur Apoptose der meisten, aber nicht aller malignen Zellen 

führt. Die überlebenden Zellen können in eine Therapie-induzierte Seneszenz (TIS) 

eintreten, einen Mechanismus, der zum Zellzyklusarrest führt. Wie mittlerweile 

erwiesen ist, weisen Zellen in TIS typischerweise einen Seneszenz-assoziierten 

sekretorischen Phänotyp (SASP) auf, der einen Teil des massiven Anstiegs der 

Proteinsynthese in TIS ausmacht und erheblich zum proteotoxischen Stress  beiträgt. 

Seneszente Zellen werden als endgültig arretiert betrachtet, jedoch kann der SASP 

eine gefährliche Entzündungsreaktion stimulieren. Erschwerend kommt hinzu, dass 

eine anhaltende Präsenz seneszenter Zellen mit dem Risiko einhergeht, dass manche 

von ihnen aberrant erneut in den Zellzyklus gelangen können und sich dann extrem 

aggressiv verhalten. 

Vorhergehende Arbeiten hatten untersucht, welche Effekte eine gezielte, sekundäre 

Therapie von durch Chemotherapie induzierten, seneszenten Zellen mit sich bringt. 

Mittels Strategien, die auf die Blockierung des hypermetabolischen Zustands 

abzielten, der die erhöhten energetischen Anforderungen von TIS Zeilen erfüllt, konnte 

in präklinischen Studien ein verlängertes Langzeitüberleben von Versuchstieren 

erreicht werden. 

Die vorliegende Arbeit bedient sich eines ähnlichen Ansatzes, indem hier der 

Proteinabbau, insbesondere durch proteasomale Aktivität, anvisiert wird. Dem liegt 

zugrunde, dass seneszente Zellen besonders auf proteasomale Aktivität angewiesen 

sind, um sich ihrer exzessiven Proteinlast zu entledigen und eine zu hohe 

Proteotoxizität zu vermeiden. Wir benutzen Bcl2-überexprimierende Lymphomzellen 

aus dem transgenen Eµ-myc Modell, die nach Behandlung mit Adriamycin in 

Seneszenz eintreten, und vergleichen damit die Auswirkungen derselben Behandlung 

auf Lymphome, die aufgrund einer genetischen Läsion nicht seneszent werden 

können. Dabei wird eine verringerte proteasomale Aktivität in TIS vorgefunden, die mit 

Anzeichen von proteotoxischem Stress, wie der Anreicherung von Proteinaggregaten 

und oxidierten Eiweißmolekülen, korreliert. Die Ergebnisse dieser Arbeit können in 

vitro aufzeigen, dass die gezielte Hemmung des Proteasoms für seneszente Zellen 

mindestens genauso schädlich ist wie die Hemmung der Autophagie. Dabei ist die 

Empfindlichkeit von TIS Zellen für proteasomale Hemmung abhängig von NF-κB 
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regulierter SASP Produktion. Bemerkenswerterweise zeigt die Kombination aus 

proteasomaler Hemmung durch Bortezomib und dem Autophagieblocker bafilomycin 

A1 einen additiven Effekt auf die Anfälligkeit von TIS Zellen für rapiden Zelltod. Diese 

Ergebnisse können in einem in vivo Szenario bestätigt werden, in dem die erwähnten 

Inhibitoren einzeln, oder in Kombination miteinander, die Überlebenszeiten von mit 

Lymphomen inokulierten Mäusen verbessern, die vorher mittels Cyclophosphamid 

behandelt wurden, um TIS im Lymphom auszulösen. 

Weiterhin kann eine Seneszenz-spezifische Beseitigung von Tumorzellen unter 

Einsatz von Bortezomib nach vorhergehender TIS-Induktion in den humanen 

Lymphomzelllinien EHEB und RC-K8 untermauert werden. Dabei zeigen diese TIS 

Zellen ebenfalls eine reduzierte Viabilität im Vergleich zu nicht-seneszenten Zellen, im 

Einklang mit dem proof-of-principle Daten aus dem murinen Lymphommodell. Diese 

Ergebnisse legen nahe, dass seneszente Zellen von einer intakten Proteinabbau-

Maschinerie äußerst abhängig sind und sehr empfindlich auf selbst kleine 

Veränderungen in proteasomaler Aktivität reagieren. Diese Angreifbarkeit könnte in 

einer neuartigen, auf synthetischer Lethalität basierenden Strategie ausgenutzt 

werden, um maligne Zellen effektiver zu eliminieren, anstatt auf Strategien zu setzen, 

die den auf Chemotherapie folgenden SASP und die einhergehende 

Entzündungsreaktion einzudämmen suchen. 
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1. Introduction. 

Cellular senescence and its role as a fail-safe mechanism in cancer 
 
The onset of cancer development is preceded by incidents like oncogene activation 

and DNA damage 1, which can trigger responses like apoptosis, autophagy or 

senescent arrest; these are failsafe mechanisms activated to ensure cellular integrity 

and prevent malignant transformation 2. The pathway chosen by the cell is determined 

by the conjunction and intensity of signals received, the interaction with its environment 

and the cell type involved 3 4.  

Given the danger posed by uncontrolled proliferation, a variety of cellular pathways 

were evolutionarily selected in order to put a stop to the events that fuel the early 

stages of cancer development. Thus, these pathways are known as tumor suppressor 

pathways, and the crucial genes involved in them are known as tumor suppressor 

genes 5.  

Tumor suppressor pathways are a convergence point of diverse cellular signals 

pertinent to the homeostasis of the cell. The information gathered from these signals 

provides an overview of the state of the cell, allowing the tumor suppressor pathways 

to favor a specific action (proliferation or arrest, survival or death) 6 . 

Cellular senescence was initially described by Leonard Hayflick as a consequence of 

cells reaching a proliferation limit due to repetitive replication of a cell’s DNA during 

cellular division 7. In replicative senescence, cells reach their proliferation limit by 

progressive shortening of their telomeres in each cellular division, and upon telomere 

uncapping, a DNA damage response is triggered in the cell that ultimately halts their 

proliferation and leaves them in an arrested state where they do not enter the cell cycle 

anymore 8. This kind of senescence is usually associated with the process of aging 9. 

However, it was observed that other mechanisms that trigger the DNA damage 

response can also result in cellular senescence, even when telomere attrition has not 

occurred and the Hayflick replicative limit has not been reached 2. Thus, the so-called 

premature senescence (not a consequence of cellular aging) can take place as a 

reaction to other conditions that induce an acute DNA damage response 10. Premature 

senescence halts the cells in the G1 phase of the cell cycle, and this arrest can be set 

in place as a consequence of sources of cellular stress such as oncogenic activation, 
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radiotherapy and chemotherapy (which causes DNA damage), cytokine signaling and 

also accumulation of reactive oxygen species 11. 

The p53 and p16/INK4a/pRB pathways are the main tumor suppressor pathways in 

the context of cellular senescence 12 13. These two pathways have been linked to 

senescence since disruptions in either of them hinder the cell’s capability of launching 

a senescent response 14 15. Mutations that disable or block either of these pathways 

are found to result in greater cancer risk and promote malignancy 16. In fact, many 

cancers have acquired mutations in either  – or sometimes both – of these pathways 
17 14.  

 

Identifying senescence - senescence markers 
 

Once the senescent phenotype has been established, senescent cells display a 

common series of characteristics that enable their identification. The most prominent 

characteristic of senescent cells, is their loss of proliferating capacity due to a 

permanent cell cycle arrest. In therapy-induced senescence, cells become arrested on 

the G1 phase of the cell cycle. This halt in the cycle can be identified by the cease of 

BrdU incorporation into the cells 18 19. 

 

Senescent cells appear enlarged and flattened due to a reorganization of their 

cytoskeleton 20, with large lysosomes and an observable increase in granularity; they 

also exhibit particular molecular markers, like senescence-associated β-

Galactosidase, and senescence-associated heterochromatin foci (SAHF) which 

includes focal histone H3 lysine 9 trimethylation and focal localization of histone protein 

HP1 18.  

 

SAHF are punctuated dense heterochromatin structures located in the cellular nucleus 
21; they contribute to senescence by repressing the promoters of genes associated 

with proliferation, thus spatially enforcing the senescent arrest 22 23.  

 

Another notorious characteristic of senescent cells is the enlargement of their 

lysosomes which results in increased expression of the enzyme β-Galactosidase. This 

increased expression facilitates the detection of β-Galactosidase using a specific 
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biochemical assay that results in a characteristic accumulation of a blue dye present 

in senescent cells 18. 

It is worth noting, however, that the senescent phenotype is variable among different 

cell types and not all of them display every marker, so no one single marker can be 

used as a definitive indicator or senescence 8. However, the detection of a series of 

such markers can help identify and define the senescent state (Fig. 1). It is also 

possible to associate cellular senescence with a typical gene expression profile, which 

includes upregulation of transcripts coding for proteins related to cell cycle regulation 

and tumor suppression, such as p53, ARF, INK4A, the product of the promyelocytic 

leukaemia gene (PML), plasminogen activator inhibitor and KIP1 24, for example. In 

addition, detection of PML bodies forming amongst the chromatin of the cell nucleus 

can also be used as an indicator of senescence 25 26. 

 

Production of SASP in senescent cells 
 

As the senescent phenotype is established, senescent cells undergo a series of 

proteomic and metabolic changes 27. While their proliferation capacity is halted, cells 

undergoing TIS attain a high level of metabolic activity and are actively producing a 

massive amount of proteins, produced at a higher level than their proliferating 

counterparts 28. A portion of these protein products are secreted to the cell’s 

surroundings –this is known as the senescence-associated secretory phenotype 

(SASP). The SASP is composed of a wide variety of proteins, including growth factors, 

proteases and inflammatory cytokines29. Both replicative and premature senescence 

exhibit SASP 30, and while most senescence-inducing stressors – especially DNA 

damage – result in the production of SASP, ectopic expression of cell cycle inhibitors, 

such as p16 and p21, induces senescence without developing a SASP response 31. 

Regarding production of SASP, it is important to mention that its expression is 

regulated by the MAPK and NF-κB signaling pathways 29. NF-κB is a key transcription 

factor in the context of senescence, since it is responsible for the production of a large 

portion of the proteins conforming the SASP 32 33, and it is activated in response to 

internal cellular signals like oncogene activation, and also responding to external 

signals relayed through B-cell and cytokine receptors 34. 



Introduction. 
 

13 
 

The activation of NF-κB is regulated by IκB, inhibitor proteins that bind to it and prevent 

its translocation to the nucleus, remaining then as an inactive NF-κB:IκB complex in 

the cytoplasm 35. The IκB inhibitor protein can be phosphorylated by IκB kinases in a 

way that triggers its ubiquitination, making it a target for proteasomal degradation and 

thus freeing NF-κB; this allows NF-κB to relocate to the nucleus in dimers and perform 

its transcriptional activity 34.  

Agents like tumor necrosis factor α (TNFα), interleukin 1 (IL-1), bacterial 

lipopolysaccharide (LPS), viral double stranded RNA and ionizing radiation are all 

capable of activating NF-κB by a signaling cascade that leads to the degradation of 

IκB via phosphorylation, using a common pathway 36 35. The phosphorylation of IκB is 

controlled by the IκB kinase (IKK) complex, and the activation of this complex depends, 

in turn, on the phosphorylation of its IKKβ subunit, which is activated in response to 

proinflammatory stimuli 37. Of note, the expression of several of the components of the 

SASP can be prevented either by pharmacological inhibition of NF-κB, or by using a 

dominant-negative IκBα mutant, which lacks the phosphorylation sites necessary for 

its targeting to proteasomal disposal, thus preventing the translocation of NF-κB to the 

nucleus 38. 

The canonical NF-κB pathway regulates the expression of genes that mediate the 

inflammatory response, and it includes the majority of the cytokines and chemokines 

that are part of the SASP 33. SASP components, like interleukin (IL)-6, can reinforce 

senescence in an autocrine fashion, by forming a feedback loop. Senescent cells are 

also capable of influencing their microenvironment by paracrine signaling using 

proinflammatory cytokines, like IL-6 and IL-8, which are included in the SASP 39.  

In addition to reinforcing senescence, SASP can also function as a promoter of immune 

surveillance, which is directed by specific immune responses played by antigen-

specific CD4 (+) T cells 40. The factors secreted in SASP can also recruit natural killer 

(NK) cells and macrophages to eliminate senescent tumor cells and suppress 

tumorigenesis 41. SASP has a dual role, however — by promoting tumor suppression 

mechanisms, but also contributing to the detrimental effects of senescent cells 27, 

which will be discussed further (Fig. 2).  

 



Introduction. 
 

14 
 

 
Figure 1: Distinctive features of senescence. Halted proliferation and cell cycle 
arrest in the G1 phase are reflected by the upregulation of cell cycle inhibitor p53/p21 
and tumor suppressor p16INK4a, the latter being also implicated in the formation of 
senescence-associated heterochromatin foci (SAHF) in the nucleus. The senescent 
phenotype can include characteristics such as changes in morphology (increase in 
size, granularity), elevated activity of SA-β-Gal due to increase in size and number of 
lysosomes, and, importantly, the production of SASP, which contains a variety of pro-
inflammatory cytokines, chemokines, growth factors and proteases. Senescent cells 
exhibit important changes in their protein regulation, which leads to protein 
modifications, accumulation of proteins aggregates and also the decrease in activity of 
protein turnover mechanisms. Figure reproduced from Höhn et al. (2017)42 under 
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0). 

 

Oncogene induced senescence 
 

A surge of strong mitogenic signals, such as the ones found as a product of activating 

mutations in oncogenes, can provoke a response of growth arrest and senescence, 

limiting the cell’s capability to continue dividing under the threat of genetic instability 43 
44 45 6. This is known as oncogene-induced senescence, or OIS. Cyclins are induced 

by mitogenic stimuli, activating Cyclin-dependent kinases (CDKs) to carry out the cell 
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cycle progression. As part of its restrictive effects in the cell cycle, OIS presents with 

upregulation of CDK inhibitors like p15INK4B, p16INK4A, and p21CIP1 46.  

 

OIS does not include telomere shortening, but entails other known general 

characteristics of senescent cells, like an increase in activity of senescence-associated 

β-galactosidase (SA-β-Gal) as well as formation of SAHF 47.  

 

There are several oncogenes capable of inducing a senescent arrest: RAS, CDC6, 

cyclin E, and STAT5, as well as other RAS effectors (like activated mutants of RAF, 

MEK, and BRAF). They have been found to be capable of promoting senescence by 

triggering a DNA damage response 48. In benign melanocytic tumors (nevi), the 

continued expression of oncogenic BRAF leads to a halt in the proliferation of 

melanocytes, showing an increase in SA-β-Gal and promoting a growth arrest that 

precludes DNA replication 49 45.  

 

The senescent response set in motion by oncogene activation was initially believed to 

be an artefact of in vitro culture conditions 50. However, further research confirmed the 

presence of senescent markers –like the formation of senescence-associated 

heterochromatin foci and increase of SA-β-Gal activity– in different kinds of in vivo 

tumors 45 47. These senescence markers were identified in humans in melanocytic nevi 
45, dermal neurofibromas 51 and prostatic adenomas 44; in mice, lesions like lung 52 and 

prostatic adenoma 44, lymphomas 49 and early melanomas 53 showed key 

characteristics of senescence. 

 

Further evidence of senescence acting as a mechanism to halt tumor cells from 

malignant proliferation was found in mouse models for lung carcinoma (from a 

conditional K-RasG12V knock-in mouse model) and Ras-driven pancreatic cancer. 

Analysis of premalignant lesions in such models revealed strong SA-β-Gal staining as 

well as faint detection of proliferation marker Ki67, while malignant carcinomas were 

Ki67 positive and lacked signs of the establishment of SAHF 43 54.  

Even though OIS is a strong arresting program, this type of senescence can be 

reversed by acute activation of Rb or p53 genes 55.   
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Therapy-induced senescence 
 

On the other hand, premature senescence can also be induced in cancer cells by γ-

irradiation or drug treatment. This form of senescence is referred to as therapy-induced 

senescence, or TIS 24.  There is a variety of drugs that have been found to be able to 

elicit a senescent arrest in tumor cells. Most of them act by inducing DNA damage, 

although other drugs able to induce senescence include generators of reactive oxygen 

species, differentiation agents and inhibitors of DNA polymerase 56.  

After comparing the senescence-inducing ability of different drugs, in equal relative 

concentrations regarding toxicity, the strongest pro-senescence response was elicited 

by those producing DNA-damage, while the weakest response was elicited in response 

to drugs interfering with the function of microtubules 50.   

Agents like the topoisomerase II inhibitor doxorubicin (brand name: Adriamycin) are 

widely used in cancer treatment. The anticancer effect of doxorubicin is based on the 

generation of DNA damage, which triggers a signaling cascade that elicits apoptosis, 

resulting in clearance of tumor cells 57. Additionally, it has been found to induce 

senescence in many human cancer cell lines and also in mouse models of cancer 58 
59 57 60.  

Different kinds of tumors (breast, lung, prostate, and colon cancer) have provided 

evidence of the pro-senescence effect of different chemotherapeutic drugs 61 62. For 

example, breast tumors exhibited senescence markers like SA-β-Gal staining after 

receiving a combination treatment of cyclophosphamide, doxorubicin, and 5-

fluorouracil; the other surrounding normal tissues did not display such staining after 

treatment 63. Similarly, the study of lung tumors treated with carboplatin and docetaxel 

revealed the presence of senescent markers 64. These observations indicate that 

therapy-induced senescence might be a more relevant response to chemotherapy than 

previously thought, which is emphasized by the finding that senescence capability of 

tumors improves the clinical outcome of patients after treatment, in colorectal cancer 
65. There is also supportive evidence from immunocompetent mice carrying malignant 

carcinomas, pointing to the beneficial effect of senescence induction, which results in 

improved outcome 66 67.  

It is important to note that while apoptosis and necrosis are other possible fates that 

cancer cells can undergo in response to chemotherapy, evidence indicates that 
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senescence can work in cancer cells in which the apoptotic pathways are impaired 66. 

Further studies show that senescence occurs upon obstruction of apoptosis by either 

caspase inhibition or overexpression of anti-apoptotic BCL2, 68 69 suggesting that the 

two pathways diverge upstream of the caspase activation step. 

The intensity of the stimuli applied also seems to influence the outcome, tilting the 

balance towards apoptosis or senescence: stronger stressors–like high doses of a 

chemotherapy drug like doxorubicin– result in cell death, while lower drug 

concentrations lead to induction of senescence 70 71.   

TIS could then play a relevant role as a backup mechanism in response to anti-cancer 

treatment, by halting the proliferation of cancer cells in both early and late stages, while 

limiting treatment toxicity. Presence of senescent markers like SA-β-Gal, and 

conspicuous increase in the size of cancer cells, can be observed a few days (3–7) 

after the treatment 62.  

