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A B S T R A C T   

Genotoxic agents are widely used anti-cancer therapies because of their ability to interfere with highly prolif-
erative cells. An important outcome of these interventions is the induction of a state of permanent arrest also 
known as cellular senescence. However, senescent cancer cells are characterized by genomic instability and are 
at risk of escaping the growth arrest to eventually facilitate cancer relapse. The tumor necrosis factor related 
apoptosis inducing ligand (TRAIL) signals extrinsic apoptosis via Death Receptors (DR) 4 and 5, while Decoy 
Receptors (DcR) 1 and 2, and Osteoprotegerin (OPG) are homologous to death receptors but incapable of 
transducing an apoptotic signal. The use of recombinant TRAIL as an anti-cancer strategy in combination with 
chemotherapy is currently in development, and a major question remains whether senescent cancer cells respond 
to TRAIL. Here, we show variable sensitivity of cancer cells to TRAIL after senescence induction, and upregu-
lation of both pro-apoptotic and anti-apoptotic receptors in therapy-induced senescent cancer cells. A DR5- 
selective TRAIL variant (DHER), unable to bind to DcR1 or OPG, was more effective in inducing apoptosis of 
senescent cancer cells compared to wild-type TRAIL. Importantly, no apoptosis induction was observed in non- 
cancerous cells, even at the highest concentrations tested. Our results suggest that targeting DR5 can serve as a 
novel therapeutic strategy for the elimination of therapy-induced senescent cancer cells.   

1. Introduction 

Cellular senescence is a stable cell cycle arrest that arises in response 
to various stressors. Senescent cells undergo morphological, structural 
and functional changes influenced by multiple variables, including type 
of stressor, time elapsed, and tissue or cell type. Moreover, cellular 
senescence represents an important barrier to tumorigenesis by limiting 
the growth of oncogenic cells. In clinical settings both chemotherapy 
and radiation are widely used as anti-cancer therapies for their ability to 
induce cell cycle arrest and apoptosis in cancer cells [1]. However, 
aberrant persistence of senescent cells and subsequent escape from 
apoptosis contributes to the adverse effects of chemotherapy and facil-
itates cancer relapse [2] by fueling the proliferation of bystander cells 
through an altered secretome known as the senescence-associated 
secretory phenotype (SASP) [3]. Because the selective elimination of 
senescent cells, also known as senolysis, can be achieved 

pharmacologically [4], it has recently been shown that a combination of 
pro- and anti-senescence interventions holds potent cancer suppressive 
properties. However, the response of senescent cancer cells to current 
senolytic approaches remains highly variable [5]. 

Prolonged persistence of senescent cells is partially the consequence 
of mechanisms that enhance their survival and resistance to cell death 
[6]. More specifically, senescent cells display increased resistance to 
apoptotic inducers such as UV radiation [7], oxidative stress [8], and 
cytotoxic drugs [9]. Similarly, a higher resistance of senescent cells to 
extrinsic apoptosis via death receptors has been reported [10,11]. The 
tumor necrosis factor related apoptosis inducing ligand (TRAIL) signals 
extrinsic apoptosis via death receptors 4 and 5 (DR4/TRAIL-R1, and 
DR5/TRAIL-R2). On the other hand, decoy receptors 1 and 2 
(DcR1/TRAIL-R3, and DcR2/TRAIL-R4) are homologous to death re-
ceptors, but are incapable of transducing an apoptotic signal. Because 
DcR1 and DcR2 retain their ability to bind to TRAIL, they compete for 
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ligand binding and limit extrinsic apoptosis. Interestingly, upregulation 
of DcR1 [3,12,13] (Gene: TNFRSF10C), and DcR2 [14–18] (Gene: 
TNFRSF10D) is often reported in senescent cells. Additionally, the 
secretory phenotype of senescent cells also includes soluble DcRs such as 
osteoprotegerin (OPG) [3,19], capable of binding to TRAIL extracellu-
larly and thus preventing death receptor stimulation. Despite 
senescence-associated increases in DcR1, DcR2, and OPG, a protective 
role in senescent cells is only reported for DcR2, where silencing of DcR2 
increased susceptibility to TRAIL-induced extrinsic apoptosis in senes-
cent fibroblasts [10]. However, as non-transformed fibroblasts are 
generally resistant to TRAIL-induced apoptosis due to multiple redun-
dant pathways [20], acquired resistance to extrinsic apoptosis in 
TRAIL-sensitive cell lines following senescence induction remains to be 
described. 

