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Abstract

Background: Mitochondrial dynamics (e.g. fission/fusion) play an important role in controlling chemoresistance

in representative gynecologic malignancies, ovarian and cervical cancer. Processing the long form of Optic atrophy
(L-Opa)1 is a distinctive character of mitochondrial fragmentation, associated with chemosensitivity. Here, we exam-
ined the role of prohibitin (Phb)1 in increasing L-Opal processing via the regulating mitochondrial protease, Omal
and its direct interaction with p-p53 (ser15) and pro-apoptotic Bcl-2 antagonist/killer (Bak) 1 in the signaling axis and if
this phenomenon is associated with prognosis of patients.

Methods: We compared Cisplatin (CDDP)-induced response of mitochondrial dynamics, molecular interaction
among p-p53 (ser15)-Phb1-Bak, and chemoresponsiveness in paired chemosensitive and chemoresistant gynecologic
cancer cells (ovarian and cervical cancer cell lines) using western blot, immunoprecipitation, sea horse, and immuno-
fluorescence. Translational strategy with proximity ligation assessment in phb1-p-p53 (ser15) in human ovarian tumor
sections further confirmed in vitro finding, associated with clinical outcome.

Results: We report that: (1) Knock-down of Phb1 prevents Cisplatin (cis-diamine-dichloroplatinum; CDDP) -induced
changes in mitochondrial fragmentation and Oma1l mediated cleavage, and Opal processing; (2) In response to
CDDP, Phb1 facilitates the p-p53 (ser15)-Phb1-Bak interaction in mitochondria in chemosensitive gynecologic cancer
cells but not in chemoresistant cells; (3) Akt overexpression results in suppressed p-p53(Ser15)-Phb1 interaction and
dysregulated mitochondrial dynamics, and (4) Consistent with in vitro findings, proximity ligation assessment (PLA)
in human ovarian tumor sections demonstrated that p-p53(ser15)-Phb1-Bak interaction in mitochondria is associ-
ated with better chemoresponsiveness and clinical outcome of patients. Determining the molecular mechanisms by
which Phb1 facilitates mitochondrial fragmentation and interacts with p53 may advance the current understanding
L of chemoresistance and pathogenesis of gynecologic cancer.
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Conclusion: Determining the key molecular mechanisms by which Phb1 facilitates the formation of p-p53 (ser15)-
Bak-Phb1 and its involvement in the regulation of mitochondrial dynamics and apoptosis may ultimately contribute
to the current understanding of molecular and cellular basis of chemoresistance in this gynecologic cancer.
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Introduction

Ovarian cancer (OVCA) and Cervical cancer (CECA)
together are the fleading cause of cancer deaths in
women [1]. Cisplatin (CDDP: cis-diamine-dichloroplat-
inum) and its analogs (e.g. Carboplatin and Oxaliplatin)
are the standard first line chemotherapeutic agents after
surgery in the treatment of OVCA patients. However,
chemoresistance severely limits treatment success of
these two cancer types. Dysregulation of the apoptotic
pathway is a mechanism underlying chemoresistance [2].
CDDP-induced, p53-mediated mitochondrial cell death
is a determinant of chemosensitivity in gynecologic can-
cer cells [3-5].

Mitochondria are highly dynamic organelles. Mito-
chondrial fusion and fission are required for mitochon-
drial functions and are also involved in the regulation of
mitochondria-mediated apoptosis [6, 7]. Mitochondrial
dynamics are controlled by a series of proteins, includ-
ing fusion proteins optic atrophy type (Opal), mitofusin
(Mfn) 1 and 2, and fission proteins dynamin-related pro-
tein 1 (Drpl) and Mitochondrial fission 1 protein (Fis1)
[6, 8]. Opal regulates mitochondrial structure and func-
tion through the proper assembly of its oligomerization,
which requires the optimal balance of inner membrane
bound long and short soluble Opal isoforms [9, 10]. The
latter are the products of proteolytic processing by two
metalloproteases: the membrane potential-dependent
protease Omal and the ATP-dependent protease YmelL
[11]. This proteolytic cleavage regulates Opal function
[12].

Omal-mediated processing of Long-form of Opal
(L-Opal) and disruption of Opal oligomers are required
for  mitochondrial fragmentation, pro-apoptotic
cytochrome ¢ release and subsequent cell death [12,
13]. Our previous report has shown that CDDP induces
mitochondria fragmentation in chemosensitive CECA
and OVCA cells, but not in chemoresistant counter-
parts. Omal-mediated L-Opal processing is different
in chemosensitive and chemoresistant cells in response
to CDDP treatment [14, 15], suggesting that mitochon-
drial dynamics may play an important role in regulating
chemoresistance. We also found that p53 is required for
Omal-mediated L-Opal processing, although the mech-
anism involved requires further investigation [14].

Prohibitins (Phb) form large ring complexes in the
mitochondrial inner membrane containing Phbl and

Phb2 subunits, composed of N terminal transmembrane
units that function as membrane scaffolds [16]. Phbl and
Phb2 are interdependent since the loss of one simultane-
ously leads to the loss of the other [17]. Phb1 is a shuttle
protein and newly synthesized Phbl and Phb2 in mito-
chondria need to pass through the nuclear pore complex
and translocates to the nucleus for transcriptional regula-
tion [18].

Phbl, a multifunctional protein, has been implicated
in different cellular processes, including the regulation
of cell cycle progression, apoptosis and gene transcrip-
tion [17, 19, 20]. L-Opal processing and mitochondrial
dynamics are regulated by Phbl [17, 19]. p53 was shown
to interact with Phb1 during apoptotic signaling and that
the function of p53 is attenuated in the absence of Phbl,
suggesting that Phb1 plays an important role in p53-regu-
lated apoptosis [21, 22]. The role of Phb1 has been shown
to be both pro-survival or pro-apoptotic and appears
to be cancer type-specific [23]. However, precisely how
Phb1 regulates mitochondrial dynamics in cervical and
ovarian cancers has not been fully investigated.

BCL2-antagonist/killer (Bak) is a pro-apoptotic Bcl-2
family member that exists as a globular monomeric pro-
tein in the mitochondria. Apoptotic stimuli induce the
exposure of the Bcl-2 homology domain 3 (BH3), which
binds to the hydrophobic surface groove of another
member, resulting in the formation of Bak homodi-
mers. These homodimers further assemble into pore-
forming oligomers, contributing to mitochondrial outer
membrane permeabilization (MOMP) [24]. Interest-
ingly, p-p53 (serl5) has been reported to interact with
Bak, leading to spontaneous oligomerization of Bak and
MOMP [25]. Whether Phbl is involved in the interac-
tion of p-p53 (serl5) and Bak, and how this is related to
Omal-mediated L-Opal processing and mitochondrial
fragmentation, need to be investigated. In addition, Akt is
an important cell survival factor and is known to be acti-
vated or overexpressed in different cancer types [26]. We
have previously demonstrated that Akt promotes chem-
oresistance through inhibition of p53 phosphorylation
and its action on caspase-dependent mitochondrial death
pathway [3, 4]. However, the mechanism through which
p53 elicit its action is not clear.

