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Abstract

Withaferin A (WA), a steroidal lactone derived from a medicinal plant (Withania somnifera),
inhibits cancer development in transgenic and chemically-induced rodent models of breast cancer
but the underlying mechanism is not fully grasped. We have shown previously that WA treatment
causes apoptotic cell death in human breast cancer cells that is preceded by inhibition of complex
I11 of the mitochondrial electron transport chain. This study extends these observations to now
demonstrate alterations in mitochondrial dynamics in WA-induced apoptosis. Assembly of
complex Il was decreased in MCF-7 and SUM159 cells but not in MDA-MB-231 as determined
by native blue gel electrophoresis. Because WA is a Michael acceptor (electrophile), we explored
the possibility of whether it covalently modifies cysteine residue(s) in ubiquinol-cytochrome ¢
reductase, Rieske iron-sulfur polypeptide 1 (UQCRFS1). Covalent modification of cysteine in
UQCRFS1 was not observed after WA treatment. Instead, WA treatment inhibited chemically-
induced mitochondrial fusion and decreased the mitochondrial volume, and this effect was
accompanied by a decrease in the expression of proteins involved in fusion process, including
mitofusinl, mitofusin2, and full-length optic atrophy protein 1 (OPAL). A loss of volume in
fragmented mitochondria also occurred in WA-exposed cells when compared to vehicle-treated
control. WA treatment also caused a decrease in protein level of mitochondrial fission-regulating
protein dynamin-related protein 1 (DRP1). Functional studies revealed that DRPI deficiency and
OPA1 knockdown attenuated apoptotic potential of WA. Taken together, these results indicate that
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WA not only alters Complex Il assembly but also inhibits mitochondrial dynamics in breast
cancer cells.
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1. Introduction

Withania somnifera, also known as Ashwagandha, is a medicinal plant native to India and
neighboring countries, and exhibits diverse pharmacological properties including
immunomodulatory, cardiovascular protection, anti-stress, anti-inflammatory, antibiotic,
anti-convulsant, hypolipidemic, anti-tumor activities (Mirjalili et al., 2009; Palliyaguru et al.,
2016). Due to its broad-spectrum pharmacological effects, root or leaf extract of Withania
somnifera has been used to alleviate many ailments for thousands of years (Mirjalili et al.,
2009; Palliyaguru et al., 2016; Jaradat et al., 2016). Recent studies have also established
clinical safety of Withania somnifera extract administration in humans (Chandrasekhar et al.,
2012; Ambiye et al., 2013; Sharma et al., 2018). Bioactivity of Withcmia somniferais
attributed to withanolides or steroidal lactones (Mirjalili et al., 2009; Zhang et al., 2012;
Palliyaguru et al., 2016). Among many naturally-occurring withanolides present in root or
leaf of Withania somnifera, withaferin A (WA) is most effective anticancer agent (Antony et
al., 2014; Gu et al., 2014). Anticancer effect of WA has been studied in different cancer
types including breast cancer that remains a health concern for women globally (Vyas and
Singh, 2014; Chirumamilla et al., 2017).

Our laboratory was the first to determine the efficacy of WA for prevention of breast cancer
(Hahm et al., 2013; Samanta et al., 2016), which is still a major health concern for women
globally (Siegel et al., 2018). In a mouse model of epidermal growth factor receptor 2-driven
estrogen-receptor negative breast cancer, intraperitoneal administration of 100 ug WA (about
4 mg/kg; three times per week for 28 weeks) significantly inhibited tumor burden (palpable
tumor weight) and area of microscopic papillary tumors + ductal carcinoma /7 situ and
invasive carcinoma while the overall incidence of cancer was not affected significantly
(Hahm et al., 2013). Because WA was shown to inhibit estrogen receptor-a (Hahm et al.,
2011a), we also determined the efficacy of WA for prevention of estrogen receptor-positive
breast cancer using a rat model of chemically-induced cancer (Samanta et al., 2016). In this
study, breast cancer incidence was significantly lower in the WA treatment groups (4 mg/kg
and 8 mg/kg body weight, 5 times per week intraperitoneally for 10 weeks) compared with
control rats (Samanta et al., 2016). Nevertheless, in both studies breast cancer prevention by
WA was associated with a significant increase in apoptotic cell death in comparison with
respective control tumors (Hahm et al., 2013; Samanta et al., 2016). We also demonstrated
that WA was bioavailable in mammary tumor tissues of the rats (Samanta et al., 2016).

