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Abstract
Acquired resistance to chemotherapy represents a major obstacle to the long-term efficacy of treatment
in ovarian cancer. In this study, we investigated the impact of acquired resistance to Taxol® and
carboplatin on mitochondrial permeability transition pore (mPTP) sensitivity and Ca²⁺ homeostasis in
high-grade serous ovarian cancer (HGSOC) cells. Taxol®-resistant cells exhibited no detectable
alterations in mPTP sensitivity or Ca²⁺ signaling. In contrast, carboplatin-resistant cells displayed
increased mPTP sensitivity accompanied by a marked reduction in endoplasmic reticulum Ca²⁺ release,
store-operated Ca²⁺ entry, constitutive Ca²⁺ entry, and mitochondrial Ca²⁺ uptake. These alterations were
associated with reduced mRNA expression of Orai1, STIM1, KCNN2, KCNN3, and MCU. Consistent with
these findings, low tumoral expression of ORAI1 was associated with disease progression and an
unfavorable response to platinum-based treatment in patients with ovarian cancer. Short-term exposure
to carboplatin was sufficient to sensitize the mPTP in non-cancerous HEK-293 cells, suggesting that this
effect results from a direct action of the drug rather than from an adaptive phenotype acquired through
prolonged drug selection. Pharmacological attenuation of carboplatin-induced mPTP sensitization using
morusin was associated with increased basal mitochondrial Ca²⁺ and carboplatin-induced cytotoxicity.
Taken together, our data support a two-steps model of cellular adaptation to carboplatin. The initial
response involves increased mPTP sensitivity, which may promote the release of excess mitochondrial
Ca²⁺. This is followed by a broader downregulation of Ca²⁺ entry pathways, thereby limiting the Ca²⁺ load
reaching an intrinsically sensitized mPTP. Further studies are required to elucidate the molecular
mechanisms linking these adaptive responses.

1. Introduction
Ovarian cancer remains the deadliest gynecological malignancy, (Sung et al., 2021; Zheng, 2017) largely
due to the emergence of resistance to platinum and taxane-based chemotherapy, which are used as
conventional first-line treatment (Dalton et al., 1995; Ozols et al., 2003; Zheng, 2017). Although most
patients initially respond to therapy, relapse is common and is frequently accompanied by the
development of chemoresistance (Siddik, 2003), severely limiting treatment options (Chatelut, 2011).
Elucidating the cellular adaptations that support the acquisition of resistance is therefore critical for the
development of more effective therapeutic strategies. Remodeling of Ca²⁺ signaling has emerged as a
recurrent feature of chemoresistant cancers (Al-Taweel et al., 2014; Flourakis et al., 2010; Kondratska et
al., 2014; Romito et al., 2022). Enhanced Ca²⁺ influx through store-operated Ca²⁺ entry (SOCE) and
constitutive Ca²⁺ entry (CCE) has been linked to tumor progression and resistance to therapy in several
cancer types, including ovarian, pancreatic and lung cancer (Hasna et al., 2018; Huang et al., 2020;
Kondratska et al., 2014; Liu et al., 2018; Mohr et al., 2019; Schmidt et al., 2014; Tang et al., 2017).
Conversely, impaired ER-to-mitochondria Ca²⁺ transfer has also been associated with resistance to
platinum-based chemotherapy, (Al-Taweel et al., 2014; Arbel and Shoshan-Barmatz, 2010; Marchi and
Pinton, 2013; Romito et al., 2022; Tajeddine et al., 2008; Xu et al., 2015) highlighting the complexity and
context-dependency of Ca²⁺ signaling adaptations during cancer progression.
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At the center of these processes, mitochondria integrate cytosolic and organellar Ca²⁺ signals to
regulate cellular bioenergetics and survival. Mitochondrial Ca²⁺ uptake, primarily mediated by the
mitochondrial Ca²⁺ uniporter (MCU) (Bravo-Sagua et al., 2017; Marchi et al., 2018), critically influences
the sensitivity of the mitochondrial permeability transition pore (mPTP) (Zhao et al., 2022), a key
regulator of cell death (Robichaux et al., 2023). While sustained, high-conductance opening of the mPTP
triggers mitochondrial dysfunction and cell death (Bernardi et al., 2023; Eubler et al., 2026; O. Liu et al.,
2025), transient low-conductance “flickering” events have been proposed to participate in mitochondrial
Ca²⁺ homeostasis by relieving excessive matrix Ca²⁺ accumulation (Agarwal et al., 2017; Bernardi et al.,
2023; Bernardi and Von Stockum, 2012; Protasoni et al., 2024). Whether chemotherapy-induced
remodeling of Ca²⁺ signaling pathways contributes to the regulation of mPTP sensitivity during the
acquisition of chemoresistance remains unknown.