 

Detrimental and potentially dangerous effects of senescence 
 

In general, the application of chemotherapy against cancer is not fully effective, since 

it fails to eliminate tumor cells completely. Some cells can escape elimination by 

becoming senescent instead of dying by apoptosis or by other means 72 73. While 

entering TIS prevents malignant cells from proliferating further by keeping them in a 

state of cell cycle arrest, it should be noticed that these cells still remain as part of the 

tumor burden in cytostasis, and therefore, have yet to be removed.  

The production of the SASP by persisting senescent cells can also have detrimental 

consequences (Fig. 2). Inflammation is one of the hallmarks of cancer, leading to 

progression of malignancies 74. SASP has been found to cause and promote 

inflammation if sustained long term 27, as well as promoting angiogenesis 75. Also, 

SASP factors interleukin (IL)-6 and IL-8 were found to mediate the progression of 

premalignant epithelial cells into a malignant phenotype by paracrine signaling–such 

cells exhibited an increase in invasiveness as well as an epithelial-mesenchymal 

transition 29. 

These findings highlight the clinical importance of optimizing the context-dependent 

window of opportunity between the establishment of cellular senescence as a growth-
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arresting, tumor suppressing mechanism, and the onset of detrimental long term 

effects caused by the paracrine signaling of secreted factors. 

Furthermore, while there is clinical evidence that the presence of senescent cells in 

tumors can result in improved outcome after treatment, presumably due to the 

suppression of further uncontrolled proliferation of the tumor 65, it is necessary to 

consider that the senescent arrest might not be a terminal state. 

Since the senescent condition is actively maintained by changes in the expression 

profile of the cells, as well as epigenetic modifications that enforce the arrest, it is 

reasonable to expect that the ablation of one or several of these senescence-

promoting factors could reintroduce malignant cells into active proliferation 11. Indirect 

evidence was obtained by the study of melanoma models, where the suppression of 

H3K9 demethylases results in restoration of senescence and controlled tumor growth 
76. This hints at the possibility that certain players, when overexpressed or left 

unregulated, could promote the continued proliferation of a malignancy 41.  

In addition, the changes on the gene expression profile executed during senescence 

could confer distinct characteristics to the cells affected compared to their proliferating 

counterparts, resulting in a different behavior of such cells if senescence is interrupted. 

One example of this is the upregulation of genes conferring stem cell-like properties in 

cells undergoing senescence. This acquisition of stemness can function as an 

aggravating factor in tumor aggressiveness leading to a worse clinical outcome. 

Senescent cells showing an upregulation of this stemness pattern kept their properties 

after senescence had been reverted, providing the cells with enhanced clonogenicity 

and higher tumorigenic potential compared to cells that were not previously senescent 
77. 

 



Introduction. 
 

19 
 

 
Figure 2: Beneficial and detrimental effects of senescence. Despite being in a state 
of cell cycle arrest, senescent cells remain metabolically active and produce large 
amounts of proteins, some of which conform the SASP. With the secretion of SASP, 
senescent cells are capable of influencing their environment. SASP can have a tumor 
suppressive role, given its ability to reinforce or induce senescent arrest in autocrine 
and paracrine manners, which can halt cancer progression; SASP can also recruit 
natural killer (NK) cells and alter macrophage polarization, which promotes elimination 
of senescent tumor cells; immune surveillance mediated by CD4 (+) T cells is also 
activated by SASP. On the other hand, senescent cells and SASP are also capable of 
promoting tumor growth, metastasis and vascularization, creating an 
immunosuppressive environment and tissue remodeling, stimulating epithelial-
mesenchymal transition (EMT), conferring drug resistance and maintaining potentially 
dangerous stem cell-like features. Figure reproduced from Yang et al. (2021)11 under 
Creative Commons Attribution 4.0 International License (CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0) 
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Loss of proteostasis, oxidative and proteotoxic stress 
 
The correct functioning of every cell requires the successful coordination and balance 

between protein synthesis and degradation pathways, as well as quality control 

mechanisms for protein products. These mechanisms allow the cell to preserve the 

accurate function and stability of their proteomes by ensuring the integrity of protein 

products, as well as the disposal of those damaged or superfluous proteins by means 

of targeted protein degradation (Fig. 3). The resulting products of degradation can then 

be reused as components for the production and renewal of proteins that are 

continuously required by the anabolic demands of the cell. This balancing mechanism 

is known as proteostasis 78. 

 

Ribosomes, along with the endoplasmic reticulum (ER) are responsible for carrying out 

the synthesis, folding, maturation and sorting of proteins; on the other hand, damaged 

and misfolded proteins are mainly targeted for degradation by the proteasome 79.  

 

The quality control mechanisms in the ER make use of chaperone proteins–mostly 

belonging to the heat shock protein (Hsps) family–which assist in the correct folding 

and stabilizing of newly produced peptides maturing in the ER, as well as in renaturing 

of unfolded products waiting to be restored to their intended functional form 80. 

Whenever an overload of nascent proteins starts accumulating in the ER, the unfolded 

protein response (UPR) is activated. The excess of unfolded or misfolded peptides is 

targeted for disposal by the degradation pathways of the cell: proteasomal and 

autophagy-lysosomal degradation 81.  Given that the process of protein synthesis has 

an underlying proclivity to errors (up to 30% of nascent products are estimated to be 

defective) 82, many nascent peptides are targeted for proteasomal degradation shortly 

after being assembled; these rapidly degraded polypeptides are referred to as RDPs 

or defective ribosomal proteins (DRiPs)83.  

 

Cancer cells tend to have an elevated demand for protein production compared to their 

healthy counterparts due to their rapid proliferation 78, which increases the volume of 

DRiPs that the cell needs to continuously deal with to alleviate the cell stress caused 

by an increased load of emerging unfolded proteins 84.   
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Figure 3. Proteostasis in senescence. A series of changes affecting the mechanisms 
of protein homeostasis (proteostasis) in the cell take place as a result of senescence. 
The proteasome degradation pathway and autophagy — including both 
macroautophagy (MA) and chaperone-mediated autophagy (CMA) — are the main 
proteolytic systems of the cell, maintaining the balance of protein turnover. Oxidatively 
damaged proteins can be directly recognized by the 20S proteasome and degraded, 
in an ATP-independent manner. Misfolded and unfolded proteins can be recognized 
by chaperones or heat shock proteins which help to keep them in a soluble state, 
preventing aggregation, and also facilitate the degradation of these proteins by the 26S 
proteasome. In the event of protein aggregation caused by exposure of hydrophobic 
residues in un/misfolded or oxidized proteins, such aggregates can be encapsulated 
into an autophagosome for bulk degradation by autophagic degradation; after fusion 
of the autophagosome with lysosomes (APG-Lys), the contents are degraded by 
lysosomal proteases. Alternatively, these accumulations of proteins can be also 
excreted from the cell contained in exosomal vesicles. Figure reproduced from Höhn 
et al. (2017)42 under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-
nc-nd/4.0). 
 
 

Previous work in our group discovered that, despite being cell cycle-arrested, the 

production of proteins in senescent cells exceeds that of actively proliferating cancer 

cells. Such a massive increase in protein production during TIS seems to overwhelm 

the capacity of the ER to correctly fold the newly synthesized proteins, triggering the 

UPR. This was reflected by the TIS cells increasing expression of UPR-related 
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transcripts, displaying activating phosphorylation of Jun N-terminal kinases (JNK), 

alternative splicing of XBP1 transcript and enrichment of diverse transcription factors 

related to proteotoxic stress, as well as by increasing overall protein ubiquitination, 

which marks proteins for degradation 28. 

 

It is also noteworthy that in a scenario of greatly increased protein production like the 

one found in TIS, it is likely to find a large pool of newly synthesized peptides that might 

be unfolded or affected by oxidative stress. Biomolecules such as nucleic acids, 

proteins and lipids can be modified by their interaction with free radical oxygen species 

(ROS) 85. ROS are highly reactive molecules, like superoxide anions (O2∙−), hydroxyl 

radicals (OH∙), as well as hydrogen peroxide (H2O2). Although they can originate from 

endogenous sources like radiation, their main source inside the cell is the electron 

transport chain in the mitochondria, from where some free moving electrons “leak” and 

interact with oxygen molecules, forming the aforementioned ROS molecules 86.  

 

Under normal homeostatic conditions, ROS plays an important role in signaling 

pathways, promoting or suppressing cellular decisions like proliferation or 

differentiation 87. However, when this balance is broken, ROS has been implicated as 

an important player in different pathologies, and is also capable of triggering a 

senescence-like phenotype like that observed in OIS and p16INK4aINK4A-induced 

senescence 88 89. Mitochondrial and telomere dysfunction are other effects of 

excessive levels of ROS, which can further promote senescence induction pathways 

(Fig. 4) 85.   

 

There are mechanisms that protect the cell from potential damage by excess ROS. 

Antioxidant molecules like vitamin C, vitamin E and glutathione, as well as enzymes 

like superoxide dismutase (SOD), catalase and thyroiodin, process and help regulate 

the reactive by-products of oxygen metabolism 86, to prevent damage caused by ROS. 

Another protection against the accumulation of protein damage by ROS is the 

intervention of heat shock proteins, like Hsps 70, which help oxidized proteins to 

remain soluble and interact with the proteasome for disposal and recycling, preventing 

in this way the formation of insoluble protein aggregates in the cell  42.  
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Increased ROS levels can be dangerous for the cell since they are not only capable of 

damaging the integrity of DNA and even causing double strand breaks — by breaking 

down nitrogen base pairing and phosphodiester bonds 90, but they also modify proteins 

in a way that alters their structure and function, leading to protein unfolding and 

exposure of hydrophobic residues 91. Aminoacid residues present in the side chains of 

proteins are most susceptible to oxidation. Protein carbonylation is the most frequent 

type of protein modification induced by ROS, and it is considered irreversible, which 

makes it potentially harmful 92. Carbonylated peptides become less soluble and more 

susceptible to aggregation due to interactions between their now exposed hydrophobic 

cores 93,94. Since it is considered a hallmark of oxidative stress, protein carbonylation 

levels are often used as indicative of oxidative stress and potential cellular damage by 

ROS 95. Accumulation of carbonylated proteins is found in ageing tissues and other 

oxidative stress-related disorders, and could ultimately escalate to cell death by 

apoptosis once a threshold for damaged macromolecules malfunctioning has been 

breached 96. 

 

In the face of mild oxidative stress, proteasomes are able to cope with the breaking 

down of oxidized proteins 97. However, the accumulation of proteins with oxidative 

modifications is observed in aged organisms, where the use of fluorogenic peptides 

has implicated reduced activity of the proteasome 98 99. Elevated oxidative stress can 

also result in inhibition of the proteasomal activity, which in turn causes further 

accumulation of oxidized proteins and aggregates which are unstable and can be 

recognized as seudo-substrates and bind to the proteasome. However, such proteins 

and aggregates become resistant to proteasomal degradation due to the structural 

modifications induced by ROS (covalent ROS-mediated cross-linking), thereby 

obstructing the proteasomal structure and rendering it unavailable to degrade other 

proteins 42.  Hence, under stress or pathological conditions, the turnover frequency of 

the proteasome processing these peptides can be greatly overwhelmed by the 

abundance and rapid accumulation of them, or even slowed down or obstructed 91. 

 

The accumulation of protein aggregates, misfolded and oxidized proteins, thus, 

damages the cell by saturating the protein quality control mechanisms, also by 

promoting loss of protein function and aberrant non-specific interactions, linkages and 
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aggregation with other essential proteins in the cell, promoting pathological states and 

even cellular death 11.   

 

 

 
Figure 4. ROS influence in senescence. ROS-producing exogenous stimuli 
(radiation), as well as mitochondria electron leakage trigger a DNA-Damage response, 
capable of inducing cellular senescence, along with epigenetic changes that 
upregulate the p53/p21 and pRB/p16 pathways. The p53/p21 pathway establishes the 
growth arrest, while the pRB/p16 pathway exerts an anti-proliferation effect by 
inhibiting progression of the cell cycle beyond G1 phase. Once the senescent 
phenotype has been established, the expression of SASP begins, and its factors are 
capable of generating further feedback resulting in mitochondrial ROS. In the case of 
persistent senescent cells, that are not cleared by immune surveillance, but remain 
metabolically active producing SASP, this cycle could be perpetuated resulting 
ultimately in accumulation of damage by ROS, resulting in tissue degeneration and 
dysfunction. Figure reproduced from Pole and Dimri (2016)100 under Creative 
Commons Attribution 4.0 International License (CC BY 4.0, 
https://creativecommons.org/licenses/by/4.0).  
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The role of the proteasome and autophagy degrading excess proteins and 
maintaining homeostasis 
 
The proteasome degradation system 
 
There are two main mechanisms of intracellular protein degradation: the ubiquitin-

proteasome system (UPS) and the autophagy-lysosome pathway. The UPS is in 

charge of the degradation of short-lived proteins and misfolded, yet soluble proteins; 

in contrast, the main role of the autophagy-lysosome pathway is to eliminate long-lived, 

insoluble and aggregated proteins, as well as organelles 101. 

Specialized ubiquitin ligases recognize misfolded proteins, and modify them by 

attaching ubiquitin molecules. Ubiquitin is a small (8.6 kDa) protein that serves as a 

substrate in covalent conjugation reactions to specific lysine residues of other proteins, 

forming chains (a process called polyubiquitination) which in certain configurations 

(K48, K29) works as a degradation signal –although monoubiquitylation may be 

sufficient for proteasome targeting 102. Attached ubiquitin chains can later be 

hydrolyzed by the proteasome or the lysosome 103. By this mechanism, 

polyubiquitination can target misfolded proteins to the UPS for degradation 104,105.  

 

The proteasome is a barrel-shaped protein complex located in the cytosol and nuclei 

and present in all mammalian cells. It exists mainly in two different forms: the 20S 

proteasome and the 26S proteasome (Fig. 5). The 20S proteasome is the core unit, 

composed of α-subunits and β-subunits arranged in the shape of rings; these ring-

shaped structures are stacked to form a cylindrical complex. Within this core, the β1, 

β2 and β5 subunits have the ability to hydrolyze peptide bonds. This selective 

proteolytic activity can be categorized into caspase-like, trypsin-like and chymotrypsin-

like activites 106 107. 
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Figure 5. Structure and function of the proteasome. The 20S proteasome is 
composed by stacked heptameric rings of α-subunits and β-subunits (the latter 
containing the catalytically active sites for proteolysis), forming a barrel-shaped 
structure with a narrow space in the middle, through which proteins are funneled into, 
to be degraded. Ubiquitinated substrates are recognized and degraded by the 26S 
proteasome, which is an ATP-dependent complex formed of the core 20S proteasome 
with two regulatory 19S subunits attached. Figure reproduced from Almond and Cohen 
(2002) 108, with permission from Springer Nature (5157280291412). 

 
 
 
The degradation of ubiquitin-tagged proteins is carried out by the 26S proteasome, in 

a process that is ATP-dependent. The 26S proteasome is formed by the 20S core and 

two regulatory 19S sub-units flanking it as a lid 103. The 19S units recognize the 

ubiquitinated substrates to be degraded, unfold them and translocate said peptides 

into the core unit, where the proteolysis takes place driven by the catalytic β-subunits 
109. 

 

The 20S proteasome has been implicated in the rapid and selective degradation of 

oxidized proteins following oxidative stress. This process is also ATP dependent, and 

contributes to the swift clearance of oxidized proteins required to avoid their 

accumulation and potential damage to the cell 110.  
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The composition of the proteasome has also been found to change according to an 

organism’s age. The process of ageing seems to result in a disturbance of the 

assembly of the 26S proteasome, leading to a greater representation of the 20S form, 

which leads to a reduction in proteasomal activity 111. 

 

Alternatively to their immediate degradation by the proteasome, some ubiquitinated 

proteins can coalesce to form aggregates. Given the narrow space in the catalytic core 

of the proteasome, proteins must first be unfolded and further unwound in order to fit 

through 80. In order to prevent toxic accumulation in the cell, larger aggregates of 

proteins, that can no longer be unfolded and solubilized, must be redirected to 

autophagic degradation instead  112.  

 

 
Autophagic degradation 
 
Autophagy is equally crucial for the maintenance of proteostasis. It is the general 

mechanism through which intracellular components are degraded by the 

endolysosomal system. The products of autophagic degradation are recycled back to 

the cytosol to be used as building blocks required to maintain protein and lipid 

synthesis, or to be used as substrate by other organelles to produce energy 

equivalents 113 114.  

 

The manner in which the contents to be degraded are delivered to the lysosome gives 

rise to different kinds of autophagy.  

 
In macroautophagy, double membrane vesicles (known as autophagosomes) are 

formed to encapsulate the cargo to be delivered to the lysosome; then, the fusion of 

autophagosomes with the lysosomal compartment allows for the cargo to be degraded 

by the hydrolases contained in the lysosome 115. Macroautophagy can either engulf 

parts of the cytoplasm along with the components present in that area (bulk 

macroautophagy), or sequester components and organelles selectively in which cases 

it receives the name of the selected target for degradation (mitophagy, ribophagy, 

aggregophagy, for example) 116.  
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Another subtype of autophagy is microautophagy, in which the selected cargo is 

delivered to the lumen of the lysosome in a single membrane vesicle originated by the 

invagination of the lysosomal membrane itself 116.  

 

In addition to macro- and micro- autophagy, there is another autophagic mechanism 

through which proteins can be degraded by the lysosome. Chaperone-mediated 

autophagy does not require sequestering of the target by vesicles. Instead, proteins 

are recognized by a chaperone complex that unfolds them and delivers them to the 

lysosomal membrane where they are internalized to the lysosomal lumen through a 

membrane translocation complex 117. 

 

Given its more prominent relevance for senescence, this work will focus on 

macroautophagy, and hereafter will refer to this process simply as autophagy. 

Macroautophagy is orchestrated by an array of so-called autophagy related (ATG) 

proteins; the respective ATG genes that encode these proteins were initially 

discovered and characterized in yeast 118 and later found to be generally conserved in 

mammals and plants 119. Specific ATG proteins exert a role in each step of the 

autophagic protein degradation: tagging of protein cargo to be degraded, formation of 

autophagosomes, and fusion of autophagosomes with lysosomes in order to degrade 

the protein cargo 120 (Fig. 6).  