Cancer preventive mechanisms of WA, including apoptosis induction, have been studied
using human breast cancer cells. Noticeable mechanisms potentially contributing to breast
cancer prevention by WA include mitotic arrest (Antony et al., 2014), apoptosis induction
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(Hahm et al., 2011b; Hahm et al., 2014), inhibition of epithelial to mesenchymal transition
and cell migration (Lee et al., 2010; Lee et al., 2015), and suppression of self-renewal of
breast cancer stem-like cells (Kim and Singh, 2014). Apoptosis induction by WA in breast
cancer cells was associated with mitochondria-derived reactive oxygen species resulting
from inhibition of complex I1 of the electron transport chain. Because apoptotic response to
different stimuli, including certain naturally occurring phytochemicals is regulated by
mitochondrial dynamics (Suen et al., 2008; Sehrawat et al., 2017), the present study was
undertaken to determine if WA alters mitochondrial fusion and/or fission in breast cancer
cells.

2. Materials and Methods

2.1. Reagents

Withaferin A (WA, purity > 95%) was bought from ChromaDex (Irvine, CA) and dissolved
in dimethyl sulfoxide (DMSO). Working solution of WA was diluted with complete media
immediately before use and concentration of DMSO did not exceed 0.1%. Tissue culture
medium was from MediaTech (Manassas, VA) and fetal bovine serum was from Atlanta
Biologicals (Flowery Branch, GA). Antibiotics, NativePAGE™ cathode and anode buffers,
NativePAGE™ 5% G-250 sample additive, NativePAGE™ running buffer, and
NativePAGE™ 3-12% Bis-Tris protein gel were from Invitrogen-Life Technologies
(Carlsbad, CA). Mitochondria isolation kit was from ThermoFisher Scientific (Waltham,
MA). Digitonin and DMSO were from Sigma-Aldrich (now Millipore-Sigma, St. Louis,
MO). Recombinant glutathione S-transferase-tagged ubiquinol-cytochrome ¢ reductase,
Rieske iron-sulfur polypeptide 1 (RISP or UQCRFSL1) protein was purchased from
MyBioSource (San Diego, CA). Sources of the antibodies were as follows: anti-
mitochondrial dynamin like GTPase (DRP1), anti-phospho-(S637)-DRPI, and anti-
mitofusin2 (MFN2) antibodies were from Cell Signaling Technology (Danvers, MA); anti-
mitofusinl (MFN1) and anti-fission, mitochondrial 1 (FIS1) antibodies were from Santa
Cruz Biotechnology (Dallas, TX); anti-optic atrophy protein 1 (OPA1) antibody was from
BD Biosciences (San Jose, CA); anti-p-Actin antibody was from Sigma-Aldrich (St. Louis,
MO). FITC-Annexin V/propidium iodide Apoptosis Detection kit was purchased from BD
Biosciences. Polyethylene glycol (PEG) 1500 was purchased from Roche Life Sciences
(Indianapolis, IN). pAc-green fluorescent protein (GFP)-Mito (mito-GFP) and pDsRed2-
Mito (mito-DsRed?2) plasmids were kindly provided by Dr. Bennett Van Houten (University
of Pittsburgh, Pittsburgh, PA). Human OPAL siRNA was from Santa Cruz Biotechnology
and control siRNA was from Qiagen (Germantown, MD).

2.2. Celllines

The MDA-MB-231 and MCF-7 cell lines were purchased from the American Type Culture
Collection (Manassas, VA) whereas SUM159 cell line was procured from Asterand
Bioscience (Detroit, MI). Each cell line was last authenticated by us in March of 2017, and
cultured according to the supplier’s recommendations. MDA-MB-231 and MCF-7 cells
stably transfected with mito-GFP or mito-DsRed2 were cultured in medium supplemented
with 100 pug/mL G418. Mouse embryonic fibroblasts (MEF) from wild-type (DRP1+/+) and
DRP1 deficient (DRP-/-)mice were a generous gift from Dr. Katsuyoshi Mihara (Kyushu
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University, Fukuoka, Japan) and cultured in Dulbecco’s modified essential medium
supplemented with 10% fetal bovine serum and antibiotics.

2.3. Blue native polyacrylamide gel electrophoresis (BN-PAGE)

The cells (5 x 108 cells in 145-mm dish) were exposed to DMSO (control) or WA for 24
hours and mitochondria were isolated using Mitochondria isolation kit and then solubilized
in cold 1 x NativePAGE™ sample buffer containing 5% digitonin. Prior to electrophoresis,
0.5 pL of NativePAGE™ 5% G-250 sample additive was added to 20 ug of mitochondrial
protein sample. The upper buffer chamber of electrophoresis equipment was filled with
cathode buffer and lower chamber was filled with the anode buffer. Exact volume of protein
was loaded in NativePAGE™ 3-12% Bis-Tris protein gel and the voltage was set at 150V.
Electrophoresis was performed for about 2 hours. The gels were placed in 100 mL of fix
solution (40% methanol/10% acetic acid) and microwaved on high power for 45 seconds.
After 15 minutes of shaking, the gel was placed in 100 mL of de-staining solution (8%
acetic acid) and microwaved on high power for 45 seconds. The gel was placed on the
shaker until the desired background was obtained.