Here, we examine the role of p-p53 (serl5) in mito-
chondrial dynamics and apoptosis, its Akt-dependent
mitochondrial translocation, and subsequent Phbl
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and Bak interactions in apoptotic signaling. We have
observed that p-p53(serl5) interacts with Bak during
mitochondrial fragmentation and apoptosis, a process
involving the participation of Phbl. Furthermore, this
pathway is modulated by Akt in chemoresistant cells.

Materials and methods

Reagents

CDDP, DMSO, Hoechst 33258, phenylmethylsulfonyl
fluoride (PMSF), sodium orthovanadate (Na;VO,), and
aprotinin were purchased from Sigma-Aldrich (St Louis,
MO, USA). Antibodies used in the present study are
described in Supplementary Table S1. Phbl siRNA and
scramble siRNA were purchased from Origene (Rock-
ville, MD, USA). HA-tagged, triple-A mutated (K179A,
T308A, S473A) DN-Akt (dead kinase)- and LacZ ade-
noviral constructs were synthesized at the University of
Ottawa Adenoviral Core Facility (Ottawa, ON, Canada).

Cell lines and cell culture

The CDDP-sensitive cancer cell OV2008 (wt-p53,
mutant-PI3K) is of cervical origin. CDDP-resistant C13*
(wt-p53, mutant-PI3K) cell line is the isogenic resistant
counterpart to OV2008, selected by chronic exposure to
increasing concentrations of CDDP in vitro. CDDP-sen-
sitive A2780s (wt-p53) and its resistant variant A2780cp
(mutant-p53) are endometrioid sub-type of epithelial
ovarian cancer [4, 27]. Detailed information of cell lines
are described in Supplementary Table S2. These cell lines
were gifts from Drs. Rakesh Goel and Barbara Vander-
hyden (Ottawa Regional Cancer Centre, Ottawa, Ontario,
Canada), and were cultured as previously reported [3, 4].

Clinical ovarian tumor sections

Under IRB-approved protocols at the Ottawa Health Sci-
ence Network Research Ethics Board (OHSN-REB Pro-
tocol No. 20150646-01H) and collaborating institutions,
including the Seoul National University Hospital (IRB
No. H-1711-142-904), University of Hong Kong (IRB
UW16_107), and CRCHUM (IEC No. 2005-1893, BD
04.002 — BSP), formalin-fixed-paraffin-embedded (FFPE)
ovarian tumor sections were collected and assessed. The
stage, histology, and tumor grades were determined using
the criteria of the International Federation of Gynecology
and Obstetrics (FIGO) classification. Pre-chemotherapy
and post-chemotherapy ovarian tumor sections were
obtained at primary and secondary cytoreductive sur-
gery, respectively except for 2 neoadjuvant cases. Addi-
tional patient data are provided in Supplementary Table
S3.
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Protein extraction and Western blot analysis

Protein extraction and Western blot analysis were per-
formed as previously described [14, 28]. Unless indi-
cated otherwise, membranes were incubated overnight
at 4°C with diluted antibodies (Supplementary Table
S1) and band densities were analyzed (Scion Image
software; Scion Corporation, Frederick, MD, USA).

Fluorescence microscopy and determination

of mitochondrial phenotype

These procedures were performed as previously
described [14, 28]. Cells were plated on poly-D-lysine-
coated (0.05% w/v; Sigma) 8-well glass culture slides
(BD Biosciences) and cultured (48h) in RPMI 1640
(growth medium) prior to CDDP treatment. For immu-
nostaining, cells were fixed in paraformaldehyde (4%,
1h, RT), washed in PBS, and blocked with 1% BSA.
Mitochondria were visualized by immunofluorescence
microscopy, using a mouse monoclonal antibody anti-
human Tom 20 (1:100; Santa Cruz Biotechnology) and
Alexa Fluor 488 goat anti-mouse secondary antibody
(1:500; Invitrogen). Confocal images were obtained
(x 100 objective) on an Olympus IX81 inverted micro-
scope with appropriate argon lasers (488nm). Mito-
chondrial phenotype of each cell was categorized as
being tubular, intermediate or fragmented, as previ-
ously described [14]. At least 100 cells were analyzed
per treatment group.

RNA interference

For gene knock-down studies, cells were transfected
with Phbl siRNA (0-100nM; 24h), or control siRNA
(scrambled sequence), and were treated with CDDP
(0-10 uM; 24'h) as previously described [14], and har-
vested for further analysis.

Assessment of apoptosis

Apoptosis was assessed morphologically by Hoechst
33258 dye (6.25ng/ml). At least 400 cells/treatment
groups were counted. Selected fields and blinded slides
were determined randomly to avoid experimental bias
[28].

Adenoviral infection

C13* cells were infected with adenoviral HA-DN-Akt
(MOI=0-80, 24h), as previously described [4]. Adeno-
viral LacZ served as a control.

Cellular fractionation

Mitochondrial, nuclear and cytosolic fractions were
prepared as previously described [29]. Briefly, cells
were washed with ice-cold phosphate buffered saline at
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the end of the culture period, left on ice for 10 min, and
then resuspended in homogenizing buffer containing
the protease inhibitors (Aprotinin, Na;VO, and PMSE).
After 60 strokes in a Dounce homogenizer, the unbro-
ken cells were spun down (30g; 5min). The nuclear
and heavy mitochondrial fractions were collected
at 750g (10min) and 14,000g (20 min), respectively,
and the resulting supernatant was kept as cytoplasm.
The nuclear fraction was washed three times with the
homogenizing buffer containing 0.01% NP-40.

Immunoprecipitation

One mg of protein sample was incubated (RT, 1h) with
50 uL Protein G Dynabeads (Invitrogen) coated with rab-
bit monoclonal Bak antibody (1 pug, Abcam) and immuno-
precipitated. The beads were pelleted, and re-suspended
in sample buffer, boiled, and loaded onto 9% SDS-PAGE.
After protein transferred to nitrocellulose, Phbl and
p-p53 (serl5) contents were examined by Western blot-
ting, using the Clean Blot IP Detection Reagent (Thermo
Fisher Scientific, Waltham, MA, USA).

Extracellular flux assays

Mitochondrial stress test was performed for the meas-
urements of the oxygen consumption rate (OCR) using
the Seahorse XF96e Extracellular Flux Analyzer (Agilent,
Santa Clara, CA, USA). A2780s and A2780cp cells were
evenly seeded with a density of 20,000 cells/well (experi-
mentally determined) on XF96e cell culture microplate a
day before experiments. Prior to the experiment, culture
medium was replaced with XF96e DMEM and incubated
in a non-CO, incubator (37°C, 1h). Oligomycin A (1 pM;
for ATP synthase inhibition), FCCP (0.5 uM; for maximal
respiratory capacity), antimycin A [(0.5uM)/ rotenone
(1uM) for terminating mitochondrial respiration] were
sequentially added into each well for the assessment of
resting OCR, ATP-linked OCR, and maximal respiratory
capacity, respectively. OCR was measured over a 3min-
period and each values were normalized to the protein
concentration in each well, as determined by the Brad-
ford assay.