In this study, we used carboplatin- and Taxol®-resistant sublines of the high-grade serous ovarian cancer
cell line COV504 to investigate the relationship between Ca²⁺ signaling remodeling and mPTP regulation
in distinct resistance phenotypes. We show that carboplatin resistance is associated with enhanced
mPTP sensitivity together with a coordinated reduction in Ca²⁺ entry and mitochondrial Ca²⁺ uptake
pathways, whereas Taxol® resistance does not significantly alter either process. We further demonstrate
that carboplatin sensitizes the mPTP, suggesting that this response precedes and potentially drives
subsequent remodeling of the cellular Ca²⁺ machinery. Finally, pharmacological attenuation of mPTP
sensitization by morusin increases mitochondrial Ca²⁺ accumulation and enhances carboplatin-induced
cytotoxicity. Collectively, our findings support a model in which mPTP sensitization constitutes an early
adaptive response to carboplatin exposure that is subsequently reinforced by downregulation of Ca²⁺
influx pathways to limit mitochondrial Ca²⁺ overload and promote cell survival.

2. Materials and methods

2.1. Cell culture and resistant cell selection
Human high-grade serous ovarian cancer cells (COV504, RRID: CVCL_2424) were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Illkirch, France) supplemented with 10% fetal bovine
serum (FBS; HyClone, Lonza Bioscience, Illkirch, France) at 37°C in a humidified atmosphere containing
5% CO₂. A carboplatin-resistant subline (COV504 CP) and a Taxol®-resistant subline (COV504 TX) were
generated by continuous exposure to carboplatin (10 µM; CHRU Bretonneau, Tours, France) or Taxol®, as
described before (Romito et al., 2024). Subsequently, COV504 CP and COV504 TX cells were cultured in
standard DMEM supplemented with 10% FBS supplemented respectively with 10 µM carboplatin or 5 nM
of Taxol® to maintain the chemoresistant phenotype. HEK-293 (ATCC: CRL-1573™) were cultivated in
DMEM media (Gibco, Illkirch, France), supplemented with 10% fetal bovine serum (FBS; HyClone, Lonza
Bioscience, Illkirch, France) at 37°C in a humidified atmosphere containing 5% CO₂.

2.2. Survival assay
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Cell viability was assessed using the tetrazolium salt reduction (MTT) assay as described previously
(Romito et al., 2024). Cells were seeded in 48-well plates (10,000 cells per well) and were treated with
increasing concentrations of carboplatin or Taxol® diluted in complete medium containing 10% FBS.
Treatments were performed at 24h and 96h after seeding. At 7 days, survival was assessed by
measuring MTT absorbance at 570 nm. Results are expressed as the percentage of cell viability relative
to the untreated control condition.

2.3. Solutions for calcium recordings
Ca²⁺-free PSS contained NaCl (140 mM), KCl (4.7 mM), MgCl2 (13 mM), HEPES (10 mM) and EGTA (1
mM). For cytosolic and mitochondrial Ca²⁺ measurements, PSS was supplemented with 2 mM CaCl2
(PSS 2Ca), and for mPTP sensitivity assays with 0.5 mM CaCl2 (PSS 0.5Ca). All solutions were adjusted
to pH 7.4 with NaOH.