2.4. Mass spectrometry

One pg of recombinant glutathione S-transferase-tagged ubiquinol-cytochrome ¢ reductase,
Rieske iron-sulfur polypeptide 1 (UQCRFS1) protein was incubated with 16 pM WA for
different lengths of time (0, 4, 8, 16, and 24 hours; n=5). Chymotrypsin was used to digest
UQCRFS1 overnight at 37°C. Reaction was quenched with 0.1% trifluoroacetic acid and the
resultant proteolytic peptides were desalted with PepClean C-18 Spin Columns (Pierce,
Rockforn, IL) prior to LC-MS/MS analysis. Samples were analyzed by nano LC-MS/MS
with a Waters NanoAcquity HPLC system interfaced to a high-resolution mass spectrometer
(LTQ-Orbitrap Velos; ThermoFisher Scientific). The separation was performed on an
analytical C18 column (PicoChip™ Reprosil C18, New Objective, Inc., Woburn, MA) using
a binary reverse-phase gradient at a flow rate of 300 nL/min. The mass spectrometer was
operated in a data-dependent mode, with high-resolution full MS spectra performed in
Orbitrap at 60000 FWHM resolution, and data-dependent acquisition was used to collect
tandem mass spectra for the 13 most abundant ions detected in the full scan spectra. Protein
identification was performed by database matching. Briefly, MS/MS spectra were searched
with the MASCOT search engine (Version 2.4.0, Matrix Science) against a UniProt mouse
proteome database from the European Bioinformatics Institute (http://www.ebi.ac.uk/
integr8) using the following parameters. The mass tolerance was set at 20 ppm (parts per
million) for the precursor ions and 0.8 Da for the fragment ions. Two mis-cleavages were
allowed for trypsin digestion. Dehydro, withaferin A modification of cysteine residues, and
oxidation of methionine residues were set as variable modifications. Mass spectrometry data
collected for each sample was analyzed using custom dMS software implemented on Chorus
(dMS 1.0, University of Pittsburgh and InfoClinika). Briefly, the high-resolution full MS
spectra were aligned and the m/z, charge state, retention time and intensity data for all
molecular features detected in the full scan mass spectra were integrated and matched to
protein identification results. Data analysis was performed within CHORUS, a cloud
computing data analysis suite developed by the Yates lab (https://chorusproject.org/).
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2.5. Polyethylene glycol (PEG)-induced mitochondrial fusion

Cells (1 x 105) stably transfected with mito-GFP were co-plated with the same number of
mito-DsRed2 expressing MDA-MB-231 or MCF-7 cells on glass coverslips in 12-well
plates. Cycloheximide (20 pg/mL) was added 30 minutes before and kept in all incubations
to inhibit de novo synthesis of proteins. Cells were then washed with serum-free medium
and incubated with pre-warmed solution of PEG 1500 (50% weight/volume) for 1 minute at
room temperature. After extensive washing with medium containing 10% serum, cells were
treated with DMSO or desired doses of WA for specified time periods. Next, the cells were
fixed for 30 minutes with ice-cold 4% formaldehyde in phosphate-buffered saline (PBS),
stained with 4’ ,6-diamidino-2-phenylindole (DAPI), and mounted onto glass slides.
Randomly selected fields were observed using confocal fluorescence microscope from
which the percentage of co-localized fluorescence was calculated using Nikon (NIS)
Elements software and expressed as the percentage of mitochondrial fusion as described
previously (Sehrawat et al., 2016).

2.6. Confocal microscopy

For determination of mitochondrial volume/fragmentation changes, mito-DsRed2 expressing
MDA-MB-231 or MCF-7 cells were cultured on MatTek dishes (MatTek, Ashland, MA),
allowed to attach, and then treated with DMSO or desired doses of WA for 3, 6, or 12 hours.
After washing with PBS, cells were fixed with 4% paraformaldehyde for 20 minutes, and
nuclear DNA was stained with DAPI. Three dimensional stacks of mitochondria at randomly
selected fields were collected as a Z-series using an inverted confocal microscope (Nikon Al,
Nikon) controlled by NIS-Elements software at 60x objective magnification. A step size of
0.15-0.2 micron was used for the Z-stacks. Images were deconvoluted using the 3D
Landweber deconvolution capabilities of Nikon Elements. Deconvoluted images were
imported into Imaris (Bitplane Company, Zurich, Switzerland) and the mitochondrial
volume, surface area, and sphericity parameter for small mitochondrial fragments, with an
arbitrary threshold of sphericity < 0.4 for fragmented mitochondria were calculated. For
each cell line, sufficient images were taken to ensure that there were ~30-100 usable
individual cells in 5-11 fields per slide for follow-up analysis.

