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ONC212, alone or in synergistic conjunction 
with Navitoclax (ABT‑263), promotes 
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mitochondrial‑independent caspase‑3 
activation
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Abstract 

Mitochondria-targeting agents, known as mitocans, are emerging as potent cancer therapeutics due to pronounced 
metabolic and apoptotic adaptations in the mitochondria of cancer cells. ONC212, an imipridone-family compound 
initially identified as a ClpP agonist, is currently under investigation as a potential mitocan with demonstrated preclini-
cal efficacy against multiple malignancies. Despite this efficacy, the molecular mechanism underlying the cell death 
induced by ONC212 remains unclear. This study systematically investigates the mitochondrial involvement and sign-
aling cascades associated with ONC212-induced cell death, utilizing HeLa and A549 cancer cells. Treated cancer 
cells exhibited characteristic apoptotic features, such as annexin-V positivity and caspase-3 activation; however, 
these occurred independently of typical mitochondrial events like membrane potential loss (ΔΨm) and cytochrome 
c release, as well as caspase-8 activation associated with the extrinsic pathway. Additionally, ONC212 treatment 
increased the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL, which impeded apoptosis, as the overexpression 
of Bcl-2-GFP and Bcl-xL-GFP significantly reduced ONC212-mediated cell death. Furthermore, combining a sub-lethal 
dose of the Bcl-2/Bcl-xL inhibitor Navitoclax with ONC212 markedly augmented caspase-3 activation and cell death, 
still without any notable ΔΨm loss or cytochrome c release. Moreover, inhibition of caspase-9 activity unexpectedly 
augmented, rather than attenuated, caspase-3 activation and the subsequent cell death. Collectively, our research 
identifies ONC212 as an atypical mitochondrial-independent, yet Bcl-2/Bcl-xL-inhibitable, caspase-3-mediated apop-
totic cell death inducer, highlighting its potential for combination therapies in tumors with defective mitochondrial 
apoptotic signaling.
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Introduction
Ever since the ‘Warburg effect’ [1] was discovered, 
mounting evidence has unequivocally established the 
vital role of mitochondria in cancer. The altered bioen-
ergetic state and defective apoptotic machinery are the 
crucial hallmarks of cancer, both of which are directly 
governed by mitochondria [2, 3]. Given this differential 
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state of mitochondria in cancer cells, mitochondria have 
emerged as an intriguing pharmacological target in can-
cer therapy. Recently proposed ‘mitocans’ are the agents 
that act directly on mitochondria and hold promise for 
the development of potential anticancer drugs owing to 
their selectivity for cancer cells [4–6]. The last two dec-
ades witnessed an unprecedented focus on the discovery 
of novel mitocans.

Among mitocans, the imipridone family has lately 
emerged as a prospective cancer therapeutic. When com-
pared to other mitocan families, drugs of the imipridone 
family have a similar tri-heterocyclic core chemical struc-
ture but unique peripheral moieties [7–9]. The lead mol-
ecule in the family, ONC201, is already undergoing phase 
2 clinical trials for solid tumors and hematologic malig-
nancies [10]. However, attention has recently shifted to 
its derivative ONC212 (TR-31), given its demonstrated 
broad-spectrum anticancer efficacy against various 
in vitro and in vivo models of malignancies such as pan-
creatic, breast, glioblastoma, etc. [10–15]. In addition to 
its effectiveness as a standalone treatment, ONC212 dis-
played notable synergistic potential when paired with a 
range of chemotherapeutic drugs in various cancer cell 
lines [14, 15]. Although various studies have highlighted 
divergent molecular targets of ONC201 and ONC212, 
the underlying death mechanism still remains obscure.

ONC201 was initially discovered as a TRAIL/DR5-
inducing compound capable of eliciting extrinsic apop-
tosis and growth arrest via the integrated stress response 
[16–18]. Subsequently, the plasma membrane pro-
tein GPCR GPR132 was identified as a novel target of 
ONC212 in hematologic cancers. GPCR GPR132 target-
ing promotes Gq signaling, which leads to death in can-
cer cells by activating transcription factors ATF4 and 
CHOP. [14].

More recently, the mitochondrial peptidase ClpP has 
been identified as an intracellular target of both ONC201 
and ONC212 in hematologic malignancies [19–22]. ClpP 
is a double-ringed tetradecameric oligomeric serine pro-
tease with a hollow chamber ClpX that contains pro-
teolytic active sites. ClpX recognizes and unfolds native 
substrates in an ATP-dependent manner and introduces 
them into the ClpP protease barrel for degradation. These 
complexes are essential for maintaining mitochondrial 
protein homeostasis and cellular bioenergetics [19, 20]. 
Mechanistically, ONC212 promotes hyperactivation of 
ClpP, which causes ClpX to dissociate from the complex, 
resulting in proteolysis of respiratory chain proteins. Pro-
teolysis impairs oxidative phosphorylation (OXPHOS) 
and ATP flux, disrupting mitochondrial function and 
cause selective cancer cell death, regardless of p53 status 
[12, 13]. Interestingly, since ONC212 targets oxidative 
metabolism, it specifically targeted breast cancer stem 

cells (CSCs), as CSCs are highly dependent on OXPHOS 
and mitochondrial activity, whereas cancer cells that rely 
on glycolysis experience growth arrest [23–25]. The CSCs 
are a distinct subset of tumor-initiating cells that may 
self-renew and hence contribute to tumor initiation, pro-
gression and heterogeneity [26]. All these evidences high-
lighted ONC212 as a novel mitocan with the potential 
anticancer activity that may have clinical utility in cancer 
therapy either as a single agent or in combination with 
other drugs.

Although various extracellular and intracellular molec-
ular targets of ONC212 have been highlighted in the pre-
vious reports, the mechanism by which these molecules 
trigger a downstream apoptotic signaling cascade has 
not yet been explored. Moreover, despite the emerging 
therapeutic interest of ONC212 as a mitocan, the crucial 
mitochondrial apoptotic events are yet to be identified. 
Since most cancer cells have defective apoptotic machin-
ery, the systematic and comprehensive understanding of 
the cell death signaling triggered by ONC212 may lead to 
its better utility and implication as cancer therapeutics. 
Our aim was therefore to unravel the ONC212-induced 
apoptotic signaling cascade employing different cancer 
cell lines.

Materials and methods
Cell lines and maintenance
HeLa (Cervical cancer) and A549 (Lung carcinoma) cell 
lines were procured from the National Centre for Cell 
Science (NCCS), India. All cells were maintained in Dul-
becco’s Modified Eagle’s Medium (HiMedia, India) sup-
plemented with 10% heat-inactivated Fetal Bovine Serum 
(GIBCO, USA) and 1X antibiotic antimycotic cocktail 
(GIBCO, USA) in a humified incubator with 5% CO2.

Reagents, plasmids and antibodies
The compounds ONC212, Navitoclax (ABT-263) and 
Tanespimycin (17-AAG) were obtained from MedChem-
Express (NJ, USA) while Etoposide was obtained from 
Sigma-Aldrich (Missouri, USA). Pan-caspase inhibitor 
(Z-VAD-FMK) and caspase-9 inhibitor III (Ac-LEHD-
CMK) were purchased from (Santa Cruz Biotechnology, 
USA).

Bcl-2-GFP and Bcl-xL-GFP plasmids were kindly gifted 
by Dr. Clark W. Distelhorst (Case Western Reserve Uni-
versity, Cleveland, Ohio). Caspase-3 sensor plasmid 
pCDH-puro-CMV-GC3AI was procured from Addgene 
(MA, USA).