 
In addition to ATG proteins, autophagy is also regulated by mammalian target of 

rapamycin (mTOR) and class I and class III phosphoinositide 3-kinase (PI3K) 

pathways (Fig. 6). While the class III PI3K complex activates autophagy, mTOR and 

class I PI3K inhibit it 121. This is the reason why mTOR inhibitors (like the drug 

rapamycin) induce autophagy, while interference with class III PI3K inhibits autophagy 
122.  
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Figure 6. Autophagy and its regulation by ATG genes and inhibitors. Autophagy 
is comprised of three steps: initiation, elongation and degradation. The initiation of 
autophagy is regulated by signaling pathways converging in mTOR, class I and class 
III PI3K (VPS34). Class I PI3K activates mTOR, inhibiting autophagy, and mTOR can 
in change inhibit autophagy by exerting inhibition on ATG1/ULK1. It is for this reason 
that rapamycin, an inhibitor of mTOR, and 3-MA, and inhibitor of Class I PI3K, are 
capable of inducing autophagy. Upon autophagy initiation, Beclin 1, VPS34，ATG14L, 
and p150 form a large protein complex, which when activated produces 
phosphatidylinositol 3-phosphate (PI3P), a crucial factor for nucleation of the 
autophagosome membrane. Inhibitors like 3-MA, Wortmannin and LY-294002 act on 
this early stage.  The elongation step takes place with the coordinated action of two 
distinct ubiquitin-like conjugation systems: ATG12 is conjugated to ATG5 by the E1-
like ATG7 and the E2-like ATG10 enzymes. Conjugated ATG5-ATG12 attaches then 
ATG16L, forming a complex required for elongation of the autphagosome membrane, 
meanwhile, LC3 is cleaved by ATG4 (which has protease activity) into LC3-I form, 
which is then attached to phosphatidylethanolamine (PE) by E1-like ATG7 and E2- 
like ATG3, creating LC3-II. In the final step, the contents of the autophagosome are 
degraded upon its fusion with lysosomes. Here, inhibitors like chloroquine and 
bafilomycin A1 exert their action by preventing lysosomal acidification and digestion. 
Reproduced from Liu, He and Simon (2013)122 with permission from Elsevier 
(5152110714370). 
 
 
 

Cells undergoing TIS show an increase in ubiquitinated protein products and elevated 

autophagic flux in response to the proteotoxic stress generated 28. Thus, autophagy 

could possibly work as a complementary compensatory mechanism for protein 

degradation when the UPS is inhibited or overwhelmed by having its processing 
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capacity exceeded during senescence. Moreover, in cells undergoing OIS by Ras 

overexpression, autophagy has been found to be an important process for the 

development of the senescent phenotype, since its inhibition by knockdown of ATG5 

or ATG7 attenuated and delayed the characteristics of the senescent arrest, including 

senescence-associated secretion 123.  

 

Circumstances with continued accumulation of protein aggregates in the cell let 

conclude that both degradation systems can become overwhelmed 124. When this 

situation arises, aggresomes are formed through an active process in which 

aggregates of ubiquitinated proteins are attached to microtubules with the aid of 

histone deacetylase 6 (HDAC6). The aggregates are then transported along 

microtubules towards the microtubule organizing center (the structural site from where 

microtubules emerge); there, they form perinuclear sites of tightly packed, aggregated 

protein aggregate deposits known as aggresomes. Aggresomes serve as cumulative 

units that allow for the containment of potentially toxic protein aggregates in order to 

be later degraded by autophagy 125.  

 

The formation of aggresomes appears to take place as a protective response in cancer 

cells, acting to contain and buffer the increasing accumulation of proteins resulting from 

inhibition of the proteasome activity, as observed in response to pharmacological 

proteasome inhibitor Bortezomib 126.  

 

However, an increasing aggregate build up in the cytosol and/or organelles in cancer 

cells usually precedes cell death 127. The specific mechanism by which cell death 

ensues has been highly debated, though, and appears to be highly context and cell-

type dependent 124. 
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Inhibitors of protein degradation 
 
Bortezomib  
 
The use of drugs acting as proteostasis regulators has become a part of many clinical 

approaches aiming to limit the growth of specific types of cancer 128 129 130. This is 

achieved by manipulating the boundaries of proteostasis, i.e. by increasing the burden 

of misfolded and unviable proteins in order to cross the threshold beyond which a cell 

can no longer maintain its viability, and eventually has to collapse 131.  

 

Bortezomib (also known as PS-341, or Velcade) is a highly selective and slowly 

reversible inhibitor of the the β5 catalytic subunit within the 26S proteasome 132. 

Bortezomib is a peptide boronic acid and, after its approval as an anticancer drug to 

treat multiple myeloma (MM) in 2005 133 134, it has been used in clinical trials against 

different types of cancer, either as a single agent or in combination with other drugs 
135.  

 

The studied effects of Bortezomib against cancer cells include inhibition of growth, 

interference with signaling pathways that promote survival, induction of apoptosis in 

tumors and inhibition of angiogenesis 136 137.  Bortezomib exerts its cancer clearing 

effects by way of inhibition of the NF-κB pathway 138, as well as stabilizing the p53 

pathway which facilitates apoptosis by way of promoting higher levels of pro-apoptic 

agents 136.  

 

In MM, typically, the malignant cells exhibit an exaggerated production of 

immunoglobulins, which are then secreted to the blood plasma. This abnormally high 

protein production elicits pressure on the quality-control mechanisms for protein folding 

and disposal 139, making the MM cells highly reliant on a functioning proteasomal 

degradation flow in order to avoid an overload of misfolded proteins and potential 

aggregation of proteins 140 141. 

 

Therefore, the effectivity of Bortezomib against MM has also been linked to its ability 

to cause proteotoxicity in a protein synthesis intensive environment heavily dependent 

on efficient proteasome function 133. Once their proteasomal function is selectively 

inhibited by Bortezomib, MM cells are eliminated via apoptosis 142.  
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Bortezomib is also capable of inducing apoptosis by blocking the endoplasmatic 

reticulum associated degradation (ERAD) response, which leads to the accumulation 

of misfolded peptides in the ER, resulting in proteotoxicity and ER-stress dependent 

apoptosis 142. 

 
The inhibition of the proteasome by Bortezomib has also been observed to result in 

accumulation of ubiquitinated proteins that get organized into aggresomes 126.  

 

The ability of blocking the proteasomal degradation and elicit apoptosis to clear 

malignant cells makes Bortezomib a drug of interest in the TIS context. In a similar way 

to malignant MM cells, TIS cells are burdened with a highly elevated protein load which 

places them under stress to deal with and dispose of the protein surplus to avoid 

proteotoxicity. Hence, selective inhibition of the proteasome could deter the ability of 

TIS cells to maintain proteostasis and impede their viability.  

 
 
Autophagy inhibition and Bafilomycin A1 
 
Given that the proteasome system and the autophagy-lysosomal pathway are tightly 

connected and can act as a compensatory mechanism for each other depending on 

the circumstances of the cell and the signals received, we considered looking at 

inhibition of autophagy in TIS as well. 

 

There are several different strategies currently available for autophagy inhibition (Fig. 

6). Class III PI3-Kinase is an enzyme complex in charge of autophagosome formation 

and maturation 115. Therefore, assembly of autophagosomes can be impeded by 

pharmacologically blocking class III PI3-Kinase with 3-Methyladenine (3-MA) 143. Other 

agents disrupt the later steps of the autophagic vacuole formation that is dependent 

on the fusion with functional lysosomes, such as the lysosomotropic agent chloroquine 
144. Chloroquine which is a weakly basic compound that becomes protonated once it 

enters the acidic lumen of the lysosome, rendering it unable to cross back the lipid 

membrane of the lysosome and therefore becoming trapped inside, decreasing the 

lysosomal degradative function by altering the acidic conditions of the lumen 145. 

Chloroquine can also act by impairing autophagosome fusion with lysosomes, and it 

has been suggested it does so by interfering with proper SNAP29 recruitment, which 
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is a protein localized in mature autophagosomes that is required for autophagosome-

lysosome fusion 146. 

 

Another drug that disrupts the lysosomal degradation is Bafilomycin A1, which is a 

reversible inhibitor of vacuolar H+-ATPase (V-ATPase) in the lysosome 147. Lysosomal 

proton pump V-ATPases are responsible for the establishment of the acidic lumenal 

pH required for lysosomal enzyme activation and cargo degradation. Bafilomycin A1 

acts by blocking this process and thus preventing the digestion of the contents 

delivered by the autophagosomes 148 149  

  

Bafilomycin A1 (henceforth referred to as Bafilomycin) has proven to be useful as a 

single agent in the treatment against cancer cells of diverse origins. It was capable of 

inducing apoptosis in the human pancreatic cancer cell line Capan-1 150, and inhibiting 

the growth of diverse cancer cells under hypoxic conditions via p21 by expressing 

hypoxia-inducible factor-1alpha 151, for example. It can also enhance the efficacy of 

other therapies, like in the case of combined treatment with azathioprine, which 

desensitizes liver cancer cells to insulin-like growth factor 1, causing apoptosis 152. 

 

When it comes to inhibiting autophagy, knockdown of ATG genes and blockage of 

class III PI3-Kinase are the most commonly used approaches for scientific research 
144. However, the scope of the present work pursues a readily applicable, functional 

solution with therapeutic benefits against senescent cancer cells. Also, as noted 

before, autophagy is a process closely tied to senescence, hence disruption of the 

ATG genes could interfere with the latter.  

 
 
 
The Eμ-Myc Mouse model 
 
Since the acquisition of lesions in genes important for the regulation of proliferation 

programs can initiate malignancies, such specific defects can be specifically 

engineered into transgenic mouse models, which should, at least in principle, mimic 

and precipitate the events occurring in naturally arising tumors in vivo 153. 
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Aside from studying tumorigenesis, such transgenic mouse models can also be used 

to evaluate the effects of drug treatment on incipient primary tumors or even primary 

tumors transplanted into syngeneic recipients 154. 

 

For our study, the Eμ-Myc system will be used to evaluate the effect of drug treatment 

on the clearance of lymphoma malignancies. In these mice, lymphoma arises as a 

result of constitutive expression of c-Myc, driven by the immunoglobulin heavy chain 

enhancer element (Eµ), in the B-cell lineage, resembling human non-Hodgkin 

lymphomas 155. Furthermore, lymphomas carrying additional, specific genetic lesions 

can be obtained by crossing Eμ-Myc mice with mice bearing genetic deletions in genes 

of interest, thus allowing for the study of the effects of a second hit or of epistatic 

mutations in the context of lymphomagenesis 24.  

 

In this study, we make use of Eμ-Myc mice carrying a genetic lesion affecting the 

histone methyltransferase Suv39h1. Previously, in an Eμ-Nras mouse model, a lack of 

Suv39h1 alleles impeded histone 3 lysine 9 (H3K9) trimethylation; in this setting, OIS 

was blocked and lymphoma development was promoted 49. As previously mentioned, 

H3K9 trimethylation is an epigenetic modification that results in formation of 

heterochromatin foci, which suppresses genes promoting proliferation like E2F target 

cyclin A, which are required for progression into the S-phase of the cell cycle 156. Such 

heterochromatin foci are one of the hallmarks of cellular senescence, enforcing the cell 

cycle arrest 21.  

 

The transduction of primary lymphoma cells from Eμ-Myc mice with Bcl-2 (an anti-

apoptotic protein) in vitro renders the cells resistant to apoptosis. Therefore, upon 

exposure to stressors such as genotoxic drugs, Bcl-2 protected cells can respond to 

irreparable DNA damage by opting for an alternative fail-safe mechanism by initiating 

the senescent program instead of apoptosis–provided that the senescence molecular 

machinery is intact and uninterrupted 157.  

 

Such Eµ-Myc;Bcl2 lymphomas have been an instrumental senescence model to 

elucidate senescence features such as SASP, hypermetabolism and senescence-

associated stemness 33 32 28 77. 
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In addition, the introduction of Bcl-2 can accelerate lymphoma onset, as well as 

preclude the gain of further mutations in the remaining p53 allele in a p53+/- situation, 

which sometimes happens due to pressure to conserve proliferative ability by selecting 

against p53’s pro-apoptotic function in a Myc-driven tumor scenario 157. Hence, Bcl-2 

overexpression could also preserve genomic stability of ex vivo cultured cells. 

 

Furthermore, utilizing a diverse ensemble of primary Eµ-Myc lymphomas opens the 

possibility of transplanting genetically modified material into immunocompetent, 

syngeneic mice. This allows for the closer exploration and elucidation of the molecular 

mechanisms behind treatment responses in vivo, as well as the possibility of following 

up on treatment outcomes by comparing the same malignancy under different 

pharmacological treatment conditions 24.   

 
 
 
Synthetic Lethality principle to eradicate lymphoma cells 
 
Drug therapies, like it is the case with DNA damaging agents such as doxorubicin 158, 

have secondary effects that affect not only malignant cells but also normal tissues 159 
157. The synthetic lethality approach to drug therapy aims to reduce these harmful and 

off-target side effects by taking advantage of tumor-specific molecular vulnerabilities 

that can be exploited by specific drug combinations or by drugs that are selectively 

lethal for cancer cells. 

Synthetic lethality is a term originated as a genetic principle, referring to the 

observation of how a combination of two genetic lesions is lethal, while each 

individually is not lethal by itself 160. Recently, the term has been adapted more broadly 

to signify a combination of two events that result in lethality, while each of such events 

by itself does not (Fig. 7). For example, inhibiting a cellular mechanism or signaling 

pathway can result in the activation of a compensatory mechanism or pathway that 

then preserves homeostasis, but if the latter is suppressed as well, the result is cell 

death due to a synthetic lethal interaction 161. 

Synthetic lethality as a principle has shown promise as an effective way to treat cancer, 

and has been used for the development of more specific cancer drugs 162. Unlike 

conventional therapies, the synthetic lethal approach allows for indirect targeting of 

loss/gain-of-function mutations present in malignancies by identifying an alternative 
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target, ranging from tumor suppressor genes, oncogenes, DNA repair as well as 

cancer metabolism (Fig. 7). The advantage in such approach is that the cancer cells 

are damaged or disrupted in their functioning in a way that normal cells are not, 

therefore they become reliant on compensatory mechanisms to remain viable; this 

state of stress caused by genetic lesions or reprogramming in response to malignancy 

provides specific vulnerabilities that can then be exploited for therapeutic intervention. 

In this way, specific therapy that would disrupt the viability of cancer cells, would not 

be lethal for normally functioning cells, potentially reducing unwanted side effects 163. 

 

 

Figure 7. Synthetic lethality principle. Cells are able to withstand an individual 

genetic event or disruption (single mutation or overexpression of a gene, in this 

example) and remain viable, however the combined occurrence of a second event (the 

addition of an inhibitor targeting the functional alternative gene, or the presence of both 

mutations in one cell, in this case) results in cell death. Figure reproduced from 

Topatana et al. (2020)163 under Creative Commons Attribution 4.0 International 

License (CC BY 4.0, http://creativecommons.org/licenses/by/4.0). 
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2. Aims of the thesis.  

 
Senescent cells present a series of particular traits that make them function in a form 

that is distinctive from both proliferating cancer cells and normal, healthy tissue. One 

of such prominent traits exhibited by cells undergoing TIS is a greatly increased protein 

production that puts cells under stress.  

A significant increase in protein production creates a need for the cell to manage the 

growing protein load in order to maintain homeostasis. As stated in the introduction to 

this work, this excessive protein load could be processed in different manners by the 

different protein degrading systems of the cell. If any of these disposal systems are 

compromised, the cell could run into risk of accumulating misfolded and oxidized 

proteins that are prone to forming aggregates which would eventually compromise 

cellular health. Thus, this study seeks to shed light on the functional differences and 

strategies which senescent cells use to cope with their altered proteome and preserve 

homeostasis. Aspects like peptide oxidation, formation of aggresomes and level of 

production of key genes related to the SASP are assessed to this end, as well as 

vulnerability of senescent cells to inhibition of protein degradation.   

Previous research in our group has shown that lymphoma cells undergoing TIS enter 

a state of hypermetabolism that creates a high energy demand for energy and that is 

being met with an increase increments in catabolic processes like autophagy. By using 

strategies that inhibit such processes and interfere with the high energetic demands of 

the cells under-going TIS, it was possible to achieve a better tumor outcome reflected 

as prolonged survival in mouse studies 28. This comprises the use of a specific 

sequential treatment after senescence has been induced with chemotherapy drugs. 

Here we take a similar approach by targeting proteasome activity, reasoning that 

senescent cells likely rely on this as another way of reducing their protein burden and 

delaying proteotoxicity. It is of central importance for this work to investigate the 

functional role of pathways related to protein degradation, like proteasomal 

degradation, and its importance in the context of TIS. The goal of this study is to find 

senescence-specific conditions regarding protein processing and degradation that are 

crucial for the survival of senescent cells, in order to identify potential therapeutic 

targets that exploit such specific vulnerabilities. By using pharmacological approaches, 

it is possible to interfere with the protein degradative activities in the cells, to test their 
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capability to cope with the increased level of protein production associated with TIS. 

Such principle can also be tested in vivo in a murine model in which the tumor cells 

are induced into senescence by chemotherapy drugs; in this scenario, the further 

addition of proteasome or autophagy inhibitors could improve effective tumor 

clearance and improve clinical outcome and overall survival. 

In this way, we could provide an efficient therapeutic approach for eliminating tumor 

cells in a selective manner by introducing a “synthetic lethality-like” strategy.    
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3. Materials and Methods. 

