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ABSTRACT
Intrinsic apoptosis eliminates cells with damaged DNA and cells with dysregulated
expression of oncogene. PGAM5, a member of the phosphoglycerate mutase family,
has two splicing variants: PGAM5L (the long form) and PGAM5S (the short form).
It has been well established that PGAM5 is at the convergent point of multiple necrosis
pathways. However, the role of PGAM5 in intrinsic apoptosis is still controversial.
Here we report that the PGAM5L, but not PGAM5S is a prerequisite for the activation
of Bax and dephosphorylation of Drp1 in arenobufagin and staurosporine induced
intrinsic apoptosis. Knockdown of PGAM5L inhibits the translocation of Bax to the
mitochondria and reduces mitochondrial fission. The interaction between PGAM5L and
Drp1 was observed in both arenobufagin and staurosporine treated HCT116 cells, but
not in HCT116 Bax−/− cells. Bax transfection rescues the formation of the triplex in
both arenobufagin and staurosporine stimulated HCT116 Bax−/− cells. Arenobufagin
shows remarkable anti-cancer effects both in orthotropic and heterotropic CRC models
and demonstrates less toxic effects as compared with that of cisplatin. Bax-PGAM5LDrp1 complex is detected in arenobufagin and staurosporine treated CRC cells in vitro
and in arenobufagin and cisplatin treated tumor in vivo as well. In summary, our
results demonstrate that Bax-PGAM5L-Drp1 complex is required for intrinsic apoptosis
execution.

in the intrinsic necrosis pathway, based on the evidence
that PGAM5 knockdown attenuates ROS- and calcium
ionophore induced necrotic death [3]. The “mitochondria
attack complex” consisting of PGAM5 and Drp-1 is
formed during the execution of necrosis [4]. However,
the role of PGAM5 in apoptosis is still controversial.
Staurosporine-induced apoptotic death is not affected by
PGAM5 knockdown.
Upon apoptotic stimuli, Bax, Bak, and possibly
other unidentified proteins are relocated into the
mitochondrial outer membrane and oligomerized to form
the mitochondrial apoptosis-induced channel to release
cyto C [5]. Arenobufagin [6] and staurosporine [7, 8]

INTRODUCTION
Cancer is a major public health problem which
accounts for 1/4 deaths in the United States [1]. Apoptosis
resistance is a strategy of choice for cancer cells that employ
multiple mechanisms to override apoptosis for survival [2].
Understanding and tweaking the mechanisms of apoptosis
are pivotal to eliminate potentially malignant cells.
PGAM5, a member of the phosphoglycerate
mutase family, is a Kelch-like ECH-associated protein
1 (Keap1)-binding protein. PGAM5 has two splicing
forms, the shorter form (PGAM5S) and the longer
isoform (PGAM5L). Both isoforms of PGAM5 function
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have been reported to induce apoptosis in different cell
lines through activation of Bax. Thus we want to examine
if PGAM5 is necessary in Bax mediated apoptosis. Our
results identify a multiprotein complex including PGAM5,
Bax and Drp1 that specifically formed during intrinsic
apoptosis induction.

and accumulation of Bax and Drp1 in the mitochondria
were observed in HCT116 WT cells (Figure 2A). Dimers
were formed when cells were treated with arenobufagin
(Figure 2B). Given the robust MOMP activity of Bax
activation, we therefore assayed its ability to release
soluble pro-apoptotic factors liked cyto C and non-soluble
factors, such as apoptosis-inducing factor (AIF) that
tethered to the outer surface of the inner mitochondrial
membrane (IMM) [5]. Release of cyto C into cytosol
(Figure 2A) and translocation of AIF from mitochondria to
nucleus were observed in HCT116 WT cells (Figure 2C).
The role of Bax in arenobufagin induced apoptosis
was further confirmed with HCT116 WT and HCT116
Bax−/− cells. Arenobufagin significantly increased the
apoptosis rate and decreased the cell viability in HCT116
WT cells compared with that of HCT116 Bax−/− cells in
a dose dependent manner. The increased apoptosis and
decreased viability could be partly reversed by iMAC2,
a potential inhibitor of mitochondrial apoptosis-induced
channel (Figure 2D–2E) [11]. Cleavage of PARP and
caspase-3 were observed in HCT116 WT cells accompanied
by Bax activation (Figure 2F). JC-1 is a reliable fluorescent
probe to assess ∆Ψm [12]. The concentration-dependent
shift in the emission spectrum from red to green measured
by flow cytometry indicated the dissipation of ∆Ψm by
arenobufagin in SW480 and DLD-1 cells (Supplementary
Figure S2B and Supplementary Figure S2D). The lowered
∆Ψm by arenobufagin was significantly reversed in HCT116
Bax−/− cells (Supplementary Figure S2C and S2D).
Immunofluorescent staining provided direct
evidences that arenobufagin drived AIF shifting to the
nucleus with Bax punctae in the mitochondria (Figure 2G).
It has been shown that both MOMP and proteolytic
cleavage of mature AIF from its IMM-embedded
N-terminus were prerequisites for AIF release [13].
This suggested that not only arenobufagin has a strong
permeabilization effect on mitochondrial membranes,
but also has efficient effect in disrupting the inner
mitochondrial membrane integrity [5]. According to
the Nomenclature Committee on Cell Death [14], the
dissipation of Ψm, the loss of cyto C from mitochondria
and translocation of AIF to the nuclear, suggest that the
cell death induced by arenobufagin can be defined as
intrinsic apoptosis, which is highly dependent on Bax
activation.

