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ROS-p53-cyclophilin-D signaling mediates
salinomycin-induced glioma cell necrosis

Li-sen Qin1,2, Pi-feng Jia3, Zhi-qing Zhang4* and Shi-ming Zhang1*
Abstract

Background: The primary glioblastoma multiforme (GBM) is the most malignant form of astrocytic tumor with an
average survival of approximately 12–14 months. The search for novel and more efficient chemo-agents against this
disease is urgent. Salinomycin induces broad anti-cancer effects; however, its role in GBM and the underlying
mechanism are not clear.

Results: Here we found that salinomycin induced both apoptosis and necrosis in cultured glioma cells, and
necrosis played a major role in contributing salinomycin’s cytotoxicity. Salinomycin induced p53 translocation
to mitochondria, where it formed a complex with cyclophilin-D (CyPD). This complexation was required for
mitochondrial permeability transition pore (mPTP) opening and subsequent programmed necrosis. Blockade of
Cyp-D by siRNA-mediated depletion or pharmacological inhibitors (cyclosporin A and sanglifehrin A) significantly
suppressed salinomycin-induced glioma cell necrosis. Meanwhile, p53 stable knockdown alleviated salinomycin-induced
necrosis in glioma cells. Reactive oxygen species (ROS) production was required for salinomycin-induced p53
mitochondrial translocation, mPTP opening and necrosis, and anti-oxidants n-acetylcysteine (NAC) and pyrrolidine
dithiocarbamate (PDTC) inhibited p53 translocation, mPTP opening and glioma cell death.

Conclusions: Thus, salinomycin mainly induces programmed necrosis in cultured glioma cells.

Keywords: Salinomycin, Glioma, Programmed necrosis, Mitochondrial permeability transition pore (mPTP),
Cyclophilin-D and p53
Background
The primary glioblastoma multiforme (GBM) is the
most malignant form of astrocytic tumor, which has one
of the worst prognoses among all human tumors, with a
median survival of approximately 12 months [1–7]. In
the past three decades, postoperative radiation and/or
temozolomide (TMZ) become the current standard care
for GBM [1, 3, 4]. However, there has been no signifi-
cant improvement in the overall survival [1, 3, 4]. One
key hurdle is the molecular heterogeneity of GBM,
which impedes uniform application of specific molecu-
larly targeted agents [2]. Thus, the search for novel and
more efficient chemo-agents against this deadly disease
is urgent and important [2].
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The results of a recent high-throughput screening
study indentified that salinomycin, an antibacterial and
coccidiostat ionophore therapeutic drug, selectively kills
cancer stem cells from tumorspheres, and inhibits tumor
growth in mice [8]. Since then, a number of groups have
studied salinomycin as a potential anti-cancer agent [8,
9], and results have shown that salinomycin inhibits the
growth of various immortalized cancer cells both in vivo
and in vitro [10–13]. However, the underlying mecha-
nisms are not fully understood, although Wnt suppres-
sion [11], p-glycoprotein inhibition [9] and reactive
oxygen species (ROS) production [12] have been associ-
ated with salinomycin-mediated anti-cancer effects. In
the current study, we investigated the potential role of
salinomycin in glioma cells, and studied the molecular
mechanisms involved.
It has been long believed that necrotic cell death is a

passive and uncontrolled form of cell death. Recently,
however, it is discovered that necrosis, similar to apop-
tosis, is also a molecularly regulated event that is
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happening in a number of stress conditions [14–19].
Further studies have found that mitochondrial perme-
ability transition pore (mPTP), the mitochondrial chan-
nel complex, plays a vital role in mediating this
“programmed necrosis” [17–20]. MPTP is composed of
at least three primary components, including the
voltage-dependent anion channel (VDAC), the adenine
nucleotide translocator-1 (ANT-1) and the mitochon-
drial matrix protein cyclophilin D (Cyp-D) [17, 20, 21].
Cyp-D is known to sit in the mitochondrial matrix to
keep the mPTP closed [20–22]. Under stress conditions,
i.e. Ca2+ [14, 23], hypoxia [14, 23], ROS [24], UV radi-
ation [25], Cyp-D will associate with ANT-1 in the inner
membrane, open the mPTP pore, cause mitochondrial
membrane potential (MMP) loss, mitochondria swelling,
Ca2+ release, ROS production, and eventually leading to
cell necrosis. Interestingly, recent studies have impli-
cated the important role of Cyp-D dependent mPTP
opening in certain chemo-drugs-induced cancer cell
necrosis [26, 27]. In the current study, we found that sal-
inomycin induced programmed necrosis in cultured gli-
oma cells.

Methods
Chemical and reagents
Salinomycin, sanglifehrin A (SfA), cyclosporine A (CsA),
n-acetyl cysteine (NAC), temozolomide (TMZ) and pyr-
rolidinedithiocarbamate (PDTC) were purchased from
Sigma (St. Louis, MO). Necrostatin-1 (Nec-1) was pur-
chased from Cayman Chemical (Beijing, China). Anti-
bodies against tubulin and Cyp-D were purchased from
Santa Cruz Biotech (Santa Cruz, CA), antibodies for p53
(regular and specific sites of phosphorylation) were pur-
chased from Cell Signaling Technology (Danvers, MA).

Cell culture
U87MG, U251MG and EFC-2 glioma cells were main-
tained in dulbecco’s modified Eagle’s medium (DMEM,
Sigma, St. Louis, MO), supplemented with a 10 % fetal
bovine serum (FBS, Sigma), penicillin/streptomycin (1:100;
Sigma) and in a CO2 incubator at 37 °C.