TRAIL is believed to play an important role in tumor immune sur-
veillance [21], and recombinant TRAIL variants have been shown to be 
promising anti-cancer agents for their ability to induce apoptosis in a 
variety of tumor cells without affecting normal cells [20,22–24]. Re-
combinant human TRAIL (aa 114–281) has been mostly used and 
developed as a clinical anti-cancer drug [25,26]. Interestingly, and in 
contrast with the potential acquired resistance of therapy-induced se-
nescent cells, TRAIL was shown to act synergistically with chemo- and 
radiotherapy to promote cancer cell apoptosis [27]. Given the thera-
peutic implications of acquired resistance to extrinsic apoptosis in 
therapy-induced senescent cancer cells, we decided to study the sensi-
tivity to TRAIL of cells exposed to genotoxic stress. 

2. Materials and methods 

2.1. Cell lines and reagents 

Human breast cancer cell lines MDA-MB-231 and MDA-MB-436, 
human ovarian cancer cell lines A2780 and OVCAR3, and IMR90 fi-
broblasts were all obtained from American Type Culture Collection 
(ATCC, Wesel, Germany). The cells were cultured in DMEM (MDA-MB- 
231, MDA-MB-436, MCF-7, IMR90) or RPMI-1640 (A2780, OVCAR3) 
containing 2 mM penicillin/streptomycin, and supplemented with 10% 
fetal bovine serum (Costar Europe, Badhoevedorp, The Netherlands) at 
37 ◦C with 5% CO2. 

2.2. Induction of senescence 

For doxorubicin-induced senescence, cells were seeded at a density 
of 2 × 106 cells per T75 flask overnight and then treated with doxoru-
bicin at a concentration of 250 nM for 24 h. The medium was replaced 
by fresh medium with 10% FBS every 2 days. Cells were harvested on 
day 8 after treatment. For ionizing radiation-induced senescence, cells 
were subjected to 10 gray (Gy) of ionizing gamma irradiation using a 
Cesium-137 source. The medium was refreshed every 2 days, and cells 
were harvested on day 8 after irradiation. 

2.3. Senescence-associated β-galactosidase staining 

The senescence-associated β-galactosidase Staining was performed 
as previously described [28]. Cells were seeded in 24-well plates at a 
concentration of 20,000 cells/ml overnight. Then, the cells were fixed in 
a mixture of glutaraldehyde (0.2%, v/v) and formaldehyde (2%, v/v) for 
5 min and stained with an X-Gal solution pH 6.0 (Biovision). The 
number of positive-blue stained cells was counted under a light micro-
scope and compared to the total number of cells in each view. Biological 
replicates were stained in triplicate, and counting was made in blind. 

2.4. EdU incorporation assay 

Cells were seeded in a 24-well plate at a concentration of 20,000 
cells/ml overnight. After incubation with EdU for 24 h, cells were fixed 

and stained using a commercial kit (Click-iT EdU Alexa Fluor 488 Im-
aging kit; Thermo Fisher Scientific). DAPI was used for counter-staining 
and a Leica DM 6000 fluorescent microscope was used for visualization. 

2.5. RNA isolation and RT-qPCR 

Total mRNA was isolated using Maxwell LEV simply RNA Cells/ 
Tissue Kit (Promega, Madison, WI, USA) according to instruction 
described. The concentrations of mRNA were measured by NanoDrop 
ND-100 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 
USA). cDNA was obtained through a reverse transcription reaction using 
a Reverse Transcription Kit (Promega). A panel of senescence-associated 
genes consisting of human p21, IL6, IL-8, MMP1, LMNB1, and a panel of 
TRAIL-receptor genes including DR4, DR5, DcR1, DcR2, OPG were 
detected by RT-qPCR using either commercially available Taqman 
(Applied Biosystems) or SensiMix SYBR kit (Bioline). mRNA levels of 
α-tubulin and GAPDH was measured and used as a reference for data 
normalization. The specific primer sequences are shown in Table S1. 