RESULTS
Arenobufagin induces tumor cell apoptosis
To address the role of arenobufagin on cell viability,
various CRC cell lines, including SW480, DLD-1 and
LS174T, were tested. Arenobufagin decreased cell
viability both in a dose - and time - dependent manner
(Figure 1A–1B). Arenobufagin also lowered the cell
viability in HeLa (human cervical cancer cell line), A549
(human lung adenocarcinoma epithelial cell line), MCF-7
(human breast adenocarcinoma cell line), and even in taxol
resistant MCF-7/taxol cell line (Supplementary Figure
S1C). We then examined which cell death subroutine was
responsible for the lowered viability. Rounding-up of the
cells, retraction of pseudopodes, reduction of cellular and
nuclear volume (pyknosis) and nuclear fragmentation
(karyorrhexis) in arenobufagin treated SW480 cells suggested
the morphological features of apoptosis [9] (Supplementary
Figure S1B). Hoechst 33342 staining (Supplementary Figure
S1A), annexin V/7-amino-actinomycin D double staining
(Figure 1C and Supplementary Figure S1D) showed that most
of the cell death induced by arenobufagin can be classified as
apoptosis in SW480, DLD-1, Hela, and A549.
Activation of caspases is a biochemical feature
of apoptosis [9]. Immunoblotting assessment showed
that caspase 9 was cleaved by arenobufagin. Activated
caspase-9 in turn cleaves and activates caspase-3.
The cleaved caspase 9 and caspase 3 were increased
by arenobufagin in a dose-dependent manner. The
cleavage of poly (ADP) ribose polymerase (PARP),
a caspase-3/7 substrate [10], was also increased by
arenobufagin treatment (Figure 1D). The apoptosis
caused by arenobufagin was efficiently abrogated by
pretreatment with N-benzyloxycarbonyl -Val-Ala-Aspfluoromethylketone (Z-VAD-fmk), a broad spectrum
caspase inhibitor, suggesting that arenobufagin induced
cell death was caspase-dependent [9]. The viabilities were
subsequently recovered as showed in Figure 1E. These
morphological and biochemical changes suggest that the
cell death caused by arenobufagin is apoptosis.

PGAM5L is required for Bax-mediated intrinsic
apoptosis
The mitochondrial PGAM5 is at the convergent
point of multiple necrosis pathways. Two splicing forms
of PGAM5 are identical from amino acid 1–239, with the
shorter form (PGAM5S) containing 16 additional C-terminal
amino acids and the longer isoform (PGAM5L) containing
50 additional C-terminal amino acids. It should be noted that

The intrinsic apoptosis caused by arenobufagin
is Bax-dependent
Arenobufagin induced translocation of Bax to the
mitochondria was found in a dose-dependent manner
(Supplementary Figure S2A). Moreover, the translocation
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Figure 1: Arenobufagin induces tumor cell apoptosis. A. The percentage of viable cells measured by the MTT assay at 24 and 48 h

relative to no-drug controls and arenobufagin concentrations were plotted as log-dose response curve (n = 6 per group). B. Cells were stained with
Hoechst33342 (5 μg/ml) and subjected to analysis of apoptosis population (n = 3). C. PE-annexin V/7-amino-actinomycin D exposed on the cell
surface was measured by flow cytometric analysis (n = 3). Data derived from three separate experiments are presented as the means ± S.E.M.
D. Total cell lysates were prepared for western blot analysis of the apoptosis regulatory proteins (n = 3). E. Cells were treated with the combination
of arenobufagin and Z-VAD-fmk (20 μM). Cell viability was assayed or annexin V-positive cells were quantitatively analyzed (n = 6 per group).
*P < 0.05, #P < 0.01, one-way ANOVA, post hoc comparisons, Tukey’s test. Columns, means; error bars, SEs. See also Supplementary Figure S1.
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Figure 2: The intrinsic apoptosis caused by arenobufagin is Bax-dependent. A. Level of Bax, cyto C, and Drp1 in cytosol

