










we hypothesised that the C23-only population represents the necrotic fraction of Cisplatin-
induced cell death. Cross-tabulation of caspase activities with the death phenotypes PT1-3 
(Fig. 3c) suggests patterns of activity are indeed associated with apoptosis or necrosis. The 
C23-only population is more frequent in PT3 cells (Fig. 3c) and PT3 cells exhibit a more 
modest cleavage of the LEHD substrate compared to PT1 cells (12±4% versus 27±1%, Fig. 
3d). Thus, it is apparent that those cells that exhibit a robust activation of all caspases, die 
earlier and are more likely to trigger apoptosis, whereas a small but significant fraction of cells 
exhibit shallower caspase activation, lower Caspase-9 activities, and a delayed cell death by 
necrosis. Interestingly, non-genetic heterogeneity in the pattern of caspase activation 
recapitulates traits of therapy resistance previously ascribed solely to genetic causes3,4. 

 

 

Figure 3 | Deconvolution of phenotypes. (a) Cisplatin-induced DNA damage consistently causes 
~80% of cells to trigger cell death exhibiting three distinct phenotypes - sudden shrinking (PT1), plasma 
membrane blebbing only (PT2), or partial and slow shrinkage plus blebbing (PT3). Separate 
experiments (Extended Data Fig. 5) confirm that PT1 represents apoptotic cells, while PT2 and PT3 
comprise necrotic cells. (b) shows the frequency of PT1, PT2 and PT3.  Cross-tabulation of biochemical 
and death phenotypes (c) shows that PT1 cells (apoptotic) are more likely to activate Caspase-9 than 
PT3 cells (necrotic). This is also evident in the lower LEHDase activity exhibited, on average, by PT3 
cells (d). Both biochemical and death phenotypes can be altered in a predictable manner by exposure 
to irreversible inhibitors (e) for Caspase-2 (iC2: z-VDVAD-fmk) -3 (iC3: z-DEVD-fmk) and -9 (iC9: z-
LEHD-fmk). 
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Irreversible inhibitors of Caspase-2, -3 and -9 (Fig. 3e and Extended Data Fig. 6) further 
elucidate the role of individual caspases in cell-fate decisions induced by the DNA damage 
response (DDR). First, we find that Caspase-2 inhibition reduces the fraction of C239-
responsive cells. Moreover, it increases (from ~2% to ~13%) the fraction of cells that exhibit 
only VDTTDase activity, albeit with a rather low maximal level of cleavage (from >50% to 
<20%, Extended Data Fig. 6d) and slower kinetics. Together, these observations suggest 
that DDR-induced activation of the Caspase-2, -3 and -9 network cannot proceed when 
Caspase-2 is suppressed, despite the lower residual Caspase-2 activity that persists even 
after inhibitor exposure. Second, Caspase-3 inhibition causes a pronounced reduction in the 
frequency of the C239-responsive phenotype (from ~55% to ~15%) and apoptosis (from ~90% 
to ~60%). Interestingly, it increases the fraction of cells that activate only Caspase-2, thus 
revealing a positive feedback mechanism that connects Caspase-2 and -3. Notably, Caspase-
3 inhibition also uncovers a small fraction of cells that exhibit only Caspase-2 or -9 (>10% in 
total), further validating the specificity of the sensors in this experimental setting. Finally, 
Caspase-9 inhibition induces a significant and predictable shift from the C239-responsive 
population (~55% to ~30%) to the C23-only population (from ~20% to ~40%).  

All three inhibitors resulted in a net decrease of all caspase activities and a net delay in cell 
death, but a relative increase in the frequency of necrotic phenotypes PT2 and PT3 (Extended 
Data Fig. 6). Collectively, these results reveal that positive feedback circuits between 
caspases, either direct or indirect, set the timing of cell death. The shift from apoptotic to 
necrotic cells at later times after DDR induction (Fig. 3e) suggests an opportunity to modulate 
DDR-induced cell-death outcomes using clinically relevant inhibitors.  

 

Figure 4 | Perturbation of biochemical networks and phenotypes. IAP inhibition with sub-lethal 
1 µM LCL161 alters caspase network dynamics (a), frequency of type of cell death (b) and timing (c) in 
response to Cisplatin (see also Supp. Fig. 7) compared to the DMSO matched control.  

Our findings indicate that perturbation of caspase responses could change in a predictable 
manner the prevalence of the different death phenotypes induced by DNA damage. Therefore, 
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we tested LCL161, a potent inhibitor of IAPs (i.e., a family of inhibitors-of-apoptosis proteins). 
IAPs restrain caspases and can be upregulated or downregulated by feedback mechanisms 
to either further restrain or unleash caspase activities. Accordingly, we tested c-IAP1, c-IAP2 
and XIAP (also known as BIRC2, BIRC3 and BIRC4, respectively), IAPs that have a 
demonstrated role in DDR12 and that are expressed in HeLa cells. In HeLa parental and 
Nyx.C239 cells, c-IAP1/2 and XIAP are downregulated after treatment with Cisplatin to 
facilitate cell death (Extended Data Fig. 2b). Paradoxically, non-lethal doses of LCL161 
delayed the activation of caspases and cell death by 1-1.5 hours in C239-reponsive and 
apoptotic cells (p<10-3, Fig. 4a-c and Extended Data Fig.7). However, as hypothesized, a 
delayed cell death resulted in increased necrosis. At the same time, we observed an increased 
prevalence of the C23-only population (from ~20% to ~30%) with a correspondent decrease 
in the C239-responsive population (from ~50% to ~35%). Therefore, these observations 
support the notion that non-genetic heterogeneity in the propensity to activate Caspase-9 
during DDR determines the timing of the caspase-network activation eventually resulting in 
different cell death phenotypes.  

