Biochemical and Biophysical Research Communications 456 (2015) 7-12

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

Mitochondrial division inhibitor 1 (mdivi-1) enhances death
receptor-mediated apoptosis in human ovarian cancer cells

@ CrossMark

Jingnan Wang?, Karyn Hansen ”, Robert Edwards °, Bennett Van Houten “*, Wei Qian *

2 Tsinghua University School of Medicine, Tsinghua University, Haidian District, Beijing 100084, China
b Department of Obstetrics & Gynecology, University of Pittsburgh Medical Center, Pittsburgh, PA 15213, USA
€ Department of Pharmacology and Chemical Biology, School of Medicine, University of Pittsburgh and Hillman Cancer Center, University of Pittsburgh Cancer Institute, Pittsburgh,

PA 15213, USA

ARTICLE INFO ABSTRACT

Article history:
Received 28 October 2014
Available online 13 November 2014

Keywords:
Ovarian cancer
mdivi-1

Death ligands
TRAIL

Drpl

Bax/Bak

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) based strategy is a promising targeted
therapeutic approach for the treatment of a variety of cancers including ovarian cancer. However, the
inherent or acquired resistance of tumor cells to TRAIL limits the potential application of TRAIL-mediated
therapy. In this study, we identified that mitochondrial division inhibitor-1 (mdivi-1) is able to enhance
the sensitivity of human ovarian cancer cells to death receptor ligands including TRAIL, FAS ligands, and
TNF-o. Importantly, the combination of TRAIL and mdivi-1 has no apparent cytotoxic effect on non-trans-
formed human cells, indicating a significant therapeutic window. We identified that caspase-8 and not
the modulation of TRAIL receptors is required for the combination effect of TRAIL and mdivi-1. We further
demonstrated that the enhanced efficacy of combination of mdivi-1 and death ligands is not dependent
on the originally reported target of mdivi-1, Drp1, and is also not dependent on the two important pro-
apoptotic Bcl-2 family proteins Bax and Bak. Thus, our study presents a novel strategy in enhancing the
apoptotic effect of death receptor ligands and provides a new effective TRAIL-based combination

approach for treating human ovarian cancer.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Ovarian cancer is the leading cause of death from gynecological
malignancies [1]. The current standard for management of ovarian
cancer is cytoreductive surgery and platinum drugs-based combi-
nation chemotherapy with taxanes [2]. Despite the high initial
response rate, up to 80% of patients will recur and eventually
develop resistance to therapy, which leads to incurable disease
[3]. Addition of doxorubicin, topotecan, gemcitabine [4], or bev-
acizumab (anti-VEGF anti-angiogenic antibody) [5] to standard
chemotherapy unfortunately has no advantages in improving
patient overall survival, further indicating the significant therapeu-
tic challenges in the treatment of ovarian cancer.