and mitochondrial fractions from HCT116 WT cells treated with arenobufagin at the indicated concentrations for 24 h were evaluated by
western blot analysis (n = 3). β-actin and COXIV were used as a loading control, respectively. B. HCT116 WT cells were incubated with the
crosslinker (disuccinimidyl suberate) and subjected to western blot analysis using a Bax antibody. C. Mitochondrial and nuclear fractions
separated from were loaded and immunoblotted with AIF. The expression of AIF was normalized against the level of corresponding
Histone H3 (n = 3). HCT116 WT Cells were pretreated with iMAC2 (20 μM) for 3 h prior to a 24 h treatment with arenobufagin. HCT116
WT+iMAC2, HCT116 WT and HCT116 Bax−/− cells viability was measured by MTT assay D. and the proportion of annexin V-positive cells
was analyzed by flow cytometry E. (n = 6 per group). F. Western blotting experiments for PARP, Caspase-3, Drp1, p-Drp1, and Bax were
performed with the cell lysates obtained after arenobufagin treatment (n = 3). G. Cells were labeled with MitoTracker and immunostained
using AIF and Bax antibody followed by labeling with Cy3 and counterstaining with DAPI (n = 3). Representative immunofluorescence
images are shown.1000× for all, scale bar = 10 μm. See also Supplementary Figure S2.
www.impactjournals.com/oncotarget
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the two variants of PGAM5 carry out different functions
during necrosis execution [3]. PGAM5S is more hydrophobic
than PGAM5L. PGAM5S was only observed in the 1%
SDS-soluble fraction (the Triton X-100 insoluble pellet
with a buffer containing 1% SDS). Therefore, PGAM5S
was not found in the whole-cell extraction (WCE) buffer
but only with PGAM5L (containing 1% Triton X-100) [3].
To further confirm the discrepancy between PGAM5L and
PGAM5S, His-tagged PGAM5S and Flag-tagged PGAM5L
coding sequence were constructed and transfected into
SW480 cells. As shown in Supplementary Figure S3B, His
and Flag expressed only in the buffer of SDS-soluble and
WCE respectively which were demonstrated by incubating
with anti-His, anti-Flag, anti-PGAM5, and anti-vimentin
antibodies. These results indicated that PGAM5S only
presented in the 1% SDS-soluble fraction, and PGAM5L
only presented in WCE buffer. The finding that PGAM5L and
PGAM5S are in different extraction allowed us to dissect the
roles of these two splice forms in apoptosis. Supplementary
Figure S3C showed the specific knockdown efficacy of
PGAM5L and PGAM5S isoforms by western blot. We
then examined their role in arenobufagin induced intrinsic
apoptosis. The apoptosis rate was significantly decreased in
SW480 cells infected with lentivirus carrying short hairpin
RNA (shRNA) of PGAM5L, but not of PGAM5S (Figure
3A, Supplementary Figure S3A) [3]. The reduced apoptosis
in HCT116 cells stably transduced with lentivirus carrying
shRNA of PGAM5L, but not of PGAM5S, further confirmed
our results (Figure 3B). However, the apoptosis rate was
less than 5% in arenobufagin treated HCT116 Bax−/− cells
stably expressing PGAM5L or PGAM5S shRNA (Figure
3C). Accordingly, the viability was elevated in SW480 cells
infected with PGAM5L shRNA or in HCT116 PGAM5L
shRNA stable cells, but not in PGAM5L shRNA HCT116
Bax−/− cells treated with arenobufagin (Supplementary Figure
S3D–S3F).
The cleavage of PARP was observed in PGAM5L
shRNA transfected HCT116 cells, but not in HCT116
Bax−/− cells (Figure 3D). We asked if PGAM5L is needed
in the translocation of Bax. The overlap between mitotracker (green) and Bax staining (red) which showed
yellow fluorescence (merge) indicates that arenobufagin
induced relocation of Bax to mitochondria in SW480
cells. PGAM5L-KD, but not PGAM5S -KD, inhibited the
translocation of Bax induced by arenobufagin (Figure 3E).
Taken together, our findings demonstrate that PGAM5L
is required for arenobufagin induced intrinsic apoptosis
mediated through Bax translocation to mitochondria.

recovered the viability in both cell lines (Supplementary
Figure S4B–S4C). Cell viability and apoptosis rate
were not affected in HCT116 Bax−/− cells with or
without arenobufagin treatment, nor are they affected
by PGAM5L siRNA or PGAM5S siRNA (Figure 4C,
Supplementary Figure S4D).
The lowered expression of Drp1 by arenobufagin
together with its activation of Bax were interfered
by PGAM5L siRNA, but not by PGAM5S siRNA
(Figure 3D). Immunofluorescence staining showed that
the accumulation of Bax in mitochondria induced by
arenobufagin was severely disrupted by Drp1 siRNA or
mdivi-1 in SW480 cells (Figure 4D). Drp1 was reported
to facilitate the membrane fission via constricting and
severing the mitochondrial membrane through a GTPdependent mechanism [16]. It is required for cytochrome
C release and consequent activation of caspases during
apoptosis [17]. We then checked the expression of Drp1 in
CRC patient tissues and tissue microarrays. The expression
of Drp1 in tumor was significantly stronger than that in
tumor adjacent tissues and normal tissues (Supplementary
Figure S4E). Microarray analysis further confirmed the
above results that the expressions of Drp1 in malignant
and adjacent tissues were higher than that of normal colon
and normal lymphoid tissues (Supplementary Figure S4F,
sample A–G). Thus, together our data suggest that Drp1
is an inseparable partner of PGAM5L in the induction of
intrinsic apoptosis with Bax activation. Targeting Drp1mediated mitochondrial fission might be an effective
approach for treating cancer [18].
Downregulation of Drp1 inhibits fragmentation
of the mitochondrial network and partially prevents the
release of cyto C [19]. Mdivi-1 prevents mitochondria
division and Bax-mediated mitochondrial outer membrane
permeabilization during apoptosis [20]. We quantified
PGAM5 and Drp1 mediated mitochondrial morphological
changes using a recently developed software, Micro-P
[21]. The number of small fragmented mitochondria
(type 1) was significantly increased and the number of
normal mitochondria was decreased in cell treated with
arenobufagin (Figure 5A–5B). PGAM5L siRNA, but
not PGAM5S siRNA alleviated the increasing of type 1
mitochondria induced by arenobufagin (Figure 5C). Drp1
siRNA and Mdivi-1 treatment displayed a significantly
higher percentage of type 5 mitochondrion, with a
concomitant decrease in type 2 (Figure 5D). Electron
microscope images showed that the increased small
fragmented mitochondria were significantly reduced by
PGAM5L shRNA (Figure 5E). These results suggested
that interaction between PGAM5L and Drp1 is linked to
mitochondria fission.