 

Figure 5 | Cell-to-cell variability of biochemical networks and phenotypes. Cisplatin-induced 
depletion of ATP (a; average and 95% confidence intervals for ATeam FRET sensor) might be a 
determinant of cell death type (apoptosis vs necrosis). Single-cell traces (FRET ratio variations 
compared to initial values, synchronised to 30% loss) confirms differences between apoptotic and 
necrotic cells, but not ATP-depletion as a discriminant between the phenotypes. The prevalence of 
apoptosis and necrosis changes with the time after treatment (c) which in turn depends on the robust 
activation of Caspase-9 (d). The Spearman correlation coefficient (ρ) is shown irrespective of 
phenotype (otherwise ρ is equal to 0.75, 0.96 and 0.72 for the phenotypes PT1, PT2 and PT3, 
respectively, in c, or -0.36, -0.29 and -0.4 in d). (e) A hypothetical model explaining how cell-to-cell 
variability in caspase activation patterns over time can heterogeneously induce apoptosis or necrosis. 
Upon addition of cisplatin, each cell triggers a complex network of caspases (Extended Data Fig. 8c-
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d), where Caspase-2 exhibits a leading role as initiation caspase and Caspase-3 as executioner 
caspase, but with Caspase-9 exhibiting a critical role to provide a faster response which facilitates 
apoptosis. Cells with no or low activation of Caspase-9 exhibit a delayed cell death that increases the 
probability of necrosis, particularly in those cells with lower ATP concentration. The purple, orange and 
green colours depict the phenotypes PT1 to 3, respectively.  

 

Cisplatin-induced depletion of ATP has been reported to be a possible discriminant between 
apoptosis and necrosis in response to Cisplatin treatment33-36. We confirmed a cisplatin-
dependent steady loss of ATP (Fig. 5a) with the ratiometric ATP sensor ATeam37. Once 
single-cell traces are synchronized, the steep ATP-depletion measured at the population level 
seems, in fact, only caused by the stochastic occurrence of cell death that, both in necrosis 
and apoptosis, results in fast ATP loss (Fig. 5b). Notably, treated but surviving cells also 
exhibit a decrease in ATP levels (Extended Data Fig. 8) over time. Necrotic cells, that on 
average die at later times, exhibit lower ATP levels before death and a lower ATP reduction 
during death. These observations suggest that lower ATP levels increase the likelihood of cell 
death by necrosis and demonstrate a complex interaction between metabolic and signalling 
networks that efficiently results in clearance of damaged cells, but where cell-to-cell variability 
determines the type of cell death. 

Our findings have two important implications. First, in contrast to conflicting models reported in 
the literature (Extended Data Fig. 8) that attribute apical roles to either Caspase-2 or 
Caspase-9 in cell-death outcomes after DNA damage4,17-22, our single-cell analyses reveal 
that the overall pattern and kinetics of the activation of  a tri-nodal network comprising 
Caspase-2, -3 and -9 dictates cell-fate decisions in this setting (Fig. 5e and Extended Data. 
Fig. 8c-d). Our findings further show that robust activation of the caspase network 
accompanies apoptosis in the majority of cells. But a significant fraction of damaged cells 
exhibits less rapid, or less complete, Caspase-9 activation, inducing delayed cell death via 
necrosis, particularly in cells with lower ATP concentrations. Our findings exemplify 
approaches to manipulate the determinants of cell death in response to chemotherapeutic 
agents, which may improve the success of anti-cancer therapies, for instance by stimulating 
immunogenic cell death or averting resistance38-40.  

Second, our work emphasizes the necessity to resolve patterns of biochemical activity in 
single cells, rather than through ensemble measurements, to reveal cell populations and 
biochemical states underlying cell-fate decisions. The unique sensing platform comprising 
NyxBits and NyxSense elements that we describe here enables a hitherto inaccessible 
application of imaging technology to achieve such resolution, and has the potential for wide 
applicability in the analysis of non-genetic factors important to the aetiology and treatment of 
many diseases through a deeper understanding of biochemical networks38,40, phenotypes and 
their variability41,42. 
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Methods 

Reagents 

All reagents are described in Supp. Table 6; oligonucleotides, template sequences and 
cloning strategies for each sensor are described in Supp. Tables 3 and 4 and Supp. 
Methods, respectively. All plasmids will be available through the public repository AddGene.  