2.5.1. Cell viability assay (MTS assay) 
Cells were seeded at a density of 10,000 cells per well in 96-well 

plates overnight. rhTRAIL WT or TRAIL DHER were added at different 
concentrations ranging from 1 to 400 ng/ml. For cell viability rescue 
assays, cells were treated with or without the caspase-dependent 
apoptosis inhibitor Q-VD-Oph, 10 μM (Sigma Aldrich, SML0063-1MG, 
The Netherlands) or the necroptosis inhibitor Necrostatin-1, 10 μM 
(Cayman Chemicals, Michigan, USA). After 24 h incubation, 20 μl of 
MTS (Promega, The Netherlands) reagent was added. Cell viability was 
determined after 1–2 h of incubation by measuring the absorption at 
490 nm using a microplate reader (BMG LABTECH, De Meern, Utrecht, 
The Netherlands). 

2.6. 3D spheroid viability assay 

3D spheroids were constructed as described before [29]. Cells were 
seeded at a density of 1000 cells per well in an ultra-low attachment 
96-well plate (Corning Incorporated, Kennebunk, ME, USA). Plates were 
centrifuged at 1000 rpm for 5 min to form the 3D spheroid. After 7 days 
of incubation, spheroids were formed and suitable for performing ex-
periments. The viability of 3D spheroids was determined using 3D 
CellTiter-Glo® kit (Promega). Spheroids were first treated with rhTRAIL 
WT or DHER at the concentrations of 2.5 and 5 ng/ml for 24 h and 
transferred to a new 96-well plate with white walls. 100 μl of lumines-
cence reagent was added to each well according to the manufacturer’s 
instructions. After 30 min incubation at room temperature, the lumi-
nescence values were measured using a Synergy™H1 plate reader 
(BioTek, Winooski, VT, USA). 

2.7. Caspase activity assay (2D, 3D) 

Caspase activity were determined using Caspase-Glo 3/7 kits 
(Promega, The Netherlands). Briefly, cells were seeded in a 96-well plate 
with white walls at a density of 30,000 cells/ml overnight. Subse-
quently, rhTRAIL WT or DHER (2.5 or 5 ng/ml) were added. After 8 h 
incubation, 100 μl of the reagent was added to each well according to the 
manufacturer’s protocol, and luminescence was recorded after 30 min 
by using a Synergy™H1 plate reader (BioTek, Winooski, VT, USA). For 
the 3D spheroids, the spheroids were transferred to a new 96-well plate 
with white walls before adding the Caspase-Glo reagents. 

2.8. TRAIL receptor expression analysis 

Total numbers of 5 × 105 cells per sample were harvested and 
incubated with mouse primary antibody directed against DR5 (EXBIO, 
Prague, Nad Safinou, Czech Republic) on ice for 1 h. Subsequently, cells 
were washed and incubated with Fluorescein (FITC) conjugated donkey 
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anti-mouse antibody (Jackson ImmunoResearch Europe, Cambridge, 
UK) on ice for 1 h. The receptor expression was detected using a FACS 
Calibur flow cytometer (BD Bioscience, Franklin Lakes, NJ, USA) and 
data was analyzed with the FlowJo V10 software (BD Bioscience, 
Franklin Lakes, NJ, USA). For Western blotting, samples were collected 
in RIPA buffer (Abcam) after 8 days following treatment with Doxoru-
bicin (250 nM, 24 h), or ionizing radiation (10 Gy). 

2.9. ELISA 

ELISA kit to detect OPG was from R&D systems and was used ac-
cording to the manufacturer’s instructions. For doxorubicin-treated 
cells, media were collected in 1, 4 and 8 days after treatment. ELISA 
results were normalized to total cell number at the day of collection. 