2.7. Determination of apoptosis

Apoptosis was quantified by flow cytometry using FITC-Annexin V/propidium iodide by
following the manufacturer’s instructions. Briefly, after treatment with DMSO or various
doses of WA, the cells were harvested by trypsin treatment and washed with PBS. Cells
were resuspended in 100 pL of binding buffer and stained in dark with 4 pL of FITC-
Annexin V and 2 uL of propidium iodide solution for 30 minutes at room temperature.
Samples were then diluted with 100-200 pL of binding buffer, and stained cells were
analyzed using a BD Accuri™ C6 flow cytometer.

2.8. Immunoblotting

Control- and WA-treated cells were processed for immunoblotting as described by us
previously (Xiao et al., 2003). Blots were stripped and re-probed with anti-p-Actin antibody

Mitochondrion. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sehrawat et al. Page 6

to correct for protein loading differences. Densitometric quantitation was done using UN-
SCAN-IT software version 5.1 (Silk Scientific Corporation, Orem, UT).

2.8. Small interfering RNA-mediated knockdown of OPA1

MDA-MB-231 cells (1 x 10° cells per well) were plated in 6-well plates in triplicate,
allowed to attach overnight, and then transfected with 100 nM control siRNA or 100 nM
human siRNA targeting OPAL1 using Oligofectamine™ transfection reagent (Invitrogen-Life
Technologies) following manufacturer’s recommendations. After 24 hours of transfection,
the cells were treated with DMSO or desired concentrations of WA for 12 hours and then
processed for immunoblotting or apoptosis assay.

2.9. Statistical analysis

Statistical evaluation was performed using GraphPad Prism software (version 7.02). One-
way analysis of variance (ANOVA) followed by Dunnett’s test or Bonferroni’s test was
employed for dose-response comparisons and multiple comparisons, respectively.

3. Results

3.1. Effect of WA treatment on complex Ill assembly

We have shown previously that WA treatment inhibits complex Il activity in breast cancer
cells /in vitroand /n vivo (Hahm et al., 2011b; Hahm et al., 2013; Samanta et al., 2016). We
explored the possibility of whether WA treatment alters complex I11 assembly. We tested this
possibility by blue native gel electrophoresis, and the results are shown in Fig. 1A. A
decrease in level of complex 111 was observed after 24-hour treatment of MCF-7 and
SUM159 cells with 2 uM WA in comparison with solvent-treated control, but this effect was
not evident in the MDA-MB-231 cell line (Fig. 1B). It is important to point out that the 2
UM WA concentration is achievable in plasma based on a pharmacokinetic study in mice
(Thaiparambil et al., 2011). These results indicated cell line-specific decrease in complex 11
assembly following WA treatment.

3.2. Mass spectrometry to determine potential modification of UQCRFS1 cysteine(s) by
WA

Complex Il exists as a tightly bound symmetrical dimer, and each monomer is composed by
three catalytic subunits (MT-CYB, CYCL, and UQCRFS1), and seven other subunits (Signes
and Fernandez-Vizarra, 2018). Assembly of complex 11l begins with synthesis of MT-CYB
but its maturation occurs after addition of the UQCRFS1 and insertion of UQCR11 to the
dimeric pre-complex 111 (Signes and Fernandez-Vizarra, 2018). Because WA is a Michael
acceptor (electrophile) and capable of reacting with the sulfhydryl of cysteine residue, we
considered the possibility of covalent modification of cysteine residue(s) in UQCRFS1. We
have shown previously that mitotic arrest in breast cancer cells following WA exposure is
associated with covalent modification of cysteine-303 of g-tubulin (Antony et al., 2014). We
tested this possibility by using recombinant glutathione S-transferase-tagged UQCRFS1.
Human UQCRFS1 protein has 5 cysteine residues at positions 77, 217, 222, 236, 238, but
the recombinant protein used in this study was truncated (amino acid residues 1-78 were
lacking). The glutathione S-transferase that was tagged to UQCRFSL1 contained 4 cysteine
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residues at positions 85, 138, 169, and 178. No evidence for the presence of WA
modification on UQCRFS1 was found by differential mass spectrometry analyses of WA-
treated samples. A total of 470208 molecular features were detected and quantified by LC-
MS/MS. Selected features with significant positive correlation with the length of WA
treatment were subjected to targeted identification. MASCOT database search of all tandem
mass spectra resulted in identification of two WA modified cysteine residues, both located at
the glutathione S-transferase proportion of the recombinant protein at positions 169 and 178
(Fig. 1C, D). These results indicated that WA was unable to modify cysteine residues in
UQCRFS1 but this possibility for the cysteine residue at position 77 of UQCRFS1 cannot be
fully discarded.