Primary culture of mouse astrocytes
Tissues from whole brains of post-natal (P1–P2) mice
were triturated, and then cells were placed on poly-d-
lysine pre-coated cell culture flasks in DMEM contain-
ing 15 % FBS, 100 U/ml penicillin, and 100 μg/ml
streptomycin. Cultures were maintained at 37 °C in a
humidified atmosphere of 5 % CO2/95 % filtered air.
After reaching a confluent monolayer of glial cells (10–
14 days), microglia were separated from astrocytes by
shaking off for 5 h at 100 rpm. The enriched astrocytes
were >96 % positive for glial fibrillary acidic protein
(GFAP).
Cell viability MTT assay
The cell viability was measured by the 3-[4,5-
dimethylthylthiazol-2-yl]-2,5 diphenyltetrazolium bromide
(MTT) (Sigma, St. Louis, MO) method as reported [28].
Briefly, cells were seeded in 96-well plates with 70–80 %
confluence. After indicated treatment/s, MTT tetrazolium
salt (0.25 mg/ml) was added to each well for 2 h at 37 °C.
Afterwards, 200 μl of DMSO was added to dissolve forma-
zan crystals. The absorbance of each well was observed by
a plate reader at a test wavelength of 490 nm. The value of
each treatment group was expressed as percentage change
of that of control group.

“Dead” cell detection by trypan blue staining
As reported [28], the number of dead glioma cells
(trypan blue positive) after treatment was recorded,
and the percentage (%) of dead cells was calculated
by the number of the trypan blue stained cells di-
vided by the total cell number, which was automatically
tested by a handheld automated cell counter (Merck
Millipore, Shanghai, China).

Clonogenicity assay
As reported [28], U87MG cells (5× 103) were suspended
in 1 ml of DMEM containing 0.1 % agar (Sigma, St.
Louis, MO), 10 % FBS and with indicated treatments or
the vehicle control. The cell suspension was then added
on top of a pre-solidified 100 mm culture dish. The
medium was replaced every two days. After 10 days of
incubation, colonies were photographed at 4×. The
number of large colonies (>50 μm in diameter) was
manually counted and recorded, and the number was
expressed as percentage change of the control group.

Analysis cell apoptosis and necrosis by fluorescence-
activated cell sorting (FACS) sorting propidium
iodide (PI) -Annexin V staining
As reported [28], the glioma cell apoptosis and necrosis
were determined by the Annexin V In Situ Cell
Apoptosis Detection Kit (Roche Molecular Biochemicals,
Indianapolis, IN, USA) according to the manufacturer’s
protocols. Briefly, after indicated treatment/s, glioma cells
were stained with Annexin V and propidium iodide (PI)
(Molecular Probes). The cell apoptosis percentage was
reflected by Annexin V+/+/PI−/− plus Annexin V+/+/PI+/+

percentage detected by fluorescence-activated cell sorting
(FACS) (BD, Shanghai, China). Annexin V−/−/PI+/+ per-
centage was utilized as an indicator of cell necrosis. The
time point for FACS assay was selected based on pre-
experiment results.

Caspase-3 activity assay
The cytosol proteins of approximately 2 × 106 glioma
cells were extracted in cell lysis buffer containing 25 mm
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HEPES, 5 mm MgCl2, 5 mm EDTA, 5 mm dithiothreitol
and 0.05 % phenylmethylsulfonyl fluoride, (pH 7.5).
Twenty μg of cytosolic extracts were added to caspase
assay buffer (312.5 mM HEPES, pH 7.5, 31.25 % su-
crose, 0.3125 % CHAPS) with benzyloxycarbonyl-
DEVD-7-amido-4-(trifluoromethyl)-coumarin as substrate
(Calbiochem, Darmstadt, Germany). After 2 h of incuba-
tion at 37 °C, the release of 7-amido-4-(trifluoromethyl)
coumarin (AFC) was quantified, using a Fluoroskan sys-
tem set to an excitation value of 355 nm and emission
value of 525 nm. The value of each result was normal-
ized, and was expressed as fold change vs. that of ve-
hicle control group.

Protein isolation and Western blots
Cells were washed with ice-cold PBS and then lysed using
lysis buffer containing 1 % Nonidet P-40, 1 % deoxycholate,
0.1 % sodium dodecyl sulfate, 150 mmol/L sodium chloride
and 10 mmol/L Tris–HCl (pH, 7.4). The lysates were col-
lected and centrifuged. The concentration of the extracted
protein was measured by bicinchoninic acid assay kit
(Sigma). The extracted protein was boiled for 5 min in
loading buffer. Samples were separated on 10 % SDS-
polycrylamide gel, and after electro-blotting onto polyviny-
lidene fluoride (PVDF) membranes (Millipore, Shanghai,
China), the membranes were blocked with blocking solu-
tion [10 % (w/v) milk in Tris-buffered solution plus
Tween-20 (TBST), incubated overnight at 4 °C with pri-
mary antibodies, and then incubated with HRP-conjugated
anti-rabbit/mouse second antibodies. The detection
was performed by Super-signal West Pico Enhanced
Chemiluminescent (ECL) Substrate according to the man-
ufacturer’s protocol. The blot intensity was quantified and
normalized as previously reported [28]. For detecting pro-
teins in the mitochondria, intact mitochondria of cultured
2.0 × 107 glioma cells were isolated using the “Mitochondria
Isolation Kit for Cultured Cells” (Pierce, Rockford, IL).

Immuno-precipitation (IP)
After treatment, 600 μg of cell lysates from mitochon-
drial fractions of glioma cells were pre-cleared. The
supernatant was then rotated overnight with 2 μg of
anti-Cyp-D (Santa Cruz Biotech). Next, the lysates were
centrifuged for 5 min at 4 °C in a micro-centrifuge to
remove nonspecific aggregates. The protein A/G PLUS-
agarose (35 μl, Sigma) was then added to the superna-
tants for 4 h at 4 °C. Pellets were washed six times with
PBS, resuspended in lysis buffer, and then assayed by
Western blots. The time point for IP was based on pre-
vious publications and results from pre-experiments.

Cyp-D siRNA
The SiRNA duplexes against human cyclophilin-D were
purchased from Santa Cruz. LipofectamineTM 2000 was
applied to transfect RNAi (100 nM) into cultured glioma
cells according to manufacturer’s protocol. The same
amount of scramble non-sense siRNA (control siRNA,
Santa Cruz) was transfected into control cells. After
48 h, the Cyp-D expression and the equal loading in
transfected cells were examined by Western blots. Only
successfully transfected cells, demonstrated by markedly
reduced level of Cyp-D, were used for further experi-
ments. The transfection was repeated one more round if
necessary.

