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Abstract

Background: Discovering how to regulate mitochondrial function to reduce cancer growth holds great potential
for future cancer therapy development. Here we explore the effects of cryptotanshinone (CPT), a natural product
derived from Salvia miltiorrhiza, on mitochondria of osteosarcoma (OS) both in vitro and in vivo, and further
elucidate the underlying molecular mechanisms.

Methods: Cytotoxicity in the CPT treated OS cells was analyzed by flow cytometry, CCK8, TUNEL assay and colony
formation assays. Flow cytometric analysis was performed to evaluate the effect of CPT on cell cycle of OS cells.
Mitochondrial morphology was examined by staining with the mitochondrial membrane potential -sensitive
fluorochrome, MitoTracker Red (CMXRos). Immunoblotting, confocal-immunofluorescence staining, co-
immunoprecipitation were used to examine the expression and interaction between CPT-mediated Drp1 and Bax.
Finally, the synergistic effect of CPT on OS cells was validated using a mouse xenograft tumor model.

Results: In this study, we found CPT treatment induced S-phase arrest, apoptosis, and mitochondrial fragmentation
in OS cells. CPT also effectively activated caspase-dependent apoptosis, which could be blocked by pan-caspase
inhibitor Z-VAD-FMK. Moreover, we herein provide evidence that treatment with CPT resulted in mitochondrial
fragmentation, which is mediated by dynamin-related protein 1 (Drp1), a key mediator of mitochondrial fission.
Pursuing this observation, downregulation of Drp1 via silencing RNA could abrogate the induction of apoptosis and
mitochondrial fragmentation induced by CPT. Finally, we demonstrate that CPT induced Drp1, which interacted
directly with Bcl-2-associated X protein (Bax), which contributed to driving Bax translocation from the cytosol to the
mitochondria.

Conclusions: Our findings offer insight into the crosstalk between mitochondrial fragmentation and inhibition of
osteosarcoma cell growth in response to CPT.
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Introduction

Osteosarcoma is the most commonly occurring form of
malignant bone tumor. Specifically, osteosarcoma is the
development of cancer in areas of postnatal bone growth
and bone remodeling. Although osteosarcoma can affect
people of all ages, it most often occurs in children and
teens who are still growing, which indicates genetic and
molecular alterations that disrupt osteoblast differenti-
ation are important factors in the etiology of the disease.
Tumors occur predominantly around the knee, in either
the femur (thighbone) or tibia (shinbone) [1]. However,
osteosarcoma can also affect other parts of the body and
can even develop outside of bones, in soft tissues (extra-
skeletal osteosarcoma), especially in elderly patients. Treat
ments of osteosarcoma include surgery, radiation, chemo-
therapy, or a combination of radiotherapy and chemother-
apy; however, such therapies are often negatively charac
terized by toxicity and side effects. Additionally, consider-
ing the long-term and short-term toxicities of chemother-
apeutic agents commonly used to treat osteosarcoma, a
more promising approach targets the development of
effective, and nontoxic therapeutic strategies, using active
constitutive agents extracted from natural sources.

Mitochondria play an important role in the production
of energy within cells, and are essential in the regulation
of cellular life and death. In most healthy mammalian
cells, mitochondria exhibit tubular, reticular, or net-
worked morphology which is regulated by dynamic re
modeling via the balance between fusion and fission
events [2, 3]. Mammalian large GTPases regulate mito-
chondrial fusion: mitofusins (Mfn) 1 and 2 mediate outer
mitochondrial membrane (OMM) fusion, while optic
atrophy 1 (Opal) is responsible for inner mitochondrial
membrane (IMM) fusion. Conversely, dynamin-related
protein 1 (Drpl) is the master regulator of mitochondrial
division in most eukaryotic organisms [4]. Together, Drp1l
with its OMM receptors Fission 1 (Fisl), mitochondrial
fission factor (MFF), and mitochondrial elongation factor
1 (Miefl) mediates mitochondrial fission [5—7]. Inhibition
of Drpl by either expression of a Drpl dominant mutant
or RNA interference leads to increased length and inter-
connectivity of mitochondrial tubules, thereby inhibiting
the fission process and preventing cell death [8]. Import-
antly, excessive mitochondrial fission and mitochondrial
structural disarray has been linked to increased mitochon-
drial production of reactive oxygen species (ROS), im
paired function, and activation of cell death [9, 10]. Evi-
dence has emerged indicating that Drpl and Bax mito-
chondrial translocation is a crucial step for induction of
apoptosis [11-13].

Danshen root, has been used in traditional Chinese
medicine to treat coronary heart disease for thousands
of years [14, 15]. Cryptotanshinone (CPT), a natural
quinoid diterpene isolated from Danshen root, has been
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reported to exhibit inhibitory effects on STAT3 activa-
tion; furthermore, it has demonstrated other pharmaco-
logical effects in the treatment of cardiovascular diseases
[16], anti-inflammation [17], and neuron protection [18].
Recently, CPT has has been shown to display diverse
anticancer properties against many tumors occurring in
humans, such as prostate cancer, leukemia, gliomas, lung
carcinomas, hepatic carcinomas, pancreatic cancer, breast
cancer, colorectal cancer, and melanoma cancer [19-23].
However, the specific effects of CPT on osteosarcoma
have yet to be elucidated. The purpose of the present
study is to investigate the mitochondrial morphology-
function relationship to gain insight into the anticancer ef-
fects of CPT.

Materials and methods

Mice

All experiments were done under Institutional Animal
Care and Use Committee approval at China Medical
University (Taichung, Taiwan) (2017-077). NOD/SCID
(NOD CB17-Prkdcscid/NcrCrl, male, 5weeks of age)
mice were obtained from BioLASCO Taiwan Co., Ltd.
All mice were housed in specific pathogen-free con-
ditions. During the entire maintenance period, all
mice were permitted free cage activity without joint
immobilization. The initial body weights of the mice
were between 20 and 23 g. After subcutaneous injec-
tion of 143B osteosarcoma cells into the back of
NOD/SCID mice, the mice were treated with or with-
out CPT (10 or 20mg/kg). CPT was diluted in
DMSO: Ethanol: Normal Saline: Hydroxypropyl-beta--
cyclodextrin (HP-beta-CD) = 1:3:3:3 and heated to 60°
C before injection to mice. Seven days after 143B
osteosarcoma cell injection, IP injection with CPT
was carried out every other day followed by sacrifice
at day 45 of tumor cell inoculation. The tumors were
removed, weighed, and fixed for use in immunohisto-
chemical experiments. All experiments were carried
out using 5 mice in each group, with three independ-
ent experiments.

Materials

Cryptotanshinone (C5624), JC-1 Dye (T3168), Mito-
Tracker Red CMXRos (M7512) and Z-VAD-FMK
(V116) were purchased from Sigma-Aldrich (USA). The
primary antibodies against B-actin (ab151318), a-tubulin
(ab4074), Caspase-3 (ab44976), Caspase-8 (ab25901),
Caspase-9 (ab184786), Bcl-2 (ab182858), Bax (ab32503),
Bid (ab10640), Bad (ab62465), Drpl (ab56788)), Opal
(ab119685), Mfn-1 (ab57602), Mfn-2 (ab124773), and
Hsp60 (ab46798) were purchased from Abcam (UK).
Annexin V apoptosis detection kit (55647) was pur-
chased from BD (USA).
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Cell culture

The human osteosarcoma (OS) cell line 143B and MG63
cells were grown in DMEM supplemented with 10% FBS
and 100 units/ml penicillin and 100 pg/ml streptomycin
(HyClone, USA) at 37°C in a 5% CO, incubator. To
examine whether CPT could induce cell death in osteo-
sarcoma, cells were treated with different doses of CPT
for 24 h.