Antibodies: GAPDH and β-Actin (Proteintech, USA); 
cleaved caspase-3 (Asp175), cleaved caspase-9 (Asp330), 
caspase-8 (1C12), PARP-1(46D11), Bax (D2E11), Bak 
(D4E4), Bcl-xL, Bcl-2, TRAP-1, EMT antibody sampler 
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kit (Cell Signaling Technology, USA); Cytochrome-c 
(6H2) (Santa Cruz Biotechnologies, USA).

Generation of stable cell lines
Bcl-2 GFP and Bcl-xL GFP stable cell lines were gener-
ated as previously described in [27]. Briefly, the plasmid 
was transfected in cells using Lipofectamine™ LTX plus 
(Thermo Fisher Scientific, USA) as per the standard pro-
tocol. Cells were maintained in selection media contain-
ing G418 antibiotic (Thermo Fisher Scientific, USA) for 
a week and then, GFP-positive cells were sorted via flow 
cytometry (BD, FACSAria™ Fusion).

HeLa cytochrome c -GFP cells were a kind gift from Dr. 
T. R. Santhosh Kumar (Rajiv Gandhi Centre for Biotech-
nology, Kerala, India).

Cell cytotoxicity assay
To assess the cell viability, an MTT assay was performed 
as per standard protocol. Briefly, cells were seeded in 96 
well plates and treated with various concentrations of 
test agent. Post-treatment, MTT solution was added and 
incubated for 3 h at 37 °C. The solvent was added to dis-
solve the formazan crystal and after 30 min, absorbance 
was measured at 590 nm.

Assays for the analysis of cell death
Annexin V‑FITC/PI staining assay
Annexin V-FITC/PI apoptosis detection kit (Thermo 
Fisher Scientific, USA) was used to assess different stages 
of apoptosis as per the manufacture’s standard protocol. 
Briefly, following trypsinization, cells were washed using 
1X PBS and stained with Annexin V at a dilution of 1:50 
in 1X Annexin V binding buffer for 30 min at 37 °C, along 
with a 2 µg/ml Propidium iodide (PI) stain. Subsequently, 
the stained cells were diluted in 300  µl of 1X annexin 
binding buffer and subjected to flow cytometry (BD, 
FACSymphony™) for fluorescence analysis.

Zombie™ dye staining assay
Alternatively, Zombie™ dye (BioLegend, San Diego, CA) 
was employed to assess live and dead cells according to 
the manufacturer’s protocol. Cells grown and treated in 
24 well plate were harvested, washed with 1X PBS and 
stained with Zombie™ dye at a 1:800 dilution in PBS for 
30  min at room temperature in the dark. The stained 
cells were then diluted in 200 µl of 1X PBS and examined 
using flow cytometry (BD, FACSymphony™) utilizing the 
PE channel.

Nuclei condensation
Treated and untreated cells were stained with 0.5 µg/ml 
of the nuclear stain Hoechst 33,342 (Sigma, MO, USA) 
for 10 min. The stained cells were imaged with UV-filter 

of Nikon Ti-U inverted fluorescent microscope (Tokyo, 
Japan) equipped with NIS imaging software. Cells with 
apoptotic condensed nuclei were scored as percentage 
per sample and for each assay, and three random fields 
were scored.

Assessment of intracellular caspase‑3 activity
For assessing the intracellular activity of activated cas-
pase-3, the Caspase 3/7 Assay Kit (Magic Red, Abcam) 
was used, according to the manufacturer’s protocol. The 
stock staining solution was prepared by dissolving MR-
(DEVD)2 in DMSO and subsequently diluting (1/5th) in 
diH2O for the working solution. Cells grown in 24 well 
plates were harvested and then, stained with 300  µl of 
staining solution with periodic swirls at 37 °C for 60 min 
in the dark and subjected to flow cytometric analysis.

In addition, cells with transiently expressing caspase-3 
sensor GC3AI plasmid were seeded in a 24 well plate. 
After treatment with test agent, cells were harvested and 
fluorescence intensity was measured using flow cytom-
etry’s FITC channel.

Immunofluorescence
Cells were cultured on polymer-coated coverslip 8-well 
chamber slides (Lab-Tek™ II chamber slides (Thermo 
Fisher Scientific, USA) and incubated with specific drugs 
for defined periods. Post-incubation, cells were rinsed 
with 1X PBS and subsequently fixed with 4% para-
formaldehyde solution in 1X PBS for 12  min at room 
temperature. Afterward, cells were kept in an immu-
nofluorescence buffer (1X PBS, 10  mg/mL BSA, 0.02% 
SDS, and 0.1% Triton X-100) for 2  h. Subsequently, the 
cells were incubated overnight at 4  °C with the primary 
antibody diluted in the immunofluorescence buffer fol-
lowed by incubation with Alexa Fluor 488 tagged sec-
ondary antibody (Abcam) for 2 h. Finally, the cells were 
rinsed thrice with the immunofluorescence buffer, 
and nuclei were counterstained with DAPI. Cover-
slips were mounted with Prolong™ Diamond mounting 
media (Life Technologies) and fluorescent images were 
acquired utilizing a NIKON confocal microscope with a 
60X oil immersion objective. The obtained images were 
processed using FIJI software for further analysis and 
presentation.

Analysis of mitochondrial membrane potential (ΔΨm)
To analyse mitochondrial transmembrane poten-
tial (ΔΨm), cells were stained with 25  nM TMRM dye 
(Molecular Probes, USA) and relative fluorescence was 
evaluated either using flow cytometry or fluorescent 
microscopy as per the previously described method [27].

As an alternative method, cells were stained with JC1 
(Molecular probes, USA) and incubated for 20  min 
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before capturing images under fluorescent microscope to 
detect JC1 aggregates (Ex/Em = 540/590 nm) and mono-
meric forms (Ex/Em = 485/535 nm).

Cell cycle analysis
Cell cycle stages were determined by PI staining, fol-
lowed by flow cytometric analysis as per the standard 
protocol. Briefly, cells grown in 12 well plates were har-
vested and fixed in pre-cold 70% ethanol for 45 min on 
ice. Cells were rinsed with 1X PBS and RNase (100  µg/
ml) was added to the samples. The cell pellet was stained 
with 10 µg/ml PI staining solution (Thermo Fisher Scien-
tific, USA) and incubated in the dark at room tempera-
ture for 30 min before analyzed by flow cytometry.

Western blotting
Standard protocol was followed for western blot as previ-
ously described [28].

Western blot densitometric quantification: Western 
blots were analysed using ImageJ software (NIH, USA). 
Band intensities were measured using the gel analysis 
tool. Each protein of interest was normalized to its cor-
responding loading control (e.g., β-actin). Normalized 
values were expressed as fold change relative to control 
samples. Quantification was performed on two inde-
pendent experiments.

Clonogenicity assay
Post treatment, cells were trypsinized, serially diluted at 
a 1:100 ratio, and reseeded into a new 12-well plate with 
a very low cell population (100–200). These cells were 
maintained for 20–25 days to visualize the colony forma-
tion. Subsequently, cells were fixed with pre-chilled ace-
tone: methanol (1:1) solution, stained with 0.5% crystal 
violet solution for 45 min and rinsed thrice with 1X PBS. 
For colorimetric quantification, the crystal violet stain of 
the control and test well was dissolved in an equal vol-
ume of DMSO and absorbance was measured at 590 nm. 
Relative clonogenicity was calculated by multiplying the 
absorbance of the test well by 100 and dividing it by the 
absorbance of the untreated well.