Detection of mitochondrial membrane potential (MMP)
Similar to previous reported, the MMP of glioma cells
was measured through JC-10 dye (Invitrogen, Carlsbad,
CA) [29]. The JC-10 dye exhibits two staining spectra.
In normally resting cells, the dye forms aggregates in the
mitochondrial membrane, exhibiting orange fluores-
cence. When the membrane potential is decreasing, the
monomeric JC-10 will form in the cytosol, exhibiting the
green fluorescence. Thus, the intensity of green fluores-
cence can be used as indicator of MMP loss. Briefly,
after treatment, glioma cells were stained with 5.0 μg/ml
of JC-10 for 5 min at room temperature under dark.
Cells were then washed twice with warm PBS, and re-
suspended in fresh culture medium and read immedi-
ately on a microplate reader with an excitation filter of
485 nm. The OD value was used as an indicator of
MMP loss.

Cyp-D vector and transfection
The wt-Cyp-D plasmid (pSuper-puromycin-GFP- Cyp-
D) and the empty vector (pSuper-puromycin) were gifts
from Dr. Wang [29]. LipofectamineTM and PLUS reagent
(Invitrogen, Carlsbad, CA) were applied to transfect
Cyp-D plasmid or the vector (1 μg/ml) into cells accord-
ing the manufacturer’s protocol. The stable clones
were selected by puromycin (0.25 μg/ml medium). The
puromycin-containing medium was refreshed every 3 days,
until single resistant colony can be formed (4 weeks). The
Cyp-D expression in the stable clones was always detected
by Western blots to confirm the transfection efficiency.
Only colonies with over-expressed Cyp-D were utilized for
experiments.

P53 shRNA knockdown and stable cell selection
P53 shRNA containing lentiviral particles were added to
cultured glioma cells at the dose of 20 μl/ml medium,
the infection took 48 h, afterwards, puromycin (0.25 μg/ml)
was added to select the stable clones. The puromycin-
containing medium was refreshed every 3 days, until
single resistant colony can be formed (4 weeks). P53
expression in the stable colony was always detected
by Western blots to confirm the infection efficiency.



Qin et al. Journal of Experimental & Clinical Cancer Research  (2015) 34:57 Page 4 of 12
Control cells were infected with same concentration
of scramble shRNA containing lentiviral particles.

Reactive oxygen species (ROS) detection
Intracellular ROS generation was measured by flow
cytometry using dichlorofluorescin (DCF) oxidation
assay [30]. DCFH-DA enters passively into cells and
is cleaved by nonspecific cellular esterase and oxi-
dized in the presence of ROS. Briefly, 3*105 glioma
cells were plated in 60-mm culture plates overnight.
After treatment, cells were incubated with DCFH-DA
(5 μM) for 1 h at 37 °C. Thereafter, cells were washed
with PBS and kept in 1 ml PBS, ROS fluorescence was
analyzed using flow cytometer. The value of treatment
group was expressed as fold change to that of untreated
control group.

The superoxide dismutase (SOD) activity assay
The SOD activity was measured using a SOD activity
assay kit (BioVision, Mountain View, CA) according to
the manufacturer’s protocol. Briefly, cells were seeded
onto 100-mm2 dishes at a density of 5 × 106 cells/dish.
After treatment, the cells were washed with PBS, scraped
from the plates into 1 mL of ice-cold PBS (containing
0.05 mM of EDTA), and homogenized. The homogenate
was centrifuged at 4000 × g for 30 min at 4 °C. The
resulting supernatant (20 μl) was added with 200 μl of
water soluble tetrazolium working solution and 20 μL of
enzyme working solution to a 96-well plate. After incu-
bating the plate at 37 °C for 20 min, the absorbance at
450 nm was read using a microplate reader.

Xenograft assays
Nude mice were purchased from Suzhou University
Institute of Biological Science. U251 cells (106 cells in
100 μL of saline/Matrigel (BD Pharmigen San Jose, Ca),
1:1 v/v) were injected subcutaneously into the right flank
of 4-weeks-old female mice. Treatments were started
after tumor reached approximately 200 mm3 (around
4 weeks after inoculation). Salinomycin (5.0 mg/kg) or
with CsA (5.0 mg/kg) were administered to mice (10 per
group) once daily for two weeks, intraperitoneally. The
size of the tumors was measured by caliper every week,
and tumor volumes were calculated using the follow-
ing formula: π/6 × width 2× length. Control mice re-
ceived vehicle only with the same schedule. All animal
procedures were performed according to the Animal
Experimentation guidelines upon approval of the ex-
perimental protocol by Soochow University and Shanghai
Jiao Tong University. The study was approved by
Soochow University and Shanghai Jiao Tong University
review boards. All investigations were conducted accord-
ing to the principles expressed in the Declaration of
Helsinki.
Statistical analysis
The data presented in this study were means ± standard
deviation (SD). Statistical differences were analyzed by
one-way ANOVA followed by multiple comparisons per-
formed with post hoc Bonferroni test (SPSS version 18).
Values of p < 0.05 were considered statistically signifi-
cant. The difference between two groups was tested
using paired-samples t test.

Results
Salinomycin inhibits proliferation and survival of cultured
glioma cells in vitro
We first tested the potential role of salinomycin in cul-
tured glioma cells. MTT cell viability assay results in
Fig. 1a demonstrated that salinomycin dose-dependently
inhibited U87MG cell survival. Meanwhile, the anti-
survival effect of salinomycin was time-dependent
(Fig. 1b). The viability of U87MG cells started to de-
crease 48 h after salinomycin (5 μM) treatment in
U87MG cells (Fig. 1b). Using the trypan blue staining
assay, we found that salinomycin treatment caused sig-
nificant cytotoxicity of U87MG cell death, and the effect
again was dose-dependently (Fig. 1c). To further confirm
the potential role of salinomycin on proliferation of
glioma cells, clonogenicity assay was performed, and re-
sults showed that salinomycin (5 μM) significantly re-
duced the number of survival colonies of U87MG cells
(Fig. 1d). Figure 1e demonstrated that salinomycin inhib-
ited the viability of U251MG and EFC-2 glioma cells.
We also tested the potential cytotoxicity of salinomycin
against primary cultured mouse astrocytes, and found
that salinomycin (5–10 μM) only slightly inhibited the
survival of primary astrocytes (Fig. 1f and g).
Together, these results show that salinomycin in-

hibits proliferation and survival of cultured glioma
cells in vitro.