Cytotoxicity assay

Cell Counting Kit-8 (CCK-8) was obtained from Dojindo
(Dojindo Co. Ltd., Japan). Briefly, cells were plated in
96-well plates at a density of 1x 10* cells per well and
cultured in the growth medium. At the indicated time
points, the number of cells in triplicate wells was mea-
sured using the absorbance at 450 nm of reduced WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-di-
sulfophenyl)-2H-tetrazolium, monosodium salt).

TUNEL assay

The terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay was used to evaluate the
apoptotic response of tumor cells with a kit from Roche
Applied Science (Germany). The cells grew on coverslips
fixed by 4% PFA for 30 min at room temperature and
washed 3 times by PBS and then incubated with 0.1%
Triton X-100 for 2 min and washed by PBS. TUNEL assay
was performed according to the manufacturer’s instruction
(Roche Applied Science, Germany). After washing in PBS,
nick-end labeling was visualized by immersing sections in
DAB solution with 3% hydrogen peroxide and counter-
stained with methyl green. Finally, the sections were coun-
terstained with Mayer’s hematoxylin, washed in water, and
mounted. All slides were observed under light microscopy.

Histological analysis

The histological observation was performed by staining
with hematoxylin/eosin (H&E), Giemsa, and trichrome
stains using paraffin sections. For H&E staining,
paraffin-embedded sample slides were de-paraffinized,
hydrated, and then stained with hematoxylin for 1 min.
After rinse, the slides were stained with eosin for 5 min,
rinsed, and sealed with cover slips. Tissue sections from
tumor mass, kidneys, spleen, liver, heart, and lungs were
used. The slides were counterstained with hematoxylin
and mounted. To determine the effect of CPT on
expression of Ki67, PCNA, Caspase-3, Caspase-8,
Caspase-9, Bcl-2, Bax, Bid, Bad, Drpl, Opal, Mfnl, and
Mfn2 by immunohistochemistry, the slides were blocked
in 5% bovine serum for 15 min, followed by incubation
with the primary antibody at 4 °C overnight in a moist
chamber. The sections were then incubated with the
corresponding secondary antibodies. The antigen-
antibody complex was detected by Dako Liquid DAB +
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Substrate-Chromogen System (Dako, Carpinteria, CA).
All slides were examined under light microscopy. Giemsa
stain and trichrome stain were performed according to
the manufacturer’s instruction of Giemsa Stain Kit
(ab150670) and Trichrome Stain Kit (ab150686) from
Abcam (UK). All slides were examined under light mic
roscopy.

Short interfering RNA (siRNA) transfection

Non-targeting siRNA and siRNAs targeting human Drpl
(H00010059-R01) were obtained from Abnova Corpor-
ation (Taipei City, Taiwan) (Additional file 1: Table S1).
The siRNAs were transfected into the cells using siRNA
transfection reagent (Santa Cruz Biotechnology; cat. no.
5c-29,528) according to the manufacturer’s protocol.
After overnight incubation, cells were treated with or
without CPT for 24 h.

Flow cytometry

Cells were placed in 6-well plates and treated with differ-
ent combinations for 24h. The cells were harvested,
washed twice with cold PBS, and stained with
FITC-conjugated annexin V and propidium iodide for
15 min (BD, USA) in the dark, or stained with 10 ug/mL
JC-1 (Thermo Fisher Scientific, MA, USA) in DMEM
medium at 37 °C for 30 min. For cell cycle analysis, the
cells were then fixed with cold 70% ethanol overnight at
-20°C, and propidium iodide staining was performed.
The stained cells were assessed by flow cytometry (BD
FACSLyric, USA), and analyzed by FlowJo V10 software.

Western blot analysis

The tumor masses or CPT-treated cells were harvested
and total cell protein was extracted using whole cell lysis
buffer. The protein concentrations were determined by
the Bradford method (Bio-Rad, CA, USA). Samples with
equal amount of protein were subjected to 8—15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidenedifluoride
(PVDF) (Millipore, Bedford, MA, USA) membrane. The
membrane was incubated at room temperature in block-
ing solution (5% nonfat milk) for 1 h followed by incuba-
tion for 2 h in blocking solution containing an appropriate
dilution of anti- Caspase-3, Caspase-8, Caspase-9, Bcl-2,
Bax, Bid, Bad, Drpl, Opal, Mfnl, Mfn2 antibody (Abcam,
UK). After washing, blots were then probed with appro-
priate secondary horseradish peroxidase (HRP)-conju-
gated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) and detected by an ECL detection
system (Millipore) and scanned by MultiGel-21 (Top Bio,
Taiwan). B-actin served as internal control. Cytosolic and
mitochondrial protein extractions were performed accord-
ing to manufacturer’s protocol from Thermo Scientific
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(Waltham, MA, USA). HSP60 and a-tubulin were used as
mitochondrial and cytosolic markers, respectively.

Confocal laser microscopy

In order to measure transitions in the mitochondrial
morphology, the CPT-treated cells were reacted with 10
nM MitoTracker Red CMXRos probe (Invitrogen Corp.,
Carlsbad, CA, USA) for 20 min at 37 °C, according to the
manufacturer’s instructions. After being washed twice in
cold PBS, the live cells were visualized under a Leica con-
focal laser scanning microscope (TCS SP8, Wetzlar,
Germany). MitoTracker Red was monitored at an excita-
tion wavelength of 579 nm to locate mitochondria. Frag-
mented mitochondria were shortened, punctate, and
sometimes spherical, whereas filamentous mitochondria
showed a long thread-like tubular structure [24].

Statistical analysis

All experiments were performed in triplicate and data
presented in a representation of three individual experi-
ments. Statistical analyses were performed using Graph-
Pad Prism statistical software (version 6, GraphPad
Software, Inc., San Diego, CA). Data was represented as
means t+ standard deviation (SD) of three independent
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experiments. One-way ANOVA was carried out when
multiple comparisons were evaluated. Values were con-
sidered to be significant at p less than 0.05.