3.3. WA treatment inhibited PEG-induced mitochondrial fusion in human breast cancer

cells

Because of published role of mitochondrial dynamics in regulation of apoptosis (Brooks and
Dong, 2007; Suen et al., 2008; Grandemange et al., 2009; Boland et al., 2013), we
determined the effect of WA treatment on mitochondrial fusion in co-plated human breast
cancer cells expressing mito-GFP or mito-DsRed?2 which can be visualized in mitochondria
with green and red fluorescence, respectively. Because both SUM159 and MDA-MB-231
are estrogen receptor negative unlike MCF-7 cells, only MDA-MB-231 and MCF-7 were
used for these studies. As shown in Fig. 2A and 2B, PEG-mediated mitochondrial fusion in
DMSO-treated control cells was visible as a yellow fluorescence due to merging of green
and red fluorescence. WA treatment decreased the PEG-induced mitochondrial fusion
capacity in both MDA-MB-231 and MCF-7 cells (Fig. 2C, D). MCF-7 cells were slightly
more sensitive to inhibition of PEG-induced mitochondrial fusion capacity by WA treatment
compared with MDA-MB-231 cells. Inhibition of PEG-induced mitochondrial fusion was
rapid and evident as early as 3 hours following WA treatment (Fig. 2C, D). These results
demonstrated inhibition of mitochondrial fusion ability by WA treatment in both MDA-
MB-231 (estrogen-independent) and MCF-7 (estrogen-responsive) cells.

3.4. WA treatment caused a loss in mitochondrial volume in human breast cancer cells

Next, we tested the possibility of whether WA treatment could alter mitochondrial network
integrity using mito-DsRed2 expressing MDA-MB-231 and MCF-7 cells. Enlarged images
in Fig. 3A displayed time- and dose-dependent morphological alteration of mitochondria
upon WA treatment in MDA-MB-231 cells. Percentage of total mitochondrial volume per
cell (Fig. 3B), fragmented mitochondrial volume per cell (Fig. 3C), non-fragmented
mitochondrial volume per cell (Fig. 3D), and ratio of the fragmented versus non-fragmented
mitochondrial volume per cell (Fig. 3E) compared with corresponding DMSO-treated
control cells was quantified. Quantification indicated that WA treatment decreased not only
volume of total mitochondria but also fragmented mitochondria suggesting inhibition of
both mitochondrial fusion and fission. Mitochondrial volume changes with similar trend
were also observed in MCF-7 cells after WA treatment (Fig. 4A-E). These results confirm
the inhibitory effect of WA on mitochondrial network integrity in human breast cancer cells
irrespective of hormone dependency.
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3.5. Effect of WA treatment on levels of proteins involved in mitochondrial fusion and

fission

As can be seen in Figure 5A, WA-induced apoptosis was evident at 6- and 12-hours of
treatment with WA, and the effect was statistically significant at the 4 pM concentration in
both cell lines. DRP1 is a key regulator of mitochondrial fission and its phosphorylation
modulates its activity (Cereghetti et al., 2008; Cho et al., 2013). Studies have shown that
calcineurin-dependent dephosphorylation of DRP1 regulates its translocation to
mitochondria (Cereghetti et al., 2008). In fused condition, DRP1 is sequestered in the
cytoplasm upon its phosphorylation (Corrado et al., 2012). Upon dephosphorylation, DRP1
is recruited to the outer mitochondrial membrane for oligomerization and interaction with
other fission-related proteins including FIS1 (Corrado et al., 2012). WA treatment caused an
increase in phospho-(S637)-DRPI in both MDA-MB-231 (Fig. 5B) and MCF-7 cells (Fig.
5C). Moreover, the DRP1 level was decreased in cells treated with WA compared with
respective controls in both cell lines (Fig. 5B, C). Interestingly, response of another fission-
associated protein FIS1 expression exposed to WA treatment was not quite the same as
DRP1 in both cell lines (Fig. 5B, C). These results suggested that the inhibition of
mitochondrial fission by WA treatment may be DRP1-dependent.

Next, we examined the expression mitochondrial fusion regulating proteins MFN1, MFN2,
and OPA1 (OPA1-L and OPAL1-S). Fig. 5B and 5C show that expression of these proteins
except OPA1-S were downregulated by WA treatment in both cells. However, OPA1-S
expression was increased in WA-treated cells when compared with respective controls.
Long, membrane-bound form of OPAL, which is located at the inner mitochondrial
membrane, is necessary for mitochondrial fusion, but its processing to short-soluble forms
inhibits fusion and can facilitate mitochondrial fission (MacVicar and Langer, 2016).
Increased processing of OPA1 facilitates fragmentation of mitochondria and eventually
triggers cell death (MacVicar and Langer, 2016). These results demonstrated that WA-
induced apoptosis was associated with downregulation of DRP1, MFN1, MFN2, and OPA1-
L but an increase in OPAL-S form.