Salinomycin mainly induces necrotic death of glioma cells
The results above confirmed the cytotoxic effect of sali-
nomycin in glioma cells; we then explored the role of
apoptosis and necrosis in it. By using two different as-
says including Annexin V-FACS assay and caspase-3 ac-
tivity assay, our results demonstrated that salinomycin
induced moderate cell apoptosis (less than 15 %) in
U87MG cells (Fig. 2a and b), which was blocked by the
apoptosis inhibitor zVADfmk (Fig. 2a and b). Meanwhile,
the Western blot results in Fig. 2c showed caspase-3
cleavage and cytochrome C release in salinomycin-
treated U87MG cells, further supporting apoptosis in-
duction. Note that less than 10 % cells were apoptotic
after 5 μM of salinomycin stimulation in U87MG cells
(Fig. 2a). Further, zVADfmk only slightly inhibited
salinomycin-induced viability reduction and cell death in
cultured glioma cells (Fig. 2d-f ). On the other hand, we
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Fig. 1 Salinomycin inhibits proliferation and survival of cultured glioma cells in vitro. U87MG glioma cells were treated with indicated concentration of
salinomycin (Sali) for 72 h, or treated with 5 μM of salinomycin (Sali) for indicated time, cell viability and cell death were analyzed by MTT assay (a and b)
and trypan blue staining (c) respectively. U87MG cells were cultured in salinomycin (Sali, 5 μM) containing medium for 10 days, and the left survival
colonies were counted, representative images were also shown (d). U251MG and EFC-2 glioma cells were treated with salinomycin (Sali, 5 μM) for 72 h;
cell viability was tested by MTT assay (e). Primary mouse astrocytes were treated with indicated concentration of salinomycin (Sali) for 72 h, cell
morphology and viability were shown in (f) and (g). Experiments were repeated four times in this figure, and similar results were obtained.
Error bars indicate standard deviation (SD). *p < 0.05 vs. untreated control (“c”) group. Magnification 1:400 for (f)
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noticed a large proportion of necrotic U87MG cells after
same salinomycin stimulation (PI positive and Annexin
V negative, which was largely inhibited by necrosis in-
hibitor Nec-1 (Fig. 2g). More importantly, combination
of Nec-1 and zVADfmk almost completely blocked
salinomycin-induced cytotoxicity in U87MG cell (Fig. 2h).
Together, these results suggest that salinomycin induces
some apoptosis, but mainly necrosis in cultured glioma
cells.

Cyp-D is required for salinomycin-induced necrosis but
not apoptosis in cultured glioma cells
A number of recent studies have shown that the mito-
chondrial protein Cyp-D is required for stresses-induced
necrotic, but not apoptotic cell death [16–19, 23, 31].
Thus, we tested the possible involvement of Cyp-D in
salinomycin’s cytotoxicity in glioma cells. Results dem-
onstrated that two Cyp-D inhibitors, sanglifehrin A
(SfA) [32] and cyclosporin A (CSA) [23, 31], significantly
inhibited salinomycin-induced viability reduction in both
U87MG cells (Fig. 3a) and in U251MG cells (Additional
file 1: Figure S2A). Further, siRNA-depleting Cyp-D
(Fig. 3b) also alleviated salinomycin’s cytotoxicity in
U87MG cells (Fig. 3c). Meanwhile, salinomycin-induced
U87MG cell death was also inhibited by SfA, CsA or
Cyp-D depletion (Fig. 3d). These results suggest that
Cyp-D is important for salinomycin-induced cell death
of glioma cells. To further support our hypothesis, we
tested salinomycin’s effect in Cyp-D over-expressing gli-
oma cells. As shown in Fig. 3e, we exogenously intro-
duced wt-Cyp-D in U87MG cells. These cells were
hyper-sensitive to salinomycin, as more cell death were
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Fig. 2 Salinomycin induces both apoptotic and necrotic death of glioma cells. U87MG cells were treated with indicated concentration of
salinomycin (Sali) for 72 h, cell apoptosis was analyzed by Annexin V FACS assay (a) and caspase-3 activity assay (b). The effect of zVADfmk
(60 μM) on salinomycin (Sali, 5 μM)-induced apoptosis was also shown (a-b). The expression of cleaved-caspase-3, cytochrome C and tubulin in
cytosol after indicated salinomycin (Sali) stimulation was tested by Western blotting (c). U87MG cells were pre-treated with an apoptosis inhibitor
zVADfmk (30 or 60 μM) for 1 h, followed by salinomycin (Sali, 5 μM) stimulation, cells were further cultured, MTT assay (d, 72 h) and trypan blue
staining (e, 72 h) were performed. U251MG and EFC-2 glioma cells were treated with salinomycin (Sali, 5 μM) in the presence or absence of
zVADfmk (zVAD, 60 μM) for 72 h, cell death was tested by trypan blue staining assay (f). U87MG cells were pre-treated with a necrosis inhibitor
Nec-1 (25 μM) for 1 h, followed by salinomycin (Sali, 5/10 μM) stimulation, cells were further cultured for 72 h, cell necrosis was analyzed by FACS
(g). The cell viability of U87MG cells with indicated treatment was tested (h). Experiments were repeated four times in this figure, and similar
results were obtained. Error bars indicate SD. *p < 0.05 vs. Ctrl group (a-b). **p < 0.05 vs. Sali group (d-g)
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achieved in Cyp-D over-expressing cells (Fig. 3f ). We
also noticed some spontaneous cell death in Cyp-D
over-expressing cells (Fig. 3f ). Significantly, salinomycin-
induced cell apoptosis, shown by the Annexin V per-
centage, was not affected by Cyp-D depletion or Cyp-D
over-expression (Fig. 3g), while cell necrosis induced by
salinomycin was inhibited by Cyp-D siRNA, but was ag-
gravated by Cyp-D over-expression (Fig. 3h). Together,
these results indicated that the mitochondrial protein
Cyp-D is required for salinomycin induced necrosis in
cultured glioma cells.