Drp1 is also needed in the induction of intrinsic
apoptosis process
Drp1 siRNA or Drp1 inhibitor mdivi-1 [15]
significantly inhibited arenobufagin induced apoptosis
in SW480 and HCT116 WT cells (Figure 4A–4B,
Supplementary Figure S4A). Accordingly, Drp1 siRNA
www.impactjournals.com/oncotarget
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Figure 3: PGAM5L is required for Bax-mediated intrinsic apoptosis. A–C. SW480, HCT116 WT and HCT116 Bax−/− cells
were treated with arenobufagin in the absence or presence of PGAM5L-KD and PGAM5S-KD. The proportion of annexin V-positive cells
was analyzed by flow cytometry (n = 3). D. HCT-116 cells or HCT-116 Bax−/− cells were transfected with PGAM5L-KD or PGAM5S-KD.
Immunoblot analysis of PARP, Drp1 and Bax were determined after 24 h of arenobufagin treatment. E. Confocal immunofluorescence of
Bax (red, anti-Bax) in the PGAM5L-KD and PGAM5S-KD SW480 cells that were loaded with MitoTracker and DAPI. 1000× for all, scale
bar = 10 μm. See also Supplementary Figure S3.

www.impactjournals.com/oncotarget

30022

Oncotarget

Figure 4: Drp1 is also needed in the induction of intrinsic apoptosis process. A–C. SW480, HCT116 WT and HCT116 Bax−/− cells

were treated with arenobufagin in the absence or presence of Drp1 siRNA (100 nM) and Mdivi-1 (50 μM). The proportion of annexin V-positive
cells was analyzed by flow cytometry (n = 3). D. Confocal immunofluorescence of Bax (red, anti-Bax) in the Drp1 siRNA and Mdivi-1 SW480
cells that were loaded with MitoTracker and DAPI (n = 3). 1000× for all, scale bar = 10 μm. See also Supplementary Figure S4.

activation of Drp1 would lead to mitochondrial
dysfunction and cell necrosis [4]. To determine if the
specific association between Drp1 and PGAM5 is
required for the induction of intrinsic apoptosis, coimmunoprecipitation was performed in HCT116 WT and
HCT116 Bax−/− cells. As shown in Figure 6A, a strong
interaction between Bax, Drp1 and PGAM5 was found
in HCT116 WT under apoptotic condition when proteins
were immunoprecipitated with PGAM5 antibody. The
interaction was completely abolished in HCT116 Bax−/−
cells under both normal and apoptotic conditions. To
further confirm the results, we tried to rescue apoptosis
by transfecting a HA-tagged Bax coding sequence into
www.impactjournals.com/oncotarget

HCT116 Bax−/− cells. As expected, the interaction between
Bax, Drp1 and PGAM5 was restored. Also, iMAC2, a
potential inhibitor of mitochondrial apoptosis-induced
channel [11], attenuated the interaction between Drp1
and PGAM5 in apoptotic HCT116 WT cells (Figure 6B).
These results suggest that a Drp1-PGAM5 complex is
formed in a Bax dependent manner.
Recent study demonstrated that mitochondrial
fragmentation facilitates Bax insertion and activation
in mitochondria, resulting in the release of apoptogenic
factors, such as cyto C. Drp1 inhibition blocks Bax
insertion and activation in mitochondrial membrane
[22]. As shown in Figure 6C, PGAM5L shRNA, but
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Figure 5: PGAM5 and Drp1 regulates mitochondrial morphology in the induction of apoptosis. A. Micro-P analysis

of mitochondrial morphology in HCT116 WT cells treated with arenobufagin in the absence or presence of PGAM5L siRNA, PGAM5S
siRNA, Drp1 siRNA (100 nM) or Mdivi-1 (50 μM). The Micro-P algorithm classified mitochondria into small fragmented mitochondrion
(type 1, blue), large fragmented mitochondrion (type 2, yellow), straight tubular mitochondrion (type 3, green), curved tubular mitochondrion
(type 4, orange), and horse-shoe, donut, or network tubular mitochondrion (type 5, purple). B. A representative presentation of Micro-P
analysis is shown. C–D. Bar graphs at the bottom show the percentages of type 1 to type 5 mitochondria, and are expressed as the means ±
S.D. *P < 0.05, #P < 0.01, n = 5, one-way ANOVA, post hoc comparisons, Tukey’s test. Columns, means; error bars, SEs. E. Mitochondrial
morphological changes of arenobufagin-treated cells as observed by TEM. 15000× for all, scale bar = 2 μm.
www.impactjournals.com/oncotarget
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Figure 6: Bax Interacts with PGAM5-Drp1 Complex. A. HCT116 WT and HCT116 Bax−/− cells were treated with 1 μM

