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ABSTRACT
We have previously reported overexpression of antiapoptotic MCL-1 protein in 

human oral cancers and its association with therapy resistance and poor prognosis, 
implying it to be a potential therapeutic target. Hence, we investigated the efficacy and 
mechanism of action of Obatoclax, a BH3 mimetic pan BCL-2 inhibitor in human oral 
cancer cell lines. All cell lines exhibited high sensitivity to Obatoclax with complete 
clonogenic inhibition at 200–400 nM concentration which correlated with their 
MCL-1 expression. Mechanistic insights revealed that Obatoclax induced a caspase-
independent cell death primarily by induction of a defective autophagy. Suppression 
of autophagy by ATG5 downregulation significantly blocked Obatoclax-induced cell 
death. Further, Obatoclax induced interaction of p62 with key components of the 
necrosome RIP1K and RIP3K. Necrostatin-1 mediated inhibition of RIP1K significantly 
protected the cells from Obatoclax induced cell death. Moreover, Obatoclax caused 
extensive mitochondrial stress leading to their dysfunction. Interestingly, MCL-1 
downregulation alone caused mitochondrial stress, highlighting its importance for 
mitochondrial homeostasis. We also demonstrated in vivo efficacy of Obatoclax against 
oral cancer xenografts and its synergism with ionizing radiation in vitro. Our studies 
thus suggest that Obatoclax induces autophagy-dependent necroptosis in oral cancer 
cells and holds a great promise in the improved management of oral cancer patients. 

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of the 
most common cancers in Indian males and comprises 30–
40% of all malignancies. Although it is primarily attributed 
to tobacco chewing habit, smoking and alcohol consumption 
[1], its association with Human Papilloma Virus (HPV) is 
recently emerging [2]. Indeed, a nationally representative 
survey revealed that, tobacco-related cancers account for 
about 42% male and 18% female cancer deaths across 
India [3]. About 40% OSCC patients die from loco-regional 
disease while 24% develop distant metastases [4]. However, 
despite major improvements in cancer therapeutics, the 
5-year survival rate of OSCC patients has not shown a 
significant improvement over the past several years [5]. 
Hence, there is an urgent need to identify more effective 
therapeutic agents for the better management of OSCC. 

p53 regulates the intrinsic pathway of apoptosis 
by modulating the expression and activities of BCL-2  
(B cell lymphoma-2) family proteins [6–8]. The role 
of tobacco and HPV in inactivation of p53 is well 
documented [9, 10]. About 46% of oral cancer patients in 
India harbor inactivated p53 [10]. Apoptotic dysregulation 
is believed to be one of the key underlying reason for 
the progression of OSCC [11]. BCL-2 and BCL-XL 
overexpression correlates with therapy resistance and poor 
prognosis in OSCC [12–15]. We have previously reported 
overexpression of anti-apoptotic members of the BCL-2 
family, particularly MCL-1 (Myeloid Cell Leukemia-1) 
over their pro-apoptotic counterparts in human oral cancers 
[16]. We also demonstrated predominant overexpression 
of antiapoptotic MCL-1 protein in oral cancer tissues 
versus normal and its association with therapy resistance 
and poor prognosis in oral cancer patients [16–19].  
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MCL-1 is a tightly regulated molecule, has a short half-
life and is important for the development and survival of 
diverse cell types [20]. However, MCL-1 expression is 
frequently elevated in diverse human malignancies and is 
associated with therapy resistance. Several mechanisms 
including increased copy number, chromosomal and 
epigenetic changes and enhanced stability of MCL-1 
protein contribute to its high expression in tumors [21]. 
Apart from its canonical prosurvival function, role of 
MCL-1 in mitochondrial homeostasis [22], DNA damage 
response [23, 24] and autophagy [25] are recently emerging. 

All these studies suggests that the antiapoptotic 
proteins of the BCL-2 family, particularly MCL-1 are 
promising therapeutic targets in OSCC. Several pan-
BCL-2 inhibitors are currently under development. 
However, therapeutic targeting of MCL-1 protein has 
largely been hindered by its structural discrepancy from 
other antiapoptotic BCL-2 family members [26]. But 
partial functional redundancy allows MCL-1 to substitute 
BCL-2, BCL-XL and BCL-W for their prosurvival function 
when they are inhibited or downregulated. MCL-1 is well 
known to exhibit resistance to ABT-737 and ABT-263 
which potently antagonize BCL-2, BCL-XL and BCL-W 
[27–29]. Obatoclax (GX15-070), a BH3 mimetic is capable 
of inhibiting all the antiapoptotic proteins of the BCL-2 
family, and potently inhibit the interaction between MCL-1  
and BAK [26]. The potency of Obatoclax has been 
demonstrated against a variety of human cancer cell lines 
in vitro [26, 30–32] and in several clinical trials against 
diverse tumor types [33–35]. However, its activity against 
human oral cancers is rarely explored and largely unknown. 

BH3-only proteins and BH3 mimetics are known 
to induce autophagy by activating multiple pathways 
[36, 37]. Autophagy has long been regarded as a 
cytoprotective mechanism deployed by tumor cells under 
stressful conditions [38]. However, sustained autophagy 
in response to a prolonged stress may lead to cell death 
when defective protein and organelle turnover exceeds 
the processing capacity of the cell [39]. A non-canonical 
pathway of cell death, Necroptosis has recently been 
shown to be linked to autophagy which involves a critical 
role of serine/threonine kinases called Receptor-interacting 
protein kinases (RIP1K and RIP3K) in a complex called 
Necrosome [40]. RIP3K further downstream recruits and 
phosphorylates its substrate Mixed Lineage Kinase Like 
(MLKL) which is proposed to execute necroptosis by 
mediating mitochondrial fission, generation of Reactive 
oxygen species (ROS) in mitochondria and recruitment of 
Ca2+ and Na+ ion channels or pore-forming complexes at 
the plasma membrane [41]. 

The present study demonstrates that Obatoclax 
mediates a caspase-independent, autophagy-dependent 
necroptosis in oral cancer cells associated with extensive 
mitochondrial stress. A late-stage block in autophagy leads 
to the association of p62 protein with RIP1K, RIP3K and 
FADD which triggers cell death by necroptosis. We also 

demonstrate the single agent in vivo efficacy of Obatoclax 
in xenograft mouse model. Additionally, we show the 
synergistic effect of Obatoclax with ionizing radiation 
treatment on oral cancer cells.

RESULTS

Obatoclax potently inhibits the clonogenicity of 
oral squamous carcinoma cells

We demonstrated the efficacy of Obatoclax against 
four oral cancer cell lines (DOK, AW8507, AW13516, 
SCC029B). The basal levels of important pro and 
antiapoptotic BCL-2 family proteins were assessed by 
western blotting (Figure 1A). DOK expressed low levels 
of MCL-1 protein as compared to that of AW8507, 
AW13516 and SCC029B cell lines. Notably, all the cell 
lines expressed relatively higher levels of at least two 
of the three predominant antiapoptotic BCL-2 family 
proteins. We then performed the in vitro clonogenic assays. 
The plating efficiencies for all the four cell lines differed 
markedly (DOK: 30–40%, AW8507: 60–70%, AW13516: 
70–80%, SCC029B: 55–60%). Obatoclax (Figure 1B) 
inhibited the clonogenic potential of these cells in a dose-
dependent manner with complete growth inhibition at 
200–400 nM concentration (Figure 1C). The sensitivities 
of the four cell lines to Obatoclax correlated significantly 
(p < 0.05, R = 0.96) with their MCL-1 expression which 
is in agreement with previous reports [32, 42]. DOK (IC50: 
67.5 nM) exhibited highest sensitivity to Obatoclax with 
complete growth inhibition at about 100 nM concentration 
(correlates with its relatively lower MCL-1 expression) 
whereas AW8507 (IC50: 110 nM), AW13516 (IC50: 
101 nM) and SCC029B (IC50: 94.5 nM) were relatively 
less sensitive possibly due to relatively higher MCL-1 
expression. Obatoclax is shown to induce cell death in 
head and neck squamous carcinoma cells (HNSCC) by 
reducing MCL-1 expression [43]. We therefore assessed 
whether Obatoclax affects the expression of critical 
proteins of the BCL-2 family. Exposure of the four cell 
lines to Obatoclax for 24 hours revealed no significant 
alterations in the expression of either MCL-1 (Figure 1D) 
or other members of the BCL-2 family except for BIM and 
NOXA proteins, which showed a dose dependent reduction 
in expression (Supplementary Figure S1). Nevertheless, 
Obatoclax not only dissociated the constitutive interaction 
between MCL-1 and BAK in the mitochondrial outer 
membrane (Supplementary Figure S2A) but also induced 
BAX translocation to the mitochondria. Both these 
events are critical for Mitochondrial Outer Membrane 
Permeabilization (MOMP). However, we were not able 
to detect a significant cytochrome c release from the 
mitochondria to the cytosol (Supplementary Figure S2B).
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Obatoclax mediates caspase-independent cell 
death in OSCC cells

Obatoclax induced a dose and time dependent 
decrease in the viability of OSCC cells as determined by 
MTT and SRB assay (Figure 2A and 2B). To investigate 
whether Obatoclax mediated cell death via the canonical 
caspase-dependent pathway, we exposed SCC029B cells 
to Obatoclax for 0, 24, 48 and 72 hours and assessed 
caspase activation by western blotting. Absence of 
caspase-3, caspase-8 and PARP cleavage upon Obatoclax 
treatment indicate a caspase-independent cell death 
(Figure 2C). This was further supported by the fact that 
OSCC cells exhibited no significant difference in the 
cell viability when treated with Obatoclax alone or in 
combination with a pan-caspase inhibitor Z-VAD-FMK 
(Figure 2D). Obatoclax treated cells showed no signs of 
nuclear fragmentation, characteristic of cells undergoing 
apoptotic cell death (Figure 2E). Analysis of cell death by 
flow cytometry revealed no significant increase in annexin 

V-positive cells in the Obatoclax treated population as 
compared to vehicle control cells (Figure 2F). All these 
observations point towards a caspase-independent, non-
apoptotic form of cell death induced by Obatoclax in 
OSCC cells.

