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Abstract 

Cellular senescence is treated as a potent tumor suppressive mechanism and used as a 

common therapeutic outcome in cancer treatment. Senescent cells have been shown to be 

resistant to extrinsic apoptosis mediated via TNF-related apoptosis inducing ligand (TRAIL). 

The use of recombinant TRAIL is an anti-cancer strategy currently in development, and a 

major question remains whether senescent cancer cells might also develop resistance to this 

treatment. In this study, we compared the sensitivity of senescent and proliferating breast 

cancer cells, as well as ovarian and lung cancer cells. Changes in sensitivity were partly 

dependent on the pre-existing resistance observed for each cell line prior to senescence 

induction. Specifically, therapy-induced senescence following doxorubicin treatment or 

ionizing radiation resulted in an increased expression of the pro-apoptotic TRAIL receptor 

Death Receptor 5 (DR5) on the one hand, as well as an increase in TRAIL decoy receptors 

DcR1, DcR2, and soluble decoy receptor osteoprotegerin (OPG) on the other hand. Indicative 

of a protective role for decoy receptors, a DR5 selective TRAIL variant (DHER) unable of 

binding to OPG or DR4, was found to be more effective in inducing apoptosis of senescent 

breast cancer cells compared to wild-type TRAIL. Our findings suggest agonistic stimulation 

of DR5 may be a therapeutic strategy for the elimination of therapy-induced senescent cancer 

cells.  
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performed in triplicate. The heatmap shows the fold change of mRNAs encoding the indicated protein relative 

to 2 reference genes (tubulin and vinculin). Mean and SD of pooled samples from at least n=2 independent 

experiments (Fig. S1).  

 

Heterogeneous response to TRAIL-induced extrinsic apoptosis is observed in therapy-

induced senescent cancer cells   

Senescent or proliferating breast cancer cells were re-seeded and treated with recombinant 

human TRAIL to induce extrinsic apoptosis. Increased resistance to TRAIL-induced extrinsic 

apoptosis was observed in senescent MDA-MB-231 cells compared to proliferating cells (Fig. 

2A and Fig. S2A). In contrast, increased sensitivity to TRAIL was observed in MDA-MB-436 

cells following senescence induction (Fig. 2B and Fig. S2B), while no change in sensitivity 

was observed in resistant MCF-7 cells (Fig. 2C and Fig. S2C). We further tested the 

sensitivity change to TRAIL in ovarian and lung cancer tumor types. Similarly, an increased 

sensitivity after senescence was observed in ovarian cancer cell A2780 and lung cancer cell 

H1650; no effect was observed in senescent H1299 cells (Fig. S3). Taken together, increased 

resistance to extrinsic apoptosis was not a common feature of therapy induced senescent 

cancer cells, unlike previously shown for senescent fibroblasts [12]. Instead, changes in 

sensitivity were heterogeneous. No changes in sensitivity in cell lines already resistant prior to 

therapy-induced senescence induction. Increased sensitivity in mild sensitive cell lines and 

decreased sensitivity was observed in high sensitive TNBC cell line MDA-MB-231. 

Using lower concentrations of TRAIL in senescent MDA-MB-231 cells induced by ionizing 

radiation (10 Gy) the decreased sensitivity was confirmed (Fig. 2D). Furthermore, complete 

rescue of cell viability was observed upon TRAIL treatment in the presence of the caspase 

inhibitor Q-VD-Oph (QVD), while no effect was observed using the necroptosis inhibitor 

Necrostatin 1 (Nec-1), suggesting the effects observed in senescent cells upon TRAIL 

addition are caspase dependent apoptotic cell death (Fig. 2E).  
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varying degrees (Fig. 3A and Fig. S4). Equally, at the protein level, FACS analysis revealed 

increased surface levels of DR5 but not DR4 in therapy-induced senescent breast cancer cells 

(Fig. 3C), as well as increased secretion of OPG measured in the supernatant of the therapy-

induced senescent cell lines (Fig. 3B). Therefore, both pro-apoptotic and anti-apoptotic 

receptors were upregulated in senescent breast cancer cells MDA-MB-231 and MDA-MB-

436. 