2.10. Incucyte ® ZOOM time-resolved assays 

Cells were maintained at 37 ◦C with 5% CO2 atmosphere and imaged 
using an IncuCyte® ZOOM (Essen BioScience) with a 4 × magnification. 
For real-time caspase 3/7 activity measurements, cells were treated with 
rhTRAIL WT or DHER in the presence of CellEvent™ Caspase-3/7 Green 
Detection Reagent (Thermo Fisher scientific). The confluence and fluo-
rescent signal from each well were recorded by the IncuCyte® ZOOM 
every 2 h. For cell death determination propidium iodide or CellTox™ 
Green Cytotoxicity Assay (Promega) was added with rhTRAIL WT or 
DHER, and the red fluorescent signal (propidium iodide) or green 
fluorescence (CellTox) for each well was recorded using the IncuCyte® 
ZOOM. H2B-mCherry was a gift from Robert Benezra (Addgene plasmid 
# 20972; http://n2t.net/addgene:20972; RRID:Addgene_20972) and 
was used for the generation of red nuclear-labelled MDA-MB-231 cells 
used in mixed culture assays [30]. Mixed spheroids were generated 
using red nuclear-labelled MDA-MB-231 and IMR90 cells (seeding 2.5 ×
10 [3] cells, 1:1), control or doxorubicin treated spheroids were 

incubated for 24 h in the presence of TRAIL or DHER (20 ng/mL) and 
CellTox™ Green, the spheroids were next stained with Hoechst 33342, 
and visualized without fixation using a CellDiscoverer 7 (Zeiss Micro-
scopy, Jena, Germany). 

2.11. DR5 siRNA experiments 

For DR5 knockdown experiments DR5 siRNA Gene Silencer (sc- 
40237, Santa Cruz Biotechnology, Heidelberg Germany) or unconju-
gated control siRNA were used in combination with Lipofectamine® 
RNAiMAX (Invitrogen, Life Technologies) according to manufacturer’s 
instructions. For cell viability and caspase activity cells were transfected 
for 48 h (with or without doxorubicin) before treatment with TRAIL 
DHER at 10 ng/mL. For Caspase activity CellEvent™ Caspase-3/7 Green 
Detection Reagent was used and cells were imaged for 24 h using an 
IncuCyte S3 (Essen BioScience). 

3. Results 

3.1. Heterogeneous response to TRAIL-induced extrinsic apoptosis is 
observed in therapy-induced senescent cancer cells 

We initially focused on triple negative breast cancer cell lines MDA- 
MB-231 and MDA-MB-436, which are sensitive to TRAIL [31]. 
Therapy-induced senescence (TIS) was prompted by one of the most 
common chemotherapeutic agent used for breast cancer treatment, the 
anthracyclin doxorubicin [32]. 8 days after treatment, breast cancer 
cells displayed typical markers of senescence such as high 
senescence-associated β-galactosidase (SA-β-gal) activity (Fig. 1A and B 
and Fig. S1A), reduced proliferation measured by EdU incorporation 
(Fig. 1A and C), increased expression of cyclin-dependent kinase in-
hibitor p21Cip1 (p21) and different SASP factors and decreased expres-
sion of LaminB1 (LMNB1) (Figs. S1B and S1C) was observed. 

Fig. 1. Sensitivity of doxorubicin-induced senescent cancer cells to TRAIL-induced cytotoxicity. Breast cancer cells were treated with doxorubicin (250 nM) 
for 24 h. After drug removal, fresh medium was added and cells were routinely inspected for morphological changes. After 8 days in culture, cells were stained for SA- 
β-galactosidase activity, revealing differences in doxorubicin treated cells (SEN) compared to untreated control cells (CTRL) (A, dark spots). Doxorubicin treated cells 
also displayed lower levels of EdU incorporation indicative of a senescence-associated growth arrest. Incorporated EdU is shown in pink, and DAPI stained nuclei are 
shown in blue. Quantification of SA-β-galactosidase positive cells (B) and EdU positive cells (C). Doxorubicin-induced senescent (SEN, day 8) or untreated cells 
(CTRL) were incubated with human recombinant TRAIL for 24 h. A dose dependent decrease in cell viability in MTS assays was observed upon cell treatment in 
TRAIL sensitive cells MDA-MB-231 (D), MDA-MB-436 (E). Similarly, ovarian cancer cells treated with doxorubicin (250 nM) for 24 h showed increased SA- 
β-galactosidase activity (F, G) decreases in EdU positive cells (F, H), and cell viability for OVCAR3 (I), and A2780 cells (J). Graphs are mean ± SD data from 
representative experiments performed in triplicates. Statistical significance (***) was determined using the Holm-Sidak method for multiple comparisons correction, 
a p value threshold lower than p < 0.001 was defined (A–C). Statistical significance (*) was determined using the Holm-Sidak method for multiple comparisons 
correction, and a p value threshold lower than p < 0.01 (D–G). 
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Importantly, these changes were time-dependent, and similarly 
observed in another model of TIS where cells were exposed to ionizing 
radiation (IR) (Fig. S2). TIS breast cancer cells became polyploid after 
treatment (Fig. S3), a typical feature of senescent cancer cells at risk of 

bypassing the cell cycle arrest [33]. 
Then, we exposed senescent or non-senescent breast cancer cells to 

increasing doses of recombinant human TRAIL. MDA-MB-231 cells, 
normally sensitive to TRAIL-induced apoptosis, became more resistant 