Obatoclax induces autophagy in OSCC cells

Endoplasmic Reticulum (ER) stress has been 
implicated in protection of human melanoma cells against 
the cell death induced by Obatoclax [44]. However, we 
observed no change in GRP78 (a marker of ER stress) 
expression, in response to Obatoclax treatment in 
OSCC cells. It has been shown that Obatoclax induces 
autophagy in a variety of cancer cells. Therefore, we next 
investigated whether Obatoclax induced autophagy in 
OSCC cells. Obatoclax induced autophagy in OSCC cells 
is evident from the appearance of LC-3BII band (which 
corresponds to LC-3B lipidation and its incorporation 
in the autophagosomal membranes). However, there 
was neither a significant change in Beclin-1 levels nor 

Figure 1: Obatoclax potently inhibits the clonogenic potential of oral cancer cells. (A) Basal level expression of important pro 
and antiapoptotic BCL-2 family proteins in human oral cancer cells. β-actin served as loading control. (B) Chemical structure of Obatoclax. 
(C) Sensitivity of the four cell lines to Obatoclax was determined by the clonogenic assays. The survival (colony forming units) is expressed 
as percentage of vehicle controls. Data is represented as mean ± SEM of three independent experiments. (D) Effect of Obatoclax treatment 
on MCL-1 expression in the four OSCC cell lines. Images shown are representatives of triplicate experiments. 
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its subcellular localization. Notably, p62/SQSTM1 
protein, a substrate of autophagy showed sustained 
levels and exhibited a punctate cytoplasmic appearance 
upon exposure to Obatoclax. The vehicle control cells in 
contrast, showed a diffuse cytoplasmic staining of p62 
(Figure 3A and 3B). Autophagy induced by Obatoclax was 
further quantitated by immunofluorescence microscopy 
which depicted a significant (p < 0.0001) increase in the 
appearance of endogenous LC-3B foci in the Obatoclax 
treated versus control cells (Figure 3C). Autophagy 
induced by Obatoclax was also studied in a time course 
experiment which revealed appearance of numerous LC-
3B foci in OSCC cells (Figure 3D). 

Obatoclax induced autophagy culminates into 
cell death

We then studied Obatoclax induced autophagy 
in a time course experiment by LC-3B and p62 
immunoblotting. Consistent with the appearance of 
numerous LC-3B foci in the Obatoclax treated cells, 
we observed excessive accumulation of LC-3BII and 
sustained levels of p62 in a time dependent manner. All 
these observations are suggestive of a defective autophagy 
(Figure 4A). To address whether the Obatoclax induced 
autophagy is death inducing, we downregulated ATG5 
by using siRNA and evaluated the Obatoclax-induced 

Figure 2: Obatoclax induces a caspase-independent cell death in OSCC cells. (A) AW8507 and SCC029B cells were treated 
with increasing doses of Obatoclax for 72 hours and cell viability was assessed by MTT assay. (B) The cells were treated with increasing 
concentrations of Obatoclax for 24, 48 and 72 hours and cytotoxicity was assessed by SRB assay. Cell viability is expressed as percent 
survival with respect to vehicle control. (C) SCC029B cells were treated with 400 nM Obatoclax for 0, 24, 48 and 72 hours or 500 nM 
Staurosporine (STS) for 24 hours. Caspase and PARP cleavage were assessed by western blotting. (D) The cells were either treated with 
400 nM Obatoclax alone or in combination with 50 μM z-VAD-FMK for 24, 48 and 72 hours and cell viability was determined by SRB 
assay. (E) The cells were treated with 400 nM Obatoclax for 48 hours and nuclei were stained with DAPI to analyze the nuclear morphology 
(Scale bar: 10 µm). (F) The cells were treated with 400 nM Obatoclax (OBT) for 72 hours or as vehicle control (VC) and the percentage of 
annexin V positive cells were measured by flow cytometry. Images are representative of three independent experiments. Data is represented 
as mean ± SEM of three independent experiments; ns indicate not significant. 
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autophagy by LC-3BII immunoblotting. ATG5 knockdown 
significantly reduced the levels of LC-3BII in Obatoclax 
treated AW8507 and SCC029B cells (Figure 4B). 
Inhibition of autophagy by ATG5 downregulation 
significantly (p < 0.001) protected both the cell lines 
from Obatoclax-induced cell death (Figure 4C). These 
observations suggest that Obatoclax induced autophagy 
ultimately culminates into cell death.

Obatoclax causes a disturbance in autophagic 
flux leading to a defective autophagy in OSCC 
cells 

To further address whether the excessive 
accumulation of LC3BII (and the autophagosomes) 
in response to Obatoclax treatment are a result of 
their increased formation or reduced clearance of the 

autophagosomes, we studied the autophagy flux in OSCC 
cells. We exposed the cells to Chloroquine (50 µM), 
a lysosomotropic agent, which neutralizes the acidic 
interior of the lysosomes, thereby inhibiting the activity 
of lysosomal enzymes and blocking the degradation of 
the autolysosomal cargo. We observed that Obatoclax 
and Chloroquine individually induced LC-3BII levels to 
an equal extent. Whereas, a combination of Obatoclax 
and Chloroquine induced only a marginal increase (not 
significant) in LC-3BII levels as compared to either agents 
alone. These observations indicate that the increased 
LC-3BII levels in response to Obatoclax treatment are 
accounted by a block in the terminal degradative phase 
(Figure 5A) [45]. By immunofluorescence studies, we 
confirmed that Obatoclax treatment induces fusion of 
autophagosomes (LC-3B) with lysosomes (LAMP-1) to 
form autolysosomes (Figure 5B). To further dissect the 

Figure 3: Obatoclax induces autophagy in OSCC cells. (A) Autophagy induction in OSCC cells is evident from appearance of 
LC-3BII band when treated with increasing doses of Obatoclax for 24 hours. Beclin-1, p62 and GRP78 levels did not show significant 
alterations. (B) SCC029B cells were either treated as vehicle control (VC) or with 400 nM Obatoclax (OBT) for 24 hours and endogenous 
Beclin-1 and p62 were detected by immunofluorescence staining (Scale bar: 10 µm). (C) Quantitation of autophagy. AW8507 and SCC029B 
cells were either treated as vehicle control or with 400 nM Obatoclax for 24 hours and endogenous LC-3B was detected by immunostaining. 
The average number of LC-3B foci were scored in the Obatoclax treated and control cells (Scale bar: 10 µm). (D) A time course study 
of autophagy induced by Obatoclax. AW8507 and SCC029B cells were exposed to 400 nM Obatoclax for different time points and the 
average number of LC-3B foci per cell were detected as mentioned above. The data is represented as mean ± SEM of three independent 
experiments. The images are representative of three independent trials. 
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autophagosome maturation process, we next investigated 
whether the autolysosomes are functionally competent 
to degrade the vesicular cargo by tandem fluorescent-
tagged LC-3B based reporter [46]. SCC029B cells stably 
expressing a tandem mCherry/EGFP-LC-3B construct, 
exhibited yellow-orange (merge of mCherry red and EGFP 
green) fluorescence upon Obatoclax treatment, indicating 
functional incompetency of the autolysosomes (The GFP 
but not mCherry signal is sensitive to acidic compartment 
of lysosomes). We observed similar merged yellow-orange 
fluorescence signal of LC-3B when the cells were exposed 
to Chloroquine alone or a combination of Obatoclax and 
Chloroquine indicating a block at the degradation step 
(Figure 5C). All these observations together indicate that 
Obatoclax induced impaired autophagy due to a block in 
the terminal degradative phase. 

Obatoclax induced cell death in OSCC cells is 
mediated by necroptosis

Having shown that Obatoclax induced a caspase-
independent, non-apoptotic cell death in OSCC cells, we 
looked for the cell death pathway linked to autophagy. 
It has been reported by several groups that defective 
autophagy in response to a variety of stress stimuli 
often leads to cell death via necroptosis [47, 48]. We 
therefore investigated whether necroptosis is involved 
in the cell death mediated by Obatoclax in OSCC cells. 
Obatoclax treated cells exhibited appearance of extensive 
cytoplasmic vacuolation, characteristic of cells under 
stress (Figure 6A). Recruitment of RIP1K and RIP3K at 
the necrosome is an important event during necroptosis. 
Here we demonstrate that Obatoclax induced the 

Figure 4: Obatoclax induced autophagy leads to cell death. (A) A time course study of autophagy induced by Obatoclax revealed 
bulk accumulation of LC-3BII and sustained levels of p62/SQSTM1. The Beclin-1 levels however did not show significant changes. (B) 
AW8507 and SCC029B cells were transfected with either a control/scrambled siRNA (siControl) or siRNA against ATG5 (siATG5) and 
treated with 400 nM Obatoclax (OBT) for 24 hours. The levels of LC-3BII were detected by immunoblotting. (C) The siRNA transfected 
cells were treated with 400 nM Obatoclax for 72 hours and percent cell viability was determined by SRB assay. Western blots are 
representative of triplicate experiments. The data is represented as mean ± SEM of three independent experiments. 
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association of p62 with the components of the necrosome 
RIP1K, RIP3K, and FADD by colocalization and 
coimmunoprecipitation (Figure 6B and 6C). Moreover, 
treatment with Necrostatin-1 (Nec-1), a RIP1K inhibitor, 
partially protected the cells from Obatoclax-induced cell 
death (Figure 6D). Obatoclax thus appears to induce cell 
death in OSCC cells by necroptosis.