Results

CPT induced OS cell death and cell cycle arrest

The properties of growth inhibition and induction of
apoptosis by CPT have previously been reported in renal
cell carcinoma and colorectal cancer cell lines [25]. In
the present study, we performed a colony formation
assay to analyze the effect of CPT on clonogenic survival
of 143B and MG63 osteosarcoma cell lines. After treat-
ment with different concentrations of CPT (10 and
20 uM) for 3 weeks, dose-dependent and statistically sig-
nificant inhibition of cell colony formation was observed
in the presence of CPT (Fig. la). To further clarify
whether CPT induces cancer cell apoptosis, we detected
apoptosis by TUNEL assay. Compared with the control
group, the apoptotic rates and TUNEL positive cells in
the CPT-treated groups were increased in both 143B
and MG63 cells (Fig. 1b). To further investigate the po-
tential mechanism via which CPT repressed 143B and
MG63 cell growth, cell cycle analysis was also performed
after CPT treatment for 24 h. As shown in Fig. 1c, CPT
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Fig. 1 CPT induces S phase arrest and cells death in human OS cells. a Clonogenicity of OS cells treated with various concentrations of CPT (as
indicated). b Representative images of TUNEL staining in OS cells treated with various concentrations of CPT (as indicated). Bar represents 50 um.
c OS cells were treated with control and CPT (as indicated) for 24 h. Flow-cytometric analysis and quantification of distribution of cell cycle were
assessed. d OS cell viability following treatment with the various concentrations of CPT for 24, 48, and 72 h. CCK-8 assay was used to assess OS
cell proliferation. The results were expressed as the means + SD from three independent experiments. *P < 0.05, significantly different compared
with control
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induced obvious S-phase arrest at concentrations of 10
and 20 uM, while vehicle control did not. To determine
the inhibitory effects and cytotoxicity of CPT in OS cells,
143B and MG63 cells were treated with various concen-
trations of CPT for 24, 48, and 72h, and subsequently
assayed by Cell Counting Kit-8 (CCK-8) (Fig. 1d). The
IC50 values were 10.99 uM (24h), 89 uM (48h), and
72uM (72h) for 143B cells, while the IC50 values for
MG63 were 14.7 uyM (24h), 99 uM (48h), and 7.7 uM
(72 h). We further examined the cell viability of normal
cell lines including mouse mesenchymal stem cell (M
MSC), human mammary epithelial cell (H184) and human
keratinocyte cell line (HaCaT) to indicate cytotoxic effect
induced by CPT. Our results demonstrated that CPT had
no cytotoxicity with various concentrations for 24 and 48
h treatments (Additional file 2: Figure S1). Furthermore,
cell cycle-regulating molecular machinery were measured
by western blotting, the protein levels of Cyclin A and
Cdk2 were increased, but Cyclin D1 was decreased with
dose dependent manner of both OS cells (Additional file
3: Figure S2)which indicated the S-phase arrest induced
by CPT treatment.
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CPT treatment inhibited osteosarcoma progression in
NOD-SCID mice

In order to investigate the effects of CPT on tumor
growth in vivo, NOD-SCID mice were treated with or
without IP injection of CPT (10 mg/kg or 20 mg/kg)
every other day for a total of 45 days. As shown in Fig.
2a and b, CPT-treated tumor tissues showed significant
decreases in volume and weight. To examine the
changes of tumor cell morphology between the control
and CPT-treated groups, hematoxylin and eosin (H & E)
staining, Giemsa stain, and Masson’s trichrome stain
were performed. The significant proliferation of osteoid
with a high density of malignant cells was observed in
the vehicle control group, but not in the CPT-treated
group (Fig. 2c). Immunohistochemistry staining of
PCNA and Ki67, and TUNEL staining were used to
detect cell proliferation and apoptosis, respectively. We
found the levels of both PCNA and Ki67 were notably
decreased, whereas the level of TUNEL-positive cells
was increased (Fig. 2d). To investigate any potential
cytotoxicity of CPT on normal tissues, tumor-bearing
mice were intraperitoneally treated with CPT, and H&E
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Fig. 2 In vivo evidence for CPT inhibits OS growth. a-b 143B cell-derived tumors were developed in nude mice and treated with vehicle or CPT.

e o 2
> » ©°

Tumor weight (g)
=3
>

5

e
N

e
°

Vehicle 20
CPT (mg/kg)

10 20
CPT (mglkg)

Tumor growth was monitored by measuring the tumor volume and tumor weight for 45 days (n =5 mice/group; **P < 0.01). Representative tumor

images are shown here. ¢ Tumors dissected from vehicle and CPT-treated mice were subjected to H&E, Giemsa and Masson’s trichrome (MT) stains.
dTumors were subjected to immunohistochemical analysis using Ki-67 and PCNA antibodies. Determination of apoptosis in tumor tissues by TUNEL
assay. e Administration of CPT exhibited no toxicity in five major organs. H&E staining was used to evaluate the histology. Bar represents 500 um
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staining of organs were included at the end of the
experiment, revealing no specific organ-related toxicities
(Fig. 2e). These data clearly demonstrate that CPT
exhibits potent antitumor activity with insignificant tox-
icity in vivo.

CPT induced mitochondrial fragmentation in OS cells

The Aym is a key indicator of cell health, or can precede
externalization of phosphatidylserine and coincide with
caspase activation under special circumstances. To exam-
ine the transition in mitochondrial membrane potential
(MMP), a hallmark of apoptosis, osteosarcoma cells were
stained with the fluorescent dye JC-1. After CPT treat-
ment, JC-1 existed more in monomeric form and stained
the cytosol green, which indicated decreased MMP in
response to CPT (Fig. 3a). The mitochondria in these
CPT-treated cells were stained by mitochondrion-specific
dye MitoTracker Red. Our results showed that Mito-
Tracker Red produced punctate mitochondrial staining,
which indicated CPT gradually converted mitochondria
into punctate morphology in a dose-dependent manner
(Fig. 3b). Annexin V/PI staining further showed that the
apoptosis rates in CPT-treated OS cells were significantly
higher than those of control cells (Fig. 3c), indicating that
CPT activated the process of apoptosis. These results
clearly indicate that CPT effectively induces cell death, ac-
companied by mitochondrial demise, in human osteosar-
coma cells.

CPT induced activation of apoptotic pathway in
osteosarcoma cells

The intrinsic apoptosis (mitochondrial) pathway can be
initiated through caspase-9, while the extrinsic pathway
is mediated by caspase-8. We therefore explored the
effects of CPT on the apoptotic pathway and cell death
in osteosarcoma cells. As shown in Fig. 4a, notable
increases in the activation of cleavage caspase-3, -8,
and -9 were detected in immunoblot analysis of the
CPT-treated OS cells compared to the control group. In
line with this, co-treatment of 20 uM general caspase
inhibitor Z-VAD-FMK abolished the ability of CPT to
induce cell death, suggesting a caspase-dependent cell
death following CPT treatment. Next, we investigated
the apoptotic members of the Bcl-2 family, Bcl-2, Bax,
Bad, and Bak, which are essential for many pathways as-
sociated with programmed cell death. These results
demonstrated that CPT treatment of OS cells for 24 h
led to the up-regulation of pro-apoptotic Bax, Bad, and
Bak expressions, while anti-apoptotic Bcl-2 was down-
regulated in a dose-dependent manner in 143B but not
MG63 cells (Fig. 4a). Instead, CPT decreased Bcl-2
expression in MG63 cells at 36h after treatment
(Additional file 4: Figure S3). Thus, these data indicate
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that CPT triggers cell death by activating the intrinsic
pathway.

Drp1 is required for Bax-mediated intrinsic apoptosis
Mitochondrial dynamics are dysfunctional in many dis-
eases including cancer, and influencing/affecting this
dysfunction has recently been proposed as a therapeutic
strategy for the treatment of tumors. In addition, new
evidence has emerged that mitochondrial fission plays a
corroborative component in apoptotic cell death [26]. In
the present study, we further investigated the effects of
CPT on the expression of mitochondrial fission protein
(Drpl) and fusion proteins (Mfnl, Mfn2 and Opal) in
OS cells. We observed an upregulation of Drpl, but a
decrease of Mfnl, Mfn2, and Opal following CPT treat-
ment (Fig. 5a). Consequently, after endogenous knock-
down of Drplvia Drpl-siRNA (Additional file 5: Figure
S4), silencing of Drplwas found to efficiently reverse
mitochondrial fragmentation in the cells treated by
20uM CPT (Fig. 5b). At the same time, CPT-induced
cell death of 143B cells was reversed, similar with the
control group (Fig. 5c). In order to evaluate the energy
production related to mitochondrial dysfunction, we fur-
ther detected the ATP levels and ADP/ATP ratio of both
143B and MG63 cells. We found that CPT decreased
ATP production as well as increasing ADP/ATP ratio of
both OS cells (Fig. 5d). These results indicate that
CPT-induced Drpl upregulation results in mitochon-
drial fission, which contributes to OS cell death.