Fig. 2. Caspase-dependent TRAIL-induced apoptosis of therapy-induced senescent cancer cells. Therapy-induced senescent (SEN, day 8) or untreated cells 
(CTRL) were incubated with human recombinant TRAIL for 24 h. Increase of caspase activity in MDA-MB-231 cells following TRAIL treatment was observed in a 
luminescence-based assay (A). TRAIL-induced cytotoxicity in day 8 SEN cells was completely rescued by the caspase inhibitor Q-VD-OPh (QVD), while no effect was 
observed using the necroptosis inhibitor Necrostatin 1 (Nec-1) suggesting apoptotic cell death (C). The mRNA levels of TRAIL death and decoy receptors were 
analyzed by RT-qPCR. The fold change of mRNAs encoding the indicated protein relative to a reference gene (GAPDH) is shown (C–G). Changes were also assessed at 
the protein level using ELISA for the soluble TRAIL receptor OPG (H) Graph represents mean ± SD data from independent experiments performed in triplicates (A–G), 
or duplicates (H). Statistical significance, was determined using the Holm-Sidak method for multiple comparisons correction, a p value threshold lower than p < 0.05 
was defined. 
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to low TRAIL concentrations if pre-exposed to senescence-inducing 
doses of doxorubicin (Fig. 1D). In contrast, enhanced sensitivity to 
TRAIL was observed in MDA-MB-436 cells following senescence in-
duction (Fig. 1E). We then tested whether senescence induction affected 
the response to TRAIL in MCF7 breast cancer cells, which were not 
sensitive to TRAIL-induced cell death [31]. MCF7 were exposed to 
doxorubicin and induction of senescence validated by increased SA-β-gal 
activity (Figs. S4A and 4C), reduced proliferation (Figs. S4B and 4D), 
increased expression of cyclin-dependent kinase inhibitor p21Cip1 (p21) 
and different SASP factors and decreased expression of LaminB1 
(LMNB1) (Fig. S4E). However, despite a robust senescence induction, 
MCF-7 cells remain largely insensitive to TRAIL treatment (Fig. S4H). 
Finally, we measured the effect of a senescent state in the ovarian cancer 
cell lines OVCAR3 and A2780, which are respectively sensitive and 
insensitive to TRAIL-induced death. Similarly to what was observed for 
breast cancer cells, both ovarian cancer cells show a robust senescence 
induction in response to doxorubicin treatment (Figs. 1 and S1). Inter-
estingly, we observed an increased sensitivity to TRAIL-induced cell 
death of doxorubicin-treated OVCAR3 (Fig. 1I) and A2780 (Fig. 1J). 
Taken together, these data suggest that a pro-senescence therapy has 
variable consequences for sensitivity to recombinant TRAIL and an 
increased resistance to extrinsic apoptosis was not a common feature of 
TIS cancer cells, unlike previously suggested for senescent fibroblasts 
[14]. 

3.2. Both pro-apoptotic and anti-apoptotic TRAIL receptors were 
upregulated in senescent cancer cells with acquired resistance 