Obatoclax induced extensive fragmentation of 
the mitochondrial network 

Given the fact that MCL-1 is critical for mitochondrial 
homeostasis [22] and that putative MCL-1-specific 
inhibitors induce mitochondrial fragmentation [49], we 
speculated that Obatoclax could possibly deteriorate the 
organization of the mitochondrial network through MCL-1 
inhibition. Obatoclax caused disruption of the mitochondrial 

network which involved extensive fragmentation, significant 
(p < 0.05) increase in mitochondrial fission and perinuclear 
aggregation in a time course study. The aberrations in the 
mitochondrial network initiated at about 12 hours post 
Obatoclax treatment and appeared much earlier than the 
phenotypic changes associated with the cell death (Figure 
7A and 7B). Necroptosis is believed to execute cell death 
by inducing mitochondrial stress as one of the principal 
effector mechanism [50]. To investigate whether Obatoclax 
induced mitochondrial fragmentation occurs downstream of 
necroptosis, we treated SCC029B cells with Obatoclax in 
the presence or absence of RIP1K inhibitor Necrostatin-1 
and assessed its effect on the mitochondrial network by 
HSP60 immunostaining. Mitochondrial fragmentation was 
evident even when RIP1K activity was inhibited, indicating 
that it occurs upstream to and independent of necroptosis 
(Figure 7C).

Figure 5: Obatoclax induces a defective autophagy in OSCC cells. (A) Time course study of autophagy flux. AW8507 and 
SCC029B cells were treated with either 50 µM Chloroquine (CQ), 400 nM Obatoclax (OBT), a combination of both or as vehicle control 
(VC) for 0, 12, 24, 48 hours and autophagy induction was evaluated by LC-3B immunoblotting. The blots are representative of three 
independent experiments. The respective densitometric analysis graphs are represented as mean ± SEM of three independent experiments 
(**p < 0.01, ***p < 0.001). (B) Obatoclax induces fusion of autophagosomes with lysosomes. SCC029B cells were either treated with 
400 nM Obatoclax for 48 hours or as vehicle control. Fusion of autophagosomes (LC-3B: Red) with lysosomes (LAMP-1: Green) appear 
as yellow-orange dots (due to overlap of red and green) (Scale bar: 10 µm). (C) SCC029B cells stably expressing pBABE-puro mCherry-
EGFP-LC3B construct were either treated with 50 µM Chloroquine, 400 nM Obatoclax, a combination of both or as vehicle control for  
48 hours and the cells were imaged using a fluorescence confocal microscope (Scale bar: 10 µm). 
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Obatoclax induces mitochondrial oxidative stress 
and mitochondrial membrane depolarization in 
OSCC cells

BNIP3 (BCL-2-Nineteen kilodalton interacting 
protein 3) is a BH3 only protein of the BCL-2 family 
which plays a key role in impairment of the mitochondrial 
oxidative phosphorylation, reduction in the mitochondrial 
membrane potential (ΔΨm) and mitophagy under stressful 
conditions [51]. We therefore analyzed the expression of 
BNIP3 by real time PCR and observed that Obatoclax 
induced a significant increase (p < 0.05) in the expression 
of BNIP3 in SCC029B cells (Figure 8A). BNIP3 
induction during stressful conditions leads to increased 
mitochondrial oxidative stress. We therefore investigated 
whether Obatoclax induced ROS (Reactive Oxygen 
Species) accumulation in mitochondria by using MitoSOX 
Red dye (MitoSOX Red dye specifically accumulates 

in mitochondria which upon oxidation by superoxide 
radicals exhibit red fluorescence). Live cell imaging 
experiment revealed that a significantly (p < 0.0001)  
higher percentage of Obatoclax treated cells exhibited 
MitoSOX Red fluorescence as compared to the control 
cells. This red fluorescence specifically localized to the 
perinuclear position consistent with the observation 
that mitochondria under stressful conditions exhibit 
perinuclear aggregation (Figure 8B and 8C). We also 
noticed a reduction in the fluorescence signal intensity 
of MitoTracker Green dye in the Obatoclax treated cells 
possibly because of a drop in ΔΨm. The increased ROS 
accumulation is also evident by flow cytometry, depicted 
by an increased proportion of MitoSOX Red positive cells 
upon Obatoclax treatment (Figure 8D). BNIP3 induction is 
also associated with a drop in ΔΨm. We therefore analyzed 
changes in ΔΨm by using JC-1 dye. As compared to the 
vehicle control, exposure of SCC029B cells to Obatoclax 

Figure 6: Obatoclax induces necroptosis in OSCC cells. SCC029B cells were either treated as vehicle control (VC) or exposed 
to 400 nM Obatoclax (OBT) for 48 hours. (A) The morphology and ultrastructure of control and Obatoclax treated SCC029B cells.  
(B) A colocalization of p62 with RIP1K and RIP3K in Obatoclax treated SCC029B cells indicate assembly of necrosomal complexes 
(Scale bar: 10 µm). (C) The Obatoclax treated and vehicle control cell lysates were subjected to coimmunoprecipitation using p62 antibody. 
IgG: Isotype control antibody. (D) AW8507 and SCC029B cells were treated with 400 nM Obatoclax, 50 µM Necrostatin-1 (Nec-1) or a 
combination of both for 48 hours and cell viability was quantified by SRB assay. Data is represented as mean ± SEM of three independent 
experiments. Images are representative of three independent experiments. 
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induced depolarization of the mitochondrial membrane 
reflected by a significant (p < 0.0001) increase in green 
to red fluorescence ratio of JC-1 dye. Increase in green 
fluorescence of JC-1 dye (due to JC-1 monomers) indicates 
a drop in ΔΨm whereas increased red fluorescence (due to 
JC-1 aggregates) corresponds to a stable ΔΨm and thus 
represents functional mitochondria (Figure 8E). Finally, 
we measured a time-dependent decrease in mitochondrial 
function upon Obatoclax treatment in OSCC cells by MTT 
assay (Figure 8F). All these observations point towards 
mitochondrial dysfunction upon Obatoclax treatment. 

MCL-1 downregulation induces mitochondrial 
stress in SCC029B cells

To investigate the role of MCL-1 in mitochondrial 
homeostasis, we transiently knocked down MCL-1 
by using siRNA in SCC029B cells. SCC029B cells as 
discussed earlier expressed relatively lower levels of 
BCL-2 and BCL-XL as compared to MCL-1. MCL-
1 knockdown in these cells resulted in a significant  
(p = 0.0006) increase in mitochondrial fragmentation 

(Figure 9A). We also observed a significant (p < 0.05) 
increase in the MitoSOX Red staining in siMCL-1 
transfected cells as compared to siControl cells 
(Figure 9B). Furthermore, MCL-1 downregulation resulted 
in a significant (p < 0.05) decrease in ΔΨm as compared 
to the control siRNA transfected cells (Figure 9C). All 
these observations indicate a potential role of MCL-1 in 
maintaining mitochondrial homeostasis in these cells. 

Ultrastructural changes induced by Obatoclax

Obatoclax induced severe ultrastructural 
anomalies in OSCC cells. Numerous autophagic vesicles 
containing electron dense materials, protein inclusions 
and degenerating cellular organelles were readily 
visible throughout the cytoplasm. The autophagic 
vesicles at various stages of maturation ranging from 
initiating phagophore, autophagosomes, amphiosomes 
and autolysosomes were morphologically recognizable. 
Extensive cytoplasmic vacuolation was also apparent 
and intact mitochondria were not readily detectable. 
On the contrary, control cells exhibited numerous 

Figure 7: Obatoclax induces mitochondrial fragmentation in OSCC cells. (A) SCC029B cells were treated with 400 nM 
Obatoclax for different time points followed by immunostaining for HSP60 and the nuclei were counterstained with DAPI. The cells 
were observed under a laser confocal microscope. The mitochondrial morphology is evident in the upper panels. The enlarged images are 
represented in the corresponding lower panels. (B) The percentage of cells showing perinuclear aggregation of mitochondria (indicated 
in the upper panels by thick white arrows) and those showing mitochondrial fragmentation (indicated by thin white arrows in the lower 
panels) were determined by counting 10 microscopic fields (each containing at least 10–15 cells) per time point. (C) SCC029B cells were 
treated with either 400 nM Obatoclax (OBT), 50 µM Necrostatin-1 (Nec-1), a combination of both or as vehicle control (VC) for 48 hours, 
immunostained for HSP60 and the percentage of cells exhibiting mitochondrial fragmentation was determined as described above. The data 
for all experiments is represented as mean ± SEM of three independent experiments (ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.0001).  
The images are representative of three independent experiments (Scale bar: 10 µm).
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mitochondria (with intact inner and outer membranes 
and distinct cristae) and few cytoplasmic vacuoles 
(Figure 10).

Obatoclax exhibits potent antitumor activity in 
xenograft mouse models

Potent single agent antitumor activity of Obatoclax 
was observed against SCC029B cell line derived 
subcutaneous tumors in xenograft mouse model. We 
observed a significant (p < 0.05) reduction in the mean 
tumor volume without a significant decrease in the weight 
of the animals (Supplementary Figure S3). The effect was 
dose dependent with maximal activity observed at the 
cumulative dose of 5 mg/kg (Figure 11A).