Salinomycin induces Cyp-D and p53 interaction in
mitochondria
Previous studies have shown that Cyp-D-mediated nec-
rotic cell death is through binding with p53 in mito-
chondria [19, 27, 33]. Since we have shown that Cyp-D
is required for salinomycin’s cytotoxicity, we thus tested
the role of p53 in the process. As demonstrated, p53-
shRNA stable knockdown (Fig. 4a) significantly inhibited
salinomycin-induced U87MG cell necrosis, while apop-
tosis was not affected (Fig. 4b). We noticed p53 mito-
chondrial translocation in salinomycin-treated U87MG
cells (Fig. 4c), which formed a complex with the local
protein Cyp-D (Fig. 4d). Similar results were obtained in
U251MG cells (Additional file 1: Figure S2B). The mito-
chondrial complexation between Cyp-D and p53 was
blocked by Cyp-D inhibitor CsA or p53-shRNA deple-
tion (Fig. 4d). Our data suggested that the complexation
was required for mPTP opening, as both CsA and p53
shRNA largely inhibited salinomycin-induced MMP loss
(Fig. 4e). We failed to see p53 phosphorylation at Ser 15
or Ser 20, nor p53 upregulation by salinomycin, while
temozolomide (TMZ) induced p53 phosphorylation and
upregulation (Fig. 4c and f). Based on these data, we
suggest that salinomycin induces p53 mitochondrial
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translocation to interact with Cyp-D, which is required
for mPTP opening and programmed necrosis.

ROS is required for salinomycin-induced necrosis in
cultured glioma cells
Next we tested the possible upstream signal for
salinomycin-induced mPTP opening and necrosis. FACS
results in Fig. 5a showed ROS production by salinomy-
cin in U87MG cells, which are consistent with other
studies [12, 34, 35]. We found that salinomycin de-
creased the activity of SOD in glioma cells, which could
be one reason for ROS increase (Additional file 2: Figure
S1). N-acetyl cysteine (NAC) and pyrrolidinedithiocarba-
mate (PDTC), two well known anti-oxidants inhibited
ROS production by salinomycin. Significantly, both NAC
and PDTC suppressed p53 mitochondrial translocation
(Fig. 5b, input) and following Cyp-D association (Fig. 5b).
Further, salinomycin-induced MMP loss, an indicator
of mPTP opening, was also inhibited by these two
anti-oxidants (Fig. 5c). These results indicate that
salinomycin-induced p53 mitochondrial translocation,
p53-Cyp-D complexation, and the subsequent mPTP
opening might be dependent on ROS production. Based
on these results, we predicted that ROS might also be im-
portant for salinomycin-induced necrosis. As a matter of
fact, salinomycin-induced U87MG cell necrosis was alle-
viated by NAC or PDTC (Fig. 5d), which could explain
that NAC inhibited salinomycin-induced viability loss in
both U251 MG cells and EFC-2 cells (Fig. 5e). Interest-
ingly, using the cells above, ROS results in Fig. 5f showed
that salinomycin-induced ROS was inhibited by Cyp-D
depletion, but was aggravated by Cyp-D over-expression.
Thus, salinomycin-induced mPTP opening might play a
vital role in ROS regulation in glioma cells. To evaluate
the anti-tumor activity of salinomycin in vivo, we gener-
ated subcutaneous xenografts by inoculating the U251
cells to nude mice. Treatment with salinomycin elicited a
marked inhibitory effect on U251 xenograft development
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(Fig. 5g). Such an effect by salinomycin was significantly
inhibited by co-administration with CsA (Fig. 5g). Note
that CsA alone failed to affect U251 growth in vivo
(Fig. 5g). Further, the mice body weight was not signifi-
cantly affected by salinomycin or with CsA, indicating
the relative safety of this regimen (Additional file 3:
Figure S3).

Discussions
A recent study has demonstrated salinomycin to select-
ively kill breast cancer stem cells from tumorspheres
and to inhibit tumor growth in mice [8]. Salinomycin
has been investigated as a possible novel anti-cancer
agent [8, 9]. In the current study, we found that salino-
mycin (0.1–10 μM) decreased the viability of cultured
glioma cells in a concentration- and time-dependent
manner. These results are consistent with previously
published results showing that low concentrations of sal-
inomycin inhibit the survival of many cultured cancer
cells [9, 11, 34, 36–41]. Interestingly, we found that both
apoptosis and necrosis were induced by cytotoxic salino-
mycin in cultured glioma cells, and necrosis appeared
more important than apoptosis in contributing salino-
mycin’s cytotoxicity.
In the last decades after the discovery of p53, it has be-

come increasingly clear that this protein plays a vital role
in tumor suppression. Previously, it was thought that the
tumor suppressive functions lied solely in p53-mediated
apoptosis, cell cycle arrest, and senescence. However,
more recent research has shown that anti-oncogenic ac-
tivity of p53 can still occur in the absence of these
downstream functions. More specifically, it was recently
found that p53 is also a critical player for cell necrosis.
Upon oxidative stress, p53 triggers mPTP opening by
engaging in a physical interaction with Cyp-D [19],
thereby inducing necrotic cell death in mouse and hu-
man cells. Cells/mice deficiency of Cyp-D or p53 were
protected from necrosis induced by a various stimuli
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Fig. 5 ROS is required for salinomycin-induced necrosis in cultured glioma cells. U87MG glioma cells were pre-treated with anti-oxidants NAC
(50 μM) or PDTC (25 μM) for 1 h, followed by salinomycin (Sali, 5 μM) stimulation, ROS production was analyzed 3 h after stimulation (a),
mitochondrial expression and association of p53 and Cyp-D were tested at 6 h after stimulation (b), JC-10 green fluorescence intensity was
examined after 6 h (c); cell necrosis was analyzed similarly 72 h after salinomycin stimulation (d). The effect of NAC (50 μM, 1 h pretreatment)
on salinomycin (Sali, 5 μM)-induced viability loss was tested by MTT assay in U251MG and EFC-2 cells (e). Non-transfected control U87MG cells,
Cyp-D siRNA-transfected U87MG cells or Cyp-D-over-expressing U87MG cells were treated with salinomycin (Sali, 5 μM) for 3 h, ROS production
was analyzed (f). (g) U251 cells (1 × 106) were injected subcutaneously into nude mice as described in Materials and Methods, and treatment
was started when the tumors reached 200 mm3. Salinomycin (5.0 mg/kg) and/or CsA (5.0 mg/kg) were administered intraperitoneally once daily
for two weeks. Control mice received vehicle only, according to the same schedule. Tumor volume was measured by caliper with the formula:
π/6 × width 2× length. N = 10 for each group. (h) The proposed signaling pathway of this study. Experiments were repeated three times in this
figure, and similar results were obtained. Error bars indicate SD. * p < 0.05 vs. Sali only group (a, b, d, f and g). # p < 0.05 vs. vehicle group (g)
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(i.e. hypoxia, calcium overload, and ROS). More recent
studies have demonstrated that this Cyp-D/p53 associ-
ation is also a key player for cancer cell necrosis induced
by some anti-cancer drugs (cisplatin and doxorubicin)
[26, 33], as well as anti-cancer herb medicine (i.e. curcu-
min) [42]. In the current study, we found that Cyp-D-p53
is required for salinomycin-induced necrosis in cultured
glioma cells.
Here, we presented data showing that blockade of