In order to identify potential mechanisms regulating the acquired 
resistance to TRAIL upon senescence induction, we profiled apoptotic 
abilities and TRAIL signaling in MDA-MB-231 cells. TRAIL triggered 
caspase 3/7 activation in both non-senescent and, despite to a lower 
degree, senescent cells (Fig. 2A). The pan-caspase inhibitor QVD, but not 
the necrosis inhibitor Nec-1, was sufficient to blunt the TRAIL-induced 
toxicity in both populations, indicating that ability to undergo 
apoptosis was retained even after senescence induction (Fig. 2B). At 
next, we measured the expression of the pro-apoptotic TRAIL receptors 
DR4 and DR5. While mRNA levels of DR4 resulted unchanged (Fig. 2C), 
we measured a significant upregulation of DR5 at both 4 and 8 days after 
exposure to doxorubicin (Fig. 2D). In accordance, protein levels on the 
cell membrane for DR5 were significantly higher in TIS cells, indepen-
dent of the stimulus used to induce senescence (Figs. S5A and S5B). 
Based on this data, we hypothesized that the reduced apoptosis of the 
senescent population could be due to increased levels of decoy receptors. 
Interestingly, the mRNA levels of DcR2 and OPG were upregulated in 
senescent MDA-MB-231 at day 8 after doxorubicin treatment 
(Fig. 2E–G). Moreover, there was a significant increase in the level of 
secreted OPG 8 days after senescence induction (Fig. 2H). Interestingly, 
we observed a similar pattern in expression of TRAIL receptors and 
decoy receptors in MDA-MB-436, OVCAR3 and A2780 upon senescence 
induction by either doxorubicin (Fig. S6) or IR (Figs. S7A–B). A positive 
correlation was observed between the senescence markers p21 and IL-8 
and the expression of TRAIL receptors across all the cell lines put 
together (Figs. S7C–D). Therefore, despite retaining apoptotic abilities 
and expressing higher level of the pro-apoptotic TRAIL receptor DR5, 
some TIS cancer cells might acquire resistance to TRAIL-induced 
apoptosis by overexpressing various decoy receptors. 

3.3. DR5 selective TRAIL variant (DHER) enhances apoptosis of 
senescent cancer cells 

Because we observed a strong upregulation of DR5, but not of DR4, 
on the surface of TRAIL-resistant senescent MDA-MB231 cells, we hy-
pothesized that treatment with a DR5-selective TRAIL variant could 
result in improved cell death. 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 [34,35]. 
Accordingly, treatment with human recombinant TRAIL in the presence 
of OPG resulted in decreased cytotoxicity (Fig. S8A), in contrast to 
TRAIL variant DHER where no effect from OPG was observed (Fig. S8B). 
Importantly, decreased cell viability of TIS MDA-MB-231 cells was 
observed for TRAIL variant DHER (Fig. 3A). The decrease in cell viability 
was accompanied by increases in PI incorporation (Fig. 3B) and 
caspase-3/7 activity (Fig. 3C), suggestive of increased caspase-mediated 
cell death. We then measured whether TRAIL DHER could further in-
crease the apoptotic response of other TIS cancer cells sensitive or 
insensitive to TRAIL. TIS MDA-MB-436 treated with TRAIL DHER 
showed decreased viability, increased PI incorporation and caspase 3/7 
activity when compared to wild-type TRAIL (Fig. 3D–F). Moreover, 
TRAIL DHER was toxic to the ovarian cancer cells A2780 (Fig. S8C), 
which were poorly sensitive to the wild-type TRAIL (Fig. 1G). 

To validate the dependence on DR5 for TRAIL DHER-induced 
apoptotic cell death, knockdown experiments were performed using 
siRNAs targeting DR5 (Fig. S9). A significant rescue in cell viability and 
lower caspase activation were observed in all the cell lines carrying DR5 
siRNAs, but not scramble control siRNAs, upon treatment with TRAIL 
DHER (Figs. 3G, 3H, 3I, S8E, S8F and S9). 

Finally, to evaluate potential toxicities for normal cells, we exposed 
senescent and non-senescent primary fibroblasts to escalating doses of 
TRAIL DHER. Even at high concentrations, no significant effect on cell 
viability in either senescent or non-senescent populations was detected 
(Fig. S8D). Altogether, these findings suggest increased activity of the 
TRAIL variant DHER compared to wild type TRAIL in eliciting caspase- 
dependent apoptosis in senescent cancer cells with no obvious toxicities 
for normal cells. 