2.4. Store-Operated Ca2+ Entry measurement
Cytosolic Ca²⁺ levels were measured at 37°C using the Fura-2-AM ratiometric fluorescence dye
(F340/F380) (Invitrogen™, Illkirch, France) on a FlexStation3 plate reader (Molecular Devices) as
described before (Romito et al., 2024). Endoplasmic reticulum Ca²⁺ store depletion was induced by the
addition of thapsigargin (4 µM; Invitrogen™, Illkirch, France) or lysophosphatidic acid (10 µM; 0.4% BSA,
Aventi Polar Lipids, Alabaster, AL, USA), followed by the re-introduction of extracellular Ca²⁺ (5 mM
CaCl₂) to assess SOCE. The maximal fluorescence ratio obtained after Ca2+ store depletion or Ca2+ re-
introduction was compared to baseline (R₀) to calculate the amplitude (Rmax − R₀), reflecting
intracellular Ca²⁺ release and extracellular Ca²⁺ entry.

2.5. Constitutive Ca2+ entry
Constitutive Ca²⁺ entry was assessed using the Mn²⁺ quench assay, based on the ability of Mn²⁺ to enter
cells through Ca²⁺-permeable channels and quench Fura-2 fluorescence at its isosbestic excitation
wavelength (360 nm). Cells were loaded with Fura-2-AM, and media was washed with PSS 0Ca before
recordings. Baseline fluorescence (excitation 360 nm, emission 510 nm) was acquired using a
FlexStation 3 microplate reader (Molecular Devices). After, MnCl₂ was added to a final concentration of 5
mM. Constitutive Ca²⁺ entry was quantified as the absolute slope of fluorescence decay during the 100s
following Mn²⁺ addition.

2.6. Mitochondrial Ca2+ Imaging
Mitochondrial Ca²⁺ transients were measured using Rhod-2-AM/Mitotracker green (Thermo Fisher
Scientific) fluorescence dye (excitation/emission: 543 nm/580–650 nm). HEK-293 cells were seeded on
glass coverslips and used at 60–70% confluency for imaging. Prior to acquisition, cells were loaded for
30 min at room temperature with 1 µM Rhod-2-AM. Cells were then washed three times with Ca²⁺-
containing PSS (PSS 2Ca) and maintained in a similar buffer during recording. Ca²⁺ transients were
induced by addition of ionomycin (1 µM) after 50s of baseline acquisition. Imaging was performed using
a Leica TCS SP8 confocal microscope, and fluorescence intensity was analyzed using LAS X software
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(Leica Microsystems). COV504, COV504 CP and COV504 TX cells were loaded in black 96 plates
(CellStar™, Greiner Bio-One) at a 30 000 cells/well density for 30 minutes with Rhod-2 AM (2 µM) in Opti-
MEM medium at 37°C, 5% CO2. After loading, the Opti-MEM medium was replaced with PSS 2Ca. Ca²⁺
transients were induced by addition of ionomycin (1 µM). The maximal fluorescence obtained after
Ionomycin injection (Rmax) in each well was compared to baseline (R₀) to calculate the amplitude
(Rmax − R₀), reflecting mitochondrial Ca²⁺ uptake.

2.7. mPTP sensitivity
Mitochondrial permeability transition pore (mPTP) opening was assessed using the CoCl₂–calcein
quenching assay (Bonora et al., 2016). Cells were loaded with calcein-AM (Thermo Fisher Scientific, 2
µM) for 30 min at 37°C in a humidified atmosphere with 5% CO₂. Subsequent addition of CoCl₂ (2 mM) in
PSS 0.5Ca selectively quenched cytosolic fluorescence, allowing mitochondrial calcein signal to be
monitored. After reaching a stable baseline, ionomycin (10 µM) was added to induce mitochondrial
permeabilization and promote mPTP opening. The rate of fluorescence decay following ionomycin
addition was quantified, and results are expressed as the absolute value of the slope. Cyclosporin A
(CsA) (4 µM), an inhibitor of mPTP opening, was used as a positive control.