Cell culture  

HeLa cells (CCL 2, European Collection of Cell Cultures #93021013) were maintained in 
DMEM (Gibco) supplemented with 10% FCS at 37°C and 5% CO2 in humified atmosphere 
and passaged by trypsinization (Trypsin-EDTA; Gibco). HeLa cell lines stably expressing the 
BAK co-expression systems (HeLa-C239) were transfected with JetPRIME (Polyplus) at ~50% 
confluency according to the manufacturer instructions and selected in 800 ng/ml G418 
(Invitrogen) for one month. A monoclonal cell line was then derived by single-cell FACS sorting 
and maintained under minimal selection (200 ng/ml G418).  

Western Blot  

Cells were harvested lysed in 50 μl of RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.5% 
(w/v) Sodium deoxycholate, 0.1% SDS, 1% (v/v) IGEPAL) supplemented with 1 mM PMSF 
protease inhibitor (Sigma) and 1x Protease Inhibitor Complete (Roche) prior to use and 
incubated for 30 min on ice followed by centrifugation at 13,000 rpm for 10 min at 4°C. 
Samples were separated on a 26-well 4-12% Bis-Tris SDS-PAGE gel (Life Technologies) and 
transferred onto a Hybond ECL (GE Healthcare) nitrocellulose membrane. The membrane 
was stained with Ponceau-S solution (Sigma, cat. #7170) for 5. Blocking with 5% (w/v) milk or 
Bovine Serum Albumine (BSA) in TBS-T (Tris Buffered Saline + 0.05% Tween-20) was 
followed by incubation with the primary antibody in blocking solution overnight at 4°C (see 
Supp. Table 5 for antibodies). After washing 4x 5 min in TBS-T, the membrane was incubated 
with fluorescently-labelled secondary antibodies (IRDye; Licor) for 1 h at room temperature, 
washed 4x 5 min with TBS-T and scanned using the Licor Odyssey scanner.  
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Annexin-V assay  

HeLa cells were plated on 8-well LabTek II chambered coverglass (Nunc, cat. # 155409) and 
stained in Leibovitz (L-15) medium supplemented with 10% FCS and Pen/Strep, 100 μM 
Cisplatin (or 0.9% NaCl), FITC-labelled Annexin-V (Biolegend; 1:200), 7-AAD (7-amino-
actinomycin D; Biolegend; 1:200), CaCl2 (2.5 mM; required for Annexin-V binding to 
phosphatidylserine) and TMRM (Tetramethylrhodamine, methyl ester; 20 nM). Imaging was 
performed using a Nikon Ti wide field microscope equipped with a sCMOS camera (Andor 
Zyla). Images of four channels (bright field; FITC, TRITC for TMRM; Cy5 for 7-AAD) were 
acquired every 15 min for 16 hours. Image analysis was performed manually using Fiji 
(ImageJ, NIH).  

Characterization of FRET pairs in fixed cells by imaging 

The characterization of FRET pairs and sensors was done in fixed cells after transient 
transfection using Jetprime. 25 μM of the caspase inhibitors or DMSO (Dimethylsulfoxide) was 
added 2 hours before addition of 4 μM Staurosporine (Santa Cruz) or Ethyl Acetate (Sigma) 
as solvent control. Cells were fixed with 4% formaldehyde (Agar Scientific) for 10 min at room 
temperature. Imaging was performed with a multi-photon confocal laser scanning microscope 
(SP5, Leica Microsystems) tuned at 840 nm. Emission spectra were acquired with 10 nm 
detection bandwidth and step size. Fluorescence lifetime imaging was achieved with hybrid 
photo-multipliers tubes at the non-descanned port of the microscope. Time-correlated single-
photon-counting was performed utilizing SPC-152 electronics by Becker&Hickl or a custom-
build system utilizing time-to-digital concerted by Surface Concept GmbH. 

Live-cell time-lapse FLIM imaging 

Two 8-well LabTek II chambered coverglass slides (Nunc) were prepared. On the control slide, 
parental HeLa cells were transiently transfected using JetPRIME with donors, the uncleavable 
controls and two acceptors (sREACh, tdNirFP), then imged by fast multi-colour FLIM (see 
Supp. Notes 2 and 3, and Supp. Methods) in imaging medium (Leibovitz (L-15) with 10% 
FCS and Pen/Strep). Time-lapse imaging was performed in the same conditions with HeLa-
C239. Inhibitors and solvent controls were added 6 hours after transfection (25 μM for caspase 
inhibitors and LCL161 at 1 μM). Cisplatin at 100 μM, 0.9% NaCl and inhibitors at the same 
concentration used for pre-treatments when needed, was added in imaging medium after 
washing samples twice in PBS.  

For double-thymidine block, cells were treated with 2 mM Thymidine (Sigma) at the time of 
plating and released in fresh medium 16 hour later. The same treatments were repeated after 
8 hours. The second release was either synchronized with the time of imaging to image G1 
cells or 7 hours before starting imaging to use G2 synchronized cells.  

Instrumentation and image-based biochemical analysis 

Description and discussion of the instrumentation and image analysis developed for this work 
are described in Supp. Notes 2 and 3. 

More detailed protocols, including a description of flow cytometry and ATP quantification are 
available in the Supp. Methods.   
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