3.4. TRAIL-induced apoptosis in a senescent 3D spheroid model 

Due to the poor homology with rodent TRAIL receptors [36,37] and 
the limited value of such animal models in understanding their biolog-
ical function, we decided to use a human 3D spheroid model to better 
mimic the tumor microenvironment and relevant cell-cell interactions. 
3D spheroids were generated by seeding control or doxorubicin-treated 
cells into ultra-low attachment plates. The diameter of both 
MDA-MB-231 and MDA-MB-436 spheroids was lower in 
doxorubicin-treated spheroids indicative of reduced proliferation, while 
untreated spheroids remained proliferation-capable and grew larger in 
size over time (Fig. 4A). After TRAIL treatment on day 7, the edges of the 
spheroids became loose and irregular, and inner layers appeared to lose 
integrity as apoptotic cells detached from one another (Fig. S10). 
Similarly to what was observed in 2D models, MDA-MB-231 spheroids 
were less sensitive to TRAIL-induced extrinsic apoptosis than 
non-senescent ones, while the opposite effect was seen for MDA-MB-436 
spheroids (Fig. 4B). 

Treatment with TRAIL DHER resulted in increased apoptosis in both 
MDA-MB-231 and MDA-MB-436 senescent spheroids, compared to 
treatment with wild type TRAIL (Fig. 4B). Cell death of senescent cancer 
cells upon TRAIL DHER exposure was confirmed in time-resolved ana-
lyses measuring loss of membrane integrity (Fig. 4C). As for the 2D 
system models, exposure to TRAIL DHER was associated to enhanced 
caspase 3/7 activity (Fig. 4D). Finally, in order to monitor cancer growth 
in a tumor microenvironment-like context, we used a 3D model mixing 
fluorophore-labeled senescent MDA-MB-231 cells with senescent or non- 
senescent primary fibroblasts. Again, treatment with TRAIL DHER was 
more effective in eliminating the senescent cancer cells than the wild- 
type TRAIL (Fig. 4E and F). Of note, cancer cell toxicity was higher 
when the cells were mixed with non-senescent primary cells, suggesting 
that senescent fibroblasts might provide protection from DHER-induced 
apoptosis (Fig. 4E and F). Altogether, these data confirm the effective-
ness of TRAIL DHER in eliminating TIS senescent cancer cells. 
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Fig. 3. Increased cytotoxic activity of DR5-selective TRAIL variant DHER in senescent cancer cells. MTS cell viability assays comparing TRAIL WT with TRAIL 
variant DHER in senescent MDA-MB-231 (A) and MDA-MB-436 cells (B). Both TRAIL variants were compared in time-resolved assays in terms of cell death (as 
indicated by propidium iodide incorporation; B, E) and caspase activity (C, F). Knockdown experiments using siDR5 or siScr control for comparing cell viability in 
MTS assays following DHER treatment in MDA-MB-231 cells (G) or MDA-MB-436 cells (H), or caspase activity in time resolved assays (I). Graphs are mean ± SD from 
representative experiments performed in triplicates. Statistical significance (*) was determined using the Holm-Sidak method for multiple comparisons correction, a p 
value threshold lower than p < 0.05 was defined. 
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4. Discussion 

Neoadjuvant (preoperative) chemotherapy, such as doxorubicin, 
continues to be used for the treatment of almost all cancers, including 
those of the breast and the ovary [38,39]. However, chemotherapeutics 
are not only able to eliminate cancer cells, but are also capable of 
inducing cellular senescence at lower doses, which may exacerbate side 

effects by promoting the proliferation of non-responder cells through the 
SASP [2]. In addition, senescent cancer cells might be able of escaping 
the growth arrest because of their genomic instability and possibility to 
accumulate further mutations [40]. Therefore, the elimination of 
therapy-induced senescent cancer cells via the use of senolytics com-
bined to chemotherapeutic agents – a strategy defined as one-two punch 
[41] - is desired. 