Obatoclax exhibits synergism with ionizing 
radiation to inhibit the clonogenic potential of 
OSCC cells

Consistent with our previous finding that MCL-1 is 
an important radioresistance related factor in OSCC cells 
[17, 18], we sought to test the potency of a combination 
of Obatoclax with ionizing radiation (IR). From the 
clonogenic assays, we observed that as compared to 
radiation alone, the combination treatment significantly 
(p < 0.05) inhibited the colony formation in the three 
OSCC cell lines (Figure 11B). Moreover, we observed a 
significant growth inhibition when the cells were exposed 
to a combination of IR and Obatoclax as opposed to 
radiation alone across a range of IR doses (2 Gy, 4 Gy, 

Figure 8: Obatoclax induces oxidative stress and membrane depolarization in the mitochondria of OSCC cells. AW8507 
and SCC029B cells were treated with 400 nM Obatoclax (OBT) for 48 hours or as vehicle control (VC). (A) The expression of BNIP3 was 
analyzed by real time PCR in SCC029B cells and expressed relative to GAPDH by 2-ΔCt method. (B) AW8507 and SCC029B cells grown in 
confocal dishes were treated with Obatoclax or as vehicle control followed by staining with MitoTracker Green and MitoSOX Red. Images 
were acquired on a fluorescence confocal microscope (Scale bar: 10 μm). (C) The percentage of cells exhibiting MitoSOX Red fluorescence 
was determined by counting 10 different microscopic fields (each containing at least 10–15 cells) per condition. (D) Followed by drug 
treatment, the cells were stained with 5 µM MitoSOX Red dye and the amount of ROS accumulation in mitochondria was measured by flow 
cytometry on FL2 channel. The gray curve on extreme left indicate unstained cells, the green and pink curves represent vehicle control and 
Obatoclax treated cells respectively. The histogram plots are representative of three independent experiments. (E) The Obatoclax treated 
or vehicle control cells were stained with JC-1 dye and Hoechst dye. The percent Green/Red fluorescence intensity ratio was quantified by 
counting 10 different microscopic fields each containing at least 10 cells (Scale bar: 20 μm). Obatoclax induced mitochondrial membrane 
depolarization is indicated by a significant increase in the green/red fluorescence ratio of JC-1 dye as compared to the control cells. The 
red fluorescence was restricted to the mitochondria due to JC-1 aggregates and is indicative of a stable ΔΨm i.e. polarized mitochondria. 
The green fluorescence was diffused and corresponds to JC-1 monomers and indicates a drop in ΔΨm i.e. depolarized mitochondria. (F) 
Mitochondrial dysfunction measured by MTT assay. AW8507 and SCC029B cells were treated with 400 nM Obatoclax for 0, 24, 48 and 
72 hours. The amount of reduced formazon dye is represented as percent mitochondrial function. Data is represented as mean ± SEM of 
three independent experiments. 
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6 Gy, 8 Gy) (Supplementary Figure S4). Obatoclax thus 
exhibit synergism with radiation treatment to inhibit the 
clonogenicity of OSCC cells.

DISCUSSION

Aberrant expression of antiapoptotic BCL-2 family 
proteins, particularly MCL-1 has been reported in diverse 
human cancers including oral cancers [16, 52]. We have 
earlier demonstrated that the prosurvival MCL-1 protein 
contributes to therapy resistance and poor prognosis in oral 
cancers and thus may prove to be a potential therapeutic 
target in OSCC [15, 17–19]. Hence in the present study, 
we evaluated the efficacy of a BH3-mimetic pan-BCL-2 
inhibitor Obatoclax against human oral cancer cell lines 
and also elucidated the mechanism of its action. 

The four OSCC cell lines used in the present study 
exhibited high sensitivity to Obatoclax which correlated 
significantly to their MCL-1 expression. However, 
Obatoclax induced growth inhibition was not associated 
with a reduction in MCL-1 expression primarily because, 
Obatoclax is a BH3-mimetic which binds with a high 

affinity to the BH3-domain binding hydrophobic groove 
on MCL-1 protein and is not known to be associated with 
inhibition of its expression or mediate its degradation. 
This observation is in accordance with earlier studies 
reported in Cholangiocarcinoma cells [32, 53], Pancreatic 
cancer cells [31], KB carcinoma cells [26] and Breast 
cancer cells [42]. In contrast, studies by Yazbeck et al. 
demonstrated that sensitivity to Obatoclax has an inverse 
correlation with MCL-1 expression in HNSCC cells and 
is associated with a reduction in MCL-1 levels [43]. The 
discrepancy between these observations may be attributed 
to the cell type and context specific-dependence of the 
cells on MCL-1 for survival and the relative expression 
of other antiapoptotic members of the BCL-2 family. It 
is noteworthy that, all four OSCC cell lines expressed 
relatively higher levels of at least two of the three major 
antiapoptotic proteins (BCL-2, BCL-XL or MCL-1) 
which imply their dependence on multiple prosurvival 
proteins of the BCL-2 family for cell viability. Owing 
to their functional redundancy, tumor cells upregulate 
the expression of companion prosurvival BCL-2 family 
proteins in case, one of them is either inhibited or 

Figure 9: MCL-1 downregulation induces mitochondrial stress in SCC029B cells. SCC029B cells were transfected with 
50 nM control siRNA and 50 nM MCL-1 siRNA. 48 hours post transfection, cells were used for experimental analysis. (A) The cell lysates 
were subjected to western blotting for MCL-1 and β-actin. Alternatively, the siRNA transfected cells were immunostained for HSP60 and 
observed under a confocal microscope. The percentage of cells showing mitochondrial fragmentation was determined as described earlier. 
(B) The siRNA transfected cells were stained with MitoTracker green, MitoSOX Red and Hoechst dyes and observed under a confocal 
microscope. (C) The siRNA transfected cells were stained with JC-1 dye and analyzed for change in percent green to red fluorescence 
intensity ratio of JC-1 dye as discussed earlier. Data is represented as mean ± SEM of three independent experiments (Scale bar: 10 μm). 
Images are representative of three independent experiments. 
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downregulated and therefore neutralization of all of them 
is necessary to execute apoptotic cascade [27, 28]. Hence 
the use of a pan-BCL-2 inhibitor like Obatoclax may 
prove to be an effective therapeutic strategy. In the present 
study, the growth inhibition induced by Obatoclax in 
OSCC cells was not associated with significant alterations 
in the expression of the BCL-2 family proteins except 
BIM and NOXA, whose levels were found to be reduced 
post Obatoclax treatment. Interestingly, NOXA and BIM 
downregulation partially protected H23 lung cancer cells 
from cell death induced due to MCL-1 knockdown [54] 
which probably explains why their expression is reduced 
upon Obatoclax mediated MCL-1 inhibition. Both BIM 
and NOXA are predicted to compete with Beclin-1 for 
interaction with MCL-1 and thereby regulate autophagy 
[42, 55, 56]. The regulation of expression of these BH3-
only proapoptotic proteins therefore appears to be context 
and cell-type specific. 

Recently, Wroblewski et al. has shown that 
Obatoclax induces unfolded protein response (UPR) 
in human melanoma cells which leads to MCL-1 
upregulation, thereby preventing cell death [44]. UPR is 
characterized by increased GRP78 (Bip) expression, a 

principal chaperone in the endoplasmic reticulum (ER). 
However, in our studies, GRP78 expression remains 
unaltered in OSCC cells upon exposure to Obatoclax, 
indicating that Obatoclax may not induce ER stress in 
these cells. Obatoclax is reported to execute cell death via 
both caspase-dependent as well as caspase-independent 
pathways in a variety of cell types [31, 57]. In our 
studies, we observed that Obatoclax induced a caspase-
independent, non-apoptotic cell death in OSCC cells. 

Several studies have shown that Obatoclax potently 
induces autophagy in a variety of cancer cells [43, 57, 58]. 
Our present study also demonstrates autophagy induction in 
OSCC cells by Obatoclax which is evident from excessive 
accumulation of LC-3BII. BCL-2, BCL-XL and MCL-1 
are known to bind Beclin-1 and thereby inhibit Beclin-1-
mediated autophagy. Like BIM and NOXA, BH3 mimetics 
have been predicted to competitively disrupt this interaction 
and thereby mediate autophagy [36, 59]. However, we 
neither found significant alterations in Beclin-1 levels nor 
its altered subcellular localization pattern upon Obatoclax 
treatment in OSCC cells. McCoy et al. have demonstrated 
Beclin-1-indpependent autophagy induction by Obatoclax 
in non-small-cell lung carcinoma cells [57]. Blocking 

Figure 10: Ultrastructural changes induced by Obatoclax. SCC029B cells when treated with 400 nM Obatoclax for 48 hours 
induced appearance of numerous autophagic vesicles (Red arrows) containing various cargos. Extensive cytoplasmic vacuolation was 
apparent with accumulation of electron dense proteinaceous inclusions. Intact mitochondria (those with distinct cristae and internal 
membranes) were not readily detectable (E–L). Vehicle control cells on the other hand exhibited significantly less cytoplasmic vacuolation 
and presence of numerous intact mitochondria with distinct cristae (A–D). 
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autophagy by ATG5 knockdown significantly protected 
the OSCC cells from Obatoclax-induced cell death, 
indicating that Obatoclax-induced autophagy leads to cell 
death and is not prosurvival. Obatoclax caused a disturbed 
autophagy flux which account for the bulk accumulation 
of LC-3BII and sustained levels of p62 protein (p62 is 
regarded as a substrate of autophagy which serves as a 
linker between polyubiquitinated cargo and LC-3BII on 
the autophagosomal membrane) in OSCC cells. A late-
stage block in the autophagosome maturation process led 
to defective autophagy. More recently, Stamelos et al. 
have shown that Obatoclax accumulates in the lysosomes, 
mediates their alkalinization causing a block in the terminal 
degradative phase leading to a defective autophagy [60]. 

Having shown that Obatoclax induced a caspase-
independent, non-apoptotic form of cell death in OSCC 
cells, we then investigated whether impaired autophagy 
culminates into cell death by necroptosis. Here, we 
demonstrate that Obatoclax induced the interaction of p62 
with RIP1K, RIP3K and FADD, key components of the 
necrosome. Moreover, RIP1K inhibition by necrostatin-1 
protected the OSCC cells from Obatoclax induced cell 
death. Our data thus suggests that Obatoclax mediates cell 
death in OSCC cells via autophagy-dependent necroptosis.