2.8. RNA isolation and Real-Time Quantitative RT-PCR
Total RNA extraction (NucleoSpin® RNA Plus kit, Macherey-Nagel, Hoerdt, France), reverse transcription
(PrimeScript RT kit, Takara, Saint Germain en Laye, France) and amplification (TB green Premix ExTaq kit,
Takara) were performed as described previously (Romito et al., 2024). The experiments were performed
on CFX Maestro from Bio‐Rad (Marnes la Coquette, France). Quantitative real-time PCR (qRT-PCR) was
performed in duplicate using 25 ng of cDNA and gene-specific primers (see below). Relative expression
levels were calculated using the comparative Ct method and fold changes were calculated using the
2^−ΔΔCt method. Expression levels were normalized using four housekeeping genes (HPRT1, ALAS1,
TBP, and RNF181). The following primer sequences were used:

Gene Forward Reverse

Orai1 5’AGGTGATGAGCCTCAACGAG 3’ 5’ CTGATCATGAGCGCAAACAG 3’

Orai2 5’ CTCGCTGATGGAGTTCAGGT 3’ 5’ TGGATTACCGGGACTGGGT 3’

Orai3 5’ACTCGTGGTCACTCTCCAGC 3’ 5’ CCACGTACCGGGAGTTCG 3’

STIM1 5′ GCCCTCAACATAGACCCCAG 3′ 5′ TCCATGTCATCCACGTCGTCA 3′

STIM2 5′ TTGGACCCTTGAAGACACTCT 3′ 5′ CCAGTTATGAGGTGGGCGTG 3′

SK1 5’ CACCAAGGAGTCTCTGTACTC 3’ 5’ CAGTCATCAGCCCCGTTGT 3’

SK2 5’ GACTTGGCAAAGACCCAGAA 3’ 5’ CCGCTCAGCATTGTAAGTGA 3’
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SK3 5’ TGGACACTCAGCTCACCAAG 3’ 5’ GTTCCATCTTGACGCTCCTC 3’

TRPC1 5’ TGGGATGATTTGGTCAGACA 3’ 5’ TCTGCCACCAGTGTACCATG 3’

TRPC3 5’ CTTTCCTTCAGGCAACGAAC 3’ 5’ GTACGCAATCCGAGAGAAGC 3’

TRPC4 5’ AACAATAGGGAGGCGAGCTG 3’ 5’ TCCCAGGACTTCAAAGCGGA 3’

TRPC5 5’ CAACTGTCGTGGAATGGATG 3’ 5’CCCTTGGACGAGAACCATTA 3’

TRPC6 5’ GGATTACATGGGCCAGAATG 3’ 5’ GCTGGTTGCTAACCTCTTGC 3’

MCU 5′ CGCCAGGAATATGTTTATCCA 3′ 5′ CTTGTAATGGGTCTCTCAGTCTGTT 3′

MICU1 5′GAGGCAGCTCAAGAAGCACT 3′ 5′ CAAACACCACATCACACACG 3′

MICU2 5′ GGCAGTTTTACAGTCTCCGC 3′ 5′ AAGAGGAAGTCTCGTGGTGTC 3′

NCLX (SLC8B1) 5′ GCCAGCATTTGTGTCCATTT 3′ 5′AATTCGTCTCGGCCACTTAC 3′

HPRT1 5’ TGACCTTGATTTATTTTGCATACC 3’ 5’ CGAGCAAGACGTTCAGTCCT 3’

TBP 5’ TGTATCCACAGTGAATCTTGGTTG 3’ 5’ GGTTCGTGGCTCTCTTATCCTC 3’

ALAS1 5’ AGATCTGACCCCTCAGTCCC 3’ 5’ TCCACGAAGGTGATTGCTCC 3’

h-RNF-181 5’ GGGCCAGGAGCATAAGTACC 3’ 5’ ATCAGGAGGGCTCTCATCCA 3’

2.9. Bioinformatics and survival analyses
Gene expression levels of ORAI1 across ovarian cancer stages were analyzed using GEPIA (Gene
Expression Profiling Interactive Analysis) based on TCGA ovarian serous cystadenocarcinoma (OV)
datasets. Associations between gene expression and patient outcomes were evaluated using the
Kaplan–Meier Plotter database (kmplot.com), incorporating serous ovarian cancer cohorts treated with
platinum-based chemotherapy. Progression-free survival (PFS) and overall survival (OS) were assessed
using mRNA expression data integrated from GEO, EGA, and TCGA datasets. Patients were stratified into
high- and low-expression groups using the automatically selected best cutoff. Survival differences were
analyzed using Kaplan–Meier estimates and compared using the log-rank test, with hazard ratios (HR)
and 95% confidence intervals (CI) reported.