Proximity ligation assay (PLA)

PLA was conducted using the Duolink Detection kit
(Sigma, St. Louis, MO, USA), as previously described [30,
31] and as per the manufacturer’s instructions. For cul-
tured cells, cells (30,000—40,000 cells per well of 8 cham-
ber slide) were cultured and treated as indicated. Cells
were fixed and incubated overnight (16h) with a pair of
anti-P-p53(serl5) and anti-Phb1l antibodies as indicated
in supplementary section (Supplementary Table S1), fol-
lowed by secondary proximity probes (Duolink In Situ
PLA probe anti-rabbit plus, DU0O92002 and anti-mouse
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minus, DUO92004). Then, samples were incubated with
the Detection Reagents Orange (DUO92007) contain-
ing T4 DNA ligase (1 unit/pl) and amplification solu-
tion (DNA polymerase, 10units/ul) with a fluorophore
(554nm excitation and 676nm emission) followed by
counterstaining with TOM 20 (mitochondrial marker)
or DAPI (nucleus marker). Fluorescence signals were
detected (64X objective) by confocal microscopy (LSM
510, ZEISS). PLA-positive signals were quantified using
Duolink Image Tool (Sigma-Aldrich). At least 50-100
cells were analyzed per experimental group. Detailed
quantification method and untreated representative con-
trol cells were shown in Supplementary Fig. 1.

For ovarian tumors, 4-5um sections were cut. Three
to five non-necrotic fields with 1mm? areas are ran-
domly selected across tumors. Sections were heated in
citrate buffer for antigen-retrieval (25 min) and incubated
with anti-p-p53(Serl5) and HK2 antibodies. All subse-
quent PLA steps are the same as mentioned above in (A).
Cut off value of low and high PLA expression [Phbl-p-
p53(serl5)] was assigned a median value of score<0.68,
and > 0.68, respectively. Kaplan-Meier curves were strati-
fied with log-rank method accordingly.

Statistical analysis

Results are expressed as the means + s. e. m. of at least
three independent experiments. Statistical analysis was
carried out by two-way ANOVA, using the PRISM soft-
ware (Version 6.0; GraphPad, San Diego, CA, USA). Dif-
ferences between multiple experimental groups were
determined by the Bonferroni post-hoc test. Statistical
significance was inferred at p <0.05.

Results

CDDP increases Phb1 content, mitochondrial
fragmentation and apoptosis in chemosensitive

but not chemoresistant OVCA/CECA cancer cells

Although Phb1 has been reported to be involved in the
regulation of L-Opal processing and mitochondrial
dynamics [17, 19, 20], whether it plays a role in CDDP-
induced mitochondrial fragmentation and apoptosis
in OVCA cells is not known. Chemosensitive A2780s
(p53 wt) and its chemoresistant counterpart A2780cp
(mutant-p53) OVCA cells were cultured with CDDP
(0-10puM, 0-24h) and the changes in Phbl protein
contents were examined by Western blot. Phbl con-
tent significantly increased in a concentration- (5 and
10uM CDDP, 24 h; Fig. 1A p<0.01 p<0.001) and time-
dependent manner (0-24h, 10pM CDDP; Fig. 1B in
response to CDDP in A2780s cells but not in A2780cp
cells (p<0.05, p<0.001, Fig. 1A, B). We also observed
markedly increased protein content of p-p53 (serl5),
cleaved Omal (40 KDa) and Phbl. In addition, CDDP
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decreased L-Opal in a concentration- (p<0.001,) and
time- (p<0.05, p<0.001, Fig. 1A, B) dependent manner
in A2780s cells but not in A2780cp cells. This response
was also associated with increased CDDP-induced apop-
tosis (as determined morphologically by Hoechst stain-
ing) in chemosensitive A2780s cells but not in A2780cp
cells (p<0.05, p<0.001, Fig. 1 A, B). CDDP induced
apoptosis in A2780s cells, but not in A2780cp cells
(p<0.05, Fig. 1C, D). We also extended the above stud-
ies to include the chemosensitive OV2008 (p53-wt) and
chemoresistant C13* CECA cells (mutant-p53). Consist-
ently, we observed increased Phbl protein content, asso-
ciated with increased apoptosis in chemosensitive but
not in chemoresistant cells (Supplementary Fig. 24, 2B).

Following the observed changes in the above key
mitochondrial structure proteins, we then examined
mitochondrial bioenergetics, using the Seahorse XF96e
Analyzer, and determined the oxygen consumption rate
(OCR),an indicator of oxidative phosphorylation. As
shown in Fig. 1E, CDDP markedly decreased the levels
of resting OCR in chemosensitive A2780s cells, but not
in resistant A2780cp cells (»p<0.01, Fig. 1E). In addition,
CDDP treatment resulted in a significant decrease in
both resting and maximal OCR rate over time in chemo-
sensitive cells (»p<0.01, Fig. 1F), suggesting that key func-
tion of mitochondria and its bioenergetics were affected
by CDDP in chemosensitive OVCA cells but not in
chemoresistant cells.

Phb1 is required for CDDP-induced Oma1-mediated

L-Opa1 processing, mitochondrial fragmentation,

and apoptosis

Based on our previous finding that Phbl is involved in
CDDP-induced p53 activity, and Phbl was increased
in chemosensitive OVCA and CECA with CDDP treat-
ment [14], we hypothesized that Phbl is required for
Omal-mediated L-Opal processing and apoptosis. To
test this hypothesis, OV2008 cells were treated with Phb1
siRNA (0-100nM, 24h; scramble siRNA as control) fol-
lowed by CDDP (0-10 M, 24h). The contents of Omal,
Opal, Phbl, p-p53 (serl5) and GAPDH (loading control)
were determined by Western blot. Phbl knock-down
significantly stabilized Omal (40 KDa) and inhibited
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its cleavage of L-Opal in response to CDDP (Fig. 2A,
p<0.01) and apoptosis (Fig. 2A, p<0.001). Notably, the
increase of p-p53 (serl5) induced by CDDP was not
affected by Phbl knock-down (Fig. 2A). Knock-down of
Phb1 inhibited CDDP-induced mitochondrial fragmen-
tation (Fig. 2B, p<0.01, p<0.001). Taken together, these
data suggest that Phbl is required for CDDP-induced
Omal (40 KDa) increase, L-Opal processing, associated
with mitochondrial fragmentation.

Chemoresponsiveness is associated with increased p-p53
(ser15)-Phb1-Bak interaction in CECA cells

We have previously found that p-p53 (serl5) interacts
with Phbl in response to CDDP treatment in OV2008
cells [14]. Additionally, others have demonstrated that
p-p53 (serl5) accumulates in mitochondria, and binds
to Bak, leading to spontaneous Bak oligomerization and
changes in MOMP [25]. Based on these findings, we
postulate that p-p53 (serl5) binds to Bak in response to
CDDP, and this is associated with mitochondrial-medi-
ated apoptosis. To investigate this hypothesis, A2780s
and A2780cp cells were treated with CDDP (0-10 M,
6h) and Bak immunoprecipitates were immunoblot-
ted with Bak, Phbl, and p-p53 (ser 15). CDDP induced
the interaction of p-p53 (ser 15) and Bak in A2780s cells
(p<0.001), but not in A2780cp cells (Fig. 3A). CDDP
also increased Phbl-Bak interaction in A2780s cells
(»<0.001), but not in A2780cp cells, suggesting that Phb1
may be required for Bak oligomerization (Fig. 3A).