Statistical analysis
The data are expressed as the mean or standard deviation. 
GraphPad Prism 8.0 was used for all the statistical analy-
ses. Student’s t test was used for comparisons between 
two groups. One-way ANOVA was used to compare the 
means of three or more groups with one independent 
variable. Significance was designated as follows: *p < 0.05, 
**p < 0.01, *** p < 0.001. P values are indicated in the fig-
ures, and P < 0.05 was considered significant.

Results
ONC212 induces permanent cell cycle arrest and apoptosis
To assess the cytotoxic effect of ONC212 in different can-
cer cells, MTT assay was performed in HeLa and A549, 
the widely used human cervical and lung alveolar cancer 
cell lines respectively. As illustrated in Fig. 1a and b, incu-
bation with ONC212 for 48  h significantly reduced the 
number of viable cells in both cell lines in a dose-depend-
ent manner. The IC50 value for ONC212 in HeLa and 
A549 cells was determined using the MTT assay to be 
16 µM and 54 µM, respectively. For subsequent study, we 
have used 15 µM and 50 µM dose of ONC212 for HeLa 
and A549 cells respectively. Morphological study using 
bright field microscopy revealed significant cell death in 
both cells at these doses (Fig. S1a and b). Nuclear con-
densation and annexin V/PI assays were performed to 
assess apoptotic cell death in both control cancer cells 
and ONC212-treated HeLa and A549 cells for 48 h [29–
31]. As shown in Fig. 1c and d, chromatin condensation 
was observed significantly at 48 h in the ONC212-treated 
cells indicating the occurrence of apoptosis whereas the 
nuclear morphology was intact and normal in the control 
cells. Subsequently, annexin-V/PI assay in both HeLa and 
A549 cancer cells revealed significant increases in apop-
totic cell populations following 48  h of ONC212 treat-
ment compared to untreated cells. Representative flow 
cytometry scatter plots clearly illustrate this shift, with 
ONC212-treated cells showing markedly higher propor-
tions in the early and late apoptotic quadrants i.e., Q4 
and Q2 respectively (Fig.  1e and f ). Quantitative analy-
sis of these data, presented as bar graphs, demonstrates a 
statistically significant increase in the percentage of total 

(See figure on next page.)
Fig. 1  ONC212 induce apoptotic cell death in HeLa and A549 cancer cells. a. The viability of HeLa was determined by MTT assay at different 
concentrations (5 to 20 μM) of ONC212 treatment for 48 h. The IC50 value was calculated to be 16.3 μM. b. A549 cell viability was assessed by MTT 
assay with ONC212 exposure (20 to 60 μM) for 48 h. The IC50 value was determined to be 54 μM. c. Hoechst-stained pictures of ONC212-induced 
nuclear condensation (20X objective, scale bar: 50 µm). Condensed nuclei are indicated by arrows. d. Percentage of condensed nuclei in random 
fields represented graphically (n = 3, mean ± SEM), **denotes p < 0.01 in control vs ONC212 treated cells (48 h). e & f. Representative flow cytometry 
scatter plots of Annexin-V FITC/PI staining in control and ONC212-treated cells. ONC212 treatment increased the proportion of early and late 
apoptotic cell populations compared to untreated control. g. Quantification of total apoptotic cells (Annexin V-positive, with or without PI positivity) 
expressed as a percentage of the total cell population. (n = 2, mean ± SEM), ** denotes p < 0.01 and *** denotes p < 0.001 in control vs ONC212 
treated cells (48 h). h & i. Clonogenicity assay showing the survival efficacy of cancer cells after ONC212 treatment for 48 h. Cell density (displayed 
by crystal violet staining) was effectively reduced in ONC212-treated cancer cells than untreated control. Percentage of clonogenicity is assessed 
by colorimetric analysis of crystal violet staining and represented graphically (n = 3, mean ± SEM and **denotes p < 0.01) in both untreated vs treated
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Fig. 1  (See legend on previous page.)
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apoptotic cells (Annexin V-positive, with or without PI 
positivity) in ONC212-treated samples compared to con-
trols (Fig. 1g).

As most anti-cancer drugs cause cell cycle arrest prior 
to cell death [31–33], we analyzed cell cycle stages in 
control and ONC212-treated cancer cells by PI staining 

followed by flow cytometric analysis. As shown in Fig. 
S2a and b, ONC212 treatment (24 h) led to a significant 
accumulation of cells at G1/G0 phase in both the can-
cer cells. This suggests that ONC212-induced cell cycle 
arrest at the G1/G0 phase before inducing apoptotic cell 
death. A clonogenicity assay was performed to further 

Fig. 2  ONC212 induced caspase-dependent apoptosis in cancer cells. a. The western blot demonstrated that ONC212 treatment gradually (24 h 
and 48 h) induced effective caspase-3 and PARP cleavage in both HeLa and A549 cancer cells. Caspase-8 cleavage did not occur upon ONC212 
treatment. b. Flow cytometry histograms comparing apoptotic cell death via annexin-V-FITC staining assay in ONC212 treated HeLa and A549 
cells for 48 h in the presence and absence of pan-caspase inhibitor (Z-VAD-FMK). c. Flow cytometry histogram plots showing ONC212-induced 
caspase-3,7 activity assessed by caspase 3/7 Magic Red staining of HeLa and A549 cancer cells. Etoposide (20 μM, 24 h) was used as the positive 
control. The shifting of the ONC212-treated cell population towards the right-side suggests enhanced caspase-3,7 activity
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investigate the reproductive viability of ONC212-treated 
cancer cells. Interestingly, ONC212-treated cancer 
cells failed to form colonies for almost 20 days whereas 
untreated cancer cells became confluent in the meantime 
(Fig. 1h and i). These findings substantiate that ONC212 
caused persistent cell cycle arrest in both HeLa and A549 
cell lines, as well as a decrease in proliferative capacity.

ONC212 triggers caspase‑3 mediated apoptosis
In both intrinsic and extrinsic pathways of apoptosis, the 
death signal ultimately leads to cleavage and activation of 
caspase-3 [31, 34]. Caspase-3 activation represents the 
executioner phase of apoptosis in which the death sig-
nal is propagated via proteolytic enzymatic activity on 
its substrate proteins [35]. Therefore, for further valida-
tion of apoptosis, we assessed the caspase-3 cleavage in 
ONC212-treated cancer cells. As illustrated by west-
ern blot (Fig.  2a and S2c), ONC212 treatment for 24  h 
revealed a minor caspase-3 cleavage, which was further 
enhanced at 48  h of treatment in both HeLa and A549 
cells. Similarly, we also observed significant cleavage of 
PARP-1 [36], a well-known substrate of activated cas-
pase-3 in ONC212-treated cells at 48 h.

Principally, the activation of initiator caspase-8 or cas-
pase-9 results in the subsequent activation of caspase-3 
in the extrinsic or intrinsic apoptotic signaling pathways, 
respectively [31, 37]. However, we did not observe any 
caspase-8 cleavage in ONC212-treated cancer cells com-
pared to untreated cells (Fig. 2a and S2c). Hence, it can 
be inferred that ONC212 induces caspase-3 activation 
in a caspase-8 independent manner, thereby excluding 
the possibility of ONC212 treatment inducing the death 
receptor/extrinsic pathway.

To investigate whether ONC212 elicits caspase-
dependent cell death, we analyzed cell death in A549 
and HeLa cancer cell lines treated with ONC212 
alone or in combination with the pan-caspase inhibi-
tor Z-VAD-FMK for 48  h. Flow cytometry analysis of 
Annexin-V-FITC staining (Fig.  2b) and Zombie Red 
staining (Fig. S2d) showed that Z-VAD-FMK significantly 
reduced ONC212-induced cell death, as evidenced by 
decreased Annexin-V-positive and Zombie Red-posi-
tive populations. These results indicate a primary role 

for caspase-dependent apoptosis in ONC212-mediated 
cytotoxicity.