2.10. Pharmacology
Carboplatin (water) was obtained graciously from Hopital Bretonneau, Tours, France with the help of
Lobna Ouldamer. Taxol® (DMSO), Morusin (DMSO), Ionomycin (DMSO) and Cyclosporin A (DMSO) were
purchased from Sigma-Aldrich (Saint Quentin Fallavier, France).

2.11. Statistics
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We used GraphPad Prism 11 (https://www.graphpad.com/) for statistical analyses. Data are presented
as mean ± SEM. All comparisons were performed using either Mann-Whitney (two tailed) or one-way
Anova (Tukey post-hoc). Statistical significance was established for P < 0.05*, P < 0.01**, P < 0.001***, P 
< 0.0001****.

3. Results

3.1. Ca²⁺ signaling is selectively remodeled in carboplatin-
resistant, but not in Taxol®-resistant, COV504 cells
Resistant sublines (COV504 CP and COV504 TX) were validated using the MTT assay, confirming a
significant increase in EC₅₀ for carboplatin and Taxol®, relative to parental COV504 cells (Fig. 1A–D). We
next examined SOCE using the classical thapsigargin protocol. Thapsigargin (4 µM)-induced ER Ca²⁺
store depletion was unchanged between COV504 and COV504 TX, but was significantly reduced in
COV504 CP (Fig. 1E-J). Consistently, Ca²⁺ re-addition-following ER store depletion elicited a robust SOCE
response in COV504 TX, whereas SOCE was significantly blunted in COV504 CP cells (Fig. 1E-J). These
findings were corroborated using lysophosphatidic acid (LPA, 10 µM), a physiological relevant SOCE
trigger to ovarian cancer aggressiveness (Pua et al., 2009; Xu, 1998) (Fig. 1K–P). We next investigated
CCE, using the Mn²⁺ quench method. CCE was significantly reduced in COV504 CP cells, whereas it
remained unchanged in COV504 TX cells compared with parental COV504 cells (Fig. 1Q-T). Finally, we
assessed mitochondrial Ca²⁺ uptake following ionomycin stimulation (1 µM) using the mitochondrial
Ca²⁺ indicator Rhod-2 AM. Ionomycin-induced mitochondrial Ca²⁺ uptake was significantly reduced in
COV504 CP cells relative to parental cells, whereas no significant difference was observed in COV504 TX
cells (Fig. 1U-X).

Collectively, these results indicate that acquired carboplatin resistance is associated with a broad
reduction in Ca²⁺ mobilization and entry, encompassing ER Ca²⁺ release, SOCE, CCE, and mitochondrial
Ca²⁺ uptake, whereas these Ca²⁺ signaling pathways remain largely preserved in Taxol®-resistant cells.

Alt text

Analysis of plasma membrane and mitochondrial Ca2+ pathway in carboplatin or Taxol®-resistant high
grade serous ovarian cancer cells.

3.2. Carboplatin sensitizes the mPTP to limit mitochondrial
Ca²⁺ overload
We assessed the mPTP opening using the calcein-CoCl₂ quench assay, validated with the mPTP inhibitor
CsA (Fig. 2). Ionomycin-induced calcein quenching (10 µM), reflecting mPTP opening, was significantly
faster in COV504 CP than in parental COV504 or COV504 TX cells, indicating increased mPTP sensitivity
specifically in carboplatin-resistant cells (Fig. 2A-D). Because COV504 CP cells are continuously
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maintained in 10 µM carboplatin to preserve the resistant phenotype, we asked whether this increased
mPTP sensitivity reflected a stable adaptation or an ongoing effect of carboplatin exposure. To
distinguish between these possibilities, non-malignant HEK-293 cells, which had not been previously
exposed to carboplatin and did not exhibit Ca²⁺ signaling remodeling, were treated with carboplatin (50
µM, 24 h). This short-term exposure was sufficient to reproduce the mPTP hypersensitivity observed in
COV504 CP cells (Fig. 2E and 2F), indicating that carboplatin rapidly sensitizes the mPTP.