CPT induced a time-associated increase in the interaction

between active Bax and Drp1

The present study indicated that Drpl is recognized as
a critical protein leading to mitochondrial fragmenta-
tion which facilitates Bax insertion and eventual cell
death. In our previous result, shown in Fig. 5, we found
that CPT-triggered mitochondrial fragmentation, which
preceded mitochondrial dysfunction. Consistent with
excessive mitochondrial fragmentation, CPT exposure
concomitantly increased the protein levels of Drpl and
Bax, thus justifying further investigation of the effects
and underlying mechanisms of CPT-induced Drpl on
mitochondrial dynamics. Confocal microscopy and
imaging colocalization analysis showed that CPT expo
sure promoted both Drpl and Bax translocation from
the cytoplasm into mitochondria in 143B cells (Fig. 6a).
To further analyze the protein dynamics of Drpl and
Bax in cytoplasm and mitochondria, differential deter-
gent fractionation technique (DDF) was used. As shown
in Fig. 6b, we found significantly increased expression
levels of Drpl and Bax in the mitochondrial fraction,
but decreased expressions in the cytosolic fraction of
143B and MG63 cells. Next, to determine whether CPT
could trigger Bax and Drpl to bind directly, co-IP was
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experiments. *P < 0.05 and **P < 0.01, significantly different compared with control

performed in 143B and MG63 cells. The immunopreci-
pitated Drpl increased time-dependently as baited/in
conjunction with Bax under CPT treatment (Fig. 6c¢).
To determine whether Drpl is required for Bax trans-
location to mitochondria in response to CPT-induced
apoptosis, expression of Drpl was partially knocked
down by transfection with siRNA-Drpl. In response to
CPT treatment, Bax levels were decreased in the cytosolic
fraction, and were increased in the mitochondrial fraction
of the OS cells transfected with control siRNA, indicating
that Bax mitochondrial translocation occurred (Fig. 6d).
Importantly, Bax in the Drpl-deficient cells was accumu-
lated in the cytosolic fraction, and the levels of mitochon-
drial Bax remained relatively unchanged compared to the
control group, suggesting that Bax translocation to

mitochondria was blocked. Considering that the Drpl-
Bax axis is essential to the anticancer effect of CPT, we
investigated whether BIP-V5 (Bax inhibitor) could abro-
gate this effect. As shown in Fig. 6e, CPT treatment led to
the death of OS cells, and the blockage/impeding of Bax
could impair CPT-induced apoptosis. Taken together,
these data suggest that CPT enhances the interaction
between Drpl and Bax, which is responsible for CPT-in-
duced apoptosis in osteosarcoma cells.

CPT is a potent inducer of intrinsic apoptotic pathway
and mitochondrial fission in vivo

To evaluate the antitumor effect of CPT in vivo, a xeno-
graft OS model was generated. Tumors from CPT-treated
mice exhibited increased cleaved cappase-3, cleaved
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(See figure on previous page.)

Fig. 4 Caspase-3, — 8, and — 9 are involvement in CPT-induced OS cell apoptosis. a The expressions of apoptosis-related proteins were measured
by western blotting in OS cells following 20 uM CPT treatment for 24 h. b OS cells were pretreated with Z-VAD-FMK (20 uM) for 1 h and
incubated with 20 uM CPT for 24 h. Annexin V/PI analysis was used to detect apoptotic cells by flow cytometry followed by CPT treatment. The
respective cell percentages in early and late apoptosis for different dose treatment are presented in the quantitative analysis. The results were
expressed as the means + SD from three independent experiments. **P < 0.01, significantly different compared with control

caspase-8, and cleaved caspase-9 as well as higher expres-  ltreatment mitigates CPT-induced antitumor activity.
sions of Bak, Bax and Bak; whereas the level of Bcl-2 was  These findings are consistent with our in vitro studies
decreased in comparison with the vehicle control group showing that CPT induced cancer cell death is Drpl
(Fig. 7a). In further investigation, Western blot experi- dependent. Altogether, CPT exhibits potent antitumor ac-
ments were conducted to complement the results of IHC  tivity in association with induction of caspase-dependent
(Fig. 7b and c), which found results consistent with those  apoptotic pathways, and alters the balances of
obtained by IHC. Furthermore, the significantly increased  mitochondrial fission and fusion.

protein levels of Drpl, but decreased mitochondrial fusion

proteins Mfnl, Mfn2, and Opal, were observed in a Discussion

dose-dependent manner in CPT-treated mice (Fig. 7d, e  Investigations into mitochondrial biology and tumori-
and f). Mdivi-1, a selective cell-permeable inhibitor of genic signaling are revealing novel approaches to devel-
mitochondrial division Drpl, was used in the xenograft oping targeted cancer therapy. The present study pro
NOD/SCID mice model. Tumor growth was significantly ~ vides evidence that CPT exposure led to pronounced
inhibited in the CPT or Mdivi-1 alone-treated group, mitochondrial fragmentation in 143B and MG63 osteo-
whereas Mdivi-1 restored the tumor growth in the CPT  sarcoma cells. Additionally, CPT-triggered mitochondrial
and Mdivi-1combined treatment group (Fig. 8). Mdivi- fragmentation preceded mitochondrial damage in vitro

N
a 143B MG63 b siControl siDrp1
CPT uM_ 0 1 5 10 20 CPT pM_ 0 1 5 10 20 Vehicle CPT 20 uM Vehicle CPT 20 uM
Drp| ® e @ - — Drp1 B e w——' e
g
=
Opal | (s GHED S S == Opaf| = oo e o — S
=
Mfn1 |- — - s s Mfn1| e c— o w—— —
1]
)
VN2 | — — Mfn2| s s s o — bt
B-actin | —— — — — B-aCtin| s w— — — —
C siControl 40 * ----
Vehicle CPT 20 uM Vehicle CPT 20 uM <
@ 2 | o for @ 2 N
=8 5 ] 30 K
° o|
3 I
. g 20 5
o < H
10 ©
o
@ | @ g
e =
o $ s i 5 0
. W E g cPTomm - + -+
Annexin V si-Drp1 - - + +
d 143B 143B MG63 MG63
120 25 * * 120 1.5 *
= = *
g100 20 g100 I
s 80 * 2 T S 80 g0
5 €15 T 5 =
o o
g 60 'l' g s 60 £
) g 10 ) 5 0.5
3 4 S 3 4 2 0.
o o
<20 0.5 <20

0 0 X
CPT(uM) 0 5 10 20 CPT?&, 0 5 10 20 CPT(uM) 0 5 10 20 CPTM) 0 5 10 20

Fig. 5 Drp1 silencing attenuates CPT-induced mitochondrial fragmentation and apoptosis. a The effects of CPT on mitochondrial fusion/fission
proteins expression in OS cells. Representative immunoblot of the protein levels of Drp1, Opal, Mfn1 and Mfn2. b Comparison of mitochondrial
morphology in the control and Drp1 siRNA cells. Images of mitochondria (red) and nucleus (blue) were collected by confocal microscope. ¢ Drp1
silencing reversed the reduction of cell viability in CPT treated 143B cells. Representative dot plots of Annexin V/PI analysis after CPT treatments in
the presence or absence of Drp1 siRNA. d CPT decreased ATP production and increased ADP/ATP ratio of both 143B and MG63 cells. The results
were expressed as the means + SD from three independent experiments. *P < 0.05, significantly different compared with control