Materials 
 

Chemicals and reagents 
 

Reagent Company 
2-propranol  Sigma 
30% Acrylamide/Bis-acrylamide  Carl Roth  
5-bromo-2’-deoxyuridine (BrdU)  Sigma 
Adriamycin  Sigma  
Agar  Carl Roth 
Agarose  Carl Roth 
Albumin Fraktion V  Carl Roth 
Ammoniumperoxisulfat (APS)  Carl Roth 
Ampicilin, sodium salt  Carl Roth 
Bromphenol blue  Eurobio  
Calcein Sigma 
Calcium chloride (CaCl2)  Carl Roth  
Chloroform  Merck 
Chloroquine-diphosphate  Sigma 
DAPI  Sigma 
Dimethylsulfoxid (DMSO)  Merck 
Dulbecco’s MEM  Invitrogen 
DTT  Eurobio 
ECL reagent  Millipore  
Ethylenediaminetetraacetate (EDTA)  Carl Roth  
Ethanol, absolute  Carl Roth 
Ethidium-bromide powder  Sigma  
Fetal bovine serum (FBS)  Biochrom  
Formaldehyde solution 37%  Carl Roth  
Gel Ruler 1-kb ladder plus  Fermentas  
Glucose  Carl Roth 
Glutaraldehyde  Carl Roth  
Glycerol  Carl Roth 
Glycine  Carl Roth  
Hydrogen peroxide, H2O2  Sigma  
Hydrochloric Acid, Hcl  Merck 
HEPES Carl Roth 
Iscove’s modified Eagle’s media  Invitrogen  
L-glutamine (solution)  Invitrogen  
L-glutamine (powder)  Biochrom 
Magnesium chloride (MgCl2x6H2O)  Carl Roth 
β-Mercaptoethanol  Carl Roth 
Methanol Carl Roth 
Milk powder  Carl Roth  
Mowiol 4-88  Carl Roth  
Nonident 40 (NP-40)  Fluka  
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PageRuler Plus Prestained Protein 
Ladder 

Thermo Scientific  

Penicillin-streptomycin  Biochrom  
Phosphate Buffered Saline (PBS)  Carl Roth  
Phenylmethylsulfonylfluoride (PMSF)  
Polybrene  

Sigma  
Sigma  

Potassium bicarbonate (KHCO3)  Sigma 
Potassium ferricyanide (K3Fe(CN)6)  Sigma 
Potassium ferrocyanide 
(K4Fe(CN)6x3H2O)  

Sigma 

Potassium chloride (KCl)  Sigma 
Potassium acetate (KAc)  Carl Roth 
Propridium iodide  Sigma 
Protease inhibitor tablet  Roche 
Puromycin  Calbiochem 
ROTI-prestained  Invitrogen  
RotiQuant, Bradford reagent  Carl Roth 
RPMI 1640  Invitrogen 
SDS 2326.2 Roth  Carl Roth  
Sodium chloride (NaCl)  Carl Roth 
Sodium citrate (C6H5Na3O7x2H2O)  Carl Roth 
Sodium-desoxycholate  Sigma 
Sodium fluoride (NaF)  Sigma 
Sodium hydroxide (NaOH)  Carl Roth 
Sodiumorthovanadate  Sigma  
Sodium pyrophosphate  Sigma 
Tris(hydroxymethyl) base  Invitrogen 
TEMED  Sigma 
Triton-X 100  Merck 
TRIZOL  Invitrogen 
Trypan-blue solution  Sigma  
Trypsin-EDTA  Biochrom  
Trypton/Pepton  Carl Roth 
Tween 20  Carl Roth 
Vecta-Shield  Vector 
X-Gal  Carl Roth 
Yeast extract  Carl Roth 

 

Disposables 
 

Name/description Company 
5mL Tips Sarstedt 
96 well PCR Platte, farblos, "Fast" Typ Biozym 
96-well white opaque flat bottom 
microplates 

Falcon 

BZO Adhesive Optical Seal Film Biozym 
Cell culture dishes TPP 
Cellstrainer 40µm BD Falcon 
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Cryotubes  Roth  
DNA LoBind microcentrifuge tubes Eppendorf 
Eppendorf 1.5 ml tubes Sarstedt 
Falcon polystyrene flow cytometry tubes Corning 
Falcon tubes Corning 
Falcon® 14 mL Round Bottom High 
Clarity PP Test Tube 

Corning 

Falcon Serological pipettes  (5, 10, 25 
ml) 

Corning 

Filtertips (10, 100, 1000 µl) Biozym 
Frosted slides (76 x 26 mm)  Engelbrecht  
gentle MACS Tubes Miltenyi Biotec 
LS Columns  Miltenyi Biotec 
MS Columns  Miltenyi Biotec 
Microscopy immersion oil  Merck  
Needles for single-use, sterile  BD Biosciences 
PCR strips Corning 
Pipet tips (10, 200, 1000 µl) Sarstedt 
Rotilabo sterile filter 0.22 μM PES Roth 
Rotilabo sterile filter 0.45 μM PVDF Roth 
Syringes BD Biosciences 

 

Commercial Kits 
 

Name/description Company Catalogue number 
Dead Cell Removal Kit Miltenyi Biotec 130-090-101 
Guava ViaCount Reagent Kit 
(100 tests) 

Merck Millipore now 
LuminexCorp  

4000-0040 

OxyBlotTM protein oxidation 
detection kit 

Merck Millipore S7150 

Proteasome Activity Assay Abcam ab107921 
PROTEOSTAT® Aggresome 
Detection kit 

Enzo Life Sciences ENZ-51035-0025 

PureLink® HiPure Plasmid 
Filter Maxiprep Kit  

Invitrogen K2100-17  
 

QIAprep Spin Miniprep Kit  Qiagen  27104  
RNeasy Mini Kit  Qiagen 74104  
TaqMan® Gene Expression 
Master Mix  

Applied Biosystems  4369016 

 

Equipment 
 

Name Company 
Amnis ImageStreamX Mk II Imaging 
Flow Cytometer 

Luminex 

BD FACSCalibur™ BD Biosciences 
BioRad S3e cell sorter Bio-Rad 
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CB 150 Air-Jacketed CO2 Incubator Binder 
Centrifuge 5417R Eppendorf 
Centrifuge Rotina 35R Hettich 
Cytospin chambers Hettich 
EVOS AMEX-1200 microscope AMG 
FiveEasy pH meter Mettler Toledo 
Flowhood LaminAir HB 2448 Heraeus 
Fluorescence Microscope BZ-9000 
BioRevo 

Keyence 

gentleMACS™ Dissociator Miltenyi Biotec 
Guava easyCyte HT8 Benchtop Flow 
Cytometer 

Merck Millipore, Luminex 

Incubator Orbital Shaker Innova 44 New Brunswick 
Megafuge 1.0R Heraeus 
Microcentrifuge Fresco™ 17 ThermoFisher Scientific 
Microplate Reader Infinite® 200 PRO M 
Plex 

Tecan 

Mr. Frosty Freezing Container Thermo Scientific 
NanoDrop 2000 ThermoFisher Scientific 
NU-4950 Oxygen and Humidity Control 
Water Jacket CO2 Incubator 

AutoFlow 

Pipettes Eppendorf 
StepOnePlus™ System Real-Time PCR 
System 

Applied Biosystems 

T100 Thermal Cycler Bio-Rad 
Thermomixer comfort Eppendorf 
Vortex-Genie® 2 Scientific Industries 
Xplorer Multichannel and electronic 
pipettes 

Eppendorf  

 

Enzymes 
 

Name Company Catalog number 
DreamTaq DNA-
Ploymerase 

Thermo Fisher Scientific  EP0714 

RNase A AppliChem A2760.0100 
Superscript II Reverse 
Transcriptase 

Thermo Fisher Scientific 18064014 

 

Plasmids 
 

Name Backbone/origin 
MSCV-mBcl2-IRES-GFP MSCV-IRES-GFP; References 164 28  
MSCV-mBcl2 Reference 28  
MSCV-empty-IRES-GFP Reference 164 
MSCV-empty Reference 164 
MSCV-IκBαΔN-IRES-GFP Reference 33 
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Cell lines 
 

Cell line Vendor/Provider Description 
Eµ-Myc 
lymphomas In house 

Primary Murine B cell lymphomas of pre-B-
cell and more mature stages 

NIH3T3 ATCC CRL-1658 

Swiss Mouse embryonic fibroblasts, 
spontaneously immortalized via the 3T3 
protocol 

Phoenix-Eco / -
Ampho Clontech/Takara 

HEK293T cells engineered to express 
retroviral gag/pol and envelope proteins 

EHEB (DSMZ; ACC-67) 
Human cell line derived from chronic 
lymphocytic leukemia. 

RC-K8  (DSMZ; ACC-561) 

Human cell line, derived from a germinal 
center B-cell like diffuse large B-cell 
lymphoma (DLBCL). 

 
Mouse strains 
 

Strain Reference 
C57BL/6  
 

Clarence Cook Little, Bussey Institute, Harvard University, 
USA, 1921. 

C57BL/6 
(Suv39h1 knock-
out)  

Peters et al, Cell 2001, IMP, Vienna, Austria.  
 

 

Software 
 

Software Vendor/Provider Description 
Endnote X7 End note Reference management. 
Excel 2013 Microsoft Office Documentation and calculations of data. 
FlowJo v10 FlowJo Flow cytometry analysis. 

GSEA v3 
Broad institute Inc., 
MIT Gene set enrichment analysis. 

guavaSoft™ 
3.1.1 and 
guavaSoft™ 2.7 Merck Millipore 

Analysis of guava Easycyte data (cell 
viability assays, cell counting). 

ImageJ v1.50e, 
2.0.0-rc43  

Wayne Rasband, 
ImageJ developers Densitometric analysis; counting of cells. 

   

Prism v9 
Graph Pad Software 
Inc. Scientific graphics, statistics. 
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Methods 
 

Lymphoma cell culture. 
 

For lymphoma cell culture, NIH3T3 fibroblasts irradiated  into a senescent state were used 

as feeder cells. After thawing, lymphoma cells were cultured over a layer of feeder cells 

using B-cell medium that was enriched for least one day by the feeder cells. All cells 

were cultured at 37°C in an incubator with 5% CO2, 20% O2, 95% humidity 

atmosphere. For the purposes of this work, primary lymphoma samples were briefly 

cultured in such conditions before retroviral transfer of the gene of interest. After 

transduction, lymphoma cells were kept in culture over feeder layers, splitting them 

accordingly into fresh feeder layers to avoid full confluence and exchanging medium 

as required. Low passage lymphomas were used for each experiment.  

 

Cell Transfection and transduction of lymphoma cells. 
 

Low passage Phoenix cells were grown in a 10 cm petri dish until they achieved about 

70% confluence. When ready for transfection, Phoenix cells got a medium change with 

10 ml of fresh DMEM medium containing 25 µM of Chloroquine immediately before the 

transfection procedure.  

For each transfected sample, 20 µg of retroviral plasmid, 15 µg of helper plasmid and 

62.5 µg of CaCl2 were mixed in a falcon tube, adjusting the volume to 500 µl using 

sterile dH2O. 500 µl of HEPES buffer were then added dropwise to the transfection 

mix, while keeping it in constant agitation by gently blowing air bubbles through it with 

the aid of a thin pipet. The mixture was allowed to set for 10 minutes at RT to allow for 

DNA precipitation, before being carefully added dropwise over the surface of the petri 

dish containing the Phoenix cells layer. Cells were allowed to incubate with the 

transfection mix for 12 hours before replacing the medium with 5 ml of fresh B-cell 

medium to start the collection of supernatant containing viral particles. 12 hours after 

addition of the fresh B-cell medium to the Phoenix cells, the first supernatant is 

collected, filtered through a 0.45 µm filter, additioned with 20 µg polybrene and then 

transferred to the lymphoma cells. Meanwhile, fresh B-cell medium is added to the 

transfected Phoenix cells to collect the next virus supernatant. In this way, every 12 

hours a new round of infection is performed until four rounds are completed. The 
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lymphoma cells that are to be transduced with the retrovirus need to be seeded in such 

a way that they remain in the log phase of their growth cycle during the procedure 

(avoiding full confluence).  

Once the procedure is completed, old medium is removed from the transduced 

lymphoma cell plate, and then lymphoma cells are left incubating with fresh B-cell 

medium allowing 24 hours for expression of the gene of interest.  

 

Induction of senescence using ADR. 
 

Adriamycin (ADR, Sigma), a topoisomerase II inhibitor, was used for senescence 

induction of lymphoma cells. For this, Bcl2-protected lymphoma cells were treated 

once with a 0.05 ug/ml concentration of ADR. After three days of exposure to ADR, the 

medium is removed and replaced with fresh medium without ADR. Lymphoma cells 

are then allowed to incubate for two more days, after which full senescent arrest is 

achieved on day 5 after initial ADR exposure. 

 

Senescent markers. 
 

To confirm arrest of the cell cycle, DNA synthesis was assessed by 

immunohistochemical staining of incorporated 5-bromo-2’-deoxyuridine (BrdU, 

Sigma). Lymphoma cells in culture were incubated with 20 uM BrdU during two hours, 

then centrifuged down to form a pellet, washed with cold PBS buffer and then fixed in 

80% ice-cold ethanol at -20° for at least 24 hours. Afterwards, fixed lymphoma cells 

are washed again with PBS and incubated in 2M HCl at room temperature during 30 

min; after this, 0.1 M sodium borate is added to allow neutralization of pH during 15 

minutes. Lymphoma cell samples are then incubated overnight and protected from light 

with a FITC-conjugated anti-BrdU antibody (Molecular Probes, 1:2000), which labels 

cells with incorporated BrdU. Finally, cells are washed and resuspended in PBS, where 

they are incubated with 100μg/ml propidium iodide for 10 minutes before being 

analyzed by fluorescence-activated cell sorting (FACS, BD FACSCalibur). 

For detection of Senescence-Associated B-Galactosidase accumulation, cells in 

suspension were distributed in glass slides by cytospin preparation. SA-BGal staining 

was performed at pH 5.5 in the case of murine cells, or pH 6.0 for human cell lines. 
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Cytospin preparations were gently covered in freshly prepared fixation solution for 

SA-BGal and left incubating for 15 minutes at room temperature. Afterwards, slides 

were washed in PBS buffer twice and then incubated for 12-14 hours with SA-BGal 

staining solution in a humidified chamber at 37°C. 

 

Cell culture and in vitro drug treatments of lymphomas and human cell lines for 
viability assays. 
 

ADR-treated (day five) and untreated lymphomas were distributed into 48-well plates 

with a density of 500,000 cells in 250 µl of fresh B-Cell medium per well. 2X solutions 

of the required concentrations of Bafilomycin and Bortezomib (Sigma) were prepared 

in B-cell medium and added to the corresponding well to complete 500 µl total volume 

per well, in order to achieve the desired final concentration of inhibitor in each sample. 

The equivalent volume of DMSO diluted in B-cell medium was used as a mock 

treatment. Lymphoma cells were then incubated for 24h with the corresponding 

treatment.  

RC-K8 (DSMZ; ACC-561) and EHEB (DSMZ; ACC-67) cells were cultured in full RPMI 

medium (10% FCS, 1% Penicillin/Streptomycin) and treated with 10ng/ml ADR at 

100.000 cells/ml or left untreated (UT). 3 days after ADR addition, treated medium was 

replaced with fresh medium without ADR. On day 5 cells were counted and UT and 

ADR treated cells seeded out at 500.000 cells/ml in 0.2 ml of full medium in 96-well 

plate wells. Each condition was treated in triplicate either with 0.05% DMSO as a 

solvent control, 20 nM or 40 nM Bortezomib. RC-K8 cells were exposed to Bortezomib 

for 48h, while EHEB cells were exposed for 24 h before measuring viability. 

 

Cell viability assays (Guava Via Count). 
 

Viability was measured with the Guava ViaCount Reagent (Merck Millipore, now 

LuminexCorp) on a guava 8HT benchtop flow cytometer (Merck Millipore now 

LuminexCorp). 

After 24h of exposure to Bafilomycin and/or Bortezomib, cells were resuspended 

homogeneously in 300 µl B-Cell medium per sample. Then, they were seeded in 96-

well plates using 20 µl of cell suspension and 80 µl of ViaCount reagent per sample to 
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achieve a flow of approximately 500 cells/µl during sample acquisition with the Guava 

flow cytometer. Each condition was measured in duplicates and normalized to the 

viability of the mock treatment using DMSO. 

 

Aggresome detection. 
 

The PROTEOSTAT® Aggresome Detection kit (Enzo Life Sciences) was used to 

visualize the accumulation of aggregates in lymphoma cells. Control;Bcl2 as well as 

Suv39h1-/-;Bcl2 lymphomas treated with ADR (day five), MG-132/Bortezomib (18 h, 

no ADR) or left untreated were used for this assay. Prior to the assay, cells were 

counted using the Guava ViaCount reagent on a guava 8HT benchtop flow cytometer 

to ensure at least 500,000 viable cells per sample. Cells were collected, fixed and 

permeabilized according to the manufacturer’s instructions. Afterwards, cells were 

stained using a 1:5000 dilution of the PROTEOSTAT® dye and 1:2000 dilution of 

Hoechst 33342 nuclear staining in PBS buffer, incubating 30 min. at room temperature, 

protected from light. Images were acquired with a BZ-9000 Keyence fluorescence 

microscope using the Texas Red filter for visualization of the aggresome dye and a 

DAPI filter for the Hoechst 33342 nuclear staining. 

 

Detection of oxidized proteins in lymphoma cells. 
 

For this assay, whole cell lysates were generated from snap-frozen cell pellets of 

Control;Bcl2 as well as Suv39h1-/-;Bcl2 lymphomas treated with ADR (day five) or left 

untreated. Immunoblotting for detection of carbonyl groups in the selected samples 

was performed using the OxyBlotTM protein oxidation detection kit (Chemicon 

International) according to manufacturer’s instructions, by the group of Prof. Elke 

Krueger. Quantitative evaluation of the blots was performed with conventional 

densitometry (Software: Image J, Quantity One, AIDA) as described 165 using Tubulin 

and as a loading control for normalization. 

 

Assessment of proteasome activity in lymphoma cells. 
 
An Abcam Proteasome Activity assay kit (ab107921) was employed to measure the 

proteasome activity in our established senescent context. TIS-induced Control;Bcl2  
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lymphoma as well as Suv39h1-/-;Bcl2 cells were collected and lysed at day five after 

treatment with ADR, followed by incubation of the lysates with the AMC-tagged peptide 

substrate provided. The fluorescent emission of each sample reflecting the 

proteasome activity was measured using a microplate reader (Tecan Inifinite MPLEX), 

capturing readings in 5 minute intervals during a total of 30 minutes measuring time. 

The experimental assay as well as analysis of results and calculations to measure 

proteasome activity were carried out as described by the protocol included in the kit, 

and then normalized by cell volume calculated using Imaging Flow Cytometry. 

Proteasome activity was finally described in pmol/ (min*µm3). 

 
 
Cell volume measurement. 
 

Live lymphoma cells were resuspended in 4',6-Diamidino-2-Phenylindole, Dilactate 

(DAPI), 3µM containing 1xPBS solution and acquired on the Amnis® ImageStream®X 

Mk II Imaging Flow Cytometer (Amnis, MerckMillipore, now LuminexCorp). Doublets 

were excluded via an Aspect_Ratio_M04 > 0.875 gate. Dead cells were excluded by 

their DAPI-positivity and GFP-negativity when GFP was overexpressed in the cells. 

Cell volume of each individual cell was estimated from the Area parameter of the 

default brightfield object mask via the formula: 

𝑉𝑉 =  
4
3

 × 𝐴𝐴 ×  √𝐴𝐴 ÷ 𝜋𝜋 

Where V is the cell volume in µm³ and A is the measured brightfield object mask 
Area_M04 in µm². 

 

Gene expression assays. 
 

Purification of total RNA from lymphoma cells was performed using the RNeasy kit by 

QUIAGEN according to manufacturer’s instructions. Purified RNA was quantified using 

a NanoDrop-2000 spectrometer (NanoDrop Technologies) with a wavelength of 

260nm.  

RNA to cDNA conversion was achieved with the aid of a Superscript® II Reverse 

Transcriptase (Promega), according to the instruction sheet from the product. 