3.6. DRP1 knockout attenuated WA-induced apoptosis

Proapoptotic or anti-apoptotic role of DRP1 in cancer is still controversial and depends on
the type of tumor (Estaquier and Arnoult D, 2007; Cassidy-Stone et al., 2008; Inoue-
Yamauchi and Oda, 2012; Rehman et al., 2012; Lima et al., 2018). However, recent study
showed that DRP1 expression was positively proportionally correlated with breast cancer
degrees suggesting DRP1 could be an effective therapeutic target for breast cancer treatment
(Zhao et al., 2013). This report encouraged us to further determine the role of DRP1 in WA-
mediated apoptosis. Wild-type and DRP1-deficient MEF cells were utilized to test this
question. Depletion of DRP1 expression was confirmed in DRP1-/- MEF. WA treatment
decreased the expression level of DRP1 protein in wild-type DRP1+/+ MEF (Fig. 6A).
DRP1 deficiency alone caused a significant increase in apoptosis (>3-fold increase)
compared with wild-type DRP1+/+ MEF. When the data for WA-treated groups was
computed compared to respective DMSO-treated control, it was clear that WA-induced
apoptosis was attenuated in DRP1-/- MEF compared to DRP1+/+ cells (Fig. 6B). These
results suggested that while DRP1 deficiency alone potentiated apoptosis, the cell death
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resulting from WA treatment was attenuated in these cells in comparison with DRP1+/+
MEF (Fig. 6B).

3.7. OPA1 knockdown attenuated WA-mediated apoptosis

Many studies evidenced the influence of OPA1 loss on apoptosis regulation (Olichon et al.,
2003; Lee et al., 2004; Arnoult et al., 2005). Unlike other mitochondrial fusion proteins,
OPAU1 localizes in mitochondrial inner membrane and regulates not only mitochondrial
fusion but also maintenance of cristae structure which is rich in cytochrome c.
Downregulation of OPAL could disrupt normal cristae structure, thus releasing sequestered
cytochrome ¢, and subsequently accelerate apoptosis. To investigate whether OPAL could
affect WA-mediated apoptosis in breast cancer cells, MDA-MB-231 cells were transiently
transfected with a control sSiRNA or OPA1-targeted siRNA. OPA1-L expression was
completely abolished by its knockdown as can be seen in Fig. 6C. WA-mediated increase in
OPA-S form was also markedly suppressed in cells transiently transfected with OPA1-
targeted siRNA (Fig. 6C). Fig. 6D shows flow histograms for Annexin V and propidium
iodide staining following treatment with DMSO (control) or WA in MDA-MB-231 cells
transfected with a control sSiRNA or OPA1-targeted siRNA. Like results in cells with DRP1
deficiency (Fig. 6B), OPAL knockdown attenuated WA-induced apoptosis especially at the
higher concentration when the results were normalized for the respective DMSO-treated
controls (Fig. 6E). These results indicated a partial role for OPA1 in regulation of WA-
induced apoptosis.

4. Discussion

Present study was inspired by our previous work with benzyl isothiocyanate, which is
another naturally-occurring cancer chemopreventative phytochemical present in edible
cruciferous vegetables like garden cress, on dysregulation of mitochondrial dynamics as WA
shares many features with this agent in breast cancer (Sehrawat et al., 2017). WA treatment
downregulated both mitochondrial fusion and fission in association with the inhibition of
PEG-induced mitochondrial fusion, increase in loss of mitochondrial volume, and
suppression of proteins related to this process. Inhibition of both mitochondrial fusion and
fission by microtubule inhibitor nocodazole has been documented (Woods et al., 2016).
Because mitochondria travel along microtubules, disruption of microtubules could impair
mitochondrial movement, subsequently mitochondria become arrested. Because WA binds
to B-tubulin and disorganizes network of microtubules (Antony et al., 2014), inhibition of
mitochondrial dynamics may be associated with downregulation of p-tubulin at least in
breast cancer cells.

Activity of fission protein DRP1 as well as its expression was decreased in WA-treated cells
compared with control. Post-translational modification including phosphorylation modulates
DRP1 activity positively or negatively depending on kinases (Cereghetti et al., 2008; Cho et
al., 2013). Phosphorylated DRP1 at S616 residue by Cdk1 promotes mitochondrial fission
(Cereghetti et al., 2008; Cho et al., 2013) and this phosphorylation was found to be inhibited
in WA-treated cells in present study (data not shown). Previously we have shown that WA
treatment decreased Cdk1 expression in both MDA-MB-231 and MCF-7 cells (Stan et al.,
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2008). Therefore, the suppression of DRP1 activity in WA-treated cells could be due to
Cdk1 downregulation.