During the past decade, tumor necrosis factor-related apoptosis
inducing ligand (TRAIL) has been recognized as one of the promis-
ing anticancer agents due to its ability to selectively induce apop-
tosis in many tumor cells without affecting normal cells [6].
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Ovarian cancer has been shown to be one of the potential thera-
peutic targets of TRAIL [7,8]. TRAIL induces apoptosis by binding
to death receptors 4 (DR4) and 5 (DR5), which leads to the recruit-
ment of the adaptor protein FADD. Binding of FADD with pro-
caspase-8 leads to the formation of the death-inducing signaling
complex (DISC) resulting in the activation of caspase-8. Activated
caspase-8 is able to directly activate executioner caspases (cas-
pase-3, -6, -7), committing the cell to apoptotic death. In addition,
the intrinsic apoptotic pathway can also be triggered by activated
caspase-8 through cleavage of Bid. Translocation of the truncated
Bid (tBid) to the mitochondria promotes cytochrome c release
and activates caspase-9 and downstream caspases. However, TRAIL
resistance has been reported in approximately 50% of tumor cells,
including ovarian cancer cells [7]. The mechanisms underlying
TRAIL resistance have been shown to occur at several levels in
ovarian cancer cells. The coding sequence of TRAIL receptor is com-
monly deleted in ovarian cancer. For instance, lack of expression of
death receptor 4 could account for the resistance of A2780 ovarian
cancer cells to TRAIL [9]. Alterations in the signaling events down-
stream of TRAIL receptors also contribute to TRAIL resistance,
such as the increased level of c-FLIP [10]. Thus, overcoming TRAIL
resistance is of great significance in ovarian cancer therapy.
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We have shown previously that mdivi-1 induces tumor-specific
mitotic defects [11] and enhances the efficacy of platinum agents
in cancer cells from various tumor types, including ovarian cancer
[12]. In this study, we further identified that mdivi-1 is able to
enhance the death ligands including TRAIL-induced apoptosis in
both ovarian cancer cell lines and patient-derived primary ovarian
cancer cells. Importantly, the combination of mdivi-1 and TRAIL
has no apparent cytotoxic effect on non-transformed human fibro-
blasts. Thus, our study presents a novel TRAIL-based combination
strategy for the treatment of ovarian cancer.

2. Materials and methods
2.1. Cell culture

The human ovarian carcinoma cell lines A2780 and the cis-
platin-resistant A2780cis were obtained from Sigma-Aldrich (St.
Louis, MO). Human dermal fibroblasts NHDF were obtained from
Lonza (Walkersville, MD). Ovarian cancer patient ascites were
obtained under an IRB protocol, Heath Sciences Tissue Bank IRB
0506140, approved by the University of Pittsburgh Cancer Insti-
tute. Primary epithelial ovarian cancer cells (EOC) presented in
those ascites were isolated and cultured as described previously
[13]. Drp1 wild-type and knockout MEF cells were established by
Katsuyoshi Mihara [14], and kindly provided by Kasturi Mitra (Uni-
versity of Alabama). Bax/Bak wild-type and double knockout MEF
cells were established by Dr. Stanley J. Korsmeyer [15], and kindly
provided by Dr. Shivendra Singh (University of Pittsburgh Cancer
Institute). Cells were cultured in their corresponding media includ-
ing RPMI-1640 and DMEM, in 5% CO, at 37 °C.

2.2. Reagents

Mdivi-1 was obtained from Sigma-Aldrich (St. Louis, MO).
Human TRAIL was obtained from PeproTech (Rocky Hill, NJ).
Recombinant TNF-a was obtained from Invitrogen (Grand Island,
NY) and recombinant Super Fas Ligand was obtained from Enzo
Life Sciences (Farmingdale, NY).

2.3. Apoptosis and viability assays

The activity of caspase-3/7 was measured using a Caspase-Glo®
3/7 Assay Systems (Promega, Madison, WI), according to the man-
ufacturer’s instruction. Apoptosis was also determined by staining
cells with Annexin V-FITC and propidium iodide (PI) using an FITC
Annexin V Apoptosis Detection Kit (BD PharMingen, San Diego, CA)
followed by flow cytometric analysis using Accuri 6 flow cytometer
(BD Bioscience). Cell survival was determined using a CellTiter-
Blue Cell Viability Assay (Promega, Madison, WI).

2.4. Western blot analysis

Western blot was performed as we previously described [12].
Primary antibodies used were: capase-8, caspase-9, cleaved cas-
pase-3, BID, FADD, DR5 were from Cell Signaling Technology (Bev-
erly, MA); Cytochrome ¢ was from BD Biosciences (San Jose, CA); B-
actin was from Sigma-Aldrich (St. Louis, MO); and DcR2 was from
Santa Cruz Biotechnology (Dallas, TX).

2.5. Lentiviral transduction

Caspase-8 shRNA lenti-viruses were obtained from Vector Facil-
ity at University of Pittsburgh Cancer Institute. Cells with stable
knockdown were selected by 2 pg/ml of puromycin.