Amplification of the desired murine genes was then achieved by quantitative Real-Time 
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PCR (qRT-PCR) using a StepOnePlusTM Real-Time PCR System (Applied 

Biosystems). Individual TaqMan® Assays specific for each gene were used for each 

reaction (Applied Biosystems, see table below for details) along with the required 

reaction buffer (Applied Biosystems). 

 

Gene Catalog number 
Il6 Mm00446190_m1  (IL6) 
Il1a Mm00439620_m1 (Il1a) 
Tnfa Mm00443258_m1   (Tnf) 
Ccl2 Mm00441242_m1 (Ccl2) 
Cxcl1 Mm01354329_g1 
Cxcl5 Mm00436451_g1 
Ptges Mm00452105_m1 
Serpine1 Mm00435858_m1 (Serpine1) 
Fgf7 Mm00433291_m1 
Nfkbie Mm01269649_m1 (Nkfbie) 

Tnfaip3 Mm00437121_m1 (Tnfaip3) 
Nfkbia Mm00477798_m1 (Nfkbia) 
Gapdh  Mm99999915_g1 (GAPDH) 

 

 

Mouse work: strains used and generation of lymphoma samples. 
 

All the mice experiments were performed according to the standards and regulations 

required by the governmental board LAGeSo (Landesamt für Gesundheit und 

Soziales, LAGeSo, Berlin).  

Fully immunocompetent, C57BL/6 Eμ-Myc transgenic mice (hereafter referred to as 

“control”) were used for lymphoma generation. In order to originate senescent-impeded 

lymphomas to test the senescence-specific effects of the treatments, control mice were 

intercrossed with mice carrying loss-of-function alleles for the Suv39h1 methylase. 

Since the locus of the Suv39h1 gene is linked to the X chromosome, Suv39h1- 

lymphomas can emerge from Eμ-Myc lymphomas originated in either Suv39h1-/- 

females or in Suv39h1y/-males. The respective genotyping of the resulting offspring 

was carried out by the T.A. as described previously 165. 

 

The onset of lymphoma tumors in mice was monitored every two days by palpation of 

the scapular, axillar and cervical lymph nodes, until well-palpable (>5 mm in diameter) 
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tumors were detected or the animal fulfilled the criteria described by the LAGeSo score 

sheet. Animals were euthanized in a CO2 chamber followed by immediate manual 

extraction of enlarged lymph nodes with the aid of scalpel, scissors and forceps. Lymph 

nodes were then homogenized into a single cell suspension using a tissue disrupting 

instrument (gentleMACSTM, Miltenyi); the homogeneous cell suspension of each 

lymphoma was then aliquoted in freezing medium, frozen and stored in liquid nitrogen 

for further use. 

 
 
Lymphoma transplantation and tumor growth in vivo. 
 

Individual lymphomas protected by Bcl2 overexpression were transplanted to control 

mice by intravenous injection on the tail vein.  After transplantation, mice were 

monitored every three days by palpation of the axillary, cervical and prescapular lymph 

nodes to detect emerging tumors. Once the tumor onset was confirmed, we proceeded 

with the chemotherapy drug treatment. 

 

Drug treatments and monitoring in vivo.  
 

Once tumor onset was confirmed, mice were treated with a single dose of 

cyclophosphamide (CTX, Sigma), administered intraperitoneally in a concentration of 

300mg/kg body weight. CTX was preferred to ADR in vivo because it causes lower 

organ toxicity 166.   

For the sequential treatments with inhibitors of protein degradation, mice were treated 

with a single dose of Bafilomycin A1 (0.05 mg/kg) and/or Bortezomib (0.05 mg/kg, 1 

mg/kg) diluted on phosphate buffer on day five after CTX. Injections were also 

administered intraperitoneally. Phosphate buffer was used as a mock treatment. 

The response to treatment in mice was monitored by palpation of the axillary, 

prescapular and cervical lymph nodes every two days after drug treatment. Overall 

survival was defined as the latency period between treatment and a terminal stage of 

the disease as defined by the LAGeSo score sheet (see Supplementary Figure 1). 

 

 



Materials and Methods. 
 

51 
 

 

GSEA Analysis. 
 

Gene Set Enrichment Analysis (GSEA) was performed using existing data obtained 

from a microarray analysis (Affymetrix) of the mRNA profiles of twelve matched pairs 

of TIS versus non senescent lymphomas (both Bcl-2 protected). The GSEA was 

performed for the identification of upregulated and downregulated gene sets 

associated with the proteasome pathway. We selected the proteasome degradation 

pathway gene set compiled by the KEGG database for this end. Normalized 

enrichment scores (NES) reflect a statistically significant enrichment for P values below 

0.05 and false discovery rate (FDR) values below 0.25. 

 

Statistics. 
 

Data are presented as arithmetic means ± standard deviation (s.d.) or standard error 

of the mean (s.e.m.), unless stated otherwise. Normal distribution of the data was 

assessed by the Shapiro–Wilk test, and variance-homogeneity using the Levene test; 

statistical analysis of the data sets were performed by paired or unpaired t-tests. 

 

Experiments carried out using the Eμ-myc transgenic mouse lymphoma model were 

typically performed using three to eight different individual lymphomas (biological 

replicates). In the case of in vivo experiments, typically eight mice were used per arm 

of the in the survival analyses of long-term outcome to treatment.  

 

Given the characteristics of the data obtained in the mouse cohort survival assays, the 

Gehan-Breslow-Wilcoxon Test was preferred. This test can provide more accurate 

results when analyzing data in which the deaths happen in earlier times of the chosen 

observation period, while the log-rank statistic is better suited for data showing events 

happening later in time 167. The standard Log-rank (Mantel-Cox) Test was used for 

comparison. 
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4. Results.  
 

Establishment of therapy induced-senescence in lymphoma cells. 
 

In order to assess the senescence capability of Eµ-Myc;Bcl2 lymphomas used in the 

present study, we tested them for the presence of some of the basic hallmarks of 

senescence. One of them is cell cycle arrest, typically in the G1 phase of the cycle 
168. 
 

After five days of treatment with Adriamycin (ADR), we assess the state of the cell 

cycle in lymphoma cells by performing a Bromodeoxyuridine (BrdU) incorporation 

assay. Cells are incubated with BrdU, which is an analog of thymidine and becomes 

incorporated into the newly replicated DNA during the synthesis (S) phase of the cycle 
19. The incorporated BrdU can then be detected by flow cytometry by using an antibody 

specific for this nucleoside analog.  

Figure 8. Detection of cell cycle arrest by lack of BrdU incorporation as a marker 
in therapy induced senescence. After day 5 of treatment with ADR, control;Bcl2 or 
Suv39h1 ̶ ;Bcl2. lymphomas were pulse-labeled with BrdU and assessed  for cell cycle 
distribution via anti-BrdU and PI staining. TIS cells typically exhibit a cell cycle arrest 
in the G1 phase, as reflected by the lack of cells undergoing the DNA replicative S 
phase. Unlike control;Bcl2 cells, Suv39h1 ̶ ;Bcl2 lymphomas keep proliferating and 
entering S phase after ADR treatment (right panel). Two different individual lymphomas 
(first and second row) are shown as examples for each genotype.  
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Untreated, proliferating control;Bcl2  lymphomas show a distribution of viable cells 

through the different phases of the cell cycle, with a considerable amount of cells going 

through the S phase of the cycle, reflecting DNA replication and proliferation. After 

ADR-induced senescent arrest, we can observe that the proportion of cells undergoing 

the S phase of the cycle has been greatly reduced (Fig. 8), with the larger percentage 

of the cells analyzed typically being arrested in the G1 phase of the cycle. 

In contrast, Suv39h1 ̶ ;Bcl2 lymphomas remain actively progressing through 

proliferation cycles, as reflected by the incorporation of BrdU after five days of ADR 

treatment, indicating a robust cell population entering the S phase (Fig. 8). 

Additionally, senescence-associated βGalactosidase (SA-βGal) is considered a 

reliable biomarker of senescence 169. Thus, a well-established method for detection of 

senescence in cells is the SA-βGal staining. When cells become senescent, increased 

levels of βGal are expressed and accumulate in lysosomes throughout the cytoplasm. 

This increased SA-βGal presence can then be detected by its efficient enzymatic 

conversion of a specific chromogenic substrate, X-Gal, into a blue colored precipitate 
169.  

In order to confirm the establishment of senescence in our lymphomas, we performed 

an SA-βGal staining assay after five days of treatment with Adriamycin.  

ADR treated control;Bcl2 lymphomas show a prominent blue staining when compared 

to their untreated, and thus proliferating counterparts (Fig. 9). In the case of Suv39h1 ̶ 

;Bcl2 lymphomas, both ADR-treated and untreated samples show a similar level of 

minimal staining, manifesting their lack of significant SA-βGal activity. 
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Figure 9. Drug exposed cells displaying blue precipitates after SA-βGal staining, 
as a marker of therapy induced senescence. Control;Bcl2 TIS cells show a 
distinctive blue precipitate after incubation with chromogenic substrate X-Gal, due to 
increased lysosomal SA-βGalactosidase activity. In contrast, senescence-impeded 
Suv39h1 ;̶Bcl2 lymphomas exhibit minimal staining after ADR treatment. Each row 
represents an individual lymphoma. 

 

The intensity of the blue dye, reflecting the amount of accumulated SA-βGal present 

in the cells, can be variable between different lymphomas, as it can be observed in 

Figure 9. Note also how some lymphoma cells display an increase in size as described 

among the basic characteristics of senescent cells 8. 
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Once the senescent arrest (or lack of it in the case of Suv39h1 ̶ ;Bcl2 cells) was 

confirmed in our lymphoma samples, we could have a basis to work on the following 

experiments to test our hypotheses. 

 

Lymphomas show increased accumulation of aggresomes during TIS. 
 

The increased production of proteins during TIS, and the proteostress that ensues 28 

create conditions in the cell that can result in protein modification and aggregation. 

Misfolded proteins can be targeted to the proteasome for degradation, or accumulate 

forming aggregates that can be degraded by autophagy 170. In order to restrict protein 

aggregates to specific spaces in the cell, aggregated proteins are transported and 

attached to organizing microtubule centers to aid in their controlled degradation 171. 

This microtubule-associated protein aggregates are then known as aggresomes.   

The presence of aggresomes can be detected by the recognition of misfolded proteins 

concentrated in a given point. For this purpose, we performed a PROTEOSTAT® 

Aggresome Detection assay which includes a molecular probe that binds to unfolded 

and denatured proteins located within aggresomes. This probe emits a bright red 

fluorescent signal when attached to its target due to a change in its molecular 

configuration. Hoechst 33342 nuclear stain (which has a blue fluorescent emission) is 

also included as an aid for cell visualization.   

 
Both control;Bcl2 and Suv39h1 ̶ ;Bcl2 lymphomas were analyzed for presence of 

aggresomes after day 5 of treatment with ADR. Additionally, treatment of lymphomas 

with proteasome inhibitors (MG-132, Bortezomib) was used as a positive control, since 

such inhibitors promote aggresome formation 172 127. Indeed, both control;Bcl2 and 

Suv39h1 ̶ ;Bcl2 lymphomas treated with proteasome inhibitors MG-132 and 

Bortezomib, showed accumulation of peptides detected in the form of aggresomes in 

this assay (Fig. 10). The agressomes were detected as intracellular bright red spots of 

variable size. 

After ADR treatment, control;Bcl2 lymphoma cells undergoing TIS showed a 

pronounced increase in aggresomes compared to their untreated counterparts. 

Moreover, the same effect was not observed in senescence-impeded Suv39h1 ̶ ;Bcl2 

cells, even after undergoing ADR treatment, which resulted in a more modest presence 



Results. 
 

56 
 

of aggresomes. The difference in aggresome detection between the two conditions 

proved to be significant in favor of the lymphomas undergoing senescence (t test, 

p=0.0145).  

Additionally, as observed in Fig. 10, in ADR treated control;Bcl2  lymphomas the 

aggresome spots appear as discrete and dense puncta that show an intense 

fluorescent signal in each cell. Conversely, after ADR treatment, Suv39h1 ̶ ;Bcl2 

lymphomas show a more diffuse pattern where the smaller puncta observed create a 

fluorescent haze throughout the cell with less overall fluorescence intensity.   

 

a) 
 

 
 

Figure 10. Senescent lymphoma cells accumulate more aggresomes than their 
non-senescent counterparts. Aggresome detection using immunofluorescence was 
carried out in fixed Eµ-myc;Bcl2 lymphoma cells. Cells were either induced into 
senescence by ADR treatment (5 days) or left untreated. In order to rule out 
senescence-unrelated effects of ADR treatment, senescence-impeded Suv39h1 ̶ ;Bcl2 
lymphomas were also included under the same conditions. (a) Control;Bcl2 
lymphomas undergoing TIS showed a greater fold increase (2.56 mean value, n=5) in 
accumulation of aggresomes compared to their senescent-impeded Suv39h1 ̶ ;Bcl2 
counterparts (1.50 mean value, n=5), said difference was found to be significant (t test, 
p=0.0145). (b – see next page) Representative pictures showing aggresome detection 
(aggresomes in red staining; Hoechst 33342 nuclear staining in blue) before and after 
ADR treatment in the different genotypes. (c – see next page) As a positive control, 
the lymphomas analyzed also underwent treatment with proteasome inhibitors 
Bortezomib and MG-132, which induce accumulation of aggregated peptide products. 
Cells were exposed for 18h to the inhibitors in the specified concentrations. 
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b) 

 
 

c)  
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Detection of an increase in oxidized protein levels in cells undergoing TIS. 
 

While a mild level of oxidation might stimulate the degradation of peptides via the 

proteasome, a critical level of oxidative stress can cause oxidized proteins to 

accumulate forming aggregates 97. 

An important factor influencing protein degradation and homeostasis in cells 

undergoing stress is protein oxidation 173.  

Oxygen free radicals are produced during metabolic processes like mitochondrial 

electron transport and the cellular redox system, as well as during the immune 

response 174 175. Free oxygen radicals can lead to aberrant oxidation of proteins which 

also occurs under pathologic conditions such as cancer 176 177. It is possible that protein 

oxidation also takes place under the stressful conditions experienced by cells during 

TIS given their hypermetabolic state, 28 which generates oxygen free radicals that 

could facilitate protein aggregation of the abundant proteins produced in senescent 

cells.   

Oxidative reactions in the cell introduce modifications into the side chains of proteins 

by adding carbonyl groups in a site-specific way 178 179 180 181. Carbonyl groups can be 

detected by specific antibodies that recognize said moiety in proteins modified by free 

radicals and other reactive species. Therefore, an immunoblot assay was carried out 

with the OxyBlot™ Protein Oxidation Detection to detect total protein oxidation from 

whole cell extracts. The measurement of protein carbonyl groups after derivatisation 

with DNPH is the most widely utilized measure of protein oxidation, as a biomarker of 

oxidative stress 95. 

 

The immunoblot revealed that control;Bcl2 cells undergoing TIS have an increase in 

oxidized proteins relative to their untreated counterparts (Fig. 11). Since treatment with 

ADR alone can induce ROS formation and subsequently result in increased protein 

oxidation, senescence-impaired Suv39h1 ̶ ;Bcl2 cells, equally treated with ADR, were 

included in the assay. Still, unlike senescent cells, Suv39h1 ̶ ;Bcl2 cells did not show a 

significantly elevated oxidation after treatment with ADR, suggesting that such 

increase in oxidized proteins is related to the senescent condition. Densitometric 

analysis of the blots was performed to determine the fold increase of protein 

carbonylation detected in ADR treated versus untreated samples in both control;Bcl2 
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and Suv39h1 ̶ ;Bcl2 lymphomas. Anecdotal observation in our group has brought up 

the concern that detection of housekeeping proteins like Tubulin and GAPDH show 

inconsistent results as loading controls in TIS cell samples; this could be due to the 

metabolic and structural changes that cells go through after ADR treatment to become 

senescent. To circumvent this pitfall, the blots analyzed were stained after 

immunodetection with Amido black to verify the total protein loading in each lane; the 

staining was used for Western blot normalization.     

 

This result of an increase in carbonylated proteins in TIS is consistent with previous 

observations pertaining the establishment of senescent arrest 182 85, showing 

upregulation of signaling pathways responding to ROS 183.  
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a) 

 
 
 

b) 

 
 
Figure 11. Oxidized proteins accumulate in cells undergoing TIS. Protein extracts 
from lymphoma cells that were treated with ADR (day 5) or left untreated were 
analyzed by immunoblotting. A specific anti-carbonyl antibody was used to detect 
carbonyl groups attached to proteins (a marker of protein oxidation). (a) Cells 
undergoing TIS exhibit an overall increase in oxidized proteins in comparison to their 
untreated counterparts. Such increase in protein oxidation after treatment with ADR 
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was not observed in senescence-impeded Suv39h1 ̶ ;Bcl2 cells. Detection of B-Tubulin 
and a general staining with Amido black were used as loading controls. (b) 
Densitometric analysis of the blots, normalized to amido black staining, showing a 
significant increase of protein carbonylation detected after ADR treatment in 
control;Bcl2 lymphomas (n=5) compared to their Suv39h1 ̶ ;Bcl2 counterparts (n=5) (t 
test, p=0.0272). Oxyblot and normalization was performed by the group of Prof. Elke 
Krueger. 
 
 

Gene Set Enrichment Analysis show that the proteasome pathway is not 
upregulated in TIS. 
 
As a further step to explore the regulatory state of protein degradation in our TIS 

lymphoma model, Gene Set Enrichment Analysis (GSEA) assays were performed in 

gene expression profiles of ADR-treated against untreated lymphomas. In such 

assays, the activity of the proteasome pathway was assessed at the level of mRNA 

expression. 

 

For this aim, the proteasome degradation pathway gene set compiled by the KEGG 

database was selected and analyzed for enrichment in microarray data (Affymetrix) 

obtained from twelve matched pairs of lymphomas comparing senescent versus non-

senescent conditions (Fig. 12).  

 

  
 
Figure 12. The proteasome pathway is downregulated during TIS. GSEA analysis 
were performed to analyze enrichment of the proteasome pathway (KEGG database) 
on an mRNA level in lymphoma samples (n=12, matched lymphoma pairs senescent 
vs non-senescent). In Control;Bcl2 lymphoma cells (left panel), the KEGG proteasome 
pathway gene set was found to be upregulated (normalized enrichment score of 0.64) 
in the untreated condition compared to TIS (p=0.0369). No significant enrichment was 
found in the ADR treated condition in Suv39h1 ̶ ;Bcl2 lymphomas as compared to the 
untreated lymphomas (p=0.229).  
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In Control;Bcl2 lymphomas, the KEGG gene set for proteasomal degradation pathway 

was found to be upregulated in the untreated condition versus the ADR-treated, TIS 

induced lymphomas (normalized enrichment score of 0.64, with a false discovery rate 

q value=0.0369). In contrast, in the case of Suv39h1 ̶ ;Bcl2 lymphomas, no significant 

enrichment score was found for either condition. 