  

Figure 3. Increased expression of selected TRAIL receptors upon senescence induction of breast cancer 

cells. (A) The mRNA levels of TRAIL death and decoy receptors were analyzed by qPCR. The changes were 

also assessed at the protein level using B) ELISA for the soluble TRAIL receptor OPG and C) flow cytometry 

for DR4/5 receptors. The heatmap shows the fold change of mRNAs encoding the indicated protein relative to 2 
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reference genes (tubulin and GAPDH). The graph of OPG secretion is mean ± SD data from one independent 

experiment performed in duplicate, which is still needed to repeat. The graph of FACS analysis is representative 

data from one of three experiments. 

 

DR5 selective TRAIL variant (DHER) enhances apoptosis of senescent breast cancer 

cells  

Based on these findings, we hypothesized that treatment with a DR5-selective TRAIL variant 

would result in improved cell death of senescent cancer cells. Previously, the Computational 

Protein Design (CPD) method has been successfully used to generate DR5-selective variant 

TRAIL D269H/E195R (DHER), which selectively binds to DR5, but has impaired binding to 

DR4, DcR1 and OPG [26,27]. Accordingly, as shown in Figs. 4A, B, D and E, treatment with 

TRAIL variant (DHER) resulted in increased cytotoxicity against therapy-induced senescent 

breast cancer cells MDA-MB-231 and MDA-MB-436. Furthermore, caspase-3/7 activity was 

found to be increased by the treatment of TRAIL variant DHER compared to wild type 

TRAIL, indicating that cytotoxicity is caused by caspase-dependent apoptotic pathways (Figs. 

4C and 4F).  
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Figure 4. Effect of DR5 selective TRAIL variant (DHER) on inducing apoptosis of senescent breast cancer 

cells. Doxorubicin-induced senescent were incubated with human recombinant wild type TRAIL or TRAIL 

DHER for 24 hours. TRAIL DHER showed increased cytotoxicity compared to wild type TRAIL in (A) MDA-

MB-231 and (D) MDA-MB-436 cells. A real-time detection of cell death (PI incorporation) with Incucyte 

confirmed the increased cell death caused by TRAIL DHER in (B) MDA-MB-231 and (E) MDA-MB-436 cells. 

Caspase-3/7 activity was also found to be increased by the treatment of TRAIL variant DHER compared to wild 

type TRAIL in both (C) MDA-MB-231 and (F) MDA-MB-436 cells. Graphs A and D are mean ± SD data from 

three experiments performed in triplicate; graphs B, C, E and F  are mean ± SD from one experiment performed 

in triplicate. 

 

TRAIL-induced apoptosis in a senescent 3D Spheroid Model  

To mimic the actual tumor microenvironment, we decided to use a 3D spheroid model for the 

TRAIL sensitive cell lines MDA-MB-231 and MDA-MB-436. 3D spheroids were generated 

by seeding the cells into ultra-low attachment plates and incubated for 7 days. As shown in 

Fig. 5A, after treatment with doxorubicin (250 nM), the sizes of both MDA-MB-231 and 

MDA-MB-436 spheroids remained unchanged indicating senescence, while the untreated 

spheroids remained proliferative-capable and grew in size over time. After TRAIL treatment, 

the edges of the spheroids became loose and irregular, while the inner layers appeared to lose 

integrity as apoptotic cells detached from one another. We further tested for differences in 3D 

cell viability between proliferating and senescent spheroids (Figs. 5A-C). For MDA-MB-231 

spheroids, increased resistance to TRAIL-induced extrinsic apoptosis was observed in 

senescent spheroids compared to proliferating spheroids, similar to our observations in 2D 

monolayer cultures. In comparison, increased sensitivity was confirmed in senescent MDA-

MB-436 spheroids compared to proliferating, similar to 2D monolayers. Importantly, 

treatment with TRAIL DHER resulted in increased cytotoxicity in both MDA-MB-231 and 