Our studies reveal that Obatoclax perturbed the 
normal tubular architecture of the mitochondria and 
induced extensive fragmentation of the mitochondrial 
network. This corresponds to increased mitochondrial 
fission and perinuclear aggregation. Initially it was 
believed that abrogation of the mitochondrial network, 
increased mitochondrial membrane permeability, 
mitochondrial ROS accumulation and mitochondrial 

dysfunction are one of the several effector mechanisms 
of Necroptosis [40, 61]. However, recent studies argue the 
involvement of mitochondrial fission and mitochondrial 
ROS during necroptotic cell death [62, 63]. Our data also 
suggests that mitochondrial fragmentation in response 
to Obatoclax treatment occurs independent of RIP1K 
activation and upstream of necroptosis. 

Under stressful conditions, BNIP3 expression is 
induced which causes reduced energy output, increased 
accumulation of mitochondrial ROS and a drop in 
ΔΨm which mark the mitochondria as damaged and 
dysfunctional [51, 55]. On the same lines, we observed 
a significant increase in the expression of BNIP3 upon 
Obatoclax treatment. In accordance with the downstream 
effects of BNIP3 induction, we demonstrated a 
significant increase in the mitochondrial oxidative stress, 
compromised integrity of the mitochondrial membrane 
as indicated by a reduced ΔΨm (i.e. depolarized 
mitochondria) and a time-dependent decrease in 
mitochondrial function in these cells upon Obatoclax 
treatment. All the above characteristic events possibly 
mark the mitochondria as damaged and dysfunctional.

Besides its canonical prosurvival function, 
MCL-1 protein is critical for the organization and 
physiological functions of mitochondria [22]. Since 
MCL-1 is overexpressed in oral cancer cells and serve 
as an important prosurvival protein, we probed into its 
critical involvement in the maintenance of mitochondrial 
homeostasis in OSCC cells. In the present study, 
we evaluated and compared the effect of Obatoclax 
mediated MCL-1 inhibition (without a significant 
change in MCL-1 levels) with that of siRNA-mediated 

Figure 11: (A) In vivo efficacy of Obatoclax. BALB/C Nude mice bearing subcutaneous tumors derived from SCC029B cell line 
were administered a cumulative dose of the drug as indicated distributed evenly over a period of five consecutive days. Tumor volumes 
were measured for a period of 15–20 days post drug administration. The data is expressed as mean + SEM of the mean tumour volumes for 
each group (six animals per group). (B) Ionizing radiation treatment exhibits synergism when combined with Obatoclax. A combination of 
Obatoclax and ionizing radiation (IR) significantly (p < 0.05) inhibited the clonogenic potential of OSCC cells as compared to the either 
treatments alone. 
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Figure 12: The proposed mode of Obatoclax action. Obatoclax potently induces autophagy in OSCC cells. However, a late-
stage block in the degradation step of autophagy leads to assembly of key proteins of the necrosome such as RIP1K, RIP3K and FADD 
at the autophagosomes along with p62/SQSTM1 in a complex called necrosome. Necroptosis is associated with extensive mitochondrial 
fragmentation, an induction of BNIP3 expression which potentiates ROS accumulation in the mitochondria, reduced mitochondrial 
membrane potential leading to mitochondrial dysfunction. Alternatively, whether or not MCL-1 inhibition mediated by Obatoclax at least 
partly contributes to the impaired mitochondrial homeostasis needs to be evaluated. 

MCL-1 downregulation in context of mitochondrial 
architecture and physiology. MCL-1 downregulation in 
these cells led to extensive mitochondrial fragmentation, 
increased mitochondrial oxidative stress and a reduced 
mitochondrial membrane potential. These aberrations 
in the mitochondrial architecture and physiology were 
identical to those induced by Obatoclax treatment, 
thus highlighting the potential contribution of MCL-
1 to normal mitochondrial organization and function. 
Perciavalle et al. provided evidence for contribution of 
MCL-1 to mitochondrial physiology. Apart from the 
antiapoptotic form of MCL-1 which localizes to the 
mitochondrial outer membrane, an amino-terminally 
truncated form of MCL-1 (contains intact carboxyl-
terminus domain which harbors the BH3 domain binding 
hydrophobic groove where Obatoclax is predicted to bind) 
which localizes to the mitochondrial matrix plays a critical 
role in maintaining normal architecture, physiology, 
homeostasis, bioenergetics and fusion of the mitochondria 
[22]. Interestingly, putative MCL-1 specific BH3 mimetics 
such as BI97C1 and BI112D1 have also been shown to 
induce mitochondrial fragmentation, generation of ROS 
in mitochondria and inhibition of mitochondrial fusion 
independent of apoptosis and without affecting MCL-
1 levels. In the same paper, the authors demonstrate 
extensive mitochondrial fragmentation upon siRNA 

mediated MCL-1 depletion in H23 lung cancer cells 
[49]. We therefore speculate that Obatoclax mediated 
MCL-1 antagonization may significantly contribute to the 
abolishment of mitochondrial structure and function. 

We also demonstrate the single agent efficacy of 
Obatoclax in xenograft mouse model. Obatoclax exhibited 
dose dependent tumor regression in OSCC cell line 
derived subcutaneous tumors without detectable animal 
toxicity or weight loss. Moreover, consistent with our 
prior observation that MCL-1 is a critical radioresistance 
related factor in OSCC cells [18], Obatoclax exhibited 
a significant clonogenic inhibition in combination with 
ionizing radiation as opposed to the either treatments 
alone. The radiosensitizing effect of Obatoclax observed 
in the present study suggests that oral cancer patients may 
benefit from the combined therapeutic regimens including 
Obatoclax.

In summary, our studies indicate that Obatoclax 
which targets the prosurvival members of the BCL-2 
family, specifically MCL-1, induces autophagy in OSCC 
cells leading to a caspase-independent, nonapoptotic 
form of cell death called necroptosis. These events 
are associated with extensive mitochondrial stress and 
dysfunction, are upstream to necroptosis and primarily 
attributed to Obatoclax mediated MCL-1 antagonization 
(Figure 12). 
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Although surgery remains the primary treatment 
modality for oral cancers, a multimodal approach 
including postoperative radiotherapy or chemotherapy 
(5-fluorouracil, platinum based drugs) is administered 
for advanced-stage disease [64]. However, we and others 
have reported the association of MCL-1 overexpression 
with resistance to radiation and cisplatin in oral 
cancers [18, 19]. Our studies also provide evidence for 
a synergistic combination of ionizing radiation and 
Obatoclax for the treatment of oral cancers. Although 
phase I clinical trials have demonstrated robust single-
agent activity of Obatoclax in patients with advanced CLL 
[33] and small cell lung cancer [65], these were associated 
with neurotoxicity. Phase II clinical trials however, have 
not shown significant efficacy and were restricted by 
dose-limiting toxicity which includes thrombocytopenia, 
anemia, neutropenia, fatigue and ataxia [35]. Nevertheless, 
rational combination of treatments, systematic planning 
of therapeutic regimens and evaluation of molecular 
determinants of therapeutic outcomes may enhance the 
potency of Obatoclax. 

We thus propose its potential application in the 
clinics for the better management of oral cancers. 

MATERIALS AND METHODS

Cell culture

Four human oral cell lines derived from different 
oral subsites were used in the study. DOK (Dysplastic 
oral keratinocyte) derived from tongue epithelium [66] 
was cultured in DMEM (Gibco, USA) supplemented 
with 5 μg/ml hydrocortisone and 10% fetal bovine serum 
(Gibco). AW13516 and AW8507 cell lines were derived 
from poorly differentiated squamous cell carcinoma 
and epidermoid carcinoma of the tongue respectively 
[67]. UPCI:SCC029B cell line was derived from poorly 
differentiated squamous cell carcinoma of buccal mucosa 
[68]. AW8507, AW13516 and SCC029B cells were 
cultured in IMDM (Gibco) containing 10% fetal bovine 
serum. All the cell lines were authenticated by short 
tandem repeat (STR) profiling of 21 markers. 

Reagents and antibodies

Inhibitors, reagents and constructs

Obatoclax Mesylate (GX15-070) (Selleck 
chemicals, Texas, USA) was resuspended in DMSO 
to prepare a stock solution of 20 mM, aliquoted and 
stored at –20oC. It was brought to the desired working 
concentration by appropriately diluting in culture medium. 
0.001% DMSO was used as vehicle control across all 
experiments. The pan-caspase inhibitor Z-VAD-FMK 
(Abcam, Cambridge, UK), Chloroquine and Necrostatin-1 
(Calbiochem, USA) were used at 50 µM concentration. 

MTT reagent was dissolved in phosphate buffered saline 
(PBS) to a final concentration of 5 mg/ml. Changes in 
the mitochondrial network architecture were studied by 
using MitoTracker Green, MitoTracker Red CMXRos 
and MitoSOX Red dyes (Molecular probes, Invitrogen, 
USA). DAPI (4ʹ,6-diamidino-2-phenylindole) or Hoechst 
33342 (BD Biosciences, New Jersey, USA) were used to 
visualize nuclei. All standard chemicals were purchased 
from Sigma unless otherwise indicated. pBABE-puro 
mCherry-EGFP-LC3B construct was a gift from Jayanta 
Debnath (Addgene plasmid #22418). Control/Scrambled 
siRNA, siGLO, siRNA against human MCL-1 and ATG5 
were obtained from Dharmacon (CO, USA). siRNA 
transfections were performed using Lipofectamine 2000 
reagent (Invitrogen) according to the manufacturer’s 
instructions.