arenobufagin for 12 h. IP was performed with an anti-PGAM5 antibody. Co-IP Drp1 and Bax were detected by western blotting (n = 3).
B. HCT116 Bax−/− cells were transfected with the control vector or HA-Bax, and treated with 1 μM arenobufagin for 12 h. HCT116 WT
Cells treated with the combination of arenobufagin and iMAC2 (20 μM). Cells were lysed and immunoprecipitated using an anti-PGAM5
antibody. Immunoprecipitates were subjected to western blotting using Drp1 and Bax antibody (n = 3). C. PGAM5-KD HCT116 WT cells
were transfected with PGAM5L or PGAM5S coding sequence, and the cells were then treated with arenobufagin for 12 h. IP was performed
with a PGAM5 or Drp1 antibody. Co-IP PGAM5, Drp1 and Bax was detected through western blotting (n = 3). D. SW480 cells were treated
with 1 μM arenobufagin for different time, and then IP was performed with Drp1 antibody; Co-IP PGAM5, Drp1 and Bax was detected
by western blotting (n = 3). E. SW480 cells were treated with 1 μM arenobufagin for different time, and then IP was performed with Bax
antibody; Co-IP p- Drp1 (ser 637), Drp1 and Bax was detected by western blotting (n = 3). (Continued )
www.impactjournals.com/oncotarget
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Figure 6: (Continued ) Bax Interacts with PGAM5-Drp1 Complex. F–G. HCT116 WT and HCT116 Bax−/− cells were treated

with 1 μM arenobufagin for different time. IP was performed with an anti-PGAM5 antibody. Co-IP p- Drp1 (ser 637) was detected by
western blotting (n = 3).

not PGAM5S shRNA, almost completely abolished the
interaction between Drp1 and Bax. When PGAM5L
expression was restored, the interaction was re-established.
The interaction between PGAM5, Drp1 and Bax
was confirmed in SW480, Hela and A549 cell lines
(Supplementary Figure S1E). The immunoprecipitated
Bax and PGAM5 increased in a time dependent manner
as baited with Drp1 under arenobufagin treatment in
SW480 (Figure 6D). The dephosphorylation of Drp1 and
Bax at early time points after arenobufagin exposure was
explored that dephosphorylation of Drp1 Ser637 was
observed in the first 1, 2, 4, 6 hours and the strongest
interaction between Drp1 and Bax was observed after 2
hrs treatment (Figure 6E).
A time dependent dephosphorylation of Drp1 Ser637
was observed in arenobufagin treated HCT116 WT cells,
but not in HCT116 Bax−/− cells. The dephosphorylation of
Drp1 Ser637 was positively correlated with the expression
of Bax (Figure 6F–6G).
These results further strengthen our results that Bax
activation and Drp1 dephosphorylation are indispensable
for the formation of the Bax-PGAM5L-Drp1 complex in
the process of intrinsic apoptosis.

showed that the apoptosis rates in HCT116 WT cells
were significantly higher than that of HCT116 Bax−/−
cells, suggesting that staurosporine induced apoptosis
partially depended on Bax activation [7] (Figure 7B).
PGAM5L shRNA and Drp1 siRNA, but not PGAM5S
shRNA, significantly elevated the viability of SW480
cells treated with 1 μM staurosporine (Figure 7C). The
lower apoptosis rates induced by silencing PGAM5L
and Drp1 might be responsible for the elevated viability
(Figure 7D). Immunoprecipitation data showed that the
interaction between PGAM5 and Drp1 highly depended
on activation of Bax (Figure 7E, lane 2) in HCT116 WT
cells, but not in HCT116 Bax−/− cells, further confirmed
that each component of the Bax-PGAM5L-Drp1 complex
is necessary for the induction of intrinsic apoptosis.

Arenobufagin inhibits growth and metastasis of
orthotopically implanted colorectal carcinoma
through inducing apoptosis
To characterize the role of arenobufagin in apoptosis,
colorectal carcinomas were orthotopically implanted into
BALB/c-nu mice as described previously [23]. Arenobufagin
decreased the tumor volume in situ significantly (Figure
8A). Vernier caliper measurement showed that arenobufagin
decreased the tumor size in a dose - dependent manner
(Figure 8B, Supplementary Figure S5A). Increased TUNEL
positive cells indicated that the cell death induced by
arenobufagin could be due to apoptosis (Figure 8C–8D).
The apoptotic bodies observed by electron microscope
further confirmed that cell death induced by arenobufagin
was apoptosis (Figure 8E). Western blot analysis showed that
cleaved PARP and caspase 3 were increased significantly in
arenobufagin treated mice (Figure 8F). The expression of
Bax was elevated and Drp1 was decreased by arenobufagin