We then investigated whether mPTP sensitization might contribute to limiting mitochondrial Ca²⁺
accumulation rather than promoting cell death. Morusin, a flavonoid reported to promote mitochondrial
Ca²⁺ overload in ovarian cancer (Xue et al., 2018), prevented carboplatin-induced mPTP sensitization in
HEK-293 (Fig. 2E and 2F). This was accompanied by increased basal mitochondrial Ca²⁺ concentration
(Fig. 2G-I), and significant enhancement of carboplatin-induced cytotoxicity (Fig. 2J and 2K). (Fig. 2J and
2K). Thus, pharmacological attenuation of mPTP sensitization increased mitochondrial Ca²⁺
accumulation while potentiating carboplatin cytotoxicity, consistent with the possibility that early mPTP
sensitization contributes to the maintenance of mitochondrial Ca²⁺ homeostasis and limits Ca²⁺
overload following carboplatin exposure. Morusin enhanced carboplatin cytotoxicity in COV504 CP as
well (Fig. 2L and 2M), further supporting a functional link between mitochondrial Ca²⁺ handling, mPTP
regulation, and platinum sensitivity.

These findings identify the mPTP–mitochondrial Ca²⁺ axis as a potential vulnerability that could be
exploited to enhance carboplatin efficacy in platinum-resistant ovarian cancer cells.

Alt text

Modulation of mPTP, mitochondrial Ca2+ and cell survival in carboplatin or Taxol®-resistant cells, as well
as HEK-293.

3.3 Carboplatin resistance cells exhibit a selective downregulation of plasma membrane and
mitochondrial Ca 2+ channels and low ORAI1 expression predicts poor outcome.

To determine whether the functional Ca²⁺ remodeling observed in COV504 CP cells was associated with
transcriptional changes in the Ca²⁺ signaling machinery, we quantified the expression of key Ca²⁺
channels and transporters by qRT-PCR. COV504 CP cells exhibited a significant downregulation of
several components of the SOCE and CCE machinery, including Orai1 and STIM1 (Fig. 3A and 3E). In
addition, the expression of KCNN2 and KCNN3, encoding the small-conductance Ca²⁺-activated K⁺
channels SK2 and SK3, which have been implicated in the regulation of SOCE and CCE (Guéguinou et al.,
2016; Romito et al., 2024), was significantly reduced (Fig. 3A and 3E). MCU expression, encoding the
pore-forming subunit of the mitochondrial Ca²⁺ uniporter (Liu et al., 2020), was also significantly
decreased (Fig. 3C,G). These transcriptional changes were consistent with the reduced SOCE, CCE, and
mitochondrial Ca²⁺ uptake observed in COV504 CP cells (Fig. 1). In contrast, COV504 TX cells, which
displayed preserved Ca²⁺ entry and mitochondrial Ca²⁺ uptake (Fig. 1), showed no significant changes in
the expression of Orai1, Orai2, Orai3, STIM1, STIM2, TRPC3, TRPC5, MCU, MICU1, MICU2, or SLC8B1.
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However, TRPC4 and TRPC6 expression was significantly increased (Fig. 3B,D,F,H), as were KCNN1,
KCNN2, and KCNN3 (Romito et al., 2024). Despite these transcriptional changes, the functional
parameters of SOCE, CCE, and mitochondrial Ca²⁺ uptake remained unchanged in COV504 TX cells
(Fig. 1), indicating that these alterations do not result in detectable changes in the Ca²⁺ entry pathways
examined.

We next investigated the clinical relevance of altered ORAI1 expression using publicly available
transcriptomic and clinical datasets. Analysis of GEPIA (GEPIA (Gene Expression Profiling Interactive
Analysis) revealed significantly lower ORAI1 mRNA expression in advanced-stage ovarian tumors
compared with earlier-stage disease (Fig. 3I, and 3J). Consistently, Kaplan–Meier Plotter analysis
showed that lower tumoral ORAI1 expression was associated with shorter progression-free survival
(PFS) and overall survival (OS), especially in early stages (1 + 2), among ovarian cancer patients
receiving platinum-based treatment (Fig. 3K–N).