To further verify and quantify caspase-3 activity, cells 
were stained with fluorogenic caspase-3 substrate fol-
lowed by flow cytometric analysis. ONC212-treated 
HeLa cancer cells showed potent caspase-3 activity at 
48  h, comparable to positive control Etoposide treat-
ment (20  µM, 24  h), as seen by the enhanced fluores-
cence intensity in whole cancer cell population compared 
to untreated cells (Fig.  2c). Similarly, caspase-3 activity 
was also observed in ONC212-treated A549 cancer cells 
(Fig. 2c). These results clearly corroborate that ONC212 
triggers executioner caspase-3 cleavage and activation in 
both HeLa and A549 cancer cells which leads to apop-
totic cell death.

ONC212 induces apoptosis without mitochondrial 
membrane potential (ΔѰm) loss and cytochrome c 
release
Since ONC212 has previously been reported as the 
potential mitocan [11], we anticipated that ONC212 
might be triggering caspase-3 activity via induction of 
the intrinsic/mitochondrial pathway of apoptosis. Pri-
marily, in this process, mitochondrial outer membrane 
permeabilization (MOMP) causes the cytochrome c (cyt-
c) protein from the intermembrane space to be released 
into the cytosol [38, 39]. Consequently, this leads to the 
activation of initiator caspase-9 through the formation of 
the apoptosome protein complex. To clarify the involve-
ment of mitochondria in ONC212-mediated apoptosis, 
we initially assessed the ΔѰm by staining the cells with 
TMRM dye, followed by flow cytometric analysis. ΔѰm 
loss implies a reduction in the fluorescence intensity of 
TMRM dye [29, 38]. Surprisingly, there was no signifi-
cant reduction in the fluorescence intensity of TMRM 
in ONC212-treated HeLa and A549 cancer cells at 48 h 
compared to control cells, as shown in Fig. 3a. Whereas, 
as the positive control, etoposide treatment caused dis-
tinctive reduction in the TMRM fluorescence intensity 
in HeLa cells when compared to untreated cells (shown 
in Fig.  6a). To further substantiate this observation, we 
performed cell staining with another ΔѰm probe, a cya-
nine dye JC-1 and observed the cells under fluorescence 

(See figure on next page.)
Fig. 3  ONC212 failed to induce mitochondrial membrane potential (ΔѰm) loss and cytochrome c release. a. Flow cytometry histogram showing 
the relative fluorescence intensity of mitochondrial stain TMRM in ONC212-treated (24 h, 48 h) compared to untreated HeLa and A549 cancer 
cells. Insignificant reduction in TMRM intensity suggests unaltered ΔѰm in cells exposed to ONC212. b. Fluorescent microscopic images of cells 
stained simultaneously with TMRM and Hoechst 33,342 (20X, scale bar: 50 µm). TMRM intensity was not reduced significantly upon ONC212 
treatment. However, out of total condensed nuclei, very few nuclei with massive condensation showed loss of TMRM stain. c. Cytochrome c release 
from mitochondria was assessed by immunofluorescence and representative images are shown for control and ONC212-treated HeLa (40X, scale 
bar: 50 µm and A549 (60X, scale bar: 50 µm) cancer cells. Notably, cells with condensed nuclei (DAPI stain) did not reveal a diffuse (cytosolic) pattern 
of cyt-c but rather a predominantly granular (mitochondrial) pattern
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Fig. 3  (See legend on previous page.)
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microscope. The results show a negligible shift from red 
to green intensity in ONC212-treated HeLa cancer cells, 
implying insignificant ΔѰm loss (Fig. S3a). Hence, despite 
of extensive caspase-3 cleavage and cell death observed at 
48 h in ONC212-treated cancer cells, the loss in ΔѰm was 
minimal. To further corroborate this data, we performed 
a simultaneous analysis of nuclear condensation by Hoe-
chst staining and ΔѰm by TMRM staining (Fig. 3b). Only 
a minute fraction of cells with extensively condensed 
nuclei reflected loss in ΔѰm whereas the remaining cells 
did not show reduction in TMRM fluorescence suggest-
ing no loss of ΔѰm. However, we observed massive mito-
chondrial fragmentation in ONC212-treated cancer cells 
stained with Mitotracker Red (Fig. S3b). Overall, these 
results clearly demonstrate that ONC212 treatment stim-
ulates apoptosis independent of ΔѰm loss.

To gain a deeper insight into MOMP, we next studied 
the release of cyt-c from mitochondria in HeLa and A549 
cells after 48 h of treatment with ONC212 by immuno-
fluorescence assay [40] (Fig. 3c). Strikingly, cyt-c release 
was not observed in ONC212-treated cancer cells as 
evidenced by granular pattern suggesting mitochon-
drial localization of cyt-c. Remarkably, despite no cyt-c 
release from mitochondria, we found several cells with 
condensed nuclei. Meanwhile, with the positive control 
etoposide treatment, many cells had a diffused pattern 
of cyt-c, indicating its release from mitochondria to the 
cytosol (data not shown). These findings provide strong 
evidence that ONC212 triggers caspase-3-mediated 
apoptosis independently of MOMP.

Bcl‑2 and Bcl‑xL inhibit ONC212‑mediated 
apoptosis
The precise balance of pro- and anti-apoptotic Bcl-2 pro-
teins regulates MOMP and subsequent caspase activa-
tion during apoptosis [41]. Antiapoptotic Bcl-2 proteins 
such as Bcl-2, Bcl-xL, etc. inhibit proapoptotic Bax and 
Bak proteins which are essentially required for MOMP 
[42, 43]. As ONC212 treatment failed to induce MOMP 
despite of the caspase-3-mediated apoptosis in cancer 
cells, we next investigated the expression of key Bcl-2 
family proteins to understand their role in ONC212-
mediated apoptosis. The expression of antiapoptotic 
Bcl-2 and Bcl-xL proteins was remarkably increased upon 
ONC212 treatment in a time-dependent manner in both 

the cell lines till 48  h (Fig.  4a, S4a and S4b). Whereas, 
the expression levels of proapoptotic Bax and Bak did 
not alter significantly. This upregulation of antiapoptotic 
Bcl-2 and Bcl-xL proteins may likely explain the limited 
MOMP in ONC212-treated cancer cell [41].

According to prior research, ONC212 inhibits mito-
chondrial respiration and hyperactivates the mitochon-
drial protease ClpP, which can lead to mitochondrial 
proteotoxicity [13, 19]. Consequently, we also examined 
the expression of TRAP1, a key mitochondrial chaperon 
protein for members of the HSP90 family. TRAP1 acts as 
a pro-survival factor by maintaining the integrity of mito-
chondria, activating the mitochondrial unfolded protein 
response, and shifting the cells from OXPHOS towards 
glycolysis to generate the cellular ATP [44, 45]. However, 
TRAP1 expression was not modulated in HeLa whereas 
it was upregulated in A549 cells upon ONC212 treatment 
(Fig. 4a and S4a). This cell-dependent variation in TRAP1 
expression again ruled out the mitochondrial impairment 
as the primary and common cause for ONC212-induced 
apoptosis.