Fig. 4. TRAIL-induced extrinsic apoptosis in 3D Spheroid Models. 3D spheroids of MDA-MB-231 and MDA-MB-436 were generated. After treatment with 
doxorubicin (250 nM), the sizes of both MDA-MB-231 and MDA-MB-436 spheroids was measured periodically to test for reduced proliferation indicative of a 
senescence associated growth arrest (A). TRAIL DHER resulted in decreased cell viability in both MDA-MB-231 and MDA-MB-436 senescent spheroids, compared to 
treatment with wild type TRAIL (B). Increased cytotoxicity of TRAIL DHER compared to wild type TRAIL as measured by CellTox™ Green dye incorporation in non- 
viable cells (C), and increased caspase 3/7 activation as evidenced by a luminescence-based assay (D). Mixed cultures of MDA-MB-231 and stromal fibroblasts 
(IMR90) were seeded in a mixed spheroid model, after senescence induction with doxorubicin, cultures were treated with wild type TRAIL or DHER and cell viability 
was assessed. Enlarged nuclei were observed in doxorubicin treated MDA-MB-231 cells carrying a nuclear mCherry label (red), together with increased cell death 
(green) after treatment with wild type TRAIL or DHER. IMR90 nuclei are shown in blue (E). Graphs represent mean ± SD data from independent representative 
experiments performed in n = 3 (B,D), or n > 5 (A,C,F). Statistical significance (*) was determined using a two way ANOVA and Holm-Sidak method for multiple 
comparisons correction where a p value threshold lower than p < 0.05 was defined (A, B, D, F), or p < 0.001 (***) in a two-tailed paired t-test between TRAIL and 
DHER (C). 
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TRAIL is a cytokine secreted by a variety of normal cells with the 
ability to induce extrinsic apoptosis of a variety of cancer cells. Because 
most normal cells are resistant to TRAIL, the use of recombinant forms 
have been considered a potential anti-cancer strategy with limited 
toxicity. However, clinical trials indicated that several cancer cells 
developed resistance to TRAIL. Previous studies have suggested that 
non-malignant senescent cells upregulate various decoy receptors to 
further increase their resistance to TRAIL-induced extrinsic apoptosis, 
but whether senescent cancer cells are able to mount such resistance 
remains largely unknown. This is particularly relevant for the efficacy of 
cancer treatments as senescent or pseudo-senescent cancer cells are 
considered at high risk of relapse because of their intrinsic genomic 
instability and ability to escape the permanent growth arrest by 
acquiring de novo mutations [42]. 

Upon senescence induction, we observed a heterogeneous response 
to TRAIL-induced apoptosis of various breast and ovarian cancer cells. 
For example, while MDA-MB-436, OVCAR3 and A2780 showed an 
increased sensitivity to TRAIL following senescence induction, no 
changes were observed in MCF-7 breast cancer cells despite a robust 
senescence induction. We believe these changes may be cell-line specific 
as MCF-7 cells lack functional caspase 3 expression [43], and our find-
ings point towards caspase-dependent cell death underlying 
TRAIL-induced toxicity. 

In contrast, MDA-MB-231 cells remained susceptible to apoptosis but 
showed increased resistance at low concentrations of recombinant 
TRAIL, By comparing the sensitivity of senescent and proliferating MDA- 
MB-231 breast cancer cells, we found that therapy-induced senescence 
resulted in increased death receptor 5 (DR5) expression, as well as an 
increase in TRAIL decoy receptors DcR1, DcR2 and OPG, which has been 
previously described for the secretome of radiation-induced senescent 
tumor cells [19]. A DR5-selective TRAIL variant (DHER) was more 
effective in inducing apoptosis of senescent MDA-MB-231 cancer cells 
compared to wild-type TRAIL, both in 2D culture and 3D spheroid 
models. Importantly, similar sensitivity to TRAIL DHER were observed 
in other senescent cancer cell lines. Interestingly, no toxicities were 
observed in senescent non-transformed cells, presumably due to multi-
ple redundant pathways, as previously described [20]. 

Animal models have limited potential for the characterization of the 
biology of TRAIL-mediated extrinsic apoptotic mechanisms [36,44], and 
these findings will need to be validated in more complex systems. 
Nevertheless, our study unravels an acquired vulnerability of 
therapy-induced senescent cancer cells and suggest that the use of se-
lective DR5 stimulation may become a viable strategy for improving 
cancer therapies with low toxicity. 
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TRAIL: Tumor Necrosis Factor Related Apoptosis Inducing Ligand 
OPG: Osteoprotegerin 
DR: Death Receptor 
DcR: Decoy Receptor 
CPD: Computational Protein Design 
SASP: senescence-associated secretory phenotype 
SA-β-gal: senescence-associated β-galactosidase 
IL-6/8: Interleukin-6/8 
MMP1: matrix metallopeptidase 1 
LMNB1: Lamin B1 
QVD: Q-VD-OPh 
Nec-1: Necrostatin 1 
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