 

It is worth noting that the regulation and activation of proteasomal degradation pathway 

goes beyond the mRNA level analyzed by the GSEA method. The proteasomal 

degradation can be activated or inhibited by interaction with other proteins 184 185 186 or 

influenced by the metabolic state of the cell or conditions like aging and protein 

aggregation 187 110. Therefore, we decided to address the role of protein degradation 

in senescent cells by using different methods.  

 
 
The degradative activity of the proteasome decreases during TIS. 
 
A proteasomal activity assay was performed to compare the level of activity between 

senescent and non senescent cells. In this assay, the degradative activity of the 

proteasome was tested by incubating whole cell lysates with a peptide substrate 

tagged with 7-amino-3-methylcoumarin (AMC). This peptide can be cleaved from the 

AMC tag by the chymotrypsin-like activity of the proteasome. While the AMC is still 

attached to this target peptide its fluorescence is quenched, but once the AMC tag is 

cleaved from the peptide substrate, it becomes highly excitable and exhibits 

fluorescence proportional to intracellular proteasome activity. The proteasome inhibitor 

MG-132 was used to control for the non-proteasomal degradation of the substrate 

carried out by cytosolic proteases.   

 

For this assay, control;Bcl2  lymphoma as well as Suv39h1 ̶ ;Bcl2 cells were treated for 

five days with ADR and then measured for proteasome activity. 

 

It is important to take into account that cells undergoing TIS typically experience an 

increase in size, and this growth in surface and mass can be highly variable 8. Hence, 

some lymphomas become larger than others when they senesce, having a larger 

volume and thus a higher mass and more abundant cellular contents (and potentially, 

a larger amount of proteasomes) than smaller senescent lymphomas. Given that the 
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proteasome activity assay requires the normalization of cell lysate samples by cell 

number, such variability in size could introduce a bias favoring higher fluorescent 

emissions from larger senescent cells containing more biomass, which could mask a 

real fluctuation in proteasomal activity. For this reason, it was desirable to normalize 

the resulting fluorescent measurements by cell size to have a more reliable outcome. 

 

All control;Bcl2 and Suv39h1 ̶ ;Bcl2 lymphomas used in the assay were measured with 

the aid of imaging flow cytometry to determine their total area and volume in µm³ (Fig. 

13).  

 
 

 
Figure 13. Variability in size increase after senescence induction in control;Bcl2  
lymphomas. After senescence induction by ADR treatment, control;Bcl2 lymphomas 
typically exhibit an increase in cell size; the degree of such increase, however, can be 
variable from one lymphoma to another. Shown are two examples of such variability 
(scale bar = 10 µm). For comparison, Suv39h1 ̶ ;Bcl2 lymphomas do not show such a 
size increase after treatment with ADR. 
 
 
Once the cell volume was determined for each lymphoma in their ADR-treated and 

untreated form, it was used to normalize the readings obtained from the proteasome 

activity assay.  
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Figure 14. Proteasome activity decreases in TIS lymphomas. A significant 
decrease in proteasome activity was found in the ADR-treated (TIS) condition in 
control;Bcl2  lymphomas (n=6), compared to their untreated counterparts (paired t test, 
p=0.02). No significant changes in proteasome activity were found in ADR-treated 
versus untreated Suv39h1 ̶ ;Bcl2 lymphomas (n=3). 
 
The proteasome activity of the TIS-induced control;Bcl2  lymphomas decreased 

significantly  compared to their untreated counterparts (Fig. 14). In contrast Suv39h1 ̶ 

;Bcl2 cells showed increased proteasome activity in the ADR treated samples in 

relation to their untreated counterparts; however, this increase was not found to be 

significant. 

 

The decrease in proteasome activity observed in the lymphomas undergoing TIS, is 

consistent with the previous finding by GSEA, and could add to the already demanding 

condition of increased protein production in senescent cells. This could present TIS 

cells with increased difficulty to preserve homeostasis under such conditions. These 

circumstances might, in turn, render TIS cells more vulnerable to the inhibition of 

proteasomal degradation.  
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TIS lymphomas show vulnerability to proteasome and autophagy inhibition 
in vitro. 

 
After establishment of TIS, the protein degradation systems in the cell need to cope 

with the increased protein load by processing the accumulated oxidized peptides and 

protein aggregates, as well as other products requiring disposal (misfolded, defective 

and excessive proteins). 

Under the stressful conditions of TIS, such degradative action could be crucial to 

maintain viability; in this way, inhibition of autophagy and/or proteasomal degradation 

could result in an enhanced selective vulnerability of TIS lymphomas by blunting their 

ability to avoid proteotoxicity by protein degradation. 

To test this hypothesis, inhibitors for autophagy and the proteasome degradation 

system were employed in differential conditions, comparing their effect on senescent 

versus proliferating tumor cells.  

For this assay we employed Bafilomycin A1, which is a specific inhibitor of vacuolar 

H+ ATPase (V-ATPase). It inhibits autophagy by preventing the fusion between 

autophagosomes and lysosomes 132. We selected this inhibitor since previous work in 

our group showed selective killing of TIS lymphoma cells in vitro and enhanced tumor 

clearing in vivo when using bafilomycin following the preset CTX treatment to induce 

senescence in lymphomas 28. 

For inhibition of the proteasomal degradation, we used Bortezomib. Bortezomib is a 

reversible and selective inhibitor that binds with high affinity to the 26S proteasome, 

inhibiting its chymotripsyn-like activity in mammalian cells 188. Since its approval in 

2008 for use in humans, Bortezomib became a drug commonly used for treatment in 

multiple myeloma and mantle cell lymphoma 133.  

To test our hypothesis, Eμ-Myc control;Bcl2, as well as Suv39h1 ̶ ;Bcl2 lymphomas 

were treated in vitro with ADR for five days. Subsequently, they were exposed to 

proteasome (Bortezomib) or autophagy (Bafilomycin) inhibitors. Cells were exposed to 

the inhibitors during 24 h, followed by a viability assessment using flow cytometry. 

The viability of ADR-treated control;Bcl2 (TIS) lymphomas declined after exposure to 

a moderate dose of either Bafilomycin or Bortezomib (Fig. 15). Such decline in viability 

was found to be significant in both cases. Treatment with Bafilomycin scored a mean 
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difference in viability of 20.00% (p= 0.0130) when comparing untreated versus ADR-

treated lymphomas, while the same comparison resulted in a mean difference of 

39.88% (p= 0.0004) for Bortezomib treatment. Remarkably, senescence impeded 

Suv39h1 ̶ ;Bcl2 lymphomas did not show a similar decline in viability as did control;Bcl2 

lymphomas when subsequently exposed to either inhibitor, even when previously 

treated with ADR (Fig. 15).  

This results suggest that the observed vulnerability of lymphomas to proteasome or 

autophagy inhibition after induction of TIS could be linked to the senescent condition, 

instead of being a consequence of additive toxicity caused by the sequential drug 

treatment. 

      
Figure 15. Cells undergoing TIS show decreased viability in response to 
autophagy inhibition by Bafilomycin and proteasome inhibition by Bortezomib. 
Control;Bcl2 (n=8) and Suv39h1 ̶ ;Bcl2 (n=8) lymphomas were treated with ADR and 
sequentially treated at day five with either Bafilomycin or Bortezomib in the specified 
concentrations. After 24 h exposure to the inhibitors, viability was measured by flow 
cytometry and then normalized to the respective UT or ADR conditions treated with 
DMSO only. Treatment with Bafilomycin (left panel) reduced the viability in control;Bcl2 
lymphomas undergoing TIS (ADR treated) compared to their untreated counterparts; 
such difference was found to be significant (paired t test, p=0.0130; mean 
difference=20.00%). Bortezomib treatment (right panel) induced an even more 
pronounced effect in selective killing of TIS control;Bcl2 lymphomas (paired t test, 
p=0.0004; mean difference=38.99%). Senescence-impeded Suv39h1 ̶ ;Bcl2 
lymphomas did not show increased vulnerability to either Bafilomycin or Bortezomib, 
regardless of previous ADR treatment. 
 
 
Since the impairment of one degradation pathway could still be mitigated by the 

remaining functional pathways, it was tested if combination of inhibitors would improve 

the elimination of senescent tumor cells in an effective manner. For this assay, 
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Bafilomycin and Bortezomib were used in two different combinations of concentrations 

after senescence-inducing treatment with ADR.  

Expanding on the results obtained using Bafilomycin and Bortezomib as single agents, 

the combination of both inhibitors resulted in an even more pronounced decrease in 

viability in senescent control;Bcl2  lymphomas in contrast to their untreated 

counterparts (Fig. 16). Such decrease in viability was found to be highly significant in 

both combinations tested, with the one including the higher dose of Bafilomycin (20 

nM) showing the greater decrease in viability of TIS compared to untreated lymphomas 

(paired t test: p<0.0001; mean difference=37.38%). In contrast, Suv39h1 ̶ ;Bcl2 

lymphomas did not exhibit the same vulnerability to both inhibitors after ADR treatment, 

showing a smaller decrease in viability (paired t test: p=0.0377; mean difference= 

15.4%) following the sequential drug treatment. 

In both combinations used, there was a highly significant difference found between 

both ADR treated genotypes regarding decrease in viability after the treatment with 

inhibitors, with the control;Bcl2 being more vulnerable to the combined treatment than 

the Suv39h1 ̶ ;Bcl2 lymphomas (Fig. 16), confirming the requirement of the senescent 

cellular state as a prerequisite for effectiveness of such a treatment strategy. 
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Figure 16. Cells undergoing TIS show decreased viability in response to 
combined doses of Bafilomycin and Bortezomib. Control;Bcl2 (n=8) and Suv39h1 ̶ 

;Bcl2 (n=8) lymphomas were treated with ADR and sequentially treated at day five with 
a combination of Bafilomycin plus Bortezomib in the specified concentrations. After 24 
h with the combined inhibitors, viability was measured and then normalized to the 
respective samples treated with DMSO only. In both cases, treatment with the 
combined inhibitors reduced the viability in control;Bcl2 lymphomas undergoing TIS 
(ADR treated) compared to their untreated counterparts; such difference was found to 
be highly significant (paired t test, p=0.0002; mean difference= 39.75% for Baf 10 nM 
+ Bort 40 nM, and p<0.0001; mean difference=37.38% for Baf 10 nM + Bort 40 nM). 
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Senescence-impeded Suv39h1 ̶ ;Bcl2 lymphomas showed a significant but smaller 
decrease in viability than control;Bcl2 lymphomas following the combined treatment 
after ADR. A comparison between the ADR treated Control;Bcl2 and Suv39h1 ̶ ;Bcl2 
lymphomas showed that the decrease in viability observed in control;Bcl2 lymphomas 
in response to the inhibitor combination compared to Suv39h1 ̶ ;Bcl2 is highly 
significant (p=0.0028 for Bafilomycin 10 nM + Bortezomib 40 nM; p=0.0006 for 
Bafilomycin 20 nM + Bortezomib 40 nM). 
 
 

It is worth noting that in this combination assay, an additive effect of the combination 

of the two drugs was achieved, eliminating a higher proportion of senescent lymphoma 

cells that are susceptible to a blockade of their cellular waste disposal machinery. 

 

These results suggest the use of protein degradation inhibition, following the 

establishment of TIS, is a highly selective, two step approach that could eliminate 

lymphoma cells in an effective way, taking advantage of the particular stress that 

senescent cells are subject to, that is not present in proliferating cancer cells. 

 

Assessment of SASP production and NF-κB induction in TIS lymphomas. 
 
As shown by previous work in our group 28, lymphoma cells deal with an increased 

production of proteins during senescence. Since the array of proteins constituting the 

SASP is an important component of the overall protein produced by cells undergoing 

TIS 27, the production of SASP could represent a stressful burden for them, making 

them more vulnerable to the inhibition of protein degradation. 

 

One of the key components in the production of SASP is the transcription factor NF-

κB, which regulates the transcription of a large amount of proteins that form SASP 33. 

To confirm the SASP production in our TIS system, we measured the expression of 

several target genes of NF-κB. For this, mRNA extracts from ADR-treated control;Bcl2  

as well as Suv39h1  ;Bcl2 lymphomas were analyzed using quantitative reverse-

transcriptase PCR (qPCR) to detect the fold change of some well-known components 

of the SASP 33 in ADR-treated versus untreated samples (Fig. 17). A well-known SASP 

component that is not a NF-κB target, Fgf7, was also added as a positive control for 

SASP induction. 

 

 



Results. 
 

70 
 

SASP in senescence
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Figure 17. Induction of SASP factors and NF-κB targets in TIS lymphomas. RNA 
extracts from ADR-treated control;Bcl2 as well as Suv39h1 ̶ ;Bcl2 lymphomas were 
analyzed using quantitative reverse-transcriptase PCR to detect the fold change of 
some well-known components of the SASP in ADR-treated versus untreated samples. 
In control;Bcl2 lymphomas, the fold increase of expression in all SASP components 
was higher than in Suv39h1 ̶ ;Bcl2 lymphomas compared to their untreated 
counterparts. 
 
 

After five days of ADR treatment, the SASP genes selected reached higher levels of 

induction in control;Bcl2  lymphomas, in contrast to their Suv39h1 ̶ ;Bcl2 counterparts. 

 

As confirmation of NF-κB induction, three known negative feedback targets of NF-κB 

were also measured during the assay, and were also found to be upregulated in 

control;Bcl2 lymphoma cells in contrast to no induction in Suv39h1 ̶ ;Bcl2 lymphomas. 

 

This result provides a measurable sample of the higher protein burden present in cells 

undergoing TIS compared to those unable to senesce, which can then be used to 

explore the effect of modulating protein production contributing to cellular stress. 
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Inhibition of NF-κB attenuates production of SASP. 
 
In light of the previous findings regarding higher vulnerability of TIS lymphomas to 

inhibition of protein degradation–and especially inhibition of proteasomal degradation, 

we decided to further explore the effect of the protein load on such selective 

vulnerability. Since the previous experiments in this work showed lower proteasome 

activity and higher SASP production in cells undergoing TIS, we decided to explore if 

the suppression of SASP could increase the viability of senescent cells under 

proteasome inhibition by alleviating the protein load they have to deal with to preserve 

their homeostasis.  

 

In order to explore this possibility, we used a IκBαΔN construct, hereafter referred to 

as NF-κB super-repressor (NF-κB-SR), to block the activity of NF-κB and decrease 

production of SASP and thus overall protein load 28,189. 

 

Control;Bcl2 lymphoma cells were transduced either with NF-κB super-repressor, or 

with the empty vector. Following stable overexpression of NF-κB-SR, the lymphomas 

were treated with ADR as established. The expression of SASP factors was then 

measured by qPCR in lymphoma mRNA samples. For this, as in the previous 

experiment, a panel of diverse cytokines and pro-inflammatory factors regulated by 

NF-κB was selected, as well as of NF-κB bona fide targets like Nfkbie and Tnfaip3 190.  

 

The profiled SASP transcripts/NF-κB targets were much less abundant in ADR treated, 

NF-κB inhibited control;Bcl2 lymphomas carrying the NF-κB-SR, as compared to 

lymphomas that were transduced with empty vector, showing high NF-κB activity, as 

judged from expression of Nfkbie and Tnfaip3 (Fig. 18). 

 
 



Results. 
 

72 
 

 
Figure 18. The NF-κB super-repressor inhibits the expression of SASP 
components in TIS lymphomas. Control;bcl2 lymphomas (n=3) stably transduced 
with either the NF-κB super-repressor or empty vector (n=3, matched pairs) were 
analyzed by PCR for expression of selected SASP products and NF-κB targets. The 
expression of SASP factors and NF-κB targets was lower in TIS lymphomas 
overexpressing the NF-κB super-repressor than in those carrying the empty vector. 
Untreated lymphomas (no ADR) were also included as a negative control. Results are 
displayed in an expression heatmap to aid visualization 191. 
 
 

Once we confirmed the effectivity of the NF-κB super-repressor, and therefore we had 

a way to attenuate the production of SASP in our lymphoma model, we proceeded to 

test the next part of our hypothesis.  
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Blocking of NF-κB rescues the viability of TIS lymphomas when exposed 
to Bortezomib treatment. 
 
If the presence of SASP is an aggravating factor in the vulnerability of senescent 

lymphomas to autophagy and proteasome inhibition, the reduction of SASP would 

make the cells less susceptible to die after blocking protein degradation. In this case, 

by reducing the considerable NF-κB-dependent portion of transcribed products that 

form SASP and thus alleviating the protein burden of the cells, increased resistance to 

proteasome inhibition should be observed. 

 

To test this, we used control;Bcl2 lymphomas stably overexpressing the NF-κB super-

repressor, as well as their counterparts transduced with an empty vector. After 

induction of senescence with ADR treatment, the lymphoma cells were treated 

subsequently with Bortezomib. Viability was then measured then by flow cytometry 

(Guava ViaCount system) 24 h after Bortezomib treatment. 

 

 
 

Fig 19. NF-κB super-repressor rescues viability in senescent lymphoma cells 
after proteasome inhibition. Control;Bcl2 lymphomas stably overexpressing the NF-
κB super-repressor or the empty vector (n=6), were left untreated or rendered 
senescent by ADR, and subsequently treated with proteasome inhibitor Bortezomib 
(BZ) and assessed for viability after 24 h. In the case of ADR-treated (TIS) lymphomas 
carrying an empty vector, viability decreased in response to BZ as previously observed. 
The overexpression of NF-κB-SR resulted in a higher viability for TIS control;Bcl2 
lymphomas after BZ exposure; the difference in viability between TIS empty vector vs 
TIS NF-κB-SR was found to be highly significant (paired t test; p=0.0032 for 20 nM BZ 
and p=0.0004 for 40 nM BZ). 
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As observed before, treatment of control;Bcl2 proliferating lymphomas with Bortezomib 

alone, without previous exposure to Adriamycin, caused only a small decrease in their 

viability (in either condition: empty vector or NF-κB-SR).  

 

In line with the previous findings, after establishment of senescence with Adriamycin, 

lymphomas carrying an empty vector showed a steeper decrease in viability after 

Bortezomib exposure than their untreated counterparts. This effect was significantly 

mitigated in the lymphomas expressing NF-κB-SR (Fig. 19). This difference shows that 

the lymphomas that have suppressed the NF-κB-dependent portion of the SASP, and 

therefore have a reduced protein load, are less susceptible to die in response to 

proteasome inhibition. 

 

Therefore, we can suggest that the selective killing effect of Bortezomib as part of this 

two-step sequential treatment is not only related to the senescent condition, but also 

linked to the protein burden represented by SASP production in senescent cells.     

 
 
In vivo proteasome and autophagy inhibition improve overall survival of 
mice carrying TIS lymphomas . 
 