Yen et al. Journal of Experimental & Clinical Cancer Research (2019) 38:42 Page 10 of 15
p
1438 MG63
CPT20uM(h) 0 12 24 CPT20uM(h) 0 12 24
1P with| D1 — 1P with] D1 |E——
Bax Bax
Bax | e G- a— BaX | e w—— —
Drp1 — DIpl | et s
Bax — Bax | == s T
B-actin | S S— — Bractin | S s— —
siControl siDrp1 siControl siDrp1
CPT20yM(h) 0 12 24 0 12 24 CPT20yM(h) 0 12 24 0 12 24
Bax--—‘——-l Bax | —— —a . = ——
3 9
3 Drp1|— . —_— - | g Drp1 [ s
(&) O]
L -tUDULIN | — — — — — — I g o-tubulin [EEEED I G S— " a— 2
b N =
o g —
Cytosol Mitochondria 3 Baxl —— ca U - —I g Bax| — ——
CPT 20 uM (h)_ 0 4 12 24 0 4 12 24 _g Drp1 = . S -] % Drpt [ s e s
Drp1| ewmmy = - _I 2 2
S| Hepb0| e —— — — | = Hepso [s— — = — — —| ]
Baxl-—-——-— —-—-—-—|g
?‘ e Vehicle CPT20p
a-tubulinl —— — —— | A | @ o1 @
HspGDl _ j ____,__|
* *
Cytosol Mitochondria f gl 1
CPT20uyM(h)_0 4 12 24 0 4 12 24 " . %
orpt [ TS -
Bax | ™= s . — e ] 2 o o | [an @ o 15
® 5% 605 576 26 o
] g
O-tUDULIN | — — — — %10
o -3
Hsp60 R —— <3 | | | |
" " CPT(uM) 0 20 20 20
BIP-V5 (uM) 0 0 50 200
Annexin-V '
Fig. 6 Drp1 is required for CPT-mediated apoptosis. @ Immuno-staining of Bax and Drp1. Confocal microscope scanning photographs indicated the
mitochondrial localization of Drp1 and Bax in CPT treated 143B cells. Red: Mito-Tracker Red CMXRos, Green: Bax and Drp1 as indicated. b Expression of
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and was associated with CPT-induced cancer cell apoptosis
in vivo. We report for the first time that CPT promotes
Drpl interaction with Bax, triggering Bax translocation into
mitochondria, which is crucial for CPT-triggered cancer
cell death. Autophagy-related protein associated with anti-
tumor properties of CPT, in particular, needs further inves-
tigation (Additional file 6: Figure S5).

The core components of the fusion and fission machin-
eries/mechanisms have been identified as the dynamin-re-
lated GTPases Drpl, mitofusins (Mfn) 1 and 2, and Opal
[27]. Multiple studies have demonstrated that enhanced
fission or reduced fusion, high expression or enhanced
activation of Drpl, and/or downregulation of MFN2 are
linked to several cancer-related phenotypes [28, 29], indi-
cating that cancer cells often exhibit fragmented
mitochondria [30]. However, Drpl~~ embryos showed

considerably weaker signals and decreased numbers of
caspase-3—positive cells, demonstrating the physiological
role of Drpl as facilitating developmentally-regulated
apoptosis during neural tube formation [31]. The role of
Drpl in tumorigenesis thus may appear to be paradoxical,
since mitochondrial fission plays a key mediator of two
very distinct processes, cellular apoptosis and cell mitosis
[32]. It has been demonstrated that mitochondrial dynam-
ics (both fission and fusion) act as a rheostat that deter-
mines apoptotic susceptibility, as loss of Drpl postpones
cytochrome ¢ release and apoptotic induction, while a
follow-up study indicated that fission was not required for
Bax/Bak-mediated apoptosis [33]. Instead, a GTPase-inde-
pendent function of Drpl in membrane remodeling and
hemi-fusion results in Bax oligomerization and subse-
quent MOMP, indicating that the death function of Drpl
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developed in NOD/SCID mice and treated with CPT or vehicle for 45 days. Expressions of cleaved caspase 3, cleaved caspase 8, cleaved caspase 9,
Bcl-2, Bak, Bax and Bad were examined by immunohistochemistry (a) and Western blotting (b). The quantification analysis in Figs. b is for Figs. (c).
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Figs. e is for Figs. (f). Ratios of each protein to 3-actin were determined by densitometry. The results were expressed as the means + SD from
three independent experiments. *P < 0.05 and **P < 0.01, significantly different compared with control. Bar represents 500 um.

can promote apoptosis independent of fission [34]. The
role of Drpl has been detected in complexes with Bax at
mitochondria. In response to many apoptotic stimuli,
activation of the pro-apoptotic Bax results from a highly
regulated multistep process involving its translocation
from the cytosol to the OMM, where it integrates and
oligomerizes [35]. Although the exact mechanism by
which Bax actively moves from the cytosol to the mito-
chondria is still unclear, recent studies have suggested that
irradiation could induce a time-associated increase in the
interaction between active Bax and Drpl, then Bax-
Drplcomplex translocate to discrete foci on the mito-
chondria, where mitochondrial Bax stabilizes Drpl [11,
36, 37]. Our results support that CPT acted as an effective
Drpl activator, capable of inducing cancer cell death via
direct interaction with Bax to participate in apoptotic
fragmentation of mitochondria. Furthermore, 143B cells
was more sensitive towards the toxicity of CPT than
MG63 cells (Fig. 1). Our results indicated that Bcl-2 was
decreased in a dose dependent manner after 24 h exposure
of CPT in 143B but not MG63 cells. However, a declining

trend of Bcl-2 expression in MG63 cells was observed fol-
lowing long-term exposure (36 h) of CPT (Additional file
4: Figure S3C). This discrepancy may be due to the
cell-specific expression of Bcl-2.

Aside from apoptosis, the cell cycle is documented to
alter mitochondrial dynamics. Mitochondrial fission in-
creasingly occurs during cellular division, thus assuring
equal segregation of mitochondrial contents in daughter
cells. Drpl has been recognized to be functionally or
molecularly linked to Cyclin B, E, and D [38-40]. As a
previous study has suggested, during mitosis, CDK1/cyc-
lin B phosphorylates Drp1 at Ser®'® to induce mitochon-
drial fission and proper organelle segregation [41]. On
the other hand, mitochondria morphology was found to
regulate the cell cycle, as the genetic inhibition of Drpl
and the use of Drp-1 inhibitor (mitochondrial division
inhibitor 1, Mdivi-1) have led to a decrease in the
number of cells in S phase and an increase in the num-
ber of cells in G2 phase [28]. The G2/M cell cycle arrest
and aneuploidy were also observed in Drpl-deficient
cells [42]. Crosstalk between the mitochondrial fission
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protein, Drpl, and the cell cycle is identified to play a
critical role in the regulation of cell cycle progression. In
response to CPT treatment, the present study found that
osteosarcoma cells accumulated in S phase and signifi-
cantly increased apoptosis rates, which could be rescued
by knockdown Drpl expression. Our results provide
evidence that CPT-induced Drpl expression is corre-
lated with CPT-mediated S phase arrest and apoptosis
induction.