MDA-MB-436 senescent spheroids, compared to treatment with wild type TRAIL. In 

accordance, TRAIL DHER showed an advantage over wild type TRAIL in caspase 3/7 

activation in both MDA-MB-231 and MDA-MB-436 senescent spheroids (Figs. 5D and 5E).  
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the possibility to accumulate further mutations [30]. Therefore, the elimination of therapy-

induced senescent cancer cells may be desired. TRAIL can induce extrinsic apoptosis of a 

variety of cancer cells, however, the sensitivity of senescent cancer cells to TRAIL remains 

unclear.  In this study, we compared the sensitivity of senescent breast cancer cells to TRAIL-

induced apoptosis, prior to and after senescence induction. 

Upon senescence induction, we observed a heterogeneous response to TRAIL-induced 

apoptosis. For MDA-MB-231 cells, increased resistance was observed at low concentrations 

of recombinant TRAIL, where we hypothesized the influence of decoy receptors is substantial. 

In contrast, increased sensitivity was observed in senescent MDA-MB-436 cells compared to 

their proliferating counterparts.  No changes in resistance were observed in MCF-7 cells. 

Within the cell lines tested, MDA-MB-231 cells showed the highest secretion of OPG 

following senescence induction, an increase that is also previously described for the 

secretome of radiation-induced senescent tumor cells [17], and that may partly explain a 

decreased sensitivity to TRAIL induced apoptosis. This also explains the increased 

susceptibility for the DR5 specific TRAIL variant (DHER), which can bypass OPG binding 

but is still capable of stimulating DR5. An increased resistance to TRAIL induced apoptosis 

was observed in the 3D spheroid model in terms of viability, despite absolute caspase activity 

appearing higher in senescent cells. In MDA-MB-436 cells, an upregulation of DR5 was 

observed following doxorubicin treatment, which partly explains its increased sensitivity to 

TRAIL-induced apoptosis. Lastly, MCF-7 cells do not have functional caspase 3, and 

therefore the lack of changes in sensitivity may be partly explained by this deficiency in the 

apoptotic signaling pathway.  

By comparing the sensitivity of senescent and proliferating breast cancer cells, we conclude 

that changes in sensitivity to TRAIL-induced extrinsic apoptosis are heterogeneous in 

senescent cancer cells. We also found that therapy-induced senescence resulted in an 

increased expression of death receptor 5 (DR5), as well as an increase in TRAIL decoy 

receptors DcR1, DcR2, and OPG. A DR5-selective TRAIL variant (DHER) was more 

effective in inducing apoptosis of senescent breast cancer cells compared to wild-type TRAIL, 

both in 2D and 3D spheroid models. The increased activity of TRAIL DHER compared to 

wild type TRAIL suggests selective DR5 stimulation may become a viable strategy for the 

elimination of therapy-induced senescent cancer cells.  
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Supplemental Fig. 1 SASP expression changes in mRNA levels after doxorubicin treatment. Quantitative 

real-time PCR (qRT-PCR) analysis of mRNA isolated from doxorubicin treated cells or control cells (untreated, 
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D0) in (A) MDA-MB-231, (B) MDA-MB-436 and (C) MCF-7 cells. The values shown are represented as mean 

± SD from two independent experiments performed in triplicates. 

 

Supplemental Fig. 2 

 

Supplemental Fig. 2. Sensitivity of senescent breast cancer cells to TRAIL-induced apoptosis. Doxorubicin-

induced senescent or untreated cells (normal) were incubated with human recombinant TRAIL for 24 hours. A 

dose dependent decrease in cell viability was observed upon cell treatment in TRAIL sensitive cells (MDA-MB-

231 (A), MDA-MB-436 (B)) but not in TRAIL resistant MCF-7 cells (C). Graphs are mean ± SD from one 

experiment performed in triplicate. 

 

Supplemental Fig. 3 MTS 

 

Supplemental Fig. 3. Sensitivity of senescent cancer cells to TRAIL-induced apoptosis. Doxorubicin-

induced senescent or untreated cells (normal) were incubated with human recombinant TRAIL for 24 hours. (A) 
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