Staurosporine induces the formation of the
Bax-PGAM5L-Drp1 complex
To eliminate the possibility that the Bax-PGAM5LDrp1 complex was only formed in the presence of
arenobufagin, staurosporine was selected to re-examine
if the interactions among Bax, PGAM5L and Drp1 were
indispensable for intrinsic apoptosis execution. The
viability in HCT116 WT cells was significantly lower
than that of HCT116 Bax−/− cells under the treatment
of staurosporine (Figure 7A). Annexin V staining
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Figure 7: Staurosporine induces the formation of the Bax-PGAM5L-Drp1 complex. HCT116 WT and HCT116 Bax−/− cells
viability was measured by MTT assay (n = 6) A., and the proportion of annexin V-positive cells was analyzed by flow cytometry (n = 3)
B. Cells were treated with 1 μM STS in the absence or presence of PGAM5L-KD, PGAM5S-KD and Drp1 siRNA. Cell viability was
measured by MTT assay (n = 6) C., and the proportion of annexin V-positive cells was analyzed by flow cytometry (n = 3) D. E. HCT116
WT and HCT116 Bax−/− cells were treated with 1 μM arenobufagin. IP was performed with an anti-PGAM5 antibody. Co-IP Drp1 and Bax
was detected by western blotting (n = 3).

www.impactjournals.com/oncotarget
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Figure 8: Arenobufagin inhibits growth and metastasis of orthotopically implanted colorectal carcinoma through
inducing apoptosis. A. Isolated tumor size and B. Tumor weight from the SW480-eGFP mouse Orthotopic CRC model. C–D. Tumors

were excised and processed for immunostaining with TUNEL Kit(green) and DAPI (blue), and fluorescent images were obtained by
microscopy, 400× for all, scale bar = 150 μm. E. Morphological changes of arenobufagin-treated tumors as observed by TEM. 15000× for
all, scale bar = 2 μm. F. PARP, Caspase-3, Drp1, PGAM5 and Bax in tumor tissue lysates from vehicle- and arenobufagin-treated mice were
detected by western blot analysis. G. The image of metastasis in mice hepatic tissue (above) and PET-CT images (below). H. Bar graphs at
the bottom show the percentages of metastasis number in mice hepatic tissue. I. Ratio of 18F-FDG SUV of drug treatment versus control
in whole body for PET-CT mice. *P < 0.05, #P < 0.01, n = 6, one-way ANOVA, post hoc comparisons, Tukey’s test. Columns, means; error
bars, SEs. See also Supplementary Figure S5 and Supplementary Video S1–S4.
www.impactjournals.com/oncotarget
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treatment (Figure 8F and Supplementary Figure S5B).
Visual inspection and in vivo imaging with positron emission
computed tomography provided direct evidences that
arenobufagin decreased lived metastasis of CRC (Figure
8G, and Supplementary Video S1–S4). The metastatic
number and standardized uptake value (SUV) measured by
fluorodeoxyglucose positron emission tomography were
significantly reduced by arenobufagin (Figure 8H–8I).
Collectively, these results demonstrated that arenobufagin
inhibited the growth and metastasis of CRC by inducing Bax
mediated apoptosis.

significantly alleviated SOCS6-mediated Bax activation
and mitochondrial fragmentation [21]. However, it has
been reported that staurosporine-induced apoptotic cell
death was not affected by PGAM5 knockdown. Our
results with shRNA targeting the 3′-untranslated region of
PGAM5 are consistent with the results that the intrinsic
apoptosis is partially dependent on PGAM5 [21]. These
results are also in agreement with the recent report that
trancated PGAM5 antagonized its binding with inhibitors
of apoptotic protein (IAPs) and triggererd apoptosis
through caspases activation. It has been proposed that
PGAM5 released from the mitochondria is an early
event in apoptosis and could steer the cell away from
necrotic cell death by preventing mitochondrial binding
of receptor-interacting protein (RIP) kinases [25].
PGAM5 contains a non-cleaved N-terminal
mitochondrial targeting sequence that anchors PGAM5 to
the cytosolic side of the outer mitochondrial membrane
(OMM) [25, 26]. Upon induction of apoptosis, there is a
significant release of PGAM5, especially PGAM5 (∆24)
into the cytosol that resembles the kinetics for Smac and
cyto C [25]. However, it has recently been demonstrated
that PGAM5 is predominantly localized to the inner
mitochondrial membrane (IMM) with the C-terminal
PGAM domain facing the intermembrane space [27].
It would also be possible that some membrane proteins
escort the translocation of PGAM5 to the IMM [27].
Mitochondrial proteins destined for the inner membrane
may have more hydrophobic membrane-spanning
segments that function as stop-transfer sequences in
the IMM or serve to insert the polypeptide into the
IMM after it enters the matrix [28]. The possible ultramicropositioning of PGAM5 variants and their roles in
regulating cell death modes still need careful investigation
[3, 25, 29].
It is the first time to show that Bax is required
for PGAM5-Drp1 interaction in both arenobufagin
and staurosporine induced intrinsic apoptosis. PGAM5
failed to interact with Drp1 in HCT116 Bax−/− cells,
which could be rescued by Bax transfection. Our results
provided evidences of direct interaction between PGAM5
and Bax. The Bax was accumulated and oligomerized
in mitochondria both in arenobufagin and staurosporine
induced apoptosis [30]. The translocation of Bax formed
pores on the OMM that were partially framed by a lipid
monolayer [31]. iMAC2 significantly attenuated the
interaction between PGAM5 and Drp1, further confirmed
that Bax is necessary for the formation of PGAM5/Drp1
complex. Together our results suggest that Bax is not only
an indispensable component of the lipid pore, but also a
scaffold protein for the assembly of mitochondria attack
complex consisted of PGAM5 and Drp1 [4, 32].
Drp1 is a protein of the mitochondrial fission
machinery and has been reported to participate in
apoptotic mitochondrial fragmentation. Drp1 is a key