In addition, we observed a similar phenomenon in
CECA cells; CDDP increased p-p53 protein content at
both serl5 and ser20 sites. CDDP also increased p-p53
(ser 15) - Bak interaction in chemosensitive OV2008 cells
(p<0.001), but not in chemoresistant C13* cells (Sup-
plementary Fig. 3). However, CDDP failed to increase
interaction of p-p53 (ser20) and Bak and this interaction
was not detectable in Bak immunoprecipitates from both
OV2008 and C13* cells, regardless of CDDP treatment
(Supplementary Fig. 3). We further demonstrated that
Phbl is involved in CDDP-induced Bak-p-p53 (serl5)
interaction in OV2008 cells with IP/WB (Fig. 3A). In
addition, Phbl knock-down inhibited CDDP-induced
interaction of Bak with p-p53 (ser15) (p <0.001, Fig. 3B).

(See figure on next page.)

***p<0.001 (versus absence of CDDP), n=3]

Fig. 1 CDDP induces changes in mitochondrial fragmentation, apoptosis and oxygen consumption in A2780s cells, but not in A2780cp cells.
A2780s and A2780cp cells were cultured with CDDP at (A) different concentrations (0-10uM, 24 h) or for (B) different duration (0-24 h, 10 uM).
Protein contents of Long form (L) and short form (S) of Opa1, Oma1, p-p53 (ser15), Phb1, and GAPDH (loading control) were examined by
Western blotting (WB). C and D Morphological assessment of apoptosis was examined by Hoechst nuclear assay in cells cultured above in (C)
concentration- and (D) culture duration- dependent manner. E For measurement of mitochondrial respiration, A2780s and A2780cp cells were
seeded on 96-well plate, treated with CDDP and resting oxygen consumption rate (OCR) were measured after exposure to biomodulators as
indicated (dashed vertical line), using an XF96e Extracellular Flux Analyzer. F OCR measurements were obtained over time (72 min) in A2780s
and A2780cp cells cultured in the absence (0 uM) and maximal concentration of CDDP (10 uM). For all experiments described, DMSO was used
as vehicle control. Results are expressed as mean £ SEM (n = 3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test. [¥p < 0.05, **p <0.01,
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Fig. 2 CDDP-induced, Phb1-dependent Oma1 cleavage, L-Opal processing, mitochondrial fragmentation and apoptosis in chemosensitive CECA
cells. A OV2008 cells were treated with Phb1 siRNA (0-100nM, 24 h; scrambled siRNA as control), and subsequently treated with CDDP (0-10 uM,
24h).The contents of Omal, Phb1, Opal, p-p53 (ser15), and GAPDH (loading control) were determined by WB (Left upper panel). Apoptosis was
examined by Hoechst assay (Right bottom panel). B OV2008 cells were treated with control siRNA or Phb1 siRNA (0-100nM, 24 h), followed by
CDDP (0-10 M, 6 h). Mitochondrial phenotypes were examined by immunofluorescence confocal microscopy. Knock-down of Phb1 inhibited
CDDP-induced complete mitochondrial fragmentation. Results are expressed as mean = SEM (n = 3) and analyzed by 2-way ANOVA and Bonferroni
post-hoc test. [*p <0.05, **p <0.01, ***p < 0.001 (versus CDDP group in absence of Phb1 siRNA); n=3]

(See figure on next page.)

Fig. 3 CDDP induces p-p53 (ser15)-Phb1-Bak interaction in chemosensitive but not in chemoresistant gynecologic cancer cells. A A2780s
(chemosensitive OVCA cells) and A2780cp (chemoresistant OVCA cells) were treated with CDDP (0-10 uM, 6 h). Protein contents of Phb1, p-p53
(ser15), Bak, and GAPDH were examined by WB. Protein-protein interaction was determined by immunoprecipitation (IP)-WB. Cell lysates were
immunoprecipitated with anti-IgG (control; lanes 1) or anti-Bak antibody. Bak immunoprecipitates were immunoblotted [IP: anti-Bak, WB: anti-Bak,
—Phb1, —p-p53 (ser15)]. B CDDP-induced Phb1-dependent p-p53 (ser15)-Phb1-Bak interaction. OV2008 (chemosensitive CECA cells) were forced
expressed with Phb1 siRNA (0-100nM, 24 h; scrambled siRNA as control) and then treated with CDDP (0-10uM, 6 h). Contents of Phb1, p-p53
(ser15), Bak and GAPDH were examined by WB. Cell lysates were immunoprecipitated with IgG (control; lanes 1) or Bak antibody. Protein-protein
interaction was determined by IP-Western. Bak immunoprecipitates were immunoblotted [IP: anti-Bak, WB: anti-Bak, —Phb1, —p-p53 (ser15)].
Results are expressed as mean & SEM (n=3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test. [¥p <0.05, **p < 0.01, ***p <0.001 (versus
DMSO (A) and CDDP in absence of Phb1siRNA (B)); n=3]
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Akt confers resistance by suppressing interaction
of p-p53 (ser15), Phb1 and Bak and key proteins involved

in mitochondrial fragmentation
Our previous study has

shown that Akt confers

chemoresistance by suppressing CDDP-induced p53 phos-
phorylation [4]. We therefore hypothesized that Akt
attenuates p-p53 (serl5) phosphorylation, suppresses
Omal activation, subsequent L-Opal processing and
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mitochondrial fragmentation. To test these possibilities,
chemoresistant C13* cells were transfected with HA-tagged
dominant negative Akt (HA-DN-Akt, MOI=0-80, 24h),
and then treated with CDDP (0-10pM, 24h). DN Akt with
its triple mutation site of K179A, T308A, and S473, includ-
ing kinase binding site of substrate which interfers with the
function of Akt phosphorylation and p53 suppression, as we
previously showed [32]. Successful infection was confirmed
by Western blot (anti-HA), as were the protein contents
of Omal, Phbl, Opal, p-p53 (serl5) and GAPDH (load-
ing control). As expected, DN-Akt expression enhanced
CDDP-induced p-p53 (serl5) and Omal (40 KDa) contents
and L-Opal processing (p<0.001, Fig. 4A). HA-DN-Akt
also significantly sensitized C13* to CDDP-induced apop-
tosis (p<0.001, Fig. 4B) and mitochondrial fragmentation
(»<0.001, Fig. 4C).

We also examined the role of Akt in regulating the
interaction between Phbl, Bak and p-p53 (serl5), and
mitochondrial fragmentation. HA-tagged DN-Akt were
forcibly expressed in C13* cells (0-80 MOI, 24h) fol-
lowed by CDDP treatment (0-10puM, 6h). DN-Akt
expression notably enhanced CDDP-induced interaction
of Phb1 with Bak and p-p53 (ser15) (Fig. 4D), suggesting
that Akt takes a critical role in suppressing p-p53 (ser15)-
Phb1-Bak interaction.