To further explore the observed effect of enhanced vulnerability to inhibition of protein 

degradation in TIS lymphomas, an in vivo experiment was set up. For this, Eμ-Myc 

lymphomas stably transduced with a Bcl2 expressing construct were transplanted into 

recipient mice and mice were monitored until well-palpable tumors were detected. 

Similarly to the in vitro conditions, the expression of Bcl2 in these lymphomas prevents 

the tumors to achieve remission after being treated with chemotherapy drugs 

(cyclophosphamide=CTX, in this case), instead making them enter senescence while 

maintaining a constant tumor burden. CTX was preferred to ADR in vivo because it 

causes lower organ toxicity 166. After treatment with CTX, the senescent arrest in 

tumors arising from Eμ-Myc; Bcl2 protected lymphomas takes also five days to be 

established 28. 

 

Mice bearing palpable tumors were treated with Bafilomycin and/or Bortezomib 

administered either as single agents or in combination, five days after the initial CTX 
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treatment. Overall survival was tracked after treatment with Bafilomycin and/or 

Bortezomib up to one hundred days.  

 

Mice having a sequential treatment to CTX using either Bafilomycin or Bortezomib, 

either as single agents or in combination with each other, lived longer than those that 

were treated with CTX alone. While the median survival in the CTX only group was of 

28 days, the sequential treatments after CTX raised the median survival of mice in 

every case (Bafilomycin=56 days; Bortezomib=44 days; Bafilomycin + Bortezomib=51 

days) (Fig. 20).  

 

Two statistical tests were performed to assess the significance of the differences 

observed between treatment outcomes in the survival curves. Using the standard Log-

rank (Mantel-Cox) Test, the comparison between CTX only and the sequential single 

agent treatments with either Bafilomycin or Bortezomib did not reach a significant value 

(p= 0.0519 for Bafilomycin; p=0.0914 for Bortezomib). However, the difference in 

outcome between the CTX only group and the group treated subsequently with 

Bafilomycin and Bortezomib as a combination was found to be highly significant 

(p=0.0002). 

 

Given the characteristics of the data obtained in this assay, the second statistical test 

performed was the Gehan-Breslow-Wilcoxon Test. This test can give more accurate 

results when analyzing data in which the deaths happen in earlier times of the chosen 

observation period, while the log-rank statistic is better suited for data showing events 

happening later in time 167. Given that in this case the majority of events (deaths) 

observed happened in the first half of the monitoring period, especially in the CTX only 

group, we decided to employ this method. As a result, the Gehan-Breslow-Wilcoxon 

Test showed a significant difference in the outcome between the CTX only group and 

the group sequentially treated with Bortezomib (p=0.0427); meanwhile, the outcome 

of the group treated with Bafilomycin as a single agent was again short of achieving a 

significant value (p=0.0519) (Fig. 20). Similar to the result obtained with the log-rank 

test, the combination of Bafilomycin plus Bortezomib had a highly significant 

improvement in outcome compared to the CTX only group (p< 0.0001). 
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In summary, mice with senescent tumors that received the combination therapy of 

Bafilomycin and Bortezomib had the higher survival rate, with fewer relapse cases by 

the end of the observation period.  

 

Conversely, and according to their inability to enter a full senescence arrest in the first 

place, mice bearing Eμ-Myc Suv39h1 ̶ ;Bcl2 lymphomas responded poorly to therapy 

regardless of the agent or concentration used. In these mice, the detected tumors kept 

rapidly growing until the well-being of the animal was compromised and it therefore 

had to be sacrificed. Mice bearing Suv39h1 ̶ ;Bcl2 lymphomas reached an overall 

median survival between 16 (CTX only group) and 20 days (group receiving sequential 

single agent or combined treatment with Bafilomycin and Bortezomib) since the tumor 

onset (Fig. 21). 
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Curve 
comparison 

Significance (P value) 
Gehan-Breslow-
Wilcoxon Test 

P value 
summary 

CTX vs 
Bafilomycin 

0.0519 Not significant 

CTX vs 
Bortezomib 

0.0427 * 

CTX vs (Baf + 
Bort) 

< 0.0001 *** 

 
Figure 20. Improved overall survival after sequential treatment with protein 
degradation inhibitors following chemotherapy with CTX. Mice carrying well-
palpable tumors that developed after transplantation with Eμ-Myc;Bcl2 lymphomas 
were treated with CTX. After five days, mice were treated with either Bafilomycin or 
Bortezomib (as single agents or as a combination), or left untreated (n=8 mice per 
treatment). Mice were then monitored for survival (up to 100 days) and sacrificed when 
they presented a relapse into a progressive disease. While the median survival in the 
CTX only group was of 28 days, the sequential treatments after CTX raised the median 
survival of mice in every case (Bafilomycin=56 days; Bortezomib=44 days; Bafilomycin 
+ Bortezomib=51 days). To test the significance of these differences, Gehan-Breslow-
Wilcoxon test was performed. While the single agents achieved p-values near 
significance threshold, the improvement in overall survival achieved by Bafilomycin 
and Bortezomib used as a combination, compared to CTX only, was found to be highly 
significant. 
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Figure 21. Mice carrying senescence-impeded Iymphomas exhibit poor 
prognosis regardless of administered treatment. Mice transplanted with Eμ-Myc 
Suv39h1 ̶ ;Bcl2 lymphomas were monitored and treated with CTX after developing well-
palpable tumors; followed by treatment with Bafilomycin and/or Bortezomib five days 
later (n=3 mice per treatment). Mice carrying Eμ-Myc Suv39h1 ̶ ;Bcl2 lymphomas 
treated with CTX only presented a median survival of 16 days, while the other 
treatments did not achieve any significant improvement. 
 
 
 
 
 

Proteasomal inhibition by bortezomib results on selective clearance of TIS 
cells in human lymphoma cell lines. 
 
 

As a next step to consolidate these findings, we decided to investigate if the effects 

observed in murine cells and live mice also took place in human cells.  

 

To this end, we cultivated human lymphoid cancer cell lines EHEB and RC-K8, which 

were chosen due to their ability to enter senescence after treatment with Adriamycin 

in vitro according to our established protocol 60 (Fig. 22). 
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Figure 22. Blue SA-βGal staining as a marker of senescence in EHEB and RC-K8 
cells. Human cell lines were treated with (10 ng/ml). After five days, an SA-βGal 
staining was performed to assess the achievement of senescence. Both EHEB and 
RC-K8 cells showed SA-βGal positivity of around 40% (mean value). Note also the 
increase in cell size after ADR treatment which is also a common characteristic of 
senescent arrest.  
 
 
Once the senescence arrest was established, EHEB and RC-K8 cells were treated 

with Bortezomib in the same concentrations as in the in vitro murine cell experiments.  
 

In the case of ADR-treated EHEB cells, subsequent treatment with 20 nM Bortezomib 

was sufficient to show a significant increase in vulnerability to proteasome inhibition, 

compared to their untreated counterparts. The samples treated with the 40 nM 

concentration showed a similar effect with regard to increased cytotoxicity of 

Bortezomib in the senescent condition (Fig. 23). 
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Figure 23. Decreased viability of TIS EHEB cells after proteasome inhibition by 
Bortezomib. After five days of treatment with ADR, EHEB cells (n=4) were 
sequentially treated with Bortezomib in the concentrations specified for 24 h. Both 
concentrations induced a significant decrease in viability in the ADR-treated TIS EHEB 
cells compared to those untreated with ADR (paired t test, p=0.0087 for 20 nM and 
p=0.0119 for 40 nM). 
 
 

Similarly to previous observations, senescent RC-K8 cells demonstrated a higher 

vulnerability to Bortezomib treatment than proliferating, non-senescent cells. Both 

concentrations achieved significant differential values between senescent and non-

senescent samples, with the 40 nM concentration showing a more significant killing 

effect (Fig. 24).   
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Figure 24. Decreased viability of TIS RC-K8 cells after proteasome inhibition by 
Bortezomib. After five days of treatment with ADR, RC-K8 cells (n=4) were 
sequentially treated with Bortezomib in the concentrations specified for 48 h. Both 
concentrations induced a significant decrease in viability in the ADR-treated TIS RC-
K8 cells compared to those not treated with ADR (paired t test, p=0.0135 for 20 nM 
and p=0.0026 for 40 nM). Data shown as bar graphs +-s.d. from four independent 
experiments. 
 

 
We expected that, in our now established ADR-Bortezomib sequential treatment, 

senescent cells would be targeted for elimination in a selective way while leaving non-

senescent cells relatively unaffected. As an additional way to confirm the specificity of 

this effect, SA-βGal staining was performed in samples of both ADR-treated EHEB and 

RC-K8 cells, with and without Bortezomib to measure the abundance of senescent 

cells. 

 

In the case of EHEB cells, treatment with Bortezomib after senescence induction with 

ADR resulted in a significant decrease of SA-βGal positive cells observed in each 

sample. The staining was performed after 24 hours of treatment with the inhibitor. The 

higher concentration of Bortezomib (40 nM) produced the most striking effect 

eliminating SA-βGal positive cells (Fig. 25). RC-K8 cells given the same sequential 

treatment mirrored the effects in EHEB cells after exposure to Bortezomib, showing a 

significant decrease in SA-βGal positive cells in both concentrations, with the higher 

one achieving the most significant effect, eliminating virtually all SA-βGal positive cells 

(Fig. 25).  
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Figure 25. Senolytic clearance of SA-βGal positive cells after exposure to 
Bortezomib in EHEB and RC-K8 cells. After five days of ADR treatment, human cell 
lines were exposed to Bortezomib, or treated with DMSO only. 24 h for EHEB (n=3) 
and 48h for RC-K8 (n=3). SA-βGal staining was performed to identify senescent cells 
remaining present in each sample. Both EHEB (left panel) and RC-K8 (right panel) cell 
lines showed a significant decrease in SA-βGal positive cells detected after treatment 
with either concentration of Bortezomib, with 40 nM having the most marked effect 
(paired t test; EHEB: p= 0.0230 for 20 nM and p= 0.0082 for 40 nM, for RC-K8 p= 
0.0215 for 20 nM and p= 0.0087 for 40 nM). Untreated cells (no ADR) were included 
in the assay to control for possible non-senescence associated βGal staining in the 
cell lines analyzed. Data showns as bar graphs +- s.d. from three independent 
experiments. 
 
 

The significant reduction of SA-βGal positive cells in TIS samples treated with 

Bortezomib serves as an indicator of selective clearance of senescent cells by means 

of proteasome inhibition. The similar results obtained in both cell lines analyzed 

suggest that this senolytic effect might be a common mechanism that could be 

exploited for clearance of senescent cancer cells in human tumors.  
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5. Discussion 

 
While senescence can act as a protective mechanism to prevent uncontrolled 

proliferation of neoplastic cells that might become malignant, the senescence response 

consists of a variety of particular characteristics that by themselves pose particular 

challenges to the cell. 

 

One of the hallmarks of senescent phenotypes, including TIS, is the production of 

SASP, which is composed of a varied load of proteins that could contribute to burden 

the cell with an elevated rate of production, folding and secretion of its peptide 

products. This accelerated and demanding production of proteins is a trait that can also 

been observed in other malignancies, and therefore used as a point of comparison 

regarding its demands on the cells capacity for homeostasis 79.  

 

In the case of TIS, previous work in our group found that, counterintuitively to the 

requirements expected of a cell not actively proliferating, senescent cells do in fact 

produce proteins at a more elevated rate than their non-senescent counterparts. 

Moreover, this increase in protein production causes ER stress, triggers the unfolded 

protein response and exerts a greater pressure on the ubiquitination machinery 

targeting proteins to be disposed, as well as pushing TIS cells into a state of hyper 

metabolism greatly dependent on glucose utilization and exhibiting a much higher ATP 

production than their senescence-impeded counterparts 28. This active metabolic 

reprogramming places particular demands on senescent cells in order to adapt and 

survive 192. 
 

This accelerated and demanding production of proteins is a trait that can also be 

observed in manifest malignancies, such as multiple myeloma, a tumor type clinically 

well treatable with proteasome inhibitors 78.  

 

Sensitivity to proteasome inhibition can reflect an imbalance in the equilibrium between 

the cellular load destined for the proteasome and its degradative capacity 130. Proteins 

can be also degraded through alternative pathways, for example, by forming 

aggresomes (protein aggregates structurally associated to microtubules) which are 

later cleared by autophagy 193.  
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We therefore sought to study the functional state of protein disposal mechanisms in 

TIS in order to identify exploitable vulnerabilities that could help eliminate lingering TIS 

cells. 

 
Hallmarks of proteotoxic stress like oxidized proteins and aggregation, as 
well as a decline in proteasome activity, are found in TIS lymphomas.  
 
Oxygen free radicals are produced during metabolic processes like mitochondrial 

electron transport and the cellular redox system, and due to the high metabolic state 

of TIS lymphoma cells, the production of oxygen free radicals during their metabolic 

processes could be an important factor to considerate as they can react with chemical 

groups of proteins causing protein oxidation. 

  

Protein oxidation is an important factor influencing cellular function, since it can affect 

the conformation, substrate-binding ability and general physical properties of the 

peptides it modifies. This can result in an alteration of their biological function, 

increasing the chance of non-specific interactions and increasing their susceptibility to 

form insoluble aggregates. 

 

In normal homeostatic circumstances, the proteasome is capable of efficiently dealing 

with the damaged, misfolded, oxidized and otherwise abnormal proteins in the cell 173, 

clearing irreversible damaged proteins and recycling amino acids required to fuel 

protein synthesis 85. Under stress or pathological conditions, however, the turnover 

frequency of the proteasome processing these peptides can be greatly overwhelmed 

by the abundance and rapid accumulation of them, or even slowed down or obstructed 
91. 

 

One could speculate that an increased protein load in the cell would signal for the 

proteasome pathway to be upregulated in order to preserve homeostasis, but the 

results obtained in our TIS lymphomas indicate that the proteasome pathway was not 

upregulated on an mRNA level, despite the increased protein burden observed. 

Furthermore, our fluorogenic assay showed a significant decrease in the peptide 

processing activity performed by the proteasome in TIS lymphomas compared to their 

proliferating counterparts. 
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Severe oxidation can produce oxidized proteins that are no longer degradable by the 

proteasome due to structural changes. Such oxidation products can nevertheless still 

be recognized as substrates, bind to the proteasome, but render it irreversibly inhibited 
97, offering a possible explanation for the decreased proteasome activity in TIS. 

  

Modifications elicited by protein oxidation, such as attachment of carbonyl groups lead 

to protein unfolding and exposure of hydrophobic residues, causing carbonylated 

peptides to become less soluble and more susceptible to aggregation due to 

interactions between their now exposed hydrophobic cores 93 94.   

 

Indeed, we found both increased levels of carbonylated proteins as well as a massive 

increase in cytoplasmic aggresomes in TIS lymphoma cells linking decreased 

proteasome functionality to increased waste product accumulation. The here observed 

increase in aggresome formation during TIS might reflect the need to cope with a 

stressful protein load in order to delay proteotoxicity. The misfolded proteins that 

cannot be processed by the chaperones present in the endoplasmic reticulum could 

therefore end up being accumulated and directed towards aggresomes in senescent 

cells in an effort to preserve homeostasis until protein degradation can take place. Our 

results are consistent with previous observations on how oxidized peptides increase 

when the proteasome activity is low or inhibited, as during aging or senescence 192 182. 

 

Furthermore, some studies have shown that oxidative stress could be more than just 

a secondary feature of senescence. A phenotype encompassing some of the main 

hallmarks of senescence (growth arrest, overexpression of p21 and p16INK4a, 

increased SA-β-Gal activity, increase in cellular volume) emerged after treatment of 

cells with sub-toxic concentrations of oxidant agents (like paraquat or H2O2), copper 

or UV radiation 194 195 196. Another study found that induction of a chronic oxidative 

stress response by hyperoxia resulted in an expression pattern similar to aged 

fibroblasts 197. Considered together, these findings indicate that oxidative stress might 

play a key role in the development and progression of senescence.  
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Another factor that can contribute to protein aggregation is the rate of protein 

production when it exceeds the capacity for degradation of such products, either as a 

consequence of a biological process like aging, or of the use of inhibitors of protein 

degradation 130.  

 

Furthermore, protein carbonylation is not reversible by any enzymatic process 

available within the cell, which can result in excessive accumulation of oxidized 

proteins that could ultimately escalate to cell death by apoptosis once a threshold for 

damaged macromolecules malfunctioning has been breached 96. 

 

This brings about a principle that can be exploited for inducing death in cells that are 

heavily burdened by protein production and accumulation, as it is the case with 

lymphoma cells undergoing TIS in our model.  

 

 
Inhibition of proteasomal and autophagic degradation using 
pharmacological agents destabilizes proteostasis in TIS. 
 
There are already abundant precedent studies showing the value (and also limitations) 

of proteasome inhibition in hematological malignancies. Most notoriously, plasma cells 

are known for their high rate of protein synthesis and secretion due to their demands 

for antibody production as part of the immune system. When plasma cells undergo 

malignant transformation in the form of multiple myeloma, they produce large 

quantities of DRiPs which accumulate in the ER, triggering the UPR that aims to fold 

the nascent peptides to prevent aggregation, and marks the rest for degradation by the 

proteasome 198. However, prolonged UPR activation, as caused by an excess of 

unfolded proteins, leads to apoptotic death mediated by ATF4 and ATF6, as well as by 

activation of the JNK/AP-1/Gadd153-signaling pathway 199. Therefore, the efficiency of 

bortezomib against multiple myeloma is linked to its ability to exert proteasome 

inhibition in an environment heavily dependent on the activity of the proteasome to 

avoid proteotoxicity 133. Once their proteasomal function is selectively inhibited by 

bortezomib, multiple myeloma cells are eliminated via apoptosis. It must be noted, 

however, that in spite of its clinical success, a significant fraction of multiple myeloma 

patients show resistance to treatment with bortezomib 135 200.   
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Taking all these factors into consideration, in the present work we aimed to inhibit the 

pathways that allow senescent cells to contend with excessive or damaged proteins, 

as a way to exploit the vulnerability generated with the increased protein burden 

resulting from their senescent condition. 

 

Previous work in our group demonstrated that exposing TIS cells to autophagy inhibitor 

bafilomycin was indeed an effective approach to selectively eliminate TIS lymphoma 

cells in vitro as well as prolonging tumor-free survival significantly in vivo 28. Following 

this guideline, and given that it has been shown that autophagy can also facilitate 

resistance both to chemotherapy and radiotherapy 201 202 203, bafilomycin was used as 

an agent to inhibit autophagy in our lymphoma model.  

 

Bortezomib was selected for the blocking of proteasomal degradation given its 

selective binding to the proteasome, as well as its wide use as a clinical agent in the 

treatment of hematological malignancies, like the aforementioned multiple myeloma. 