Arenobufagin and cisplatin suppress
heterotropic CRC growth in a
Bax-dependent manner
To further investigate if aenobufagin induced intrinsic
apoptosis is Bax-dependent in vivo, heterotropic CRC
tumors derived from HCT116 Bax+/+ and Bax−/− cells were
xenografted to BALB/c-nu mice. As staurosporine binds
to many kinases with high affinity and low selectivity, it
has been precluded in clinical use [24]. Cisplatin, a widely
used chemotherapy drug which binds to DNA and triggers
apoptosis, was chosen in the in vivo test. The death rate
and body weight loss caused by arenobufagin are lower
than that of caused by cisplatin in both HCT116 Bax+/+ and
Bax−/− tumor bearing mice (Figure 9A–9B). Arenobufagin
decreased tumor weight (P < 0.01) and tumor volume (P
< 0.01) of Bax+/+ tumor as compared to the Bax−/− group.
Cisplatin also decreased tumor weight (P < 0.05) and
tumor volume (P < 0.05) of Bax+/+ tumor as compared
to the Bax−/− group (Figure 9C–9D and Supplementary
Figure S6A). Cleaved PARP and caspase-3 were elevated
in arenobufagin and cisplatin treated Bax+/+ mice but not in
Bax−/− mice (Figure 9E). When baited with PGAM5, Drp1
and Bax were immunoprecipitated from arenobufagin and
cisplatin treated Bax+/+ tumor tissues extracts (Figure 9F).
Bax activation and reduced Drp1 were observed as expected
in arenobufagin and cisplatin treated Bax+/+ mice, but not
Bax−/− mice (Figure 9F and Supplementary Figure S6B).
PGAM5S was only present in the 1% SDS-soluble fraction
but not in our used Triton X-100 extraction buffer [3]. The
in vivo formed complex might be Bax-PGAM5L-Drp1,
but not Bax-PGAM5S-Drp1. These data suggest that both
arenobufagin and cisplatin inhibited the growth of CRC
through apoptosis which depended on the formation of BaxPGAM5L-Drp1 complex.

DISCUSSION
Our experimental data indicated that PGAM5L, one
of the two splice variants of the mitochondrial protein
phosphatase PGAM5, is indispensable for the execution of
intrinsic apoptosis. In suppressor of cytokine signaling 6
(SOCS6) induced intrinsic apoptosis, PGAM5 knockdown
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Figure 9: Arenobufagin and cisplatin suppress heterotropic CRC growth in a Bax-dependent manner. A. Effect of

Arenobufagin and Cisplatin on the survival ratio of mice. B. Effect of Arenobufagin and Cisplatin on body weight of mice. C. Isolated
tumor size and tumor weight from the HCT116 WT and HCT116 Bax−/− mice heterotropic CRC model. D. Microscopic view of colon tumor
tissue in mice. E. PARP, Caspase-3, and Bax in tumor tissue lysates from vehicle-, arenobufagin-, and cisplatin-treated mice were detected
by western blot analysis. F. HCT116 WT and HCT116 Bax−/− mice were treated with arenobufagin and cisplatin. IP was performed with
an anti-PGAM5 antibody. Co-IP Drp1 and Bax was detected by western blotting. *P < 0.05, #P < 0.01, n = 12, one-way ANOVA, post hoc
comparisons, Tukey’s test. Columns, means; error bars, SEs. See also Supplementary Figure S6.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