Cyp-D by siRNA-mediated depletion or pharmaco-
logical inhibitors (CsA and SfA) significantly suppressed
salinomycin-induced MMP decrease and glioma cell ne-
crosis. Further, the in vivo anti-tumor activity by salinomy-
cin was also inhibited by CsA. These results suggest that
an inhibitory effect of Cyp-D deficiency on salinomycin-
induced cytotoxicity. On the other hand, Cyp-D overex-
pression facilitated salinomycin-induced glioma cell death.
Thus, we proposed that Cyp-D dependent mPTP opening
should play a vital role in salinomycin-induced cytotoxicity
in glioma cells (Fig. 5h).
In the current study, we found that salinomycin in-

duced p53 mitochondrial translocation without inducing
its phosphorylation (Ser 15 and Ser 20). On the other
hand, TMZ failed to induce p53 mitochondrial trans-
location or Cyp-D association (Data not shown), al-
though it did promote p53 Ser 15 and Ser 20
phosphorylation. Thus, it is suggested that p53 Ser
15 and Ser 20 phosphorylations are not required for
its mitochondrial translocation or Cyp-D complex-
ation by salinomycin. It is possible, though, that other
sites of p53 besides Ser 15 and Ser 20 could be phosphor-
ylated by salinomycin, which might dictate its mito-
chondrial translocation. Salinomycin might also activate
p53 in a phosphorylation-independent manner in gli-
oma cells.
Another major consequence of mPTP formation is in-

creased ROS production/accumulation, leading to re-
lease of oxidative stress from mitochondrial to cytosol.
In the current study, we found that ROS was induced by
salinomycin in glioma cells, which are consistent with
previous findings in other cell lines [12, 34, 35, 41, 43].
Meanwhile, ROS appeared important for regulating
mPTP opening through activating of p53, as NAC
and PDTC, two well-known anti-oxidants, inhibited
salinomycin-induced p53 mitochondrial translocation/
Cyp-D association, mPTP opening and glioma cell
death. Thus, ROS is the trigger for the salinomycin-
induced p53-Cyp-D dependent cell necrosis. Interest-
ingly, blockade of Cyp-D by siRNA-mediated depletion
inhibited salinomycin-induced ROS production, while
Cyp-D over-expressing cells showed a higher level of
ROS with salinomycin stimulation. Thus, we propose the
following model: in salinomycin-treated glioma cells,
ROS production triggers p53-Cyp-D mitochondrial
association to open mPTP, leading to secondary ROS
production/accumulation in mitochondria and release
from mitochondrial to cytosol, causing further oxida-
tive damages, and cell necrosis (Fig. 5h).

Conclusions
In conclusion, we found that ROS-p53-Cyp-D dependent
programmed necrosis plays a major role in contributing
salinomycin’s cytotoxicity in cultured glioma cells.

Additional files

Additional file 1: Figure S2. U251MG cells were pre-treated with the
Cyp-D inhibitor CsA (0.1 μM) or SfA (10 μM) for 1 h, followed by salino-
mycin (Sali, 5 μM) stimulation for 72 h, cell viability was tested by MTT
assay (A). U251MG cells were treated with salinomycin (Sali, 5 μM) for 6 h,
mitochondrial association of p53 and Cyp-D was tested (B), expression of
indicated proteins in whole cell lysates (WCL) was shown (B). Experiments
were repeated four times in this figure, and similar results were obtained.
Error bars indicate SD. *p < 0.05.

Additional file 2: Figure S1. U87MG glioma cells were treated with
indicated concentration of salinomycin (Sali) for 3 h, SOD activity was
measured. Experiments were repeated four times in this figure, and
similar results were obtained. Error bars indicate SD. *p < 0.05 vs.
untreated control (“C”) group.

Additional file 3: Figure S3. Weekly body weights of nude mice with
applied treatments described in Fig. 5. Error bars indicate SD.

Abbreviations
CSA: Cyclosporin A; Cyp-D: Cyclophilin-D; mPTP: Mitochondrial
permeability transition pore; MMP: Mitochondrial membrane potential;

http://www.jeccr.com/content/supplementary/s13046-015-0174-1-s1.zip
http://www.jeccr.com/content/supplementary/s13046-015-0174-1-s2.zip
http://www.jeccr.com/content/supplementary/s13046-015-0174-1-s3.zip


Qin et al. Journal of Experimental & Clinical Cancer Research  (2015) 34:57 Page 11 of 12
NAC: n-acetylcysteine; Nec-1: Necrostatin-1; PI: Propidium iodide;
PDTC: Pyrrolidinedithiocarbamate; ROS: Reactive oxygen species;
SFA: Sanglifehrin A; SOD: Superoxide dismutase; TMZ: Temozolomide.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors carried out the experiments, participated in the design of the
study and performed the statistical analysis, conceived of the study, and
participated in its design and coordination and helped to draft the
manuscript. All authors read and approved the final manuscript.

Authors’ information
Li-sen Qin and Pi-feng Jia are co-first authors.