2.6. Statistical analysis

Data were expressed as mean + standard deviation. A Student’s
t test was used for the comparisons between the treatment with
TRAIL alone and combination with mdivi-1. P < 0.05 was consid-
ered statistically significant.

3. Results

3.1. Mdivi-1 enhances TRAIL sensitivity in human ovarian cancer cells
but not in non-transformed normal cells

We employed a caspase-3/7 activity assay to determine the
apoptotic effect of TRAIL alone, mdivi-1 alone or the combination
of TRAIL and mdivi-1 on A2780 ovarian cancer cells. With increas-
ing doses of TRAIL and mdivi-1, the combination dramatically
enhanced the activity of caspase-3/7 compared to either TRAIL or
mdivi-1 alone (Fig. 1A). Platinum drugs are highly effective at ini-
tial treatment and are thus used as standard first-line therapy in
ovarian cancer. However, the development of platinum resistance
leads to incurable disease. Therefore, we examined the combina-
tion effect of TRAIL and mdivi-1 on platinum-resistant A2780cis
cells, which are the derivatives of cisplatin-sensitive A2780 cells
and are also cross-resistant to melphalan, adriamycin and irradia-
tion. Similar to our results in A2780 cells, mdivi-1 was able to
enhance the sensitivity to TRAIL in A2780cis cells (Fig. 1A), indicat-
ing the potential of the combination of TRAIL and mdivi-1 in treat-
ing drug-resistant tumor cells. We then performed a CellTiter-blue
cell viability assay to confirm the combination effect and found
that the combination treatment led to a stronger reduction in the
viability of ovarian cancer cells compared to single agent treatment
(Fig. 1B). Annexin V apoptosis assay further revealed that the num-
ber of Annexin V-positive apoptotic cells after combination treat-
ment was increased compared to treatment with TRAIL or mdivi-
1 alone (Fig. 1C). Importantly, we did not observe a significant
cytotoxic effect in non-transformed normal human fibroblast
NHDF cells following single agent or combination treatment
(Fig. 1D), indicating a tumor cell-selective effect.

3.2. The combination of mdivi-1 and TRAIL is highly effective against
primary tumor cells from ovarian cancer patients

We then evaluated if mdivi-1 is able to enhance the effect of
TRAIL on patient-derived primary epithelial ovarian cancer (EOC)
cells, by ex vivo drug sensitivity assay using CellTiter-blue. High-
grade serous carcinoma (HGSC) is the most frequent and lethal
type of epithelial ovarian cancer, with a high capacity to develop
drug resistance [16]. We isolated the primary EOC cells from the
ascites fluids of three HGSC ovarian cancer patients (Fig. 2A). We
found that mdivi-1 was highly effective at enhancing the efficacy
of TRAIL in primary EOC cells in a dose dependent manner (around
40-50% decrease in cell survival compared to the treatment with
TRAIL alone, when 50 pM mdivi-1 was combined), while TRAIL
alone at 100 ng/ml only had a limited effect (Fig. 2B).

3.3. The combination of mdivi-1 and TRAIL enhances extrinsic
apoptotic signaling without modulation of the expression of TRAIL
receptors