player in the regulation of mitochondrial dynamics.
Oligomerization of Drp1 around mitochondria induces
fission in a GTP-dependent manner [33]. Drp1
Ser637 dephosphorylation or Ser616 phosphorylation
induce the mobilization of Drp1 to mitochondria
and promote mitochondrial fragmentation [34, 35].
Bax has been reported to be co-localized with Drp1
at the mitochondrial constriction sites [36]. In
another research, Drp1 stimulated tBid-induced Bax
oligomerization and cyto C release [37]. Our results
extended the fact that the co-lolalization is PGAM5
dependent because PGAM5 shRNA significantly
attenuated the interaction between Drp1 and Bax.
Arenobufagin induced the interaction between PGAM5
and Drp1 and further dephosphorylated Drp1 and
induced mitochondrial fission.
Mitochondrial fission is an early apoptotic event
occurring within the same time frame as activation
of Bax and permeabilization of the mitochondrial
outer membrane [38]. Bax and Drp1 function prior
tocyto C release in the apoptotic cascade events, with
Drp1 potentially participating in Bax activation [39].
Dominant-negative Drp1 inhibited mitochondrial fission
and Bax accumulation on mitochondria which suggest
that mitochondrial fission machinery acts upstream of
Bax [40]. Then Bax recruitment and oligomerization at
Drp1 foci may promote the stable association of Drp1
with membranes through inducing a shift in Drp1 cycling
dynamics [39]. Constricting ability of Drp1 may also
contribute to the formation of curvature within the outer
membrane that is required for the efficient insertion
of Bax [41]. Here we hypothesize a working model for
the induction of intrinsic apoptosis: the mitochondrial
PGAM5L acts as a beacon for the navigation of Drp1
to the mitochondria upon apoptosis induction, Bax
swiftly translocates and inserts to the mitochondrial
outer membrane and acts as a scaffold for the interaction
of PGAM5 and Drp1. Subsequently, MOMP and
mitochondria fission are induced [42], cyto C and AIF are
released into the cytosol. The former activates the caspase
cascade and the later translocates to the nuclear to induce
intrinsic apoptosis.
The orthotopical and heterotropic models showed
the efficacy of arenobufagin in preventing the growth and
metastasis of CRC, suggesting its therapeutic potential as
an anti-CRC agent with less toxicity. The formation of
Bax-PGAM5L-Drp1 complex can be observed in vitro
in cells treated with arenobufagin and staurosprine. The
complex can also be induced by arenobufagin and cisplatin
in vivo in Bax+/+ tumors. These data provide the first
evidences that PGAM5L controls the Bax activation and
Drp1 dephosphorylation and induces mitochondria fission.
Bax-PGAM5L-Drp1 complex is a potential oncotarget and
is required for inducing intrinsic apoptosis.
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Cell culture and transfection
Human Colon cell lines (SW480, HCT-116 and
LS174T) and HCT-116 Bax−/− were obtained from
American Type Culture Collection (ATCC, Rockville,
MD). SW480 and HCT-116 were incubated in RPMI-1640
(Invitrogen), LS174T incubated in DMEM (Invitrogen),
and HCT-116 Bax−/− incubated in McCoy’s 5A (Gibco).
All cell lines were supplemented with 10% (v/v) fetal bovine
serum (Invitrogen) and 1% (v/v) penicillin–streptomycin
(Invitrogen) at 37°C in a humidified atmosphere of 5%
CO2. siRNA transient transfections were performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the instructions of the manufacturers.

Lentiviral preparation, viral infection, and stable
cell generation
The
pLKO.1-shRNA
plasmids
encoding
shRNAs
with
sequences
targeting
human
PGAM5L and PGAM5S were purchased from
the GenePharma Facility (Suzhoui, China). The
shRNA sequence of shRNA-PGAM5L contained
5′-TATTGGGCTGTCACTAGCGTG-3′, and shRNAPGAM5S contained 5′,-TTGGCCAACCCTTCTGACT-3′.
The shRNA targeting firefly luciferase 5′,-TTCTCCGAA
CGTGTCACGTTTC-3′ was incorporated as a control.
Viruses were collected from the medium 60 h after
transfection. For KD experiments, cells were infected
with the collected viruses over 24 h in the presence of
polybrene, followed by selection in medium containing
puromycin (0.5 mg/ml) for 7–9 days as described
previously.

Bax oligomerization
To detect the Bax oligomerization, cells were
washed with phosphate-buffered saline (PBS) and treated
with 10 mM of the crosslinking agent disuccinimidyl
suberate (DSS) (Sigma) in dimethylsulfoxide (DMSO)
at room temperature for 30 min. After quenching the
crosslinker by the addition of 1M Tris-HCl (pH 7.4) to a
final concentration of 20 mM for 10 mins, cells were lysed
for further analysis.

Immunofluorescence
Cells were stained with MitoTracker. The cells were
incubated with antibody at 4°C overnight, incubated with
Cy3-labeled goat anti-rabbit or anti-mouse IgG antibody
(1:500) in darkness for 60 mins at room temperature, and
then counterstained with 4′6-diamidino-2-phenylindole
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(DAPI), and examined under confocal microscope
(Nikon, Japan) with excitation and emission wavelengths
of 550 and 570 nm, respectively with a 100 × 1.40 NA
oil immersion objective. For mitochondrial staining, 100
nM MitoTracker Green (Molecular Probes) was added to
cultures 30 mins before fixation.

with 2% isoflurane for upper-body PET imaging. The
mouse holder was placed on the PET/CT (Inveon MicroPET/CT, SIMENS) bed and all animals had a CT scan after
the PET scan for attenuation correction and anatomical
delineation of PET images.

Statistical analyses

Mitochondrial morphology analysis (Micro-P)

The results were expressed as the means ± S.E.M.
The P-values were two-tailed and performed using
Student’s t-test. Statistical significance was specified as
P < 0.05.

Cells were stained with MitoTracker and cell images
were taken with confocal microscope. Cells were then
analyzed by Micro-P software. Micro-P software measured
individual mitochondrion according to the area, axial, and
length/width, and sorted mitochondria into five types.
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