Acknowledgement
This research was supported in part by grants from the National Natural
Science Foundation of China (81302195).

Author details
1Department of Neurosurgery, the First Affiliated Hospital of Soochow
University, No. 188, Shi-zi Street, Suzhou, Jiangsu, People’s Republic of China.
2Department of Neurosurgery, the Sixth People’s Hospital of Yancheng,
Yan-cheng, Jiangsu, People’s Republic of China. 3Department of Neurosurgery,
Shanghai Ruijin Hospital North, School of Medicine, Shanghai Jiao Tong
University, Shanghai, People’s Republic of China. 4Jiangsu Key Laboratory of
Translational Research and Therapy for Neuro-Psycho-Diseases and Institute of
Neuroscience, Soochow University, Suzhou, Jiangsu 215021, China.

Received: 18 April 2015 Accepted: 16 May 2015

References
1. Wang Y, Jiang T. Understanding high grade glioma: molecular mechanism,

therapy and comprehensive management. Cancer Lett. 2013;331:139–46.
2. Westphal M, Lamszus K. The neurobiology of gliomas: from cell biology to

the development of therapeutic approaches. Nat Rev Neurosci.
2011;12:495–508.

3. Pollack IF. Neuro-oncology: Therapeutic benefits of reirradiation for recurrent
brain tumors. Nat Rev Neurol. 2010;6:533–5.

4. Khasraw M, Lassman AB. Neuro-oncology: late neurocognitive decline after
radiotherapy for low-grade glioma. Nat Rev Neurol. 2009;5:646–7.

5. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J Clin.
2014;64:9–29.

6. Matsutani T, Hiwasa T, Takiguchi M, Oide T, Kunimatsu M, Saeki N, et al.
Autologous antibody to src-homology 3-domain GRB2-like 1 specifically
increases in the sera of patients with low-grade gliomas. J Exp Clin Cancer
Res. 2012;31:85.

7. Wang Q, Li P, Li A, Jiang W, Wang H, Wang J, et al. Plasma specific miRNAs
as predictive biomarkers for diagnosis and prognosis of glioma. J Exp Clin
Cancer Res. 2012;31:97.

8. Gupta PB, Onder TT, Jiang G, Tao K, Kuperwasser C, Weinberg RA, et al.
Identification of selective inhibitors of cancer stem cells by high-throughput
screening. Cell. 2009;138:645–59.

9. Riccioni R, Dupuis ML, Bernabei M, Petrucci E, Pasquini L, Mariani G, et al.
The cancer stem cell selective inhibitor salinomycin is a p-glycoprotein
inhibitor. Blood Cells Mol Dis. 2010;45:86–92.

10. Fuchs D, Daniel V, Sadeghi M, Opelz G, Naujokat C. Salinomycin overcomes
ABC transporter-mediated multidrug and apoptosis resistance in human
leukemia stem cell-like KG-1a cells. Biochem Biophys Res Commun.
2010;394:1098–104.

11. Lu D, Choi MY, Yu J, Castro JE, Kipps TJ, Carson DA. Salinomycin inhibits
Wnt signaling and selectively induces apoptosis in chronic lymphocytic
leukemia cells. Proc Natl Acad Sci U S A. 2011;108:13253–7.

12. Kim KY, Yu SN, Lee SY, Chun SS, Choi YL, Park YM, et al. Salinomycin-
induced apoptosis of human prostate cancer cells due to accumulated
reactive oxygen species and mitochondrial membrane depolarization.
Biochem Biophys Res Commun. 2011;413:80–6.
13. Cassidy L, Barry P, Shaw C, Duffy J, Kennedy S. Platelet derived growth
factor and fibroblast growth factor basic levels in the vitreous of patients
with vitreoretinal disorders. Br J Ophthalmol. 1998;82:181–5.

14. Baines CP, Kaiser RA, Purcell NH, Blair NS, Osinska H, Hambleton MA, et al.
Loss of cyclophilin D reveals a critical role for mitochondrial permeability
transition in cell death. Nature. 2005;434:658–62.

15. Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA, Bernardi P. Properties of
the permeability transition pore in mitochondria devoid of Cyclophilin D.
J Biol Chem. 2005;280:18558–61.

16. Du H, Guo L, Fang F, Chen D, Sosunov AA, McKhann GM, et al. Cyclophilin
D deficiency attenuates mitochondrial and neuronal perturbation and
ameliorates learning and memory in Alzheimer’s disease. Nat Med.
2008;14:1097–105.

17. Javadov S, Kuznetsov A. Mitochondrial permeability transition and cell
death: the role of cyclophilin d. Front Physiol. 2013;4:76.

18. Tsujimoto Y, Shimizu S. Role of the mitochondrial membrane permeability
transition in cell death. Apoptosis. 2007;12:835–40.

19. Vaseva AV, Marchenko ND, Ji K, Tsirka SE, Holzmann S, Moll UM. p53 opens
the mitochondrial permeability transition pore to trigger necrosis. Cell.
2012;149:1536–48.

20. Halestrap AP, McStay GP, Clarke SJ. The permeability transition pore
complex: another view. Biochimie. 2002;84:153–66.

21. Halestrap AP. Calcium, mitochondria and reperfusion injury: a pore way to
die. Biochem Soc Trans. 2006;34:232–7.

22. Hausenloy DJ, Lim SY, Ong SG, Davidson SM, Yellon DM. Mitochondrial
cyclophilin-D as a critical mediator of ischaemic preconditioning. Cardiovasc
Res. 2010;88:67–74.

23. Schinzel AC, Takeuchi O, Huang Z, Fisher JK, Zhou Z, Rubens J, et al.
Cyclophilin D is a component of mitochondrial permeability transition and
mediates neuronal cell death after focal cerebral ischemia. Proc Natl Acad
Sci U S A. 2005;102:12005–10.

24. Zhao LP, Ji C, Lu PH, Li C, Xu B, Gao H. Oxygen glucose deprivation
(OGD)/re-oxygenation-induced in vitro neuronal cell death involves
mitochondrial cyclophilin-D/P53 signaling axis. Neurochem Res.
2013;38:705–13.