Translocation, foci formation, and Bax activation, on
the OMM leads to permeabilization and causes the
release of proapoptotic factors from the mitochondrial
intermembrane space to the cytosol [43]. Interestingly,
not only does Bax promote the foci formation of Drpl,
it also forms apoptotic mitochondrial localized foci that
colocalized with Mfnl and Mfn2 [44], preventing further
fusion [36]. We herein found increased Drpl in response
to CPT treatment in both 143B and MG63 cells, while
the expressions of Mfnl and Mfn2 were decreased in
143B but not MG63 cells. We suppose the discrepancy

may be a result of the differing proliferation rates of
osteosarcoma. Drpl expression patterns associated with
cancer have been documented in several tumor models
[32, 45, 46]. Tanwar et al. claimed that Drpl-based-gen-
e-expression-signature could be used to recognize pa-
tients with poor survival possibilities from the primary
tumors [47]. Also, Drpl is essential in Ras-driven tumor
growth and poor survival rate is associated with an
increased Drpl level reveal that Drpl interacts with
different biological processes in the tumorigenesis con-
text [48]. Inhibition of cancer cell growth and/or
enhanced spontaneous apoptosis induced by Drpl inhib-
ition have been observed both in vitro and in vivo in
several cancer types [28, 42, 49]. The researchers found
that treatment with Mdivi-1 resulted in mitochondrial
hyper fusion and chronic elevation of cyclin E, which
prevented the progression of the cell cycle in human
colorectal carcinoma cell line [50]. In agreement with
this result, cell apoptosis induced by Mdivi-1 has been
reported in human ovarian, breast cancer cell lines and
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xenograft models of lung cancer [28, 51, 52]. Consistent
with this notion, we did find Mdivi-1 treatment caused a
marked reduction of xenograft tumors developed from
143B cells (Fig. 8). These results suggest that Drpl con-
tributes to initial tumor growth rather than later phase
of tumor progression. Intriguingly, investigations have
revealed that abnormal mitochondrial fission, mediated
by Drpl, leads to excessive mitochondrial fragmentation,
which appears to be a requisite step in intrinsic apop-
tosis pathways [26, 53]. A possible explanation might be
that upregulated mitochondrial fission may function as
an important point of convergence in mediating onco-
genic signaling and promoting cancer cell growth. We
supposed that CPT induced Drpl activation caused the
imbalance of fission and fusion impacting mitochondrial
function which attributes to apoptotic signaling of can-
cer cell death. As enhanced mitochondrial fission and
impaired fusion appear to contribute fundamentally to
the inhibition of certain cancers, Drpl-mediated mito-
chondrial fission thus may represent a promising novel
therapeutic target for cancers demonstrating excessive
mitochonderial fission.

Conclusions

In summary, our study provides further evidence that
CPT triggers Drpl expression to activate mitochondrial
fission, which results in Bax activation and downstream
intrinsic apoptosis, effectively inhibiting osteosarcoma
growth. Therefore, investigation into CPT-induced in-
hibition of osteosarcoma cell growth suggests that influ-
encing mitochondrial fission/fusion machinery may offer
a novel approach to the development of future thera-
peutic cancer treatments.

Additional files

Additional file 1: Table S1. The siRNA sequences of Drp1. (DOCX 15 kb)

Additional file 2: Figure S1. Cell viability of normal cells including
mouse mesenchymal stem cell (MMSC), H184 and HaCaT cells following
treatment with the various concentrations of CPT for 24 and 48 h. CCK-8
assay was used to assess cells proliferation. The results were expressed as
the means + SD from three independent experiments. (TIF 102 kb)

Additional file 3: Figure S2. The expression of cyclin-like proteins were
measured by western blotting in OS cells treated with indicated concentration
of CPT for 18 h. (TIF 799 kb)

Additional file 4: Figure S3. (A and B) The protein expressions were
quantified as the expression ratio vs 3-actin (Data represents the means
+ SD from three independent experiments. *P < 0.05 and **P < 0.01,
significantly different compared with control). (C) The protein expression of
Bcl-2 was measured by western blotting in MG63 cells following CPT
treatment for 36 h. (TIF 517 kb)

Additional file 5: Figure S4. siDrp1 was transfected into 143B cells and
the transfectants were identified. 3-actin served as loading control. (TIF 132 kb)

Additional file 6: Figure S5. Induction of autophagy in human
osteosarcoma cells following CPT treatment. (A) Conversions of LC3B-I to
LC3B-II were determined by immunoblotting following treatment with various
concentrations of CPT in OS cells for 24 h. B-actin served as loading control.
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(B) Effect of silencing LC3 on CPT-mediated 143B cell growth. si-LC3 RNA was
transfected into 143B cells and the transfectants were identified. CCK-8 assay
was used to assess 143B cell proliferation. The results were expressed as the
means + SD from three independent experiments. *P < 0.05, significantly
different compared with control. (TIF 369 kb)
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trichrome stain; OMM: Outer mitochondrial membrane; Opal: Optic
atrophy1; OS: Osteosarcoma; siRNA: Small interfering RNA; TUNEL: Terminal
deoxynucleotidyl transferase dUTP nick end labeling; A¥Ym: Mitochondrial
membrane potential

Acknowledgements
The authors would like to thank James Waddell for the critical reading and
revision of our manuscript.

Funding

This work was supported and funded by Ministry of Science and Technology
with MOST 106-2320-B-039-022, National Research Institute of Chinese
Medicine, Ministry of Health and Welfare (MOHW106-NRICM-C-104-000002),
Health and welfare surcharge of tobacco products, China Medical University
Hospital Cancer Research Center of Excellence (MOHW107-TDU-B-212-
114024) China Medical University Hospital (DMR-107-003, DMR-107-006 and
DMR-107-164) and Chinese Medicine Research Center, China Medical Univer-
sity under the Higher Education Sprout Project, Ministry of Education (CMRC-
CHM-1) in Taiwan.

Availability of data and materials
Material is available upon request.

Authors’ contributions

JHY wrote the paper, and amended the references. JHY and HSH performed
the experiments and analyzed the data. STH designed, conceived the study
and amended the manuscript. JHY, HSH and STH approved the final
manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

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

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Research Cancer Center for Traditional Chinese Medicine, Department of
Medical Research, China Medical University Hospital, Taichung, Taiwan.
7Depar‘[mem of Chinese Medicine, China Medical University Hospital, No. 2,
Yude Rd, North District, Taichung 40447, Taiwan. 3School of Chinese
Medicine, China Medical University, Taichung, Taiwan. “Chinese Medicine
Research Center, China Medical University, Taichung, Taiwan. °Research
Center for Chinese Herbal Medicine, China Medical University, Taichung,
Taiwan. Tainan Municipal An-Nan Hospital, China Medical University,
Taichung, Taiwan.


https://doi.org/10.1186/s13046-018-1008-8
https://doi.org/10.1186/s13046-018-1008-8
https://doi.org/10.1186/s13046-018-1008-8
https://doi.org/10.1186/s13046-018-1008-8
https://doi.org/10.1186/s13046-018-1008-8
https://doi.org/10.1186/s13046-018-1008-8

Yen et al. Journal of Experimental & Clinical Cancer Research

Received: 14 August 2018 Accepted: 14 December 2018
Published online: 28 January 2019

References

1.

Savage SA, Mirabello L. Using epidemiology and genomics to understand
osteosarcoma etiology. Sarcoma. 2011;2011:548151 PubMed PMID:
21437228. Pubmed Central PMCID: 3061299.

Chan DC. Mitochondria: dynamic organelles in disease, aging, and
development. Cell. 2006;125(7):1241-52 PubMed PMID: 16814712.

Rafelski SM. Mitochondrial network morphology: building an integrative,
geometrical view. BMC Biol. 2013;11:71 PubMed PMID: 23800141. Pubmed
Central PMCID: 3691739.

Germain M, Mathai JP, McBride HM, Shore GC. Endoplasmic reticulum BIK
initiates DRP1-regulated remodelling of mitochondrial cristae during
apoptosis. EMBO J. 2005,24(8):1546-56 PubMed PMID: 15791210. Pubmed
Central PMCID: 1142564.

Chen H, Chomyn A, Chan DC. Disruption of fusion results in mitochondrial
heterogeneity and dysfunction. J Biol Chem. 2005;280(28):26185-92
PubMed PMID: 15899901.