Despite insignificant MOMP and upregulation of antia-
poptotic Bcl-2 family proteins, how ONC212 treatment 
potentially triggers caspase-mediated apoptosis remains 
an intriguing question. Several reports have highlighted 
that caspase-mediated cleavage of Bcl-2 and Bcl-xL 
can accelerate apoptosis rather than inhibit it [46, 47]. 
Focusing on this aspect, we further investigated whether 
overexpression of these survival proteins regulated 
ONC212-mediated apoptosis. In this regard, we gener-
ated Bcl-2 GFP and Bcl-xL GFP stably overexpressing 
HeLa and A549 cancer cells (Fig. S4c and d) and com-
paratively assessed apoptosis by examining nuclear con-
densation after treatment with ONC212. Bcl-2 GFP and 
Bcl-xL GFP overexpressing HeLa and A549 cells exhib-
ited significantly lesser number of condensed nuclei when 
treated with ONC212 compared to HeLa and A549 can-
cer cells (Fig. S4e and f ). Condensed nuclei were counted, 
plotted graphically and analysis showed significant sta-
tistical differences between the cells with and without 
Bcl-2/Bcl-xL GFP overexpression (Fig.  4b). To further 
confirm the data, we used flow cytometry with zombie 
stain to assess total cell death in ONC212-treated Bcl-2 
GFP and Bcl-xL GFP overexpressing HeLa and A549 cell 
lines. As seen in Fig. 4c and Fig. S4g, the data show that 

Fig. 4  ONC212 induces Bcl-2/Bcl-xL inhibitable apoptosis in HeLa and A549 cancer cells. a. Western blot images of Bcl-2 family proteins 
(Bcl-2, Bcl-xL, Bax, and Bak) and TRAP1 expression in control and ONC212 treated cells. Antiapoptotic Bcl-2 and Bcl-xL proteins were enhanced 
whereas proapoptotic Bax and Bak were slightly reduced by ONC212 treatment in cancer cells. b. The nuclear condensation was assessed 
under a fluorescence microscope by Hoechst staining after ONC212 treatment in wild-type and Bcl-2/Bcl-xL GFP overexpressing cancer cells (48 h). 
The Percentage of condensed nuclei in random fields represented graphically (n = 3, mean ± SEM), ** and *denotes p < 0.01 and p < 0.05 respectively 
in both control vs ONC212 treated groups. c. Flow cytometry histogram demonstrating comparative cell death after ONC212 treatment in wild type 
vs Bcl-2 GFP and Bcl-xL-GFP overexpressing HeLa and A549 cancer cells using zombie red staining

(See figure on next page.)
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significantly lesser number of cells are undergoing apop-
tosis than non-transfected cancer cells. This reduced cell 
death in Bcl-2 GFP and Bcl-xL GFP overexpressing can-
cer cells indicate the cytoprotective role of Bcl-2/Bcl-xL 
proteins. Furthermore, we also observed upregulation of 
epithelial-mesenchymal transition (EMT) marker pro-
teins (Snail, Vimentin, β-catenin) in ONC212-treated 
HeLa cells (Fig. S4h). These results indicate that Bcl-2/
Bcl-xL upregulation might be conferring drug resistance 
against ONC212, as Bcl-2 overexpression is known to 
cause EMT-mediated drug resistance [48–50].

Navitoclax (ABT‑263), a potent inhibitor of Bcl‑2 
and Bcl‑xL, sensitized ONC212‑mediated apoptosis
To overcome the drug-resistance mediated by Bcl-2/Bcl-
xL upregulation upon ONC212 treatment, we adopted 
the drug combination strategy. In this regard, sub-lethal 
dose of Navitoclax, an inhibitor of Bcl-2 and Bcl-xL [51, 
52], was selected based on MTT assays in HeLa and 
A549 cells (Fig. S5a and b). Accordingly, we treated the 
cells with ONC212 in the presence or absence of a suble-
thal dose of Navitoclax (0.25 μM in HeLa and 0.50 μM in 
A549) for a period of 24 h and evaluated its impact on cell 
death. Co-treatment with ONC212 and Navitoclax for 
24 h significantly enhanced cell death in A549 and HeLa 
cancer cells compared to ONC212 alone at 24 or 48  h, 
as demonstrated by MTT assay (Fig.  5a and b), nuclear 
condensation assay (Fig.  5c and d), and Annexin-V/PI 
staining assay (Fig.  5e and S5c). Annexin-V/PI analysis 
showed a marked increase in both early (Annexin-V + /
PI-) and late (Annexin-V + /PI +) apoptotic cell popu-
lations at 24  h upon treatment with the combination, 
hence proving co-treatment more effective than ONC212 
alone. Consistent with these findings, western blot analy-
sis of HeLa and A549 cells (Fig.  5f, g and S5d) revealed 
that the combination of ONC212 and Navitoclax resulted 
in substantially increased levels of cleaved caspase-3 and 
cleaved PARP, further validating the enhanced apoptotic 
response in both cell lines. It is worth mentioning that the 
amount of caspase-3 and PARP cleavage was remarkably 
higher after 24  h of ONC212 and Navitoclax combined 

treatment compared to 48 h of ONC212 treatment alone. 
These results indicate that inhibition of Bcl-2/Bcl-xL 
enhanced ONC212-mediated cell death via elevated cas-
pase-3 activation.

As an agonist of mitochondrial protease ClpP, ONC212 
is reported to impair the mitochondrial proteostasis 
which in turn, can induce mitochondrial chaperon pro-
teins, especially HSPs such as HSP90 protein TRAP1 [13, 
53]. To further verify the mitochondrial role in ONC212-
mediated apoptosis, we examined the apoptosis in the 
presence of Tanespimycin (17-AAG), a potent small 
molecular inhibitor of HSP90 [54]. As shown by MTT 
and nuclear condensation assays (Fig. S5a, b, e, f and g) 
in HeLa and A549 cells, Tanespimycin is failed to modu-
late ONC212-induced apoptosis significantly, ruling out 
the participation of HSP90s, particularly mitochondrial 
TRAP-1.

Navitoclax potentiates ONC212‑mediated 
caspase‑3‑dependent apoptosis independent 
of mitochondrial apoptotic events
Principally, being a Bcl-2/Bcl-xL inhibitor, Navitoclax 
when used in conjunction with ONC212 plausibly stim-
ulate MOMP and cyt-c release and augment caspase-3 
activation and apoptotic cell death. To delineate the 
mitochondrial apoptotic events, we analyzed ΔѰm loss 
by TMRM staining (Fig. 6a) and cyt-c release by immu-
nofluorescence in both HeLa and A549 cancer cell lines 
(Fig.  6 b and c). Interestingly and unexpectedly, we did 
not see significant ΔѰm loss in cells treated with the 
combination of ONC212 and Navitoclax for 24 h, despite 
extensive caspase-3 activation and cell death at the same 
time point in previous results. Conversely, as the posi-
tive control, etoposide treatment revealed distinctive 
and drastic reduction in TMRM fluorescence intensity in 
HeLa and A549 cells when compared to untreated cells. 
Furthermore, despite mitochondrial fragmentation as 
seen by the granular pattern (Fig. 6b and c), we found no 
evidence of cyt-c release from mitochondria to cytosol 
following ONC212 treatment, whether Navitoclax was 
present or not. As seen in magnified images (Fig.  6b), 

(See figure on next page.)
Fig. 5  Bcl-2/Bcl-xL inhibitor Navitoclax sensitizes ONC212-mediated apoptosis. a and b. MTT assay showing the comparative cell viability of HeLa 
and A549 cancer cells treated with ONC212 (24 h) in the presence and absence of Navitoclax (0.25 μM in HeLa and 0.50 μM in A549 for 24 h). 
c and d. Hoechst-stained fluorescence microscopic images demonstrate comparative nuclei condensation in HeLa and A549 cells induced 
by ONC212, Navitoclax and a combination of both. Arrows indicate condensed nuclei. The percentage of condensed nuclei in random fields 
is represented graphically (n = 3, mean ± SEM). e. Representative flow cytometry scatter plots illustrating Annexin V-FITC/PI staining in HeLa 
and A549 cell lines under various treatment conditions: control, ONC212 (24 h), ONC212 (48 h), and ONC212 + NAV (24 h). The combination 
of ONC212 with Navitoclax shows a substantial increase in the Annexin V-FITC positive population compared to ONC212 alone at 24 h or 48 h, 
indicating enhanced apoptosis. f and g. Western blot showing the cleavage of caspase-3 and PARP in HeLa and A549 cells on treatment 
with ONC212 in the presence and absence of Navitoclax. Etoposide is used as a positive control. Co-treatment with ONC212 and Navitoclax for 24 h 
synergistically enhanced caspase-3 and PARP cleavage compared to ONC212 treatment for 24 h and 48 h
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prominent granular pattern of cyt-c was visible in treated 
A549 cells despite of remarkable nuclear condensation 
indicating minimal cyt-c release from mitochondria.