Maycotte et al. (2017) reviewed the alteration of proteins associated with mitochondrial
dynamics in diverse tumor samples. Upregulation of DRP1 fission regulating protein was
found in many type of tumors such as liver, lung, prostate, breast, and pancreas indicating its
implication in cancer progression (Maycotte et al., 2017). On the other hand, expression of
fusion proteins MFN1 and MFN2 were decreased in liver and lung tumors compared with
peritumor area or normal tissue, respectively (Maycotte et al., 2017). Therefore, DRP1 may
be an effective therapeutic target for the treatment of cancer including breast tumor. WA
treatment downregulated DRP1 expression in both breast cancer cells and its deficiency
partially attenuated apoptosis in WA-treated cells suggesting a role for DRP1 in WA-
mediated apoptosis.

WA treatment decreased OPA1-L expression concomitant with increased expression of
OPAZ1-S in both breast cancer cells. OPA1 undergoes proteolytic cleavage by a protease
OMAL1 (Jiang et al., 2014; Pham et al., 2016). During apoptosis, Bak and Bax
oligomerization activates OMAL1 to cleave OPA1-L and thus cleaved OPA1-L (OPA1-S)
triggers apoptosis via cristae remodeling leading to cytochrome crelease (Jiang et al., 2014;
Pham et al., 2016). Bak is reported to be essential for WA-mediated apoptosis in breast
cancer cells by us (Hahm et al., 2011b). The results of the present study are perplexing
because RNA interference of OPA1 prevented WA-induced apoptosis. Further work is
necessary to resolve this discrepancy. In conclusion, the present study reveals that WA-
mediated apoptosis is associated with dysregulation of mitochondrial dynamics in breast
cancer cells.
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Fig. 1.
Withaferin A (WA) altered mitochondrial complex 111 in human breast cancer cells. (A) Blue

native polyacrylamide gel electrophoresis showing mitochondrial complexes in MCF-7,
SUM159, and MDA-MB-231 (MB-231) human breast cancer cells treated with DMSO or 2
uM of WA for 24 hours. (B) Quantification of complex 111 and COXIV in control and WA-
treated MCF-7, SUM159, and MDA-MB-231 (MB-231) cells exposed to DMSO or 2 pM of
WA for 24 hours. Tandem mass spectrum for identified WA modified glutathione S-
transferase peptides (C) MDPMCL and (D) DAFPKLVCF from recombinant glutathione S-
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transferase-tagged UQCRFS1 protein incubated with WA. The symbol * indicates fragment
with neutral loss of oxidized methionine.
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Fig. 2.
Withaferin A (WA) treatment inhibits PEG-induced mitochondrial fusion in human breast

cancer cells. MDA-MB-231 and MCF-7 cells stably expressing mito-DsRed?2 or mito-GFP
were used for PEG fusion assay. Representative images from one of the two independent
experiments are shown for MDA-MB-231 (A, 40x objective magnification) and MCF-7 (B,
60x objective magnification) cells after 3-, 6- or 12-hour treatment with DMSO or the
indicated doses of WA. Quantification of WA-mediated inhibition of PEG-induced
mitochondrial fusion relative to DMSO-treated control in MDA-MB-231 (C) and MCF-7
(D) cells. Percentage of co-localized fluorescence signal was determined in randomly
selected fields with the use of Nikon (NIS) Elements software. Combined results from two
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independent experiments are shown as mean + SD (n = 20). *Significant (P < 0.05)
compared with control by one-way analysis of variance (ANOVA) followed by Dunnett’s
adjustment.
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Fig. 3.

W,gA treatment causes a loss in mitochondrial volume in MDA-MB-231 human breast cancer
cells. (A) Representative images of three-dimensional surface reconstructions using Imaris 8
software in mito-DsRed?2 expressing MDA-MB-231 cells (scale bar, 15 um) after 3-, 6- or
12-hour treatment with DMSO (control) or the indicated doses of WA. Enlarged images are
shown in the right panel for each set (scale bar, 3 um). Confocal microscopic images were
collected as a Z-series for each position, using a Nikon A1 microscope (60x objective
magnification). Images were deconvoluted using the 3D Landwebser deconvolution
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capabilities of Nikon Elements and imported into Imaris software. Mitochondrial volume,
surface area, and sphericity were calculated using Imaris software. Quantification of
percentage of (B) total mitochondrial volume per cell, (C) fragmented mitochondrial volume
per cell, (D) non-fragmented mitochondrial volume per cell, and (E) ratio of the fragmented
versus non-fragmented mitochondrial volume in mito-DsRed?2 expressing MDA-MB-231
cells after 3-, 6- or 12-hour treatment with DMSO or the indicated doses of WA.
Mitochondrial fragmentation was assessed using sphericity parameter for small
mitochondrial fragments, with an arbitrary threshold of sphericity < 0.4 to differentiate the
fragmented mitochondria from total mitochondrial volume. Combined results from two
independent experiments are shown as mean + SD (n = 11). *Significant (P < 0.05)
compared with control by one-way ANOVA followed by Dunnett’s adjustment.
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Fig. 4.