We sought to understand the signaling pathway leading to the
enhanced apoptosis in ovarian cancer cells following the treatment
with the combination of mdivi-1 and TRAIL. The cleavage of cas-
pase-8 was enhanced after combination treatment in A2780 cells
(Fig. 3A). FADD, which is an important binding protein of pro-cas-
pase-8 in DISC, had no change with either single agent alone or
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Fig. 1. Mdivi-1 enhances TRAIL sensitivity in human ovarian cancer cells but not in non-transformed normal cells. (A) Human ovarian cancer cells A2780 and cisplatin-
resistant A2780cis were treated with increasing doses of TRAIL alone, mdivi-1 alone, or the combination of TRAIL and mdivi-1 for 16 h. Apoptosis was determined by the
activity of caspase-3/7. (B) A2780 and A2780cis cells were treated with TRAIL alone, mdivi-1 alone, or the combination for 16 h. Cell survival was measured by CellTiter-Blue.
(C) A2780 cells were treated with TRAIL alone, mdivi-1 alone, or the combination at indicated concentrations for 16 h. Apoptosis was determined by staining cells with
Annexin V and PI followed by flow cytometry. (D) Normal human dermal fibroblast (NHDF) cells were treated with TRAIL alone, mdivi-1 alone, or the combination for 16 h.
Apoptosis and cell viability were determined by the activity of caspase-3/7 and CellTiter-Blue, respectively. Data represent the mean + S.D. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Mdivi-1 enhances TRAIL sensitivity in patient-derived primary epithelial ovarian cancer cells. (A) Characteristics of the ovarian cancer patients. (B) Primary epithelial
ovarian cancer cells isolated from the three patients were treated with TRAIL alone, mdivi-1 alone, or with the combination at indicated concentrations for 16 h. Cell survival
was measured by CellTiter-Blue. Data represent the mean + S.D. *P < 0.05, **P < 0.01, ***P < 0.001.

combination treatment in A2780 cells. The levels of Bid, which is a
substrate of caspase-8, significantly decreased following combina-
tion treatment, indicating the occurrence of Bid cleavage. A time
course study of the activation of caspases revealed a time-depen-
dent sequential cleavage of caspase-8 and then caspase-9 and cas-
pase-3 (Fig. 3B). Truncated Bid (tBid) is known to translocate onto
mitochondria and activate Bax or Bak-mediated mitochondrial
outer membrane permeabilization (MOMP). Consistent with this
notion, we observed a time-dependent release of cytochrome c
from mitochondria into cytosol (Fig. 3C), indicating the mitochon-
drial pathway was involved in the combination-induced apoptotic

signaling. We then investigated whether mdivi-1 enhances TRAIL
activity through the modulation of TRAIL receptors. Since the
expression of DR4 and DcR1 is undetectable in A2780 cells [17],
we examined the expression of DcR2 and DR5 after the combina-
tion treatment. No significant changes were observed for the
expression of both DcR2 and DR5 (Fig. 3D). As caspase-8 is the
essential component in DISC formation, we then examined the
importance of caspase-8 in apoptosis induced by the combination
treatment of TRAIL and mdivi-1. Knocking down caspase-8 through
shRNA led to a reduced cleavage of caspase-8, 9 and 3, following
combination treatment (Fig. 3E), indicating caspase-8 is crucial
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Fig. 3. Mdivi-1 enhances death receptor-mediated apoptotic signaling. (A) A2780 cells were treated with TRAIL alone, mdivi-1 alone, or the combination at the indicated
concentrations for 16 h. The activation of apoptotic signaling was examined by Western blot using antibodies against caspase-8, bid, caspase-9, cleaved caspase-3 (C-caspase-
3), and FADD. B-Actin was used as a loading control. (B) A2780 cells were treated with the combination of TRAIL and mdivi-1 as indicated. Cleavage of caspases was detected
by Western blot. (C) A2780 cells were treated with the combination of TRAIL and mdivi-1 as indicated with the presence of 20 uM caspase inhibitor Q-VD-OPH. The cytosolic
fraction was isolated using digitonin permeabilization followed by centrifugation. The amount of cytochrome c presented in cytosolic fraction was detected by Western blot.
(D) A2780 cells were treated as indicated and the expression of Decoy receptor DcR2 and death receptor DR5 were detected by Western blot. (E) A2780 cells were transduced
with control or caspase-8 shRNA and selected by puromycin. Cells were treated with the combination of TRAIL and mdivi-1 at indicated concentration for 8 h. The cleavage of
caspases was detected by western blot. (F and G) A2780 cells were treated with increasing doses of Fas ligand (FasL) (F) or TNF-o (G) alone or the combination with mdivi-1
(20 uM) for 16 h. Cleavage of caspases was examined by Western blot. These data represent three independent experiments.

for the enhanced apoptosis by the combination of TRAIL and
mdivi-1.