To further verify these findings, we read out both ΔѰm 
loss and cyt-c-GFP release simultaneously in HeLa cells 
stably expressing cyt-c-GFP under a fluorescence micro-
scope. As seen in Fig.  6d, irrespective of the presence 
and absence of Navitoclax, ONC212 treatment failed to 
trigger effective ΔѰm loss and cyt-c-GFP release in can-
cer cells. These results verify that even in the presence 
of Navitoclax, ONC212 did not significantly trigger cru-
cial mitochondrial apoptotic events despite significant 
caspase-3 activation and cell death. To further substan-
tiate our findings, we assessed the temporal kinetics of 
cyt-c-GFP release upon treatment with ONC212 and 
navitoclax in the presence of propidium iodide stain in 
HeLa cyt-c-GFP stable cells by confocal microscopy. The 
representative images of sequential time-lapse frames 
demonstrated temporal uptake of PI stain without the 
release of cyt-c-GFP from mitochondria (Fig S6a). To fur-
ther corroborate this atypical observation, we performed 
end time-point imagining of different areas which again 
showed that, even in the late-apoptotic cells as marked by 
PI uptake, there is no substantial translocation of cyt-c-
GFP from mitochondria to cytosol (Fig. 6e). These results 
indicate that caspase-3 activation occurred independent 
of MOMP and cyt-c release.

Caspase-3 activation primarily occurs via initiator cas-
pase-9 which gets activated by MOMP and cyt-c release 
with the formation of apoptosome complex [34, 35, 55]. 
To further characterize the mitochondrial-independent 
unconventional caspase-3 activation, we evaluated the 
role of initiator caspase-9 in caspase-3 activation and cell 
death induced solely by ONC212 treatment as well as in 
combination with Navitoclax. Initially, we analyzed the 
cleavage of procaspase-9 by western blot in both HeLa 
and A549 cells treated with ONC212 as well as a combi-
nation of ONC212 and Navitoclax (Fig. 7a and S6b). As 
expected, there was no induction in caspase-9 cleavage 
reflected upon treatment with ONC212 and its combi-
nation with Navitoclax. Therefore, it again substantiates 

that MOMP, a central event of apoptosis does not have 
much role in cell death triggered by ONC212 alone or a 
combination of ONC212 with Navitoclax. Notably, the 
co-treatment of ONC212 and Navitoclax did not induce 
caspase-8 cleavage as well and thereby, eliminating con-
tribution of extrinsic apoptotic pathway (Fig. S6c).

To further examine the role of caspase-9, comparative 
cell death was assessed by performing MTT assay in 
both Hela and A549 cancer cells with and without spe-
cific caspase-9 inhibitor Ac-LEHD-CMK. As seen in the 
Fig. 7b and c, rather than inhibiting cell death, ONC212 
treatment sensitized cell death in the presence of Ac-
LEHD-CMK. Similarly, upon treatment with ONC212 
and Navitoclax combination, cell death was sensitized 
in the presence of caspase-9 inhibitor. On the other 
hand, Ac-LEHD-CMK presence drastically reduced the 
positive control etoposide-mediated cell death. To vali-
date further, we examined the nuclear condensation in 
both the cells treated with the drugs in the presence and 
absence of Ac-LEHD-CMK (Fig.  7d and e). As shown 
in the graph (Fig. 7f and g), the presence of Ac-LEHD-
CMK significantly augmented the condensed nuclei 
with the treatment of ONC212 and its combination with 
Navitoclax. Subsequently, to determine the caspase-3 
activity in the presence and absence of caspase-9 inhibi-
tor, we utilized HeLa cancer cells transiently expressing 
caspase-3 biosensor probe GC3AI (GFP-based, caspase-
3-like, protease activity indicator). Principally, in the 
absence of caspase-3 activation, the probe remains in a 
locked dark state, whereas cleavage by caspase-3 activ-
ity results in fluorescence (Fig. 7h) [56–58]. To validate 
the functionality of the probe, cells were treated with 
etoposide and GFP fluorescence was visualized under 
a fluorescent microscope. As expected, the treated cells 
demonstrated enhanced GFP fluorescence whereas 
control cells showed imperceptible fluorescence (Fig. 
S6d). By employing flow cytometry, we subsequently 
read out the comparative fluorescence-based caspase-3 
activity induced by ONC212 alone and its combina-
tion with Navitoclax in the presence and absence of 
Ac-LEHD-CMK (Fig.  7i). Similar to MTT results, we 

Fig. 6  A combination of ONC212 and Navitoclax induced insignificant mitochondrial membrane potential (ΔѰm) loss and cytochrome c release 
in cancer cells. a. Flow cytometry histogram showing the relative fluorescence intensity of mitochondrial stain TMRM in cells treated with ONC212 
(48 h), a combination of ONC212 and Navitoclax (24 h) and etoposide (positive control). b and c. Immunofluorescence images (A549: 60X and HeLa: 
40X, scale bar: 50 μm) showing cytochrome c localization in control, ONC212 (48 h) and ONC212 with navitoclax treated (24 h) A549 and HeLa 
cancer cells. The magnified area highlights the granular pattern of cyt-c even in the A549 cell with condensed nuclei upon treatment suggesting 
insignificant cyt-c release from mitochondria to cytosol. d. Fluorescence images (20X, scale bar: 100 μm) of cyt-c-GFP stably expressing HeLa cells 
stained with mitochondrial TMRM dye after treatment. Insignificant alternation in TMRM intensity and GFP granular pattern suggest negligible ΔѰm 
loss and cyt-c-GFP release after treatment. e. Confocal microscopic images of HeLa cyt-c-GFP cells stained with propidium iodide (PI) after 24 h 
of co-treatment with ONC212 and Navitoclax. (40X, scale bar:10 μm). Two different fields are shown. As shown by arrows, even PI positive cells 
reflected granular pattern of cyt-c-GFP indicating insignificant release of cyt-c-GFP in cytosol

(See figure on next page.)
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observed increased caspase-3 activity in the presence 
of Ac-LEHD-CMK by ONC212 as well as ONC212 and 
Navitoclax combination. Nevertheless, Ac-LEHD-CMK 
sharply attenuated caspase-3 activity in the presence of 
etoposide. These results clearly confirm that ONC212 
alone and its combination with Navitoclax, both trig-
gered caspase-3 mediated cell death independent of 
mitochondria and caspase-9 activation.