Griparic L, van der Wel NN, Orozco IJ, Peters PJ, van der Bliek AM. Loss of
the intermembrane space protein Mgm1/OPAT induces swelling and
localized constrictions along the lengths of mitochondria. J Biol Chem.
2004;279(18):18792-8 PubMed PMID: 14970223.

Meeusen S, McCaffery JM, Nunnari J. Mitochondrial fusion intermediates
revealed in vitro. Science. 2004;305(5691):1747-52 PubMed PMID: 15297626.
Jagasia R, Grote P, Westermann B, Conradt B. DRP-1-mediated
mitochondrial fragmentation during EGL-1-induced cell death in C. elegans.
Nature. 2005;433(7027):754-60 PubMed PMID: 15716954.

Breckenridge DG, Stojanovic M, Marcellus RC, Shore GC. Caspase cleavage
product of BAP31 induces mitochondrial fission through endoplasmic
reticulum calcium signals, enhancing cytochrome c release to the cytosol. J
Cell Biol. 2003;160(7):1115-27 PubMed PMID: 12668660. Pubmed Central
PMCID: 2172754.

Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F, et
al. The role of dynamin-related protein 1, a mediator of mitochondrial
fission, in apoptosis. Dev Cell. 2001;1(4):515-25 PubMed PMID: 11703942.
Wang P, Wang P, Liu B, Zhao J, Pang Q, Agrawal SG, et al. Dynamin-related
protein Drp1 is required for Bax translocation to mitochondria in response
to irradiation-induced apoptosis. Oncotarget. 2015;6(26):22598-612 PubMed
PMID: 26093086. Pubmed Central PMCID: 4673185.

Yuan H, Gerencser AA, Liot G, Lipton SA, Ellisman M, Perkins GA, et al.
Mitochondrial fission is an upstream and required event for bax foci
formation in response to nitric oxide in cortical neurons. Cell Death Differ.
2007;14(3):462-71 PubMed PMID: 17053808.

Xu'S, Pi H, Chen Y, Zhang N, Guo P, Lu Y, et al. Cadmium induced Drp1-
dependent mitochondrial fragmentation by disturbing calcium homeostasis
in its hepatotoxicity. Cell Death Dis. 2013;4:e540 PubMed PMID: 23492771.
Pubmed Central PMCID: 3615741.

Cheng TO. Danshen: a versatile Chinese herbal drug for the treatment
of coronary heart disease. Int J Cardiol. 2006;113(3):437-8 PubMed
PMID: 16338013.

Luo J, Song W, Yang G, Xu H, Chen K. Compound Danshen (Salvia
miltiorrhiza) dripping pill for coronary heart disease: an overview of
systematic reviews. Am J Chin Med. 2015;43(1):25-43 PubMed PMID:
25582415.

Ahmad Z, Ng CT, Fong LY, Bakar NA, Hussain NH, Ang KP, et al.
Cryptotanshinone inhibits TNF-alpha-induced early atherogenic events in
vitro. J Physiol Sci. 2016;66(3):213-20 PubMed PMID: 26732386.

Tang S, Shen XY, Huang HQ, Xu SW, Yu Y, Zhou CH, et al. Cryptotanshinone
suppressed inflammatory cytokines secretion in RAW264.7 macrophages
through inhibition of the NF-kappaB and MAPK signaling pathways.
Inflammation. 2011;34(2):111-8 PubMed PMID: 20490642.

Zhang F, Zheng W, Pi R, Mei Z, Bao Y, Gao J, et al. Cryptotanshinone
protects primary rat cortical neurons from glutamate-induced neurotoxicity
via the activation of the phosphatidylinositol 3-kinase/Akt signaling
pathway. Exp Brain Res. 2009;193(1):109-18 PubMed PMID: 18936923.

Chen L, Zheng SZ, Sun ZG, Wang AY, Huang CH, Punchard NA, et al.
Cryptotanshinone has diverse effects on cell cycle events in melanoma cell
lines with different metastatic capacity. Cancer Chemother Pharmacol. 2011;
68(1):17-27 PubMed PMID: 20820782. Pubmed Central PMCID: 3032829.

(2019) 38:42

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 14 of 15

Chen W, Luo Y, Liu L, Zhou H, Xu B, Han X, et al. Cryptotanshinone inhibits
cancer cell proliferation by suppressing mammalian target of rapamycin-
mediated cyclin D1 expression and Rb phosphorylation. Cancer Prev Res
(Phila). 2010;3(8):1015-25 PubMed PMID: 20628002. Pubmed Central PMCID:
2917475,

Park IJ, Kim MJ, Park OJ, Park MG, Choe W, Kang |, et al. Cryptotanshinone
sensitizes DU145 prostate cancer cells to Fas(APO1/CD95)-mediated
apoptosis through Bcl-2 and MAPK regulation. Cancer Lett. 2010;298(1):88-
98 PubMed PMID: 20638780.

Tse AK, Chow KY, Cao HH, Cheng CY, Kwan HY, Yu H, et al. The herbal
compound cryptotanshinone restores sensitivity in cancer cells that are
resistant to the tumor necrosis factor-related apoptosis-inducing ligand. J
Biol Chem. 2013;288(41):29923-33 PubMed PMID: 23986445. Pubmed
Central PMCID: 3795290.

Yuan DP, Long J, Lu Y, Lin J, Tong L. The forecast of anticancer targets of
cryptotanshinone based on reverse pharmacophore-based screening
technology. Chin J Nat Med. 2014;12(6):443-8 PubMed PMID: 24969525.
Brooks C, Wei Q, Feng L, Dong G, Tao Y, Mei L, et al. Bak regulates
mitochondrial morphology and pathology during apoptosis by
interacting with mitofusins. Proc Natl Acad Sci U S A. 2007;104(28):
11649-54 PubMed PMID: 17606912. Pubmed Central PMCID: 1913853.
Chen Z, Zhu R, Zheng J, Chen C, Huang C, Ma J, et al.
Cryptotanshinone inhibits proliferation yet induces apoptosis by
suppressing STAT3 signals in renal cell carcinoma. Oncotarget. 2017;
8(30):50023-33 PubMed PMID: 28654902. Pubmed Central PMCID:
5564825.

Suen DF, Norris KL, Youle RJ. Mitochondrial dynamics and apoptosis.
Genes Dev. 2008;22(12):1577-90 PubMed PMID: 18559474. Pubmed
Central PMCID: 2732420.

Westermann B. Mitochondrial fusion and fission in cell life and death. Nat
Rev Mol Cell Biol. 2010;11(12):872-84 PubMed PMID: 21102612.

Rehman J, Zhang HJ, Toth PT, Zhang Y, Marsboom G, Hong Z, et al.
Inhibition of mitochondrial fission prevents cell cycle progression in lung
cancer. FASEB J. 2012;26(5):2175-86 PubMed PMID: 22321727. Pubmed
Central PMCID: 3336787.

Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, et al. Mitochondrial
dynamics regulates migration and invasion of breast cancer cells.
Oncogene. 2013;32(40):4814-24 PubMed PMID: 23128392. Pubmed Central
PMCID: 3911914,

Senft D, Ronai ZA. Regulators of mitochondrial dynamics in cancer. Curr
Opin Cell Biol. 2016;39:43-52 PubMed PMID: 26896558. Pubmed Central
PMCID: 4828329.

Wakabayashi J, Zhang Z, Wakabayashi N, Tamura Y, Fukaya M, Kensler TW,
et al. The dynamin-related GTPase Drp1 is required for embryonic and brain
development in mice. J Cell Biol. 2009;186(6):805-16 PubMed PMID:
19752021. Pubmed Central PMCID: 2753156.