Antibodies

Primary antibodies against MCL-1 (sc-20679, sc-
819), BCL-2 (sc-492), BAK (sc-832), NOXA (sc-26917), 
BID (sc-6538), Beclin-1 (sc-11427) and Actin (sc-1616R) 
were obtained from Santa Cruz Biotechnology (Texas, 
USA). Antibodies for p62 (#5114), HSP60 (#12165), 
BIM (#2933), BCL-XL (#2764), ATG5 (#12994), RIP1K 
(#4926) and RIP3K (#13526) were obtained from Cell 
Signaling technologies (Massachusetts, USA). Antibodies 
for PUMA (ab9643) and LC-3B (ab51520) were 
purchased from Abcam, and BAX (A3533) antibody from 
Dako (Denmark). For immunofluorescence, Alexa fluor 
488, and Alexa fluor 568 secondary antibodies were used 
(Molecular probes). 

Colony formation assays

Briefly, cells were seeded in a 6-well plate 
(Nunc, Denmark) in duplicate and allowed to grow 
overnight followed by exposure to a range of Obatoclax 
concentrations for 24 hours. After the treatment, the 
drug containing medium was replaced with fresh growth 
medium and the cells were allowed to grow for further 
10 days till appearance of visible colonies. The colonies 
were fixed and stained with Crystal Violet (Hi-Media 
Laboratories, India) and scored manually. 

Clonogenic assays to assess radiosensitivities in 
combination with Obatoclax

Exponentially growing cells were seeded in 35 
mm plates and allowed to grow for 24 hours. Next day, 
the cells were irradiated (γ-irradiation on a 60Co source) 
with their respective D0 doses (previously determined 
by standard clonogenic assays [18]). Immediately after 
irradiation, the cells were exposed to 100 nM Obatoclax 
for 24 hours. After treatment, the drug containing medium 
was replaced with fresh growth medium and the cells 
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were allowed to grow for further 8–10 days until visible 
colonies appeared in the control plate. The colonies were 
stained and scored as described earlier. 

Protein extraction and western blotting

The cells were harvested and lysed in cell lysis 
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.5% NP-
40) containing protease inhibitors (Fermentas, Canada). 
The cell lysates were incubated on ice for 30 minutes 
followed by centrifugation and the supernatants were 
subjected to protein estimation by Bradford assay 
(BioRad, USA). Equal amounts of proteins were 
resolved on SDS-PAGE and electroblotted onto PVDF 
membranes (Pall Technologies, USA). The membranes 
were blocked in 5% bovine serum albumin (BSA) in 
tris buffered saline (TBS) for 1 hour and then incubated 
with primary antibodies overnight at 4oC. Next day, 
the membranes were washed and incubated with 
secondary antibody at room temperature for 1 hour 
followed by washing. The proteins were visualized using 
enhanced chemiluminiscence kit (GE Healthcare, UK). 
Densitometric analysis was performed using the image 
J software (NIH, Bethesda, MD). β-actin served as the 
loading control. Mitochondrial fractionation from the 
cells was performed by using Mitochondria isolation 
kit (#89874, Thermo Scientific, IL, USA) according to 
manufacturer’s instructions.

Coimmunoprecipitation

The cells were harvested and lysed in EBC lysis 
buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 
0.5% NP-40) containing protease inhibitors followed by 
centrifugation. The supernatants were precleared with 
protein G-sepharose beads (GE, UK) and subjected to 
overnight incubation with appropriate antibody at 4oC 
on a rocking platform. Next day, these cell lysates were 
incubated with protein G-sepharose bead slurry for 
3 hours. The immunoprecipitates were recovered by gentle 
centrifugation, boiled in laemmli buffer and subjected to 
immunoblotting.

RNA extraction, cDNA synthesis and real time 
PCR

Total RNA was extracted from cells by using 
TRIZol reagent (Invitrogen) according to manufacturer’s 
instructions. 500 ng of total RNA was converted to 
cDNA by High Capacity cDNA synthesis kit (Applied 
Biosystems). The primers used for BNIP3 and GAPDH 
were as reported earlier [69]. Real Time PCR was 
performed on ABI QuantStudio 12 K Flex Sequence 
detection system (Applied Biosystems) using SYBR 
Green mastermix (Applied Biosystems). The results were 
analyzed by relative quantitation and expressed as 2-ΔCt.

Flow cytometry

Measurement of ROS accumulation in 
mitochondria 

The mitochondrial ROS accumulation was assessed 
by staining the cells with 5 μM MitoSOX Red for 
10 minutes at 37oC in dark followed by acquisition on 
FL-2 channel of FACS caliber flow cytometer (Becton 
Dickinson, USA) and data was analyzed on Cell Quest 
software (BD Biosciences).

Annexin V-FITC staining

After the drug treatment, the cells were harvested by 
trypsinization, washed twice with PBS and resuspended in 
Annexin V binding buffer (BD Biosciences) and incubated 
with Annexin V-FITC antibody (BD Biosciences) in 
dark for 15 minutes at room temperature followed 
by acquisition on FL-1 channel of FACS caliber flow 
cytometer and data was analyzed on Cell Quest software.

Immunofluorescence and confocal microscopy

For live cell imaging, cells were cultured in 
confocal dishes and stained with 100 nM MitoTracker 
Green, 5 µM MitoSOX Red or 10 µM JC-1 dyes. For 
immunofluorescence staining, cells growing on coverslips 
were fixed with 4% paraformaldehyde followed by 
permeabilization with 0.5% triton X-100. Blocking was 
done in 5% BSA for 1 hour. The cells were then incubated 
with primary antibodies for 1 hour at room temperature 
followed by detection with appropriate secondary 
antibodies with 1 hour incubation at room temperature 
in dark. Nuclei were counterstained with DAPI. The 
coverslips were mounted with Vecta-shield (Vector 
laboratories, UK) on glass slides, sealed with nail polish 
and observed under a laser confocal microscope (LSM 510 
Metaconfocal, Zeiss, Germany). 

Cell viability assays

MTT assay

Cells growing in the exponential phase were 
harvested by trypsinization and 2000 cells per well 
were seeded in 96-well plates (Nunc) and allowed to 
grow overnight. Next day, the medium was removed 
and the cells were treated with indicated concentrations 
of Obatoclax for the specified time points. At the end of 
the treatment period, 20 µl MTT was added to each well 
and the plates were again incubated in CO2 incubator for 
4 hours. The formazon crystals were dissolved by addition 
of DMSO and absorbance was recorded on a microplate 
reader (Spectrostar nano, BMG Labtech, Germany) at 
540 nm with a reference wavelength of 690 nm.
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Sulforhodamine B (SRB) assay

After the specified time point of drug treatment, the 
cells in 96 well plates were fixed with 30% Trichloroacetic 
acid (TCA) for 1 hour at 4oC followed by washing with 
water. The plates were then air dried and stained with 
SRB dye (0.05% w/v) for 30 minutes at room temperature. 
Excess dye was washed off by repeated washing with 
1% acetic acid (v/v) and the plates were again air dried. 
Finally, the protein-bound dye was solubilized by addition 
of 10 mM Tris (pH 10) and absorbance was recorded at 
540 nm with a reference wavelength of 690 nm on a 
microplate reader.

Assessment of mitochondrial membrane 
potential (ΔΨm)

To study the effect of Obatoclax on the 
mitochondrial membrane potential (ΔΨm), we employed 
JC-1 dye (eBiosciences, San Diego, CA, USA) which is 
a cationic cell permeable dye and selectively accumulates 
in mitochondria in a potential dependent manner. 
Mitochondrial membrane polarization leads to the 
reversible formation of J-aggregates which causes a shift 
in the fluorescence emission from 530 nm (corresponding 
to JC-1 monomers which emits green fluorescence) to 
590 nm (corresponding to J-aggregates which emits red-
orange fluorescence). Cells growing in confocal dishes 
were incubated with 10 µM JC-1 dye for 30 minutes. The 
cells were then washed with PBS, replenished with fresh 
medium and observed under a fluorescence microscope. 

Transmission electron microscopy

Briefly, the cells were harvested by trypsinization 
and fixed with 3% glutaraldehyde at 4oC for 3–4 hours 
followed by washing with 0.1 M sodium cacodylate buffer. 
The cell pellets were then fixed in Osmium tetroxide for 
1 hour at 4oC in dark, subjected to dehydration by passing 
through different grades of alcohol and then mounted 
with Araldite resin. The ultrathin sections (~60–70 nm) 
were mounted on formvar coated copper grids. These 
sections were stained with uranyl acetate solution and 
counterstained with lead citrate. Electron micrographs 
were captured on a Jeol 100-CXII electron microscope 
(Jeol, UK) using Olympus camera and iTEM software.

In vivo studies

Ethics statement

Investigation has been conducted in accordance 
with the ethical standards and according to the declaration 
of Helsinki and national and international guidelines. 
The study has been approved by the Institutional Animal 
Ethics Committee (IAEC) of Tata Memorial Centre 
(TMC)-Advanced Centre for Treatment, Research and 

Education in Cancer (ACTREC). To assess the in vivo 
antitumor activity of Obatoclax, we employed xenograft 
mouse model as described earlier [26]. Briefly, 6–8 weeks 
old female BALB/C nude mice were subcutaneously 
injected with 1 × 106 SCC029B cells in 100 µl IMDM 
medium. The animals were then randomized into 
4 groups, containing 6 animals each. Tumors were 
observed about 21 days post cell inoculation. Each group 
of animals were intravenously injected (through lateral 
tail vein) with different doses of Obatoclax (cumulative 
doses of 1.25 mg/kg, 2.5 mg/kg, 5 mg/kg and a vehicle 
control group) evenly distributed over a period of 
5 days (i.e. 5 injections). The drug was formulated at the 
indicated concentrations in 9.6% PEG, 0.4% Tween 20 
and 5% dextrose. The tumor volume measurements were 
done using a vernier caliper every alternate day by the 
formula: Length (mm) * [Width (mm)]2/2. For assessment 
of any drug associated toxicity, weight of the animals was 
monitored every alternate day.