CDDP induces mitochondrial p-p53 (ser15) accumulation
and binding to Phb1 and Bak

Our finding and those of others indicate that phospho-
rylation of p53 and mitochondrial p-p53 accumulation
is important for chemoresponsiveness in gynecologic
cancer cells [3, 4]. We next investigated whether CDDP
induces mitochondrial p-p53 (serl5) accumulation and
Phbl-Bak interaction, and activates Omal-mediated
L-Opal processing. OV2008 and C13* CECA cells were
cultured with CDDP (0-10pM, 6h). Using cellular frac-
tions, we assessed the subcellular localization of Opal,
Omal, Bak, Phbl and p-p53 (serl5). As expected,
Opal, Omal, Bak and Phbl were primarily located in
mitochondria in OV2008 and C13* cells, irrespective
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of the presence of CDDP. Whereas long form of Omal
(55 KDa) was present in mitochondria fraction in both
0OV2008 and C13* cells and not affected by CDDP treat-
ment, CDDP increased the content of short form of
Omal (40 KDa) in chemosensitive OV2008 cells, but not
in chemoresistant C13* cells (Fig. 5A). CDDP increased
p-p53 (serl5) in cytoplasm and mitochondria in OV2008
cells, but not in C13* cells (Fig. 5A). Qureshi et al. and
others previously reported other cellular localization for
Phbl, including nucleus and membrane in addition to
mitochondria [33, 34]. Interestingy, we found that pro-
longed CDDP culture (6-24h) induced mitochondrial
localization of Phbl in both OV2008 and C13* cells
whereas Phb1l was still present in the nucleus in absence
or shorter treatment of CDDP (0-3 hr) in these cells (Sup-
plmentary Fig. 4).

The interaction of Phbl, Bak and p-p53 (serl5) was
further confirmed by IP-Bak in mitochondria fraction.
CDDP increased Phbl-Bak and p-p53 (serl5)-Bak inter-
actions in OV2008 cells (p<0.001), but not in C13* cells
(Fig. 5B). These findings indicate that the interaction of
Phb1-Bak and p-p53 (ser15)-Bak occurs in mitochondria,
and is associated with its chemoresponsiveness.

Mitochondrial Phb1-p-p53(Ser15) interaction is associated
with chemosensitivity in OVCA cells
Our previous in vitro findings (Fig. 3A) indicate that Phb1
is required for the interaction between p-p53 (serl5) and
Bak, a process associated with mitochondrial-mediated
apoptosis. Proximity ligation assay (PLA) enables us to
determine the cellular localization of Phb-1-P-p53(ser15)
interaction in response to CDDP at different time points.
Consistent with our in vitro IP results (Fig. 3), CDDP
treatment (10puM, 0-24h) significantly promoted mito-
chondrial interaction of Phbl and p-p53 (serl5) start-
ing at 3h and reached at maximum of 24'h (Fig. 6A, B, p
<0.001) in chemosensitive A2780s, but not in its chem-
oresistant counterpart A2780cp cells.

Similarly, in chemosensitive CECA cells (OV2008)
treated with CDDP (10puM, 0-24h), mitochondrial

(See figure on next page.)

Fig. 4 Akt confers CDDP resistance by suppressing Oma1 cleavage, L-Opal processing, mitochondrial fragmentation and apoptosis. A HA-DN-Akt
treatment enhanced CDDP-induced p-p53 (ser15), Omal (40 KDa) and L-Opa' processing [**p < 0.01, ***p < 0.001, (versus CDDP in absence of
DN-Akt); n=3]. C13* (chemoresistant CECA cells) were forced expressed with HA-DN-Akt or Lac Z (Multiplicity of Infection (MOI) =0-80, 24 h)

and treated with CDDP (0-10uM, 24 h). The contents of HA tag, p-p53 (ser15), Phb1,0ma1, Opal, and GAPDH (loading control) were determined
by WB. (B) HA-DN-Akt treatment sensitized C13 cells to CDDP-induced apoptosis [***p <0.001 (versus CDDP in absence of DN-Akt); n=3]. C13*
cells were treated with HA-DN-Akt or Lac Z (MOl =0-80, 24 h), and then with CDDP (0-10uM, 6 h). Apoptosis was examined by Hoechst assay. C
Akt down-regulation sensitized C13 cells to CDDP-induced mitochondrial fragmentation [***p <0.001 (versus CDDP in absence of DN-Akt); n=3].
Mitochondrial phenotypes were examined by immunofluorescence confocal microscopy. D Akt conferred resistance in C13 cells by suppressing
CDDP-induced the interaction of p-p53 (ser15) with Phb1 and Bak. C13* cells were treated with HA-DN-Akt or Lac Z (MOI=0 or 80, 24 h), and then
with CDDP (0-10 uM, 6 h). Contents of Bak, Phb1, p-p53 (ser15), and GAPDH were examined by WB. Cell lysates were immunoprecipitated with IgG
(control; lanes 1) or Bak antibody. Protein-protein interaction was determined by IP-Western. Bak immunoprecipitates were immunoblotted [IP:
anti-Bak, WB: anti-Bak, Phb1, p-p53 (ser15)]. Results are expressed as mean £ SEM (n =3) and analyzed by 2-way ANOVA and Bonferroni post-hoc
test. [***p < 0.001 versus CDDP in absence of DN-Akt); n=3]
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Fig. 5 CDDP induced mitochondrial p-p53 (ser15) accumulation and binding to Phb1 and Bak in CECA cells. A OV2008 (chemosensitive) and
C13* (chemoresistant) cells were treated with CDDP (0-10 uM, 6 h). Mitochondrial, cytoplasmic and nuclear fractions were prepared. Contents of
Opal, Omal, Phb1, p-p53 (ser15), Bak, Histone H3 (nuclear loading control), Tom20 (mitochondria loading control), and GAPDH (cytoplasm loading
control) in the above subcellular fractions were examined by WB. B OV2008 and C13* cells were treated with CDDP (0-10 uM, 6 h). Mitochondria
fraction was separated and immunoprecipitated with anti-IgG (control; lanes 1) or anti-Bak antibody. Protein-protein interaction was determined
by IP-Western. Bak immunoprecipitates were immunoblotted [IP: anti-Bak, WB: anti-Bak, —Phb1 and -p-p53 (ser15)]. Results are expressed as
mean £ SEM (n=3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test. [***p <0.001(versus OV2008 treated with DMSO), n=3]

Phb1-p-p53 (serl5) interaction was increased starting at
6h and reached the highest levels at 24h (Fig. 6C and D;
p<0.001). Conversely, this interaction is largely attenu-
ated in its counterpart chemoresistant CECA cells (C13*)
exhibited minimal mitochondrial Phbl-p-p53 (serl5)
interaction (Fig. 6C, D; p<0.05). Collectively, these
results support the hypothesis that Phbl is required for
P-p53 (serl5)- Bak interaction that facilitates mitochon-
drial-mediated apoptosis, and is associated with CDDP-
induced mitochondrial fission/fragmentation.

Increased mitochondrial Phb1-p-p53(Ser15) interaction

as a potential biomarker for chemosensitivity in OVCA
Based on previous in vitro findings and PLA study in
human tumor sections that CDDP promotes the inter-
action of Phbl and p-p53 (serl5) in mitochondria
(Figs. 5, 6), we further examined whether stronger
mitochondrial Phbl-p-p53 (serl5) interaction is also

associated with better prognosis and chemo-respon-
siveness of OVCA patients. To this end, we performed
PLA to examine the interaction between Phbl and
p-p53 (serl5) in advanced stages (III and IV) of high
grade sub type of human ovarian tumor sections (Sup-
plementary Table S3). Primary treatment OVCA can-
cer contains platinum containing agent [35]. Therefore,
the length of progression free interval (PFI, time inter-
val from the end of 1st chemotherapy to recurrence
of cancer) [36, 37] is implemented as an indicator of
chemoresponsiveness to Cisplatin or other platinum
containing agent. Based on clinical oncology guide-
line, definition of length of 6 months (mo) is used as
cut off time to differentiate between chemosensitivity
(PFI>6 mo), partially platinum-sensitive recurrence (6
mo < PFI<12 mo), and chemoresistance (PFI <6 mo),
and totally platinum-sensitive recurrence (PFI >12 mo)
[35].