Lima AR, Santos L, Correia M, Soares P, Sobrinho-Simoes M, Melo M, et al.
Dynamin-Related protein 1 at the crossroads of cancer. Genes (Basel). 2018;
9(2):115. PubMed PMID: 29466320. Pubmed Central PMCID: 5852611.
Martinou JC, Youle RJ. Mitochondria in apoptosis: Bcl-2 family members and
mitochondrial dynamics. Dev Cell. 2011;21(1):92-101 PubMed PMID:
21763611. Pubmed Central PMCID: 3156409.

Montessuit S, Somasekharan SP, Terrones O, Lucken-Ardjomande S, Herzig
S, Schwarzenbacher R, et al. Membrane remodeling induced by the
dynamin-related protein Drp1 stimulates Bax oligomerization. Cell. 2010;
142(6):889-901 PubMed PMID: 20850011. Pubmed Central PMCID: 4115189.
Cheng EH, Sheiko TV, Fisher JK, Craigen WJ, Korsmeyer SJ. VDAC2 inhibits
BAK activation and mitochondrial apoptosis. Science. 2003;301(5632):513-7
PubMed PMID: 12881569.

Karbowski M, Lee YJ, Gaume B, Jeong SY, Frank S, Nechushtan A, et al. Spatial
and temporal association of Bax with mitochondrial fission sites, Drp1, and
Mfn2 during apoptosis. J Cell Biol. 2002;159(6):931-8 PubMed PMID: 12499352.
Pubmed Central PMCID: 2173996.

Wasiak S, Zunino R, McBride HM. Bax/Bak promote sumoylation of
DRP1 and its stable association with mitochondria during apoptotic cell
death. J Cell Biol. 2007;177(3):439-50 PubMed PMID: 17470634. Pubmed
Central PMCID: 2064824.

Jirawatnotai S, Hu Y, Michowski W, Elias JE, Becks L, Bienvenu F, et al. A
function for cyclin D1 in DNA repair uncovered by protein interactome
analyses in human cancers. Nature. 2011;474(7350):230-4 PubMed PMID:
21654808. Pubmed Central PMCID: 3134411,



Yen et al. Journal of Experimental & Clinical Cancer Research

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

52.

53.

(2019) 38:42

Kashatus DF, Lim KH, Brady DC, Pershing NL, Cox AD, Counter CM. RALA
and RALBP1 regulate mitochondrial fission at mitosis. Nat Cell Biol. 2011;
13(9):1108-15 PubMed PMID: 21822277. Pubmed Central PMCID: 3167028.
Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K. Mitotic phosphorylation of
dynamin-related GTPase Drp1 participates in mitochondrial fission. J Biol
Chem. 2007;282(15):11521-9 PubMed PMID: 17301055.

Mitra K. Mitochondrial fission-fusion as an emerging key regulator of cell
proliferation and differentiation. BioEssays. 2013;35(11):955-64 PubMed
PMID: 23943303.

Qian W, Choi S, Gibson GA, Watkins SC, Bakkenist CJ, Van Houten B.
Mitochondrial hyperfusion induced by loss of the fission protein Drp1
causes ATM-dependent G2/M arrest and aneuploidy through DNA
replication stress. J Cell Sci. 2012;125(Pt 23):5745-57 PubMed PMID:
23015593. Pubmed Central PMCID: 4074216.

Karbowski M, Arnoult D, Chen H, Chan DC, Smith CL, Youle RJ. Quantitation
of mitochondrial dynamics by photolabeling of individual organelles shows
that mitochondrial fusion is blocked during the Bax activation phase of
apoptosis. J Cell Biol. 2004;164(4):493-9 PubMed PMID: 14769861. Pubmed
Central PMCID: 2172000.

Cleland MM, Norris KL, Karbowski M, Wang C, Suen DF, Jiao S, et al. Bcl-2
family interaction with the mitochondrial morphogenesis machinery. Cell
Death Differ. 2011;18(2):235-47 PubMed PMID: 20671748. Pubmed Central
PMCID: 2970747.

Simula L, Nazio F, Campello S. The mitochondrial dynamics in cancer and
immune-surveillance. Semin Cancer Biol. 2017;47:29-42 PubMed PMID:
28655520.

Kashatus JA, Nascimento A, Myers LJ, Sher A, Byrne FL, Hoehn KL, et al. Erk2
phosphorylation of Drp1 promotes mitochondrial fission and MAPK-driven
tumor growth. Mol Cell. 2015;57(3):537-51 PubMed PMID: 25658205.
Pubmed Central PMCID: 4393013.

Tanwar DK, Parker DJ, Gupta P, Spurlock B, Alvarez RD, Basu MK, et al.
Crosstalk between the mitochondrial fission protein, Drp1, and the cell
cycle is identified across various cancer types and can impact survival of
epithelial ovarian cancer patients. Oncotarget. 2016;7(37):60021-37 PubMed
PMID: 27509055. Pubmed Central PMCID: 5312366.

Kashatus DF, Counter CM. Breaking up is hard to do: RalA, mitochondrial
fission and cancer. Small GTPases. 2011;2(6):329-33 PubMed PMID:
22545232, Pubmed Central PMCID: 3337163.

Inoue-Yamauchi A, Oda H. Depletion of mitochondrial fission factor DRP1
causes increased apoptosis in human colon cancer cells. Biochem Biophys
Res Commun. 2012;421(1):81-5 PubMed PMID: 22487795,

Mitra K, Wunder C, Roysam B, Lin G, Lippincott-Schwartz J. A hyperfused
mitochondrial state achieved at G1-S regulates cyclin E buildup and entry
into S phase. Proc Natl Acad Sci U S A. 2009;106(29):11960-5 PubMed PMID:
19617534. Pubmed Central PMCID: 2710990.

Wang J, Hansen K, Edwards R, Van Houten B, Qian W. Mitochondrial division
inhibitor 1 (mdivi-1) enhances death receptor-mediated apoptosis in human
ovarian cancer cells. Biochem Biophys Res Commun. 2015;456(1):7-12
PubMed PMID: 25446129. Pubmed Central PMCID: 4297922.

Qian W, Wang J, Roginskaya V, McDermott LA, Edwards RP, Stolz DB, et al.
Novel combination of mitochondrial division inhibitor 1 (mdivi-1) and
platinum agents produces synergistic pro-apoptotic effect in drug resistant
tumor cells. Oncotarget. 2014;5(12):4180-94 PubMed PMID: 24952704.
Pubmed Central PMCID: 4147315,

Brooks C, Dong Z. Regulation of mitochondrial morphological dynamics
during apoptosis by Bcl-2 family proteins: a key in Bak? Cell Cycle. 2007;
6(24):3043-7 PubMed PMID: 18073534.

Page 15 of 15

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Mice
	Materials
	Cell culture
	Cytotoxicity assay
	TUNEL assay
	Histological analysis
	Short interfering RNA (siRNA) transfection
	Flow cytometry
	Western blot analysis
	Confocal laser microscopy
	Statistical analysis

	Results
	CPT induced OS cell death and cell cycle arrest
	CPT treatment inhibited osteosarcoma progression in NOD-SCID mice
	CPT induced mitochondrial fragmentation in OS cells
	CPT induced activation of apoptotic pathway in osteosarcoma cells
	Drp1 is required for Bax-mediated intrinsic apoptosis
	CPT induced a time-associated increase in the interaction between active Bax and Drp1
	CPT is a potent inducer of intrinsic apoptotic pathway and mitochondrial fission in vivo

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