Statistical analysis

All the statistical analyses were performed using 
GraphPad Prism software (version 5.01). Two data sets 
in an experiment were compared by a two-tailed unpaired 
student’s t test. The data is represented as mean ± Standard 
error mean (SEM). The difference between mean was 
considered significant when p < 0.05.

ACKNOWLEDGMENTS AND FUNDING

We are thankful to Prof. Sussane Gollin-University 
of Pittsburgh, PA and Dr. Ken Parkinson, Queen Mary’s 
School of Medicine & Dentistry, UK for their kind gift of 
oral cell lines. We would also like to thank Miss. Priyanka 
Rajput, Miss. Harshada Sulkshane, Mr. Aniket Kamble for 
assistance with western blotting and Mr. Vivek Teli for his 
help with animal experimentation. Mr. Prasad Sulkshane 
is a fellow of Department of Biotechnology, Government 
of India. 

CONFLICTS OF INTEREST

The authors declare that no competing interest 
exists. 

REFERENCES

1. Tandle A, Sanghvi V, Saranath D. Determination of p53 
genotypes in oral cancer patients from India. Brit J Cancer. 
2001; 84.

2. Herrero R, Castellsagué X, Pawlita M, Lissowska J, Kee F, 
Balaram P, Rajkumar T, Sridhar H, Rose B, Pintos J. Human 
papillomavirus and oral cancer: the International Agency 
for Research on Cancer multicenter study. J Natl Cancer I. 
2003; 95:1772–1783.



Oncotarget60077www.impactjournals.com/oncotarget

 3. Dikshit R, Gupta PC, Ramasundarahettige C, 
Gajalakshmi V, Aleksandrowicz L, Badwe R, Kumar R, 
Roy S, Suraweera W, Bray F. Cancer mortality in India: 
a nationally representative survey. The Lancet. 2012; 
379:1807–1816.

 4. Notani PN. Global variation in cancer incidence and 
mortality. Curr Sci India. 2001; 81:465–474.

 5. Lee K, Veness M, Pearl, Larson T, Morgan G. Role of 
combined modality treatment of buccal mucosa squamous 
cell carcinoma. Aust Dent J. 2005; 50:108–113.

 6. Miyashita T, Krajewski S, Krajewska M, Wang HG, Lin H, 
Liebermann DA, Hoffman B, Reed JC. Tumor suppressor 
p53 is a regulator of bcl-2 and bax gene expression in vitro 
and in vivo. Oncogene. 1994; 9:1799–1805.

 7. Pietrzak M, Puzianowska-Kuznicka M. p53-dependent 
repression of the human MCL-1 gene encoding an anti-
apoptotic member of the BCL-2 family: the role of Sp1 
and of basic transcription factor binding sites in the MCL-1 
promoter. Biol Chem. 2008; 389:383–393.

 8. Findley HW, Gu L, Yeager AM, Zhou M. Expression 
and regulation of Bcl-2, Bcl-xl, and Bax correlate with 
p53 status and sensitivity to apoptosis in childhood acute 
lymphoblastic leukemia. Blood. 1997; 89:2986–2993.

 9. Dai M, Clifford GM, Le Calvez F, Castellsagué X, 
Snijders PJ, Pawlita M, Herrero R, Hainaut P, Franceschi S. 
Human Papillomavirus Type 16 and TP53 Mutation in Oral 
Cancer Matched Analysis of the IARC Multicenter Study. 
Cancer Res. 2004; 64:468–471.

10. Saranath D, Tandle A, Teni T, Dedhia P, Borges A, Parikh D, 
Sanghavi V, Mehta A. p53 inactivation in chewing tobacco-
induced oral cancers and leukoplakias from India. Oral 
Oncol. 1999; 35:242–250.

11. Polverini P, Nor J. Apoptosis and predisposition to oral 
cancer. Crit Rev Oral Biol M. 1999; 10:139–152.

12. Xie X, Clausen OPF, Angelis PD, Boysen M. The 
prognostic value of spontaneous apoptosis, Bax, Bcl-2, and 
p53 in oral squamous cell carcinoma of the tongue. Cancer. 
1999; 86:913–920.

13. Michaud WA, Nichols AC, Mroz EA, Faquin WC, Clark JR, 
Begum S, Westra WH, Wada H, Busse PM, Ellisen LW. 
Bcl-2 blocks cisplatin-induced apoptosis and predicts poor 
outcome following chemoradiation treatment in advanced 
oropharyngeal squamous cell carcinoma. Clin Cancer Res. 
2009; 15:1645–1654.

14. Camisasca DR, Honorato J, Bernardo V, da Silva LE, da 
Fonseca EC, de Faria PAS, Dias FL, Lourenço SdQC. 
Expression of Bcl-2 family proteins and associated 
clinicopathologic factors predict survival outcome in 
patients with oral squamous cell carcinoma. Oral Oncol. 
2009; 45:225–233.

15. Mallick S, Agarwal J, Kannan S, Pawar S, Kane S, Teni T. 
Bcl-xL protein: Predictor of complete tumor response in 
patients with oral cancer treated with curative radiotherapy. 
Head & neck. 2013; 35:1448–1453.

16. Mallick S, Patil R, Gyanchandani R, Pawar S, Palve V, 
Kannan S, Pathak K, Choudhary M, Teni T. Human oral 
cancers have altered expression of Bcl-2 family members 
and increased expression of the anti-apoptotic splice variant 
of Mcl-1. J Pathol. 2009; 217:398–407.

17. Mallick S, Agarwal J, Kannan S, Pawar S, Kane S, Teni T. 
PCNA and anti-apoptotic Mcl-1 proteins predict disease-
free survival in oral cancer patients treated with definitive 
radiotherapy. Oral Oncol. 2010; 46:688–693.

18. Palve VC, Teni TR. Association of anti-apoptotic Mcl-1L 
isoform expression with radioresistance of oral squamous 
carcinoma cells. Radiat Oncol. 2012; 7:135–145.

19. Palve V, Mallick S, Ghaisas G, Kannan S, Teni T. 
Overexpression of Mcl-1L Splice Variant Is Associated with 
Poor Prognosis and Chemoresistance in Oral Cancers. PloS 
one. 2014; 9:e111927.

20. Thomas LW, Lam C, Edwards SW. Mcl-1; the molecular 
regulation of protein function. FEBS Lett. 2010; 584: 
2981–2989.

21. Ertel F, Nguyen M, Roulston A, Shore GC. Programming 
cancer cells for high expression levels of Mcl1. EMBO 
Rep. 2013.

22. Perciavalle RM, Stewart DP, Koss B, Lynch J, Milasta S, 
Bathina M, Temirov J, Cleland MM, Pelletier S, Schuetz JD. 
Anti-apoptotic MCL-1 localizes to the mitochondrial matrix 
and couples mitochondrial fusion to respiration. Nat Cell 
Biol. 2012; 14:575–583.

23. Jamil S, Mojtabavi S, Hojabrpour P, Cheah S, Duronio V. 
An essential role for MCL-1 in ATR-mediated CHK1 
phosphorylation. Mol Biol Cell. 2008; 19:3212–3220.

24. Jamil S, Stoica C, Hackett TL, Duronio V. MCL-1 localizes 
to sites of DNA damage and regulates DNA damage 
response. Cell Cycle. 2010; 9:2915–2927.

25. Thomas RL, Roberts DJ, Kubli DA, Lee Y, Quinsay MN, 
Owens JB, Fischer KM, Sussman MA, Miyamoto S, 
Gustafsson ÅB. Loss of MCL-1 leads to impaired 
autophagy and rapid development of heart failure. Gene 
Dev. 2013; 27:1365–1377.

26. Nguyen M, Marcellus RC, Roulston A, Watson M, 
Serfass L, Madiraju SM, Goulet D, Viallet J, Bélec L, 
Billot X. Small molecule obatoclax (GX15-070) 
antagonizes MCL-1 and overcomes MCL-1-mediated 
resistance to apoptosis. P Natl Acad Sci-Biol. 2007; 
104:19512–19517.

27. Yecies D, Carlson NE, Deng J, Letai A. Acquired resistance 
to ABT-737 in lymphoma cells that up-regulate MCL-1 and 
BFL-1. Blood. 2010; 115:3304–3313.

28. van Delft MF, Wei AH, Mason KD, Vandenberg CJ, Chen L, 
Czabotar PE, Willis SN, Scott CL, Day CL, Cory S. The 
BH3 mimetic ABT-737 targets selective Bcl-2 proteins 
and efficiently induces apoptosis via Bak/Bax if Mcl-1 is 
neutralized. Cancer cell. 2006; 10:389–399.

29. Chen S, Dai Y, Harada H, Dent P, Grant S. Mcl-1 down-
regulation potentiates ABT-737 lethality by cooperatively 



Oncotarget60078www.impactjournals.com/oncotarget

inducing Bak activation and Bax translocation. Cancer Res. 
2007; 67:782–791.

30. Rahmani M, Aust MM, Attkisson E, Williams DC, Ferreira-
Gonzalez A, Grant S. Inhibition of Bcl-2 antiapoptotic 
members by obatoclax potently enhances sorafenib-induced 
apoptosis in human myeloid leukemia cells through a Bim-
dependent process. Blood. 2012; 119:6089–6098.

31. Huang S, Okumura K, Sinicrope FA. BH3 mimetic 
obatoclax enhances TRAIL-mediated apoptosis in human 
pancreatic cancer cells. Clin Cancer Res. 2009; 15:150–159.

32. Smoot RL, Blechacz BR, Werneburg NW, Bronk SF, Sinicrope 
FA, Sirica AE, Gores GJ. A Bax-mediated mechanism for 
obatoclax-induced apoptosis of cholangiocarcinoma cells. 
Cancer research. 2010; 70:1960–1969.