WA-caused loss in mitochondrial volume in MCF-7 human breast cancer cells. (A)
Representative images of three-dimensional surface reconstructions using Imaris 8 software
in mito-DsRed2 expressing MCF-7 cells (scale bar, 15 um) after 3-, 6- or 12-hour treatment
with DMSO (control) or the indicated doses of WA. Enlarged images are shown in the right
panel for each set (scale bar, 3 pm). Confocal microscopic images were collected as a Z-
series for each position, using a Nikon A1 microscope (60x objective magnification). Image
analysis was done as described for Fig. 3. Quantification of percentage of (B) total
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mitochondrial volume per cell, (C) fragmented mitochondrial volume per cell, (D) non-
fragmented mitochondrial volume per cell, and (E) ratio of the fragmented versus non-
fragmented mitochondrial volume in mito-DsRed2 expressing MCF-7 cells after 3-, 6- or
12-hour treatment with DMSO or the indicated doses of WA. Results shown are mean + SD
(n =5). *Significant (P < 0.05) compared with control by one-way ANOVA with Dunnett’s
adjustment.
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Fig. 5.

W?thaferin A (WA)-mediated apoptosis was associated with alterations in expression of
proteins responsible for mitochondrial fusion and fission in human breast cancer cells. (A)
Quantification of percentage of total apoptosis in MDA-MB-231 and MCF-7 cells treated
with DMSO or the indicated doses of WA for the specified time periods. Results shown are
mean + SD (n = 3). *Significant (P < 0.05) compared with respective control by one-way
ANOVA followed by Dunnett’s adjustment. Consistent results were obtained from
independent experiments. Western blotting for phospho-DRPI (S637), total DRP1, FIS1,
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MFN21, MFN2, and OPA1-L and OPA1-S proteins using lysates from (B) MDA-MB-231 and
(C) MCF-7 cells after 6- or 12-hour treatment with DMSO or the indicated doses of WA.
Numbers on top of the immunoreactive bands represent changes in protein levels relative to
corresponding DMSO-treated control. Arrows indicate correct band for the proteins. Results
were comparable in replicate experiments.
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Fig. 6.

Effect of DRP1 deficiency and OPAL knockdown on WA-induced apoptosis. (A)
Immunoblotting for DRP1 using lysates from DRP1+/+ and DRP1-/— MEF treated for 24
hours with DMSO or the indicated doses of WA. (B) Quantification of % total apoptosis
(early + late apoptosis) in DRP1+/+ and DRP1-/- MEF treated for 24 hours with DMSO or
the indicated doses of WA. Results shown are mean + SD (n = 3). Significant (P < 0.05)
compared with *Respective DMSO-treated control, and #between DRP1+/+ and DRP1-/-
MEF at the same treatment by one-way ANOVA followed by Bonferroni’s comparisons test.
The numbers in the bar graph represent fold increase in apoptosis relative to corresponding
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DMSO-treated control. (C) Immunoblotting for OPAL-L and OPA-S using lysates from
MDA-MB-231 cells transiently transfected with 100 nM control siRNA or 100 nM OPA1-
targeted siRNA for 24 hours and then treated for 12 hours with DMSO or the indicated
doses of WA.. Arrows indicate correct band for the proteins. (D) Representative flow
histograms for MDA-MB-231 cells transiently transfected with control sSiRNA or OPA1-
targeted siRNA for 24 hours and treated for 12 hours with DMSO or 4 uyM WA. (E)
Quantification of % total apoptosis (early + late apoptosis in MDA-MB-231 cells transiently
transfected with control siRNA or OPA1-targeted siRNA for 24 hours and then treated for
12 hours with DMSO or the indicated doses of WA. Results shown are mean + SD (n = 3).
Significant (P < 0.05) compared with *Respective DMSO-treated control, and #between
control siRNA and OPAL siRNA by one-way ANOVA followed by Bonferroni’s
comparisons test. The numbers in the bar graph represent fold increase in apoptosis relative
to corresponding DMSO-treated control. Results were comparable in replicate experiments.
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