3.4. Mdivi-1 enhances cellular sensitivity of ovarian cancer cells to TNF
superfamily ligands Fas ligand and TNF-o

TRAIL is a member of the TNF family. Upon receptor ligation
stimulated by ligand binding, TNF superfamily ligands share simi-
lar apoptotic inducing pathways. We therefore investigated
whether other TNF superfamily ligands such as Fas ligand and
TNF-a also have a combination effect with mdivi-1. The cleavage
of caspase-8, 9 and 3 was enhanced following the combination
treatment of mdivi-1 with both Fas ligand and TNF-o, compared
to the agents-alone treatment (Fig. 3F and G), indicating mdivi-1
is able to enhance extrinsic death receptor-mediated apoptotic sig-
naling, irrespective of the particular type of the death ligands and
their particular receptors in ovarian cancer cells.

3.5. Mdivi-1 enhances death receptor-mediated apoptosis independent
of Drp1, Bax and Bak

Mdivi-1 was first discovered as an inhibitor of a mitochondrial
fission protein Drp1 to prevent apoptosis [18]. Bax and Bak, which
promote stable association of Drp1l with mitochondria during

apoptosis [19], are important for the release of mitochondrial
apoptotic factors. We thus investigated whether the enhanced
apoptosis by the combination of mdivi-1 and the death ligands is
dependent on the Drp1 and Bax/Bak, by using mouse embryonic
fibroblasts (MEFs) depleted of Drp1 or Bax/Bak. Since the combina-
tion of TRAIL and mdivi-1 lacks effect on fibroblasts, we evaluated
the combination effect of Fas ligand and mdivi-1. The cleavage of
caspase-8 and 3 was enhanced in a dose dependent manner in both
Drp1 wild-type and knockout cells following the treatment with
the combination of mdivi-1 and Fas ligand (Fig. 4A). In addition,
both Drp1 wild-type and knockout cells demonstrated a similar
pattern in the increase of the Annexin V-positive apoptotic cells
following combination treatment (Fig. 4B). We also observed the
similar effects with Bax/Bak wild-type and double knockout MEF
cells (Fig. 4C and D). These results indicate that mdivi-1 enhances
death receptor-mediated apoptosis independent of Drp1 and Bax/
Bak. However, it is worth noting that after combination treatment
the number of Annexin V-positive apoptotic cells in Drp1 knockout
MEF cells and in Bax/Bak double knockout MEF cells is less than the
number in wild-type cells (Fig. 4B and D), indicating that the
reduced activation on mitochondrial apoptotic pathway due to
the lack of Drp1 or Bax/Bak has a certain degree of protective role
in the apoptotic effect of the combination of mdivi-1 and Fas
ligand.
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4. Discussion

Despite the fact that more than 80% of the ovarian cancer
patients initially respond to first-line chemotherapy [20], most
patients progress to advanced disease with the development of
acquired drug resistance leading to treatment failure. In addition,
the toxicities accompanied with the conventional chemotherapeu-
tic drugs often limit the administration of the treatment. Clearly,
the development of more effective strategies that selectively target
ovarian cancer cells while sparing normal tissue is highly desirable.
In this study, we have identified that the combination of mdivi-1
and TRAIL enhances apoptosis in ovarian cancer cells, including
the cells that are resistant to standard chemotherapeutic agents,
but not in normal cells. We thus provide a potential effective com-
bination strategy for the treatment of ovarian cancer.