Discussion
ONC212 has received significant attention as a novel 
mitocan with potential anticancer activity. According to 
reports, ONC212 functions as an agonist of mitochon-
drial ClpP protease, impairing mitochondrial respira-
tion, i.e., OXPHOS, and thereby leading to the death 
of many cancer cells [11–15, 58]. ONC212 has been 
also identified as the agonist of GPCR GPR132 which 
induces an integrated stress response culminating in 
death in cancer cells [14]. With multiple molecular tar-
gets, ONC212 has reflected broad-spectrum anticancer 
activity against various cancer cells. However, it also 
creates challenges to dissect the precise mechanism of 
cell death elicited by this potential compound.

In general, most of the anticancer drugs trigger apop-
tosis in cancer cells via intrinsic/mitochondrial pathways 
[33, 59]. Typically, in the mitochondrial apoptotic path-
way, Bax and Bak proteins- mediated MOMP allows 
cyt-c release into cytosol and trigger caspase-9 activa-
tion via the formation of apoptosome complex. Subse-
quently, caspase-9 activates executioner caspase-3 which 
ultimately leads to cell death [3, 31, 34, 37, 39, 60]. As 
ONC212 targets the mitochondria of cancer cells, we 
expected it would induce MOMP and downstream apop-
totic events. Unexpectedly, despite substantial activation 
of executioner caspase-3 and cell death in both HeLa and 
A549 cancer cells, ONC212 did not trigger MOMP as 
reflected by the lack of cyt-c release from mitochondria. 
Concurrently, we did not observe cleavage of caspase-9 
and upregulation of Bax and Bak proteins. Therefore, 
ONC212-induced activation of caspase-3 independent of 
MOMP and cyt-c release.

Generally, apoptosis-induced MOMP is tightly cou-
pled with the loss of ΔΨm, a key indicator of mitochon-
drial respiratory activity and ATP production [39]. Upon 
examination of ΔΨm by both TMRM or JC-1 staining, we 
surprisingly did not observe substantial ΔΨm loss as com-
pared to the magnitude of cell death and caspase-3 acti-
vation even at 48  h of treatment. Simultaneous analysis 
of nuclear condensation with cyt-c and ΔΨm showed that 
ONC212 triggered apoptosis independent of MOMP and 
ΔΨm loss. The small percentage of ΔΨm loss and imper-
ceptible cyt-c release inevitably resulted from feedback 
amplification on mitochondria by activated caspase-3.

Caspase-3 can also be activated downstream by death 
receptor complex-mediated caspase-8 activation [37, 
60]. Earlier studies have identified imipridones including 
ONC201 as activators of the TRAIL apoptotic pathway 
[16]. Therefore, we sought to determine if ONC212 treat-
ment also induces cleavage of caspase-8. However, we 
found that ONC212 did not result in caspase-8 cleavage. 
Therefore, ONC212 treatment induced unconventional 
activation of caspase-3 independent of mitochondria or 
caspase-8 activation.

Previous reports suggested OXPHOS as the target of 
ONC212-mediated cell death. The cancer cells that rely on 
glycolysis undergo cell cycle arrest and upregulate glucose 
catabolism to resist apoptosis via prevention of ERK1/2 
inhibition [61]. TRAP1, a HSP90-family mitochondrial 
chaperon is a known regulator of the metabolic switch of 
cancer cells towards glycolysis and mitochondrial adapta-
tion [45]. However, TRAP1 expression was not varying in 
ONC212-treated HeLa cells whereas inhibition of TRAP1 
by Tanespimycin did not escalate ONC212-mediated 
apoptosis in A549 cancer cells. All of these findings rule 
out mitochondria as the primary target of ONC212, albeit 
this may vary depending on the type of cancer cell.

Antiapoptotic Bcl-2 family proteins are known to main-
tain mitochondrial function by inhibiting MOMP and ΔΨm 
loss [41]. It is noteworthy that the use of ONC212 in HeLa 
and A549 cells resulted in increased expression of Bcl-2 
and Bcl-xL proteins. Despite its known antiapoptotic func-
tion, some studies have also shown that Bcl-2 can induce 

(See figure on next page.)
Fig. 7  Cell Death induced by ONC212 alone or in conjunction with Navitoclax is augmented by caspase-9 inhibitor. a. Western blot showing 
the cleaved caspase-9 bands in HeLa and A549 cancer cells treated with ONC212 alone or its combination with Navitoclax. b and c. Percentage 
of cell viability is shown by MTT assay in HeLa and A549 cancer cells treated with the drugs in the presence and absence of caspase-9 inhibitor 
Ac-LEHD-CMK (50 μM). Etoposide is used as a positive control drug. (n = 3, mean ± SEM). d, e, f and g. Comparative nuclei condensation 
based on Hoechst-staining in HeLa and A549 cells treated with ONC212, Navitoclax and a combination of both, in the presence or absence 
of Ac-LEHD-CMK. The percentage of condensed nuclei in random fields is represented graphically (n = 3, mean ± SEM). h. A schematic diagram 
describing the functionality of GFP sensor caspase-3-like protease activity indicator (GC3AI) to monitor intracellular caspase-3 activity. Activated 
caspase-3 cleaves the DEVD linker sequence of the probe which in turn allows masked GFP to fluoresce. i. Flow cytometry scatter plot representing 
the fluorescence intensity of transiently expressing GC3AI in HeLa cells. Ac-LEHD-CMK enhanced the GFP fluorescence in ONC212 alone 
or in combination with ONC212 and Navitoclax-treated cells. Etoposide was used as the positive control
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Fig. 8  A schematic diagram demonstrating ONC212 induced apoptosis signalling. ONC212 induces caspase-3 activation independently 
of cytochrome c release and caspase-8 activation, two key events in the intrinsic and extrinsic apoptosis signaling pathways respectively. This 
atypical caspase-3 activation is negatively regulated by Bcl-2 and Bcl-xL in the cell. Inhibition of these proteins with Navitoclax augments caspase-3 
activity, dramatically sensitizing cells to ONC212-induced apoptosis
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apoptosis upon its cleavage [46]. However, exogenous over-
expression of these proteins was able to reduce ONC212-
induced cell death effectively confirming their antiapoptotic 
function. Additionally, treatment with ONC212 in con-
junction with a sublethal dose of the Bcl-2/Bcl-xL inhibitor 
Navitoclax (ABT-263) substantially sensitized cell death in 
HeLa and A549 cancer cells. This is consistent with a recent 
study that found a significant synergistic anti-leukaemia 
activity of ONC212 and a Bcl-2 inhibitor, ABT-199, in a 
MOLM-13 xenograft mice model [14].

Unexpectedly, despite the significantly increased cas-
pase-3 cleavage and percentage of cell death by the 
combination of Navitoclax and ONC212 compared to 
ONC212 treatment alone, the extent of ΔΨm loss and 
cyt-c release was still significantly lower than the per-
centage of cell death in co-treatment. Caspase-9 inhibi-
tion sensitized caspase-3 activation and cell death rather 
than decreasing it, actively ruling out a mitochondrial 
role. Apparently, the upregulation of Bcl-2 and Bcl-xL 
function as a cytoprotective drug-resistance mechanism 
induced by ONC212 treatment in cancer cells.

However, it would be fascinating to reveal how Bcl-2/
Bcl-xL hinders ONC212-mediated mitochondrial-inde-
pendent caspase-3 activation. How caspase-9 inhibitor 
sensitized ONC212 mediated mitochondrial independent 
caspase-3 activation and cell death, remains a puzzle to be 
resolved. In summary, ONC212 induces apoptosis through 
a non-canonical mechanism of caspase-3 activation that is 
independent of the mitochondria and the extrinsic death 
receptor pathway, yet inhibited by Bcl-2/Bcl-xL (Fig. 8).