Kong et al. Journal of Ovarian Research (2022) 15:70

Page 12 of 19

A i MERGE B
DAPI PHB1-p-p5315er15) ! g 5 A2780s
B =
= 4l
9 . EF 4
+ v =2
2 = Tl
N o a
< 'g_ ‘S 1
o
(R ) B2
o 5+
s A2780c|
o S
a § g3 Y
O| o ©
+ EJF 3
3 ' 55
] = 2
R 8= Mito
< 3T 4]
2o uc
o
=Z o T . T :
= 0 3 6 24
Duration of culture with CDDP (h)
C PLA D
DAPI PHB1-p-p53(seri5) MERGE -
¥, /O a ; S _ %1 ov2008
a JAN) { 3
9 3™ 22
-] . ES
Q ? &5 4
- “ ‘: "’_,
g 8s
I £y ™o
> | . 'v 2
O i o
o
P = =2
. ’ £
- 0 T T T T
s
Tg |«
a i g2
R=Rr]
S T 5 41
+ : Th
o o9
o o
2 ' 2
0 ./k—-§§§Mito
E =
£ ./'\H Nuc
0 3 6 24
Duration of culture with CDDP (h)
Fig. 6 CDDP promotes the interaction of Phb1 and p-p53 (Ser 15) in mitochondria in chemosensitive but not chemoresistant OVCA and CECA cells.
Examination of mitochondrial interaction of Phb1-p-p53 (ser15) PLA signal in OVCA and CECA cells lines. A2780s and A2780cp OVCA cells A as well
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in the mitochondria and nucleus were assessed by using Duolink Image Tool [Number of PLA unit (A: red spot) with counter staining of DAPI (Blue),
and TOM 20 (Green)], (B, D respectively). Results are expressed as mean = SEM (n=3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test.
[****p <0.0001 (versus time =0h with CDDP); n=3]

mitochondrial

When comparing the Phb1-p-
p53 (serl5) interaction in post-chemotherapy sec-
tions compared with pre-chemotherapy sections, we
observed a significant increase in mitochondrial Phbl-
p-p53(serl5) interaction in a chemosensitive patient
with longer PFI (PFI=77.9 mo), but not in a chem-
oresistant patient with shorter PFI (PFI=2.4 mo)

(Fig. 7A). An increased mitochondrial Phbl-p-p53
(serl5) interaction [Phbl-p-p53(serl5)
- Phbl'p'p53(ser15)(pre—chemotherapy)]‘

positively correlates with better chemosensitivity
(Fig. 7B, r = 0.59, p=0.0007), whereas mild correlation
was still observed between this interaction and overall
survival (OS) (Fig. 7C, r = 0.31, p=0.095).

post-chemotherapy)
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Finally, Kaplan-Meier analysis indicates that patients
(n=29 high grade serous) with a higher mitochondrial
enrichment of Phbl-p-p53 (serl5) interaction after
chemotherapy had significantly better progression free
survival (PES) (Fig. 7D, p <0.0001, median survival length
of 26.51 mo vs. 11.54 mo) bue not overall survival (OS)
(Fig. 7E, p = 0.41, with median survival length of 61.96
mo vs. 53.76 mo) than patients with lower mitochon-
drial Phbl-p-p53 (serl5) interaction. Collectively, these
data suggest that increased mitochondrial Phbl-p-p53
(serl5) interaction in post-chemotherapy tumor section
could possibly function as a biomarker and is strongly
associated with higher chemo-responsiveness and bet-
ter survival outcome (PFS and OS) in HGS patients with
OVCA.

Discussion

Our previous study has shown that p53-regulated
L-Opal processing by Omal is a determining factor of
apoptosis and chemoresistance in CECA cells [14]. The
present study provides a better understanding of how
p53 induces Omal activation, leading to subsequent
L-Opal processing and cell death. We have shown that,
in response to CDDP, activated p53 [p-p53 (serl5)] in
sensitive cells binds to Bak, an important step for Omal
activation. We also showed for the first time that Phbl1 is
involved in the action of p-p53(serl5) by facilitating its
binding to Bak and promoting mitochondrial fragmenta-
tion. Moreover, Akt confers CDDP resistance in part by
inhibiting the binding of p-p53 (serl5) to Bak, thereby
attenuating Omal-mediated L-Opal processing.

Phbl is an evolutionarily conserved protein that is
mainly located in mitochondria [17]. Mitochondrial
Phb1 is located in the inner mitochondrial membrane
and interacts with Phb2 to stabilize the mitochondrial
genome, modulate mitochondrial dynamics, and facili-
tates the activation of mitochondrial apoptotic pathway
[34]. The role of Phbl in apoptosis remains controver-
sial [17, 38]. Chowdhury and colleagues reported that
Phbl acts as a pro-survival factor during apoptosis in
rat granulosa cells [39]. Merkwerth et al. demonstrated
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that conditional deletion of Phb2, an isoform of Phbl,
enhances Opal processing and results in aberrant cris-
tae morphogenesis and decreased cell proliferation [17].
In contrast, Peng et al. showed that the overexpression
of Phb inhibited cell proliferation and enhanced vita-
min D-induced antiproliferative action in breast can-
cer cells [23]. Phbl has also been shown to negatively
regulate human and mouse liver cancer tumorigenesis
through the downregulation of key oncogenes such as
¢-MYC [38]. On the other hand, Anderson et al. recently
reported a novel role of Phbl and showed that it medi-
ates the stabilization of the major mitochondrial phos-
pholipid cardiolipin and regulates stress response and
cell death through Omal turnover [40]. Our results dem-
onstrate that Phbl content was increased in response to
CDDP in chemosensitive cells, but not in chemoresistant
cells. Phbl knock-down attenuates CDDP-induced apop-
tosis and mitochondrial fragmentation in chemosensi-
tive cells, suggesting that Phb1 is a pro-apoptotic protein.
Whether these observed differences in the role of Phb
(tumor suppressive versus oncogenic) are due to differ-
ences in TP53 and AKT mutational status, heterogeneity
of the cancer cells examined [41] and/or the involvement
of different Phb isoforms, are not clear and await future
investigations.

Although different intracellular localization of Phbl,
including nucleus, plasma membrane and mitochondria,
has been demonstrated, our current study emphasizes
the role of mitochondrial Phbl1 [42]. As a transmembrane
adaptor, membrane Phb1 regulates the cell signaling for
membrane transport. Nuclear Phbl modulates transcrip-
tional activity by interacting with transcription factors or
indirectly interacting with chromatin remodeling factors
[18]. In prostate cancer, nuclear Phbl has been reported
to regulate cell cycle progression targeted by androgen
[43]. Within the nucleus, Phbl has also been shown to
co-localize with various transcription factors, including
p53, Rb, E2F, AIF, c-myc, and c-fos [34, 44]. We also con-
sistently observed p53 - Phbl interaction in the nucleus
upon CDDP treatment. It is possible that p53 is involved
in increasing Phb1 expression as transcriptional level and

(See figure on next page.)