TRAIL, which shows great broad-spectrum antitumor effects
towards numerous cancer cell lines without affecting normal cells,
has been considered as a promising candidate in cancer therapy
[21]. However, the clinical activity of TRAIL is limited due to the
inherent or acquired resistance of tumors. Combining TRAIL with
several different classes of anticancer drugs has been reported able
to overcome TRAIL resistance [22,23]. Genotoxic drugs such as 5-
fluorouracil and cisplatin have been shown to enhance TRAIL effi-
cacy by upregulating the transcription of BH3-only pro-apoptotic
proteins and DR5 expression, and by downregulating the expres-
sion of inactive caspase-8 homolog cFLIP and anti-apoptotic Bcl-2
family proteins [24]. Cytokines such as IFN-y has been reported
to enhance TRAIL-induced apoptosis through enhanced DR5
expression and inactivation of NF-kB in human hepatocellular car-
cinoma cells [25]. Mdivi-1 is known as an inhibitor of Drp1 [18],
and has therapeutic value in ischemia/reperfusion injury, myocar-
dial infarction, and neurodegenerative diseases [26]. Although, we
have demonstrated that mdivi-1 enhances death ligand-mediated

apoptosis independent of Drp1, the highly synergistic antitumor
effect of the combination of TRAIL and mdivi-1 clearly suggests a
potential new therapeutic option for TRAIL-based combination
therapy for ovarian cancer.

Apoptosis is triggered through two principal signaling path-
ways, death receptor-mediated extrinsic and mitochondria-medi-
ated intrinsic pathways. The crosstalk between these two
pathways is mediated by the cleavage of Bid through the activation
of caspase-8. Activation of Bid then triggers the oligomerization of
Bax or Bak, resulting in the release of mitochondrial intermem-
brane apoptotic proteins such as cytochrome c. Mitochondrial
pathway has been shown involved in TRAIL-activated apoptosis
[27]. We found that mdivi-1 enhances the extrinsic apoptotic path-
way irrespective of the death ligands and their respective recep-
tors. In agreement with this finding, we demonstrated that the
combination of mdivi-1 and TRAIL does not alter the expression
of TRAIL receptors. Furthermore, we have observed enhanced
Bid-cleavage and cytochrome c release after ovarian cancer cells
were treated with the combination of TRAIL and mdivi-1, indicat-
ing mitochondria play a role in the combination-induced apopto-
sis. Drp1 has been shown to be involved in tBid-induced and
Bax/Bak-dependent cytochrome c release [18]. Using Drp1 defi-
cient cells, we found that Drp1 is not essential for the enhanced
apoptosis induced by the combination of mdivi-1 with Fas ligand.
However, the lack of Drp1 did confer certain degree of resistance to
the combination treatment. We also observed a similar phenome-
non for Bax and Bak. These results indicate that the mitochondrial
apoptotic pathway partially contributes to the combination-
induced apoptosis, and the release of cytochrome c triggered by
the combination in ovarian cancer cells may also involve the mech-
anism that is independent of Drp1 and Bax/Bak. Since mdivi-1 has
been shown to inhibit the mitochondrial apoptotic pathway [18],
the possible action site(s) of mdivi-1 responsible for the enhanced
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apoptosis by the combination is thus probably upstream of mito-
chondria and not exclusively associated with the mitochondria-
related apoptotic signaling. Direct activation of caspase-3 by
enhanced caspase-8 activity conceivably plays an important role
in the apoptosis induced by the combination of TRAIL and mdivi-
1. Further elucidation of the mechanism of action of mdivi-1 in
enhancing TRAIL-mediated apoptotic cell death may lead to a bet-
ter understanding of TRAIL resistance in ovarian cancer cells and a
better design of effective TRAIL-based treatment strategies.

In summary, we have identified that the combination of TRAIL
and mdivi-1 is highly effective in inducing apoptosis in ovarian
cancer cells in a cancer cell-specific manner. The combination
showed high efficacy in patient tumor samples, and also in ovarian
cancer cells that are resistant to conventional chemotherapeutic
drugs, which may be of particular interest from a clinical
standpoint.
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