Nevertheless, the upstream signal that causes caspase-3 
activation in ONC212-mediated apoptosis in cancer cells 
remains an intriguing question. There have been reports of 
alternative ways for such atypical caspase-3 activation [62–
65]. Antineoplastic agents such as PAC-1, for instance, are 
known to elicit direct caspase activation via zinc chelation 
[66, 67]. A few reports have also demonstrated that lyso-
somal proteases activate caspase-3 [68, 69]. Nevertheless, 
further systematic investigation is required to elucidate the 
likelihood of direct caspase-3 activation and a lysosomal 
role in ONC212-mediated apoptosis.

Most cancer cells harbour mutations or chromatin aber-
rations that impairs mitochondrial apoptotic cascades, 
leading to apoptosis resistance and treatment failure [2]. 
Therefore, mitochondrial-independent caspase-3-mediated 
cell death highlights the advantage of ONC212 as a prom-
ising and potential anticancer drug. ONC212 could act as 
a potent anticancer drug for tumors with defective mito-
chondrial apoptotic machinery such as altered expression 
or mutations in Bax/Bak, inactivation of Apaf-1, Caspase-9 
deficiency, etc. It could also be utilized effectively in combi-
nation chemotherapy with Bcl-2/Bcl-xL inhibitors to treat 
tumors with high expression of Bcl-2 and Bcl-xL proteins.

Abbreviations
GFP	� Green Fluorescent Protein
Bcl-2	� B-cell Lymphoma 2
Bax	� Bcl-2 Associated X Protein
MOMP	� Mitochondrial Outer Membrane Permeabilization
Bak	� Bcl-2 Antagonist/Killer 1
EMT	� Epithelial Mesenchymal Transition
TMRM	� Tetra Methyl Rhodamine Methyl ester
JC1	� 5,5,6,6’-Tetrachloro-1,1’,3,3’  tetraethylbenzimi-dazoylcarbocyanine 

iodide
GC3A1	� (GFP-based, caspase-3-like, protease activity indicator)
TRAP1	� Tumor necrosis factor receptor-associated protein 1
17-AAG​	� 17-N-allylamino-17-demethoxygeldanamycin

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12964-​024-​01817-1.

Supplementary Material 1. Figure S1a and b: Bright field microscopy 
images 10X) of HeLa and A549 cancer cells with and without ONC212 
treatment after 48 h. Figure S2a and b: Flow cytometric analysis of cell 
cycle stages in HeLa and A549 cancer cells upon ONC212 treatment: 
ONC212 treatment (24 h) increased the cell population in G1/G0 phase in 
both the cancer cells. Figure S2c: Densitometric analysis of Western blots 
for cleaved PARP, caspase-3, and caspase-8 in control and ONC212-treated 
A549 and HeLa cells at 24- and 48-h post-treatment using ImageJ (FIJI). 
Protein levels were normalized to β-actin and expressed as fold change 
relative to controls. (n = 2). Figure S2d: Flow cytometry histograms show-
ing comparative cell death in the presence and absence of pan-caspase 
inhibitor (Z-VAD-FMK) assessed via zombie red staining of cells after 
ONC212 treatment. Only dead cells are permeable to amine-reacting 
zombie red stain. Figure S3a: Mitochondrial membrane potential (ΔѰm) 
loss was analysed by staining control and ONC212 treated HeLa cancer 
cells with JC1 dye. As seen in fluorescent microscopy images (scale bar: 
50 µm), even upon ONC212 treatment, JC1 did not convert significantly 
in its monomeric (green) form and remains as aggregates (Orange). Figure 
S3b: Fluorescent microscopic images of HeLa cancer cells stained with 
Mitotracker Red: As shown in zoomed images, ONC212 treatment caused 
extensive mitochondrial fragmentation (granular pattern) when compared 
to untreated cells. Figure S4a and b: Densitometric analysis of western 
blots for Bcl-2, Bcl-xL, Bax, Bak and TRAP1 in control and ONC212-treated 
HeLa and A549 cells at various timepoints using ImageJ (FIJI). Protein 
levels were normalized to β-actin and expressed as fold change relative 
to control. (n = 2). Figure S4c and d: Western blot showed the overexpres-
sion of Bcl-2-GFP and Bcl-xL-GFP in HeLa and A549 cancer cells. Both, 
the endogenous protein bands and GFP fusion protein bands are visible 
as the probing was performed with antibodies against Bcl-2 and Bcl-xL. 
Figure S4e and f: Hoechst-stained fluorescence microscopic images show-
ing the comparative nuclei condensation induced by ONC212 in wild type 
verses Bcl-2-GFP and Bcl-xL-GFP overexpressing HeLa and A549 cancer 
cells. Figure S4g: The percentage of zombie positive cells (dead cells) are 
represented graphically for control, Bcl-2 and Bcl-xL overexpressing HeLa 
cancer cells (n = 3, mean ± SEM). Figure S4h: Western blot demonstrate 
the upregulation of EMT marker proteins upon ONC212 treatment (24 h) 
in HeLa cancer cells. Figure S5a and b: MTT assay showing percentage of 
cell viability in HeLa and A549 cancer cells treated with different doses of 
Navitoclax (solid line) or Tanespimycin (dotted line) for 24 h. Figure S5c: 
HeLa and A549 cells were treated with ONC212 alone or in combination 
with Navitoclax (Bcl-2/Bcl-xL inhibitor) for 24 h. Apoptosis was quantified 
by Annexin V-FITC/PI staining. Bars represent the percentage of apoptotic 
(Annexin V + /PI- & Annexin V + /PI +) cells. Data shown are mean ± SEM 
from three independent experiments. ** denotes p < 0.01, ***denotes 
p < 0.001 compared to ONC212 alone for 24 h. Figure S5d: Western blot of 
caspase-3 and cleaved PARP in HeLa and A549 cells treated with ONC212 
alone or combined with Navitoclax were quantified using ImageJ (FIJI). 
Samples from multiple timepoints were analyzed with normalization 
of protein levels to β-actin and expressed as fold change relative to 
untreated controls. (n = 2). Figure S5e: MTT assay showing the cell viability 
percentages in HeLa and A549 cancer cells treated with ONC212 alone 
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or with Tanespimycin (0.25 μM in HeLa and 0.50 μM in A549) for 24 h. 
Presence of Tanespimycin did not alter ONC212 mediated cell death 
significantly. Figure S5f and g: Hoechst-stained fluorescence microscopic 
images showing nuclei condensation induced by ONC212 in HeLa and 
A549 cells in the presence and absence of Tanespimycin. The condensed 
nuclei were counted from three random images and plotted graphically 
to represent percentage of nuclear condensation. (n = 3, mean ± SEM). 
Figure S6a: Confocal microscopic images of HeLa cyt-c-GFP stained with PI 
and co-treated with ONC212 and Navitoclax. Time -lapse kinetics of cyt-c 
release and PI uptake is shown at different time points treatment. (40X, 
scale bar: 20 μm). Figure S6b: Densitometric analysis of western blots for 
cleaved caspase-9 in control and ONC212 alone or in combination with 
Navitoclax treated HeLa and A549 cells at various timepoints using ImageJ 
(FIJI). Protein levels were normalized to β-actin and expressed as fold 
change relative to control. (n = 2). Figure S6c: Western blot of caspase-8 
in HeLa cells. Figure S6d: Fluorescent and bright field microscopic images 
of HeLa cells transiently expressing GFP based caspase-3 sensor probe 
GC3AI. Etoposide (20 μM, 24 h) treatment potentially enhanced the GFP 
fluorescence suggesting induction of caspase-3 activity.
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