The detection of aggresomes after exposure of lymphoma cells to bortezomib 

confirmed its effectivity and the causal role of impaired proteasomal function in 

aggresome formation, as observed in the TIS condition.  

 

We observed a significant decline in the viability of lymphoma cells undergoing TIS 

after subsequent treatment with either bafilomycin or bortezomib, in contrast to their 

proliferating counterparts which remained largely unnafected. Given that no decline in 

viability was observed in the senescence-impeded Suv39h1 ̶ ;Bcl2 lymphomas, we can 

infer that this effect is tied to the senescent condition, instead of just being a product 

of additive toxicity between the chemotherapy and the inhibitors.  

 

 

 
Combined inhibition of proteasomal and autophagic degradation as an 
effective way to disrupt proteostasis and induce TIS-dependent death in 
vitro and in vivo. 
 
Despite being thought as definite processes with a common end result –disposal and 

recycling of old, excessive and damaged proteins– it is also important to note that 

removal of proteins by the proteasome and autophagy are interlinked. Protein 
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degradation pathways are complex nets that include multiple players which sense 

signals and interact with other major paths in the cell related to survival, growth and 

proliferation. Therefore, it is important to account for the step into which the inhibitor 

used will affect or interfere with the protein degradation pathway, as different inhibitors 

target different key steps along the way. This becomes especially relevant when trying 

to use an autophagy inhibitor in combination with an inhibitor of the proteasome. 

 

For example, while a combination of bortezomib and bafilomycin A1 has been shown 

to be synergistic 139, combining bortezomib with either chloroquine or 3-methyladenine 

(3-MA) produces antagonistic results 204. While all three (bafilomycin, chloroquine and 

3-MA) work as inhibitors of autophagy, they interfere with different stages of the 

autophagy pathway: while bafilomycin and chloroquine prevent the effective fusion of 

autophagosomes with lysosomes (a late step in the autophagic process), 3-MA works 

by suppressing the PI3K Class III much earlier in the pathway, which could have further 

ramifications. Additionally, while 3-MA shows transient affinity for PI3K Class III, it has 

been found to have a high affinity for PI3K Class I, causing its persistent inhibition, 

which results in increased autophagic flux 143. In the case of chloroquine, it was shown 

to have a secondary effect by also inhibiting the proteasome 205, which could disrupt 

the effectivity of the double agent inhibition when combined with bortezomib.   

 

However, our results suggest the combined inhibition of cellular recycling mechanisms 

by bortezomib and bafilomycin produces an additive effect on the loss of viability of 

TIS lymphomas.  

 

The use of bortezomib in conjunction with an autophagy inhibitor could also have other 

desirable effects to improve the clinical outcome. For example, a study done in triple 

negative breast cancer cells found that treatment with bortezomib and chloroquine 

restored the cells’ sensitivity to doxorubicin treatment, by preventing the degradation 

of C/EBP-β LIP and increasing the levels of NO in the cells, which reduced the 

expression of multi-drug transporter Pgp and therefore prevented the efflux of 

doxorubicin outside of the cell, allowing for the restoration of its pro-apoptotic action 

via ER stress 206.  
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There is further evidence of the great potential held by inhibition of both autophagy and 

the proteasome when it comes to eliminating apoptosis-resistant lymphoma cells. IκBα 

is an inhibitor of NF-κB that prevents it from translocating from the cytosol into the 

nucleus, therefore holding back its transcriptional activity. While decreased levels of 

IκBα were hypothesized to cause resistance of cancer cells to treatment via 

disinhibition of NF-κB, it has been shown that blocking autophagy using chloroquine, 

results in an increase of the cytosolic, inactive complex of IκBα and NF-κB, thus 

preventing bortezomib-induced NF-κB activation, in lymphoma cells 207. 

 

Bortezomib as a senolytic agent. 
 

The effectiveness of bortezomib as a senolytic, i.e. a selectively senescence cell 

eliminating agent after induction of TIS in primary lymphomas was further supported 

by the data obtained from the in vivo experiments, where the median survival of mice 

treated with CTX + bortezomib increased significantly, compared to that of the mice 

treated with CTX only. In contrast, this rescuing effect by bortezomib was not observed 

in mice carrying senescence-incompetent lymphomas, which rapidly deteriorated 

regardless of the administered treatment. It is interesting to note that in the present 

work, while bafilomycin as a single agent raised the median survival of mice after CTX 

treatment in senescence-competent lymphomas, this value was short of achieving 

significance. However, when combined simultaneously with bortezomib, it had a highly 

significant improvement in outcome compared to the CTX only group (p< 0.0001); the 

cohort that received both inhibitors combined after CTX had the higher survival rate, 

with less relapse cases by the end of the observation period.  

 
 
In addition to the senolytic effect of the combined addition of bafilomycin and 

bortezomib, in the in vitro assays we could observe a baseline level of killing of 

proliferating, senescence-competent cells (not treated previously with ADR) as a result 

of the treatment with both bafilomycin and bortezomib. This additional killing effect of 

lymphoma cells sensitive to proteasome inhibition degradation, independent of 

previous establishment of senescence, could account for an added benefit resulting in 

the improvement of the survival rate of mice due to additional removal of cells that 

might have bypassed senescence after the initial chemotherapy.   
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Still, the role of bortezomib acting as a senolytic agent due to changes undergone by 

lymphomas during senescence is further supported by the introduction of the NF-κB-

SR in our setting. We hypothesized that the higher protein burden observed in 

lymphoma cells after entering TIS could render them vulnerable to the inhibition of 

protein degradation, by hampering the capacity of the cell to dispose of the excessive 

protein production, resulting in proteotoxicity and death. By introducing the NF-κB-SR 

into our setting, we further evaluated the role of SASP as the source of proteotoxic 

stress that renders TIS cells particularly vulnerable to bortezomib. As anticipated, NF-

κB-SR reduced SASP transcript expression and increased resistance of TIS cells to 

proteasomal inhibition by bortezomib, strengthening the link between senescence-

dependent SASP and increased sensitivity to interference with proteasomal function. 

Similarly, Dorr et al. showed 28 that in presence of the NF-κB-SR, cells undergoing TIS 

were protected from the senolytic effect of bafilomycin.  

 

NF-κB is regarded as a survival-promoting agent that has been found to convey 

resistance to chemotherapy and radiotherapy 208 138. Previous studies showed that 

malignant myeloma cells were eradicated by apoptosis following treatment with 

bortezomib, and it was hypothesized that this happened as a consequence of the 

blockade of NF-κB activation by preventing the degradation of its inhibitor IκBα 209 210 
128.  

 

Meister et al., however, demonstrated that high levels of protein synthesis, rather than 

NF-κB activity, were predictive of proteasome inhibitor–induced apoptosis in malignant 

myeloma. They showed this principle by screening the basal activity of NF-κB in a wide 

panel of cell lines, and by correlating it to their sensitivity to proteasome inhibition 198. 

This is consistent with the present findings in our TIS model, as our results are most 

likely not due to inhibition of NF-κB by bortezomib, since inhibiting NF-κB by genetic 

means via the dominant active form of IκBα did not reduce proliferation rate or viability 

in our lymphoma model 33. Instead, we could confirm the activation of NF-κB in TIS 

through examining the induction of several of its target genes as well as negative 

feedback targets in senescent lymphomas, compared to their equally treated but 

senescence-impeded counterparts. 
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Following on this point, NF-κB, is a key transcription factor in the context of 

senescence, since it is responsible for the production of a large portion of the proteins 

conforming the SASP 32 33. Its impairment led to inferior outcome in mice carrying Myc-

Bcl2 lymphomas 32 and a transcriptional signature reflecting its high activity was a 

predictor for better outcome in DLBL patients 33. 

  

The rationale behind the use of the super repressor in our study was to blunt the 

transcriptional capacity of NF-κB, leading to a decrease in the volume of SASP proteins 

produced, and consequently, to alleviation of protein stress. The introduction of the 

NF-κB-SR in our Eμ-Myc;Bcl2 mouse lymphoma system managed to rescue the 

viability of TIS lymphomas after proteasome inhibition with bortezomib to a significant 

degree, adding to the evidence that the two-step synthetic lethal approach we devised 

to clear lymphoma cells is contingent on the superabundant production of proteins 

observed in cells undergoing TIS.   

 
The senolytic effect of bortezomib is also observed in human lymphoma 
cell lines. 
 
The notion that our two-step treatment approach works as a synthetic-lethal strategy 

that targets senescent cells specifically is supported by the assay performed in human 

malignant, lymphoid cancer cell lines RC-K8 and EHEB. These cell lines, following 

induction of TIS using ADR, were treated with Bortezomib in the same concentrations 

as in the murine cell experiments, and showed the same reduced viability compared 

to non-senescent cells, thus confirming the proof-of-principle shown by the murine 

lymphoma data. Critical evidence for the selective elimination of senescent cells by 

means of proteasome inhibition was provided by the clearance of SA-βGal positive 

cells in TIS samples treated with Bortezomib (Fig. 25). 

 

It is encouraging to find analogous results obtained in both RC-K8  and EHEB cell lines 

as well as the murine primary lymphomas, suggesting that the senolytic effect of 

bortezomib –via proteasome inhibition– might be a common biological mechanism that 

could be further exploited for tumor clearance in human tumors. 

 

Some clinical trials have used combinations of chemotherapy drugs such as 

doxorubicin and autophagy inhibitors like hydroxychloroquine to treat different kinds of 
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cancer 201, or used combinations of bortezomib and autophagy inhibitors like 

hydroxychloroquine or bafilomycin 211 212. Such approaches aim to potentiate the 

impact of one drug by blocking alternative compensatory pathways or the capacity of 

the cell to degrade and dispose of the treatment.  

 

 

 
Figure 26. The proteasome at the center of the demands to maintain 
proteostasis. Under normal conditions, cells are able to maintain protein homestasis 
by making use of the proteasome to help regulating protein turnover, so they are able 
to balance between the demands of protein production and degradation/recycling. 
However, multiple factors can stress this balance, like an increased protein synthesis 
rate, that can result in an increase of misfolded proteins and overwhelming of 
chaperone capacity, as well as the inhibition of the proteasome caused by aging, 
senescence or inhibitors. While other mechanisms like autophagy and formation of 
aggresomes can help alleviate the proteasomal load, if the protein load keeps 
increasing while the degradative capacity of the proteasome decreases, the 
proteostatic balance is disrupted, leading to proteotoxic stress and apoptotic death. 
Figure reproduced from Manasanch and Orlowski (2017)130 with permission from 
Springer Nature (5147701107202). 
 
 
 
 
Senolytics and cancer treatment. 
 

Since the synthetically lethal approach covered in this work is based on exploiting 

functional mechanisms (induction of senescence, then blockage of proteolytic 

mechanisms), rather than single mutations, the lethal principle is not dependent on the 

particular drugs used, and could be tailored to be used with newer generation inhibitors 
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with higher specificity and reduced off-target effects.  An interesting point to consider 

is that senescence is induced by lower doses of treatment (up to ten times lower) than 

those used with the aim of eliciting cell death by apoptosis 62. Therefore, it is a 

possibility that this approach helps to reduce detrimental and toxic side effects of the 

chemotherapy.    

 

Some proposed approaches to ameliorate the detrimental effects of the senescent 

phenotype, as in the case of so-called senomorphic agents 213, involve the suppression 

of the SASP, to avoid the pro-inflammatory features of senescence. However, as 

discussed previously, SASP-related inflammation is not the only risk regarding 

persistent senescent cells, as there is also a potential danger of tumorigenic escape, 

and elimination of senescent cells would eliminate the presence of SASP as well.  

 

A clinical trial against aggressive B-cell lymphoma, counting with the addition of 

bortezomib and imbrutinib to a traditional chemotherapy treatment, plus with the anti-

CD20 antibody Rituximab (ImbruVeRCHOP), is currently in process 214 215. Bortezomib 

was added to the treatment regimen due to its in vitro ability to downregulate NF-κB 

signaling by preventing the degradation of its inhibitor, IκBα 140. The findings in the 

present work could help to provide a further functional insight for the role of bortezomib 

as part of drug treatment against lymphoma in combination with other chemotherapy 

drugs, since it could provide additional benefits by selective clearing of TIS cells, 

capitalizing on their increased susceptibility to blockage of protein disposal. We 

observed that the proteasome is a good target for disruption, due to the reliance of TIS 

cells on a functional protein disposal mechanism in order to avoid proteotoxicity (Fig. 

26). 

 

Diverse studies have shown promising results with the use of senolytics. Demaria et 

al. showed significant clearance of senescent cells, with the use of doxorubicin-treated 

p16-3MR mice, a transgenic mouse model which allows for tracking and eliminating of 

senescent cells, reducing relapse and metastasis as well as reduction of the 

unfavorable effects of doxorubicin such as bone marrow suppression and cardiotoxicity 
216.  In another transgenic mouse model, cells with high expression of p16INK4a, an 

indicator of senescence, were vulnerable to pharmacological clearance, and 

continuous exposure to the agent used resulted in ameliorated ageing-related 
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disruptions in diverse organs and extended healthspan 217 218. In sub-lethally irradiated 

mice, administration of navitoclax (ABT263), a blocker of the anti-apoptotic Bcl2 family 

members, reduced the burden of senescent cells in muscle satellite cells 219 and the 

bone marrow, in which it rejuvenated aged haematopoietic stem cells, partially 

restoring their function 220. ABT-263, which has been used extensively used in clinical 

trials, and identified as a senolytic, was also used in combination with poly(ADP-ribose) 

polymerase 1 inhibitors (PARPi) in preclinical models of ovarian and breast cancer. 

The senolytic effect of ABT-263 took place after treatment with PARPi, providing a two-

step, synthetically lethal model for therapeutic intervention to limit tumorigenesis 221.   

 

 
Conclusion. 
 
Senescent cancer cells display reduced proteasomal processing capacity and are 

particularly susceptible to its further impairment by interventional drugs. From a 

therapeutic point of view, the initial treatment with chemotherapeutics eliminates 

cancer cells with unhindered apoptotic pathways sensitive to the drug’s DNA damaging 

properties; the remaining cells that enter a senescent arrest as a consequence of the 

DNA damage response, acquire proteotoxic stress as a hallmark of TIS. The 

proteotoxic stress present in TIS can then be exploited as a vulnerability and targeted 

selectively by agents like bortezomib — such senolytics could become a key 

component in the supplementation of the chemotherapeutic arsenal. The strength in 

the presented synthetically lethal approach is in the versatility of its sequential, two-

step approach that could assist in the targeting and clearance of cancer cells that are 

resistant to treatment.  
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7. Appendix 

 
Supplementary Figure 1. Lageso Score Sheet 
 
The following score sheet, which was also supplemented with additional criteria that 
specifically apply to the Eµ-myc tumor model, was developed and used as a reference 
by everyone involved in the present research project (academic staff, nursing staff, 
animal welfare officers), regarding the documentation of the clinical symptoms and 
examination results recorded during the regular animal visits, and was also used as a 
general basis for decision-making while conducting the animal experiments. 
 
 
Anweisungen  

A Bei nur einem Symptom der Kategorie A: das Tier täglich (ggf. auch 
mehrmals) beobachten. Spätestens bei Kombination von zwei oder mehr 
Symptomen der Kategorie A muss dem Projektleiter vorgestellt werden.  

B Bei einem Symptom der Kategorie B: das Tier muss dem Projektleiter 
vorgestellt werden. Bei Kombination eines B mit Torkeln, Schmerz, Blässe 
oder Blut ist das Tier unverzüglich schmerzlos (Isofluran) zu töten (siehe 
C)! Bei anderen Kombinationen verschiedener Symptome der Kategorie B 
ist das Tier hingegen zunächst unverzüglich dem Projektleiter vorzustellen.  

C Unverzüglich schmerzlos töten (Isofluran)!  
(Angaben zu technischer Umsetzung, Zeitablauf sowie ausführenden bzw. 
diesbezüglich bevollmächtigten Personen finden sich im Antrag bzw. sind 
in der Tierexperimentellen Einrichtung der Charité, Campus Virchow-
Klinikum, hinterlegt).  

 
Achten Sie auf folgende SYMPTOME und handeln Sie nach den ANWEISUNGEN:  
SYMPTOME  ANWEISUNGEN  
1. Beim täglichen Blick in den Käfig  
Tier isoliert sich  A 
Struppiges Fell, ungepflegtes Fell,  
Augenränder, Piloerektion  

A 

Aufgetriebener Leib  A 
Geringfügig verstärkte Atmung  A 
Urin u./o. Kot abweichend in Menge, Farbe  
und Konsistenz (einzeln oder kombiniert)  

A 

Anhaltende Obstipation  A 
Schmerz (Gesichtsausdruck, Haltung  
gekrümmt oder Leib aufgezogen)  

B 

Eingesunkene, trübe Augen  B 
Blässe (Augen, Ohren, Haut)  B 
Blut an Körperöffnungen, blutiger Kot  B 
Deutlich verstärkte Atmung / Keuchen  B 
Durchfall, wenn schwächend oder  
Andauernd  

B 

Kurzzeitige Krampfanfälle, Torkeln,  
vorübergehende Apathie  

B 

Kopfschiefhaltung  B 
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Parese(n)  B 
Paralysen, spätestens sobald die Gefahr  
besteht, dass die Tiere aus eigener Kraft  
Wasser und Futter nicht mehr erreichen  

C 

Nackensteifigkeit in Kombination mit 
Hyperkyphosierung/ Rundrückenausbildung  

C 

Repetitive, schraubende Kopfbewegungen  C 
2. Beim Umsetzen  
Verletzungen, Hautveränderungen  A 
Tier vermeidet Bewegungen  A 
Teilnahmslosigkeit  A 
Ruhelosigkeit  A 
Stereotype Bewegungen im Kreis (circling)  A 
Lokale Infektion(en)  B 
Bauch hart oder gespannt  B 
Hautfalten bleiben stehen, Dehydratation  B 
Ödembildung  B 
Automutilation (z.B. Annagen von Zehen)  B 
Lautäußerungen beim Ergreifen  B 
Ulzerierende Tumore  C 
Moribund  C 
3. Beim Wiegen  
Deutliche Gewichtszunahme ohne palpierbare 
Lymphadenopathie (z.B. aufgrund einer 
internen, d.h. nicht peripher palpierbaren 
Tumorlast oder Aszites)  

B 

Fortschreitende Gewichtsabnahme (bis 10 % 
verglichen mit gesunden Tieren des gleichen 
Stamms  
und Alters)  

B 

Unklare Einschätzbarkeit des 
Wiegeergebnisses (gemeinsames Vorliegen 
von Tumorlast, Aszites und möglicher 
beginnender Kachexie, selten) bzw. >10% 
Gewichtsverlust  

B 
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