33. O’Brien SM, Claxton DF, Crump M, Faderl S, Kipps T, 
Keating MJ, Viallet J, Cheson BD. Phase I study of 
obatoclax mesylate (GX15-070), a small molecule pan–
Bcl-2 family antagonist, in patients with advanced chronic 
lymphocytic leukemia. Blood. 2009; 113:299–305.

34. Schimmer AD, O’Brien S, Kantarjian H, Brandwein J, 
Cheson BD, Minden MD, Yee K, Ravandi F, Giles F, 
Schuh A. A phase I study of the pan bcl-2 family inhibitor 
obatoclax mesylate in patients with advanced hematologic 
malignancies. Clin Cancer Res. 2008; 14:8295–8301.

35. Parikh SA, Kantarjian H, Schimmer A, Walsh W, Asatiani E, 
El-Shami K, Winton E, Verstovsek S. Phase II study of 
obatoclax mesylate (GX15-070), a small-molecule BCL-
2 family antagonist, for patients with myelofibrosis. Clin 
Lymphoma Myeloma Leuk. 2010; 10:285–289.

36. Maiuri MC, Criollo A, Tasdemir E, Vicencio JM, 
Tajeddine N, Hickman JA, Geneste O, Kroemer G. BH3-
only proteins and BH3 mimetics induce autophagy by 
competitively disrupting the interaction between Beclin 1 
and Bcl-2/Bcl-XL. Autophagy. 2007; 3:374–376.

37. Malik S, Orhon I, Morselli E, Criollo A, Shen S, Marino G, 
BenYounes A, Benit P, Rustin P, Maiuri M. BH3 mimetics 
activate multiple pro-autophagic pathways. Oncogene. 
2011; 30:3918–3929.

38. Moreau K, Luo S, Rubinsztein DC. Cytoprotective roles for 
autophagy. Curr Opin Cell Biol. 2010; 22:206–211.

39. Yang ZJ, Chee CE, Huang S, Sinicrope FA. The role of 
autophagy in cancer: therapeutic implications. Mol Cancer 
Ther. 2011; 10:1533–1541.

40. Vandenabeele P, Galluzzi L, Berghe TV, Kroemer G. 
Molecular mechanisms of necroptosis: an ordered cellular 
explosion. Nat Rev Mol Cell Biol. 2010; 11:700–714.

41. Pasparakis M, Vandenabeele P. Necroptosis and its role in 
inflammation. Nature. 2015; 517:311–320.

42. Tang Y, Hamed HA, Cruickshanks N, Fisher PB, Grant S, 
Dent P. Obatoclax and lapatinib interact to induce toxic 
autophagy through NOXA. Mol Pharmacol. 2012; 
81:527–540.

43. Yazbeck VY, Li C, Grandis JR, Zang Y, Johnson DE. Single-
agent obatoclax (GX15-070) potently induces apoptosis and 

pro-survival autophagy in head and neck squamous cell 
carcinoma cells. Oral Oncol. 2014; 50:120–127.

44. Wroblewski D, Jiang CC, Croft A, Farrelly ML, Zhang XD, 
Hersey P. OBATOCLAX and ABT-737 induce ER stress 
responses in human melanoma cells that limit induction of 
apoptosis. PloS one. 2013; 8:e84073.

45. Mizushima N, Yoshimori T. How to interpret LC3 
immunoblotting. Autophagy. 2007; 3:542–545.

46. Kimura S, Noda T, Yoshimori T. Dissection of the 
autophagosome maturation process by a novel reporter 
protein, tandem fluorescent-tagged LC3. Autophagy. 2007; 
3:452–460.

47. Bonapace L, Bornhauser BC, Schmitz M, Cario G, 
Ziegler U, Niggli FK, Schäfer BW, Schrappe M, Stanulla M, 
Bourquin JP. Induction of autophagy-dependent necroptosis 
is required for childhood acute lymphoblastic leukemia 
cells to overcome glucocorticoid resistance. J Clin Invest. 
2010; 120:1310.

48. Lennartsson L, Björklund AC, Zhivotovsky B, Grandér D, 
Egevad L, Nilsson S, Panaretakis T. Sorafenib-induced 
defective autophagy promotes cell death by necroptosis. 
Oncotarget. 2015; 6:37066–37082. doi: 10.18632/
oncotarget.5797.

49. Varadarajan S, Butterworth M, Wei J, Pellecchia M, 
Dinsdale D, Cohen GM. Sabutoclax (BI97C1) and 
BI112D1, Putative Inhibitors of MCL-1, Induce 
Mitochondrial Fragmentation Either Upstream of or 
Independent of Apoptosis. Neoplasia. 2013; 15:568.

50. Christofferson DE, Yuan J. Necroptosis as an alternative 
form of programmed cell death. Curr Opin Cell Biol. 2010; 
22:263–268.

51. Burton TR, Gibson SB. The role of Bcl-2 family member 
BNIP3 in cell death and disease: NIPping at the heels of cell 
death. Cell Death Differ. 2009; 16:515–523.

52. Placzek W, Wei J, Kitada S, Zhai D, Reed J, Pellecchia M. 
A survey of the anti-apoptotic Bcl-2 subfamily expression in 
cancer types provides a platform to predict the efficacy of Bcl-
2 antagonists in cancer therapy. Cell Death Dis. 2010; 1:e40.

53. Mott JL, Bronk SF, Mesa RA, Kaufmann SH, Gores GJ. 
BH3-only protein mimetic obatoclax sensitizes 
cholangiocarcinoma cells to Apo2L/TRAIL-induced 
apoptosis. Mol Cancer Ther. 2008; 7:2339–2347.

54. Zhang H, Guttikonda S, Roberts L, Uziel T, Semizarov D, 
Elmore S, Leverson J, Lam L. Mcl-1 is critical for survival 
in a subgroup of non-small-cell lung cancer cell lines. 
Oncogene. 2011; 30:1963–1968.

55. Luo S, Garcia-Arencibia M, Zhao R, Puri C, Toh PP, Sadiq O, 
Rubinsztein DC. Bim inhibits autophagy by recruiting Beclin 
1 to microtubules. Mol Cell. 2012; 47:359–370.

56. Luo S, Rubinsztein DC. BCL2L11/BIM: a novel molecular 
link between autophagy and apoptosis. Autophagy. 2013; 
9:104–105.

57. F McCoy JH, N McTavish, I Paul, C Barnes, B O’Hagan, 
K Odrzywol, J Murray, D Longley, G McKerr and DA 



Oncotarget60079www.impactjournals.com/oncotarget

Fennell. Obatoclax induces Atg7-dependent autophagy 
independent of beclin-1 and BAX/BAK. Cell Death Dis. 
2010; 1:1–13.

58. Basit F, Cristofanon S, Fulda S. Obatoclax (GX15-070) 
triggers necroptosis by promoting the assembly of the 
necrosome on autophagosomal membranes. Cell Death 
Differ. 2013; 20:1161–1173.

59. Pattingre S, Tassa A, Qu X, Garuti R, Liang XH, 
Mizushima N, Packer M, Schneider MD, Levine B. 
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent 
autophagy. Cell. 2005; 122:927–939.

60. Stamelos VA, Fisher N, Bamrah H, Voisey C, Price JC, 
Farrell WE, Redman CW, Richardson A. The BH3 Mimetic 
Obatoclax Accumulates in Lysosomes and Causes Their 
Alkalinization. PloS one. 2016; 11:e0150696.

61. Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, 
Otsu K, Yamagata H, Inohara H, Kubo T, Tsujimoto Y. 
Cyclophilin D-dependent mitochondrial permeability 
transition regulates some necrotic but not apoptotic cell 
death. Nature. 2005; 434:652–658.

62. Tait SW, Oberst A, Quarato G, Milasta S, Haller M, 
Wang R, Karvela M, Ichim G, Yatim N, Albert ML. 
Widespread mitochondrial depletion via mitophagy does 
not compromise necroptosis. Cell rep. 2013; 5:878–885.

63. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, 
Zhang JG, Alvarez-Diaz S, Lewis R, Lalaoui N, Metcalf D, 
Webb AI. The pseudokinase MLKL mediates necroptosis 
via a molecular switch mechanism. Immunity. 2013; 
39:443–453.

64. Omura K. Current status of oral cancer treatment strategies: 
surgical treatments for oral squamous cell carcinoma. Int J 
Clin Oncol. 2014; 19:423–430.

65. Chiappori A, Schreeder M, Moezi M, Stephenson J, 
Blakely J, Salgia R, Chu Q, Malik S, Modiano M, Berger M. 
A phase Ib trial of Bcl-2 inhibitor obatoclax in combination 
with carboplatin and etoposide for previously untreated 
patients with extensive-stage small cell lung cancer (ES-
SCLC). J Clin Oncol. 2009; 27:3576.

66. Chang SE, Foster S, Betts D, Marnock WE. DOK, a cell 
line established from human dysplastic oral mucosa, shows 
a partially transformed non-malignant phenotype. Int J 
Cancer. 1992; 52:896–902.

67. Tatake RJ, Rajaram N, Damle R, Balsara B, Bhisey A, 
Gangal SG. Establishment and characterization of four 
new squamous cell carcinoma cell lines derived from oral 
tumors. J Cancer Res Clin. 1990; 116:179–186.

68. Martin CL, Reshmi SC, Ried T, Gottberg W, Wilson JW, 
Reddy JK, Khanna P, Johnson JT, Myers EN, Gollin SM. 
Chromosomal imbalances in oral squamous cell carcinoma: 
examination of 31 cell lines and review of the literature. 
Oral Oncol. 2008; 44:369–382.

69. Murai M, Toyota M, Suzuki H, Satoh A, Sasaki Y, Akino K, 
Ueno M, Takahashi F, Kusano M, Mita H. Aberrant 
methylation and silencing of the BNIP3 gene in colorectal and 
gastric cancer. Clin Cancer Res. 2005; 11:1021–1027.