Kaplan Meier curved were stratified according to the log rank p method

Fig. 7 Chemotherapy-induced mitochondrial interaction of phb and p-p53 (Ser15) in vivo is associated with chemo-responsiveness in OVCA
patients. A Images represent PLA signal from pre- and post- chemotherapy in OVCA IHC sections collected from chemosensitive patients
(PFI=77.9month, mo) and chemoresistant patients (PFl=2.4 mo), respectively. Scale bar: 10 um. B & C Paired pre- and post- chemotherapy
high-grade serous ovarian tumor sections from the same patients (n= 29, total 58 sections) were stained with anti-Phb1 and anti-p-p53 (ser15)
antibodies. B progression free interval (PFI, from the end of 1st chemotherapy to recurrence of cancer), (D) Length of progression free survival
(PFS, from starting of 1st treatment to recurrence of cancer),and (C & E) overall survival (OS, from starting of 1st treatment to last follow up)
were measured based on its definition during the treatment. Number of Phb1-p-p53 (ser15) interactions (PLA unit: red spot) and its cellular
localization [(Blue: DAPI) and (Green: TOM20)] were assessed. Correlation between increased PLA unit [(Phb1-p-p53(ser15)] and PFI (n=29) (B)
and OS (n=29) (C) was analyzed [Increased mitochondrial PLA unit=Phb1-p-p53(ser15) interaction;
INteraction(pre-chemotherapyyl- Higher Phb1-p-p53 (ser15) interaction (increased mitochondrial PLA unit) is associated with better PFS (D) but not OS
(E), as determined by Kaplan — Meier analysis and hazard ratio (HR) determination. The correlation was analyzed using Pearson (1) method and
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promotes p53-dependent apoptosis, as CDDP treatment
subsequently increased Phbl protein content in chemo-
sensitive cells (shown in our study). We also consistently
observed the p53 and Phbl interaction in the nucleus.
Guan et al. also reported that Phbl binds to the p53
induced gene 3 (PIG3) promoter motif (TGTCC) directly,
promoting p53-dependent apoptosis [45].

Phosphorylation of p53 at serl5 and ser20 (p53 activa-
tion) followed by mitochondrial targeting is a determin-
ing factor of CDDP-induced apoptosis in CECA cells
[3, 4]. We have previously reported that p-p53 (serl5,
but not ser20) binds to Phbl in chemosensitive but not
chemoresistant CECA cells in response to CDDP [14].
Our current results showed that this interaction is also
evident in chemosensitive but not chemoresistant OVCA
cells, suggesting Phbl-p-p53 (serl5) interaction may
be important for CDDP-induced apoptosis and CDDP
sensitivity. It has been demonstrated that the ability of
Phb1 to suppress tumor formation is associated with the
increased p53-mediated apoptotic response, and Phbl
directly interacts with p53 in HCT116 cells and Jurkat
T cells in colon mucosa [46]. The p53-Phbl interaction
has been reported in MCF-7 breast cancer cells, and p53
transcription activity and Bax transcription are lower
in the absence of Phbl [21, 38]. To our knowledge, our
study is the first to report the involvement of Phbl in
p53-mediated regulation of mitochondrial dynamics.

The integrity of the outer mitochondrial membrane
(OMM) is controlled by BCL-2 family members [24].
The pro-apoptotic BCL-2 family member, Bak or Bax,
oligomerizes into proteolipid pores and increases OMM
permeability, cytochrome c release, and apoptosis. Opal-
mediated cristae opening was reported as Bax/Bak and
BH3 dependent, and it is required for apoptosis inde-
pendent of Bak oligomerization [9, 13]. Since Omal acti-
vation and subsequent L-Opal processing are required
for mitochondrial fragmentation and apoptosis, it is not
surprising that the former is regulated by Bak activation
and increased OMM permeability, as reported earlier
[47, 48]. Pietsch et al. reported that p53 DNA binding
domain can directly bind Bak and facilitate Bak oli-
gomerization [49]. Moreover, the observation that p-p53
(serl5) plays a role in Bak activation and apoptosis by
targeting mitochondria and binding to Bak [25] is con-
sistent with our contention that increased mitochondrial
p-p53 (serl5) and its binding to Bak in chemosensitive
cells during CDDP-induced mitochondrial fragmentation
and apoptosis. Our results also provide new mechanis-
tic insight into the role of Phbl in promoting the p-p53
(serl5) - Bak complex in CDDP-induced mitochondrial
fragmentation and apoptosis in gynecologic cancer cells.
However, our study does not exclude the possibility that
p53 may regulate mitochondrial dynamics through the
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pro-apoptotic factor Bax, another pro-apoptotic BCL-2
family member. Whether and how Bax is involved in p53
regulated Omal-mediated L-Opal processing remains
unclear.

Akt activation or its over-expression is a major deter-
minant of chemoresistance. Our previous publication
has shown that Akt confers chemoresistance in gyneco-
logic cancer cells by inhibiting p53 phosphorylation
and mitochondrial translocation [3, 4]. Our current
results show that inhibiting Akt in chemoresistant cells
increased p-p53 (serl5) content and sensitized the cells
to CDDP. These responses are associated with increased
Omal cleavage (activation), L-Opal processing and
mitochondrial fragmentation. We have therefore dem-
onstrated for the first time that Akt confers chemoresist-
ance at least partly via inhibiting p-p53 (ser15)-regulated
Omal-mediated L-Opal processing and mitochondrial
fragmentation.

In the present studies and our previous report [14],
we have described the dysregulation of mitochondrial
dynamics in chemoresistant CECA and OVCA cells,
which include: hyperfusion of mitochondrial morphol-
ogy, and suppressed mitochondria fragmentation when
challenged with CDDP [14]. We also demonstrated the
dyregulated pathways in the regulation of mitochon-
drial dynamics in chemoresistant cells, including the
absence of p-p53 (serl5) activation and cleaved short
form of Omal (40 KDa), stabilized L-Opal (55KDa)
and the absence of p-p53 (serl5)-Phbl-Bak interaction
[14]. Whether and precisely how other proteins such as
Drpl and Mfn 1 and 2 contribute to chemoresistance in
gynecologic cancer are not well understood and need to
be further investigated. The relationship between dys-
regulation of mitochondrial dynamics and chemoresist-
ance is intriguing. Cells with hyper-fused mitochondria
may be more resistant to external cell stresses, including
chemotherapy, possibly due to high efficiency of energy
production in mitochondria [50]. However, how L-Opal
and Omal are involved in the regulation of energy
metabolism and cell survival remains unclear.