25. Ji C, Yang B, Yang Z, Tu Y, Yang YL, He L, et al. Ultra-violet B (UVB)-induced
skin cell death occurs through a cyclophilin D intrinsic signaling pathway.
Biochem Biophys Res Commun. 2012;425:825–9.

26. Chen B, Xu M, Zhang H, Wang JX, Zheng P, Gong L, et al. Cisplatin-
induced non-apoptotic death of pancreatic cancer cells requires
mitochondrial cyclophilin-D-p53 signaling. Biochem Biophys Res Commun.
2013;437:526–31.

27. Chen SH, Li DL, Yang F, Wu Z, Zhao YY, Jiang Y. Gemcitabine-induced
pancreatic cancer cell death is associated with MST1/Cyclophilin D
mitochondrial complexation. Biochimie. 2014;103:71–9.

28. Qin LS, Yu ZQ, Zhang SM, Sun G, Zhu J, Xu J, et al. The short chain
cell-permeable ceramide (C6) restores cell apoptosis and perifosine
sensitivity in cultured glioblastoma cells. Mol Biol Rep. 2013;40:5645–55.

29. Zhen YF, Wang GD, Zhu LQ, Tan SP, Zhang FY, Zhou XZ, et al. P53
Dependent Mitochondrial Permeability Transition Pore Opening Is
Required for Dexamethasone-Induced Death of Osteoblasts. J Cell
Physiol. 2014;229:1475–83.

30. Cho SG, Woo SM, Ko SG. Butein suppresses breast cancer growth by
reducing a production of intracellular reactive oxygen species. J Exp Clin
Cancer Res. 2014;33:51.

31. Nakagawa T, Shimizu S, Watanabe T, Yamaguchi O, Otsu K, Yamagata H,
et al. Cyclophilin D-dependent mitochondrial permeability transition regulates
some necrotic but not apoptotic cell death. Nature. 2005;434:652–8.

32. Clarke SJ, McStay GP, Halestrap AP. Sanglifehrin A acts as a potent inhibitor
of the mitochondrial permeability transition and reperfusion injury of the
heart by binding to cyclophilin-D at a different site from cyclosporin A. J
Biol Chem. 2002;277:34793–9.

33. Lu JH, Shi ZF, Xu H. The mitochondrial cyclophilin D/p53 complexation
mediates doxorubicin-induced non-apoptotic death of A549 lung cancer
cells. Mol Cell Biochem. 2014;389:17–24.

34. Verdoodt B, Vogt M, Schmitz I, Liffers ST, Tannapfel A, Mirmohammadsadegh A.
Salinomycin induces autophagy in colon and breast cancer cells with
concomitant generation of reactive oxygen species. PLoS One. 2012;7:e44132.

35. Ketola K, Hilvo M, Hyotylainen T, Vuoristo A, Ruskeepaa AL, Oresic M, et al.
Salinomycin inhibits prostate cancer growth and migration via induction of
oxidative stress. Br J Cancer. 2012;106:99–106.



Qin et al. Journal of Experimental & Clinical Cancer Research  (2015) 34:57 Page 12 of 12
36. Li T, Su L, Zhong N, Hao X, Zhong D, Singhal S, et al. Salinomycin induces
cell death with autophagy through activation of endoplasmic reticulum
stress in human cancer cells. Autophagy. 2013;9:1057–68.

37. Mao J, Fan S, Ma W, Fan P, Wang B, Zhang J, et al. Roles of Wnt/beta-
catenin signaling in the gastric cancer stem cells proliferation and
salinomycin treatment. Cell Death Dis. 2014;5:e1039.

38. Naujokat C, Steinhart R. Salinomycin as a drug for targeting human cancer
stem cells. J Biomed Biotechnol. 2012;2012:950658.

39. Zhou J, Li P, Xue X, He S, Kuang Y, Zhao H, et al. Salinomycin induces
apoptosis in cisplatin-resistant colorectal cancer cells by accumulation of
reactive oxygen species. Toxicol Lett. 2013;222:139–45.

40. Zhou S, Wang F, Wong ET, Fonkem E, Hsieh TC, Wu JM, et al. Salinomycin: a
novel anti-cancer agent with known anti-coccidial activities. Curr Med
Chem. 2013;20:4095–101.

41. Zhu LQ, Zhen YF, Zhang Y, Guo ZX, Dai J, Wang XD. Salinomycin activates
AMP-activated protein kinase-dependent autophagy in cultured osteoblastoma
cells: a negative regulator against cell apoptosis. PLoS One. 2013;8:e84175.

42. Qiu Y, Yu T, Wang W, Pan K, Shi D, Sun H. Curcumin-induced melanoma cell
death is associated with mitochondrial permeability transition pore (mPTP)
opening. Biochem Biophys Res Commun. 2014;448:15–21.

43. Jangamreddy JR, Ghavami S, Grabarek J, Kratz G, Wiechec E, Fredriksson BA,
et al. Salinomycin induces activation of autophagy, mitophagy and affects
mitochondrial polarity: differences between primary and cancer cells.
Biochim Biophys Acta. 1833;2013:2057–69.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Chemical and reagents
	Cell culture
	Primary culture of mouse astrocytes
	Cell viability MTT assay
	“Dead” cell detection by trypan blue staining
	Clonogenicity assay
	Analysis cell apoptosis and necrosis by fluorescence-activated cell sorting (FACS) sorting propidium iodide (PI) -Annexin V staining
	Caspase-3 activity assay
	Protein isolation and Western blots
	Immuno-precipitation (IP)
	Cyp-D siRNA
	Detection of mitochondrial membrane potential (MMP)
	Cyp-D vector and transfection
	P53 shRNA knockdown and stable cell selection
	Reactive oxygen species (ROS) detection
	The superoxide dismutase (SOD) activity assay
	Xenograft assays
	Statistical analysis

	Results
	Salinomycin inhibits proliferation and survival of cultured glioma cells in�vitro
	Salinomycin mainly induces necrotic death of glioma cells
	Cyp-D is required for salinomycin-induced necrosis but not apoptosis in cultured glioma cells
	Salinomycin induces Cyp-D and p53 interaction in mitochondria
	ROS is required for salinomycin-induced necrosis in cultured glioma cells

	Discussions
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Acknowledgement
	Author details
	References