Our PLA assay indicates that CDDP induces the mito-
chondrial Phb1-p-p53 (serl5) interaction, which is com-
promised in chemoresistant cells. Defects in p53 may
suppress its interaction with Phbl and translocation to
the mitochondria/nucleus, consequently leading to atten-
uated mitochondrial fragmentation. It is also possible
that CDDP induces the formation of p-p53 (serl5)- Bak
complex at the mitochondria, increases permeabilization
of OMM, resulting in intrinsic apoptosis in OVCA cells
[14]. Considering that higher than 70% of ovarian can-
cer are high grade serous subtype with high p53 muta-
tion rate (>90%), it is likely that suppression of p53 and
subsequent defect of mitochondrial fragmentation were
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sensitive

L-Opal
processing

mitochondrial
fragmentation

apoptosis

cytoplasm

Fig. 8 Hypothetical model illustrating in the regulation of mitochondrial fragmentation, apoptosis, and chemosensitivity in gynecologic cancer
cells. In chemosensitive cells, 1) CDDP induces p53 phosphorylation (ser15), which accumulates in the mitochondria. 2) p-p53 (ser15) binds to Phb1.
3) The p-p53 (ser15)-Phb1 complex binds to Bak, inducing Bak activation. 4) The p-p53 (ser15)-Phb1-Bak complex activates Oma1l and 5) induces
-Opa1 processing to short form of Opa. 6) This induces mitochondrial fragmentation in IMM, and subsequent apoptosis. In chemoresistant

cells, 1) CDDP-induced p53 phosphorylation is minimal or absence, 2) suppressed stabilizing the Phb1-P-p53 (ser15) complex and 3) attenuatess
the association of p-p53 (ser15)-Phb1-Bak complex. 4) It inhibits Oma1 activation in OMM. 5) L-Opa1 is protected from being processed in IMM,
leading to the failure of CDDP to induce mitochondrial fragmentation and apoptosis. Solid arrow indicates activation and dashed arrow indicates
suppressed activation. OMM and IMM indicate outer membrane inner membrane of mitochondria, respectively

resistant

CDDP

@ —

.
.

Omal
activation

Decreased:

1. L-Opal processing
2. mitochondrial
fragmentation

3. Apoptosis

observed in most cases of ovarian cancer, associated with
chemoresistance.

To our knowledge, the present study is the first report
demonstrating the association of mitochondrial Phbl-p-
p53(serl5) with chemosensitivity and clinical outcomes
in OVCA. Mitochondrial Phbl-p-p53 (serl5) interac-
tion could potentially be exploited as a biomarker of

chemosensitivity in epithelial OVCA. However, this
interaction are limited to late cases (stage III and IV) of
patients treated adjuvant chemotherapy or neo adjuvant
chemotherapy since strong signature of mitochondrial
Phb1-p-p53 (serl5) interaction was not observed in naive
tumor sections or cancer cells not treated with CDDP.
Since our clinical samples in this study were obtained at
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all late clinical stage, a prospective study with early stage
samples for this marker would benefit early detection and
better treatment prognosis. Based on our in vitro and
in vivo (tumor sections) results, examining mitochon-
drial Phbl-p-p53(serl5) interaction following chemo-
therapy will enable one to predict the clinical outcome
and chemoresponsiveness, and on decision on possible
alternate treatment strategy.

We, for the first time, have demonstrated that the
formation of p-p53 (serl5)-Bak-Phbl complex in the
mitochondria is necessary for Omal-mediated L-Opal
processing, mitochondrial fragmentation and changes in
MOMP. Interestingly, MOMP may also activate Omal
by stimulating self-cleavage [48], while Bak activation
could cause MOMP and Omal activation as well as
cytochrome c release [47]. Taken together, we propose
that CDDP induces mitochondrial recruitment of p-p53
(serl5) uptake, and formation of p-p53 (serl5)--Phbl
complex, inducing MOMP and Omal self-cleavage, and
subsequent Opal processing. In contrast, in chemore-
sistant cells, high Akt activity inhibits Omal-mediated
L-Opal processing by inhibiting p-p53 phosphorylation
and mitochondrial targeting as proposed in hypothetical
model (Fig. 8). Determining the molecular mechanisms
by which p53 controls Omal-mediated L-Opal process-
ing may advance the current understanding of mito-
chondrial dynamics and apoptosis, and ultimately of the
mechanisms of chemoresistance in human gynecologic
cancer. Furthermore, identification of these mechanisms
may support the possible application of mitochondrial
Phbl-p-p53(serl5) interaction as a prominent signature
for the identification of effective clinical intervention of
OVCA to achieve better precision cancer medicine.
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Additional file 1 Figure S1. Protein-protein interaction analysis by PLA.
Control of OVCA and CECA cell and description of Duo link PLA count
method. (A) A2780s (ovarian cancer cells- OVCA), (B) C13 (cervical cancer
cells — CECA), and (C) human ovarian tumour section without treatment
of PLA reagents (contro. Blue represents DAPI (nucleus marker) and green
represents TOM20 (mitochondria marker). (D) OV2008 cells treated with-
out (CTL) or with CDDP were subjected to PLA assay. Using Duolink image
tool, white dots (PLA signal) were counted either in mitochondria (green)
or nucleus (Blue). Cell number was automatically assigned as shown by
Duolink image tool. (E) PLA signal in each cell were counted, summed
and averaged by number of cells as shown in table. Figure S2. CDDP
increased Phb1 content and apoptosis in OV2008 cells, but not in C13*
cells. (A) and (B) Comparison of Phb1 contents and apoptosis in OV2008
and C13* cultured with CDDP at different concentrations (A: 0-10 uM,
24h) or for different duration (B: 0-24 h, 10 uM). Contents of Phb1 and
GAPDH (loading control) were examined by Western blotting. Apoptosis
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was examined by Hoechst assay. Phb1 contents in OV2008 cells but not
in C13* cells were significantly increased in the presence of CDDP in a
concentration- (A; **p<0.01 ***p<0.001, n=3) and time- (B; ***p <0.001,
n=3) dependent manner. OV2008 cells exhibited higher apoptosis than
C13* cells when treated with CDDP. Results are expressed as mean £ SEM
(n=3) and analyzed by 2-way ANOVA and Bonferroni post-hoc test.
[**p<0.01, ***p <0.001, (versus CDDP =0; A) and (versus time =0; B);
n=3]. Figure S3. p-p53 (ser15) interacts with Phb1 and Bak in response
to CDDP in chemosensitive CECA cells, but not in chemoresistant cells.
(A) OV2008 and C13* cells were treated with CDDP (0-10 uM, 6h). Protein
contents of Phb1, p-p53 (ser15), p-p53 (ser20), Bak and GAPDH were
examined by Western blot. Protein-protein interaction was determined by
IP-Western. (B) Cell lysates were immunoprecipitated with IgG (control;
lanes 1) or Bak antibody. Bak immunoprecipitates were immunoblotted
[IP: anti-Bak, WB: anti-Bak, —Phb1, —p-p53 (ser15 and ser20)]. Results
show representative images from 3 independent experiments. Results
are expressed as mean £ SEM (n=3) and analyzed by 2-way ANOVA

and Bonferroni post-hoc test. [A and B; **p <0.01, ***p <0.001 (com-
pared to DMSO), n= 3]. Figure S4. Prolonged CDDP treatment induced
mitochondrial localization of Phb1 in CECA cells. (A) OV2008 and (B) C13*
CECA cells were cultured with CDDP (0, 10uM, 0, 3, 6, and 24 h; DMSO as a
vehicle), and were examined by confocal microscopy. Cellular localization
of Phb1 (Red) and p-p53 (ser15) were shown in representative images.
Green: Mitochondrial Marker and Blue: Nucleus marker (DAPI) Merge 1
indicates the merged image between Phb1 and p-p53 (ser15) whereas
merge 2 indicates merged image between DAPI and Phb1.
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