Altogether, these data support the idea that carboplatin resistance is associated with coordinated
transcriptional downregulation of components involved in plasma membrane Ca²⁺ entry and
mitochondrial Ca²⁺ uptake, consistent with the functional Ca²⁺ remodeling observed in COV504 CP cells.
Notably, reduced ORAI1 expression was associated with advanced disease and poorer clinical outcome
following platinum-based treatment, supporting the clinical relevance of this Ca²⁺ signaling remodeling.

Alt text

mRNA expression of Ca2+ channels in carboplatin or Taxol®-resistant high grade serous ovarian cancer,
followed by Orai1 clinical relevance in ovarian cancer progression.

4. Discussion
Our findings support a two-step model of Ca²⁺ signaling adaptation to carboplatin in ovarian cancer
cells. First, carboplatin exposure rapidly sensitizes the mPTP, an effect that can be observed following
short-term treatment in non-malignant cells. Second, cells that survive chronic carboplatin exposure and
acquire resistance retain this increased mPTP sensitivity while undergoing coordinated downregulation
of multiple components of the Ca²⁺ signaling machinery. Notably, this broader Ca²⁺ remodeling was not
observed in Taxol®-resistant cells, pointing to a platinum-specific adaptive response rather than a
general consequence of chemotherapy resistance.

The direct sensitization of the mPTP by carboplatin observed in non-cancerous HEK-293 cells is
consistent with previous reports showing that platinum agents can increase the sensitivity of
mitochondria to Ca²⁺-induced permeability transition (Chen et al., 2013; Custódio et al., 2009; Kim et al.,
2025). Cisplatin, in particular, has been shown to sensitize the mPTP in isolated liver mitochondria
independently of any tumor-specific context (Custódio et al., 2009). Conversely, alterations in mPTP
regulation have been implicated in multidrug resistance in hepatocellular carcinoma cells (Ling et al.,
2010), while cisplatin-induced cell death in pancreatic cancer cells has been reported to depend on
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cyclophilin D, a core regulatory component of the mPTP (Chen et al., 2013). Together, these observations
support the notion that platinum-induced mPTP sensitization may represent a direct pharmacological
effect shared across cellular contexts, rather than a phenotype uniquely acquired by the COV504 model.
Our findings therefore extend previous work by linking this early mitochondrial response to the
subsequent remodeling of Ca²⁺ signaling associated with acquired carboplatin resistance.

At first sight, increased mPTP sensitivity might be expected to promote cell death, as a lower threshold
for pore opening generally increases mitochondrial susceptibility to Ca²⁺-dependent permeability
transition (Kinnally et al., 2011; Robichaux et al., 2023; Zhao et al., 2022). However, the mPTP is also
known to open transiently, in a low-conductance "flickering" mode (Agarwal et al., 2017) that allows Ca²⁺
efflux from the matrix without triggering sustained, lethal permeability transition, and this mode has been
proposed to act as a physiological safety valve limiting mitochondrial Ca²⁺ overload in several tissues
(Bernardi et al., 2023; Hurst et al., 2017; J. Liu et al., 2025). Our pharmacological data are consistent with
this alternative interpretation. Morusin reduced carboplatin-induced mPTP sensitization and
concomitantly increased basal mitochondrial Ca²⁺ levels and carboplatin cytotoxicity. Thus, under our
experimental conditions, attenuation of mPTP sensitization was associated with greater mitochondrial
Ca²⁺ accumulation and enhanced cell death, suggesting that increased mPTP sensitivity may, at least in
part, facilitate Ca²⁺ release and thereby limit mitochondrial Ca²⁺ overload. We therefore speculate that
carboplatin-induced mPTP sensitization could reflect an increased propensity for transient, flickering
pore openings that function as an early adaptive response to mitochondrial Ca²⁺ stress. However,
because pore conductance and opening dynamics were not directly measured in the present study, this
interpretation remains hypothetical and will require direct assessment of mPTP activity, ideally using
approaches capable of resolving pore conductance and opening kinetics.

Within this framework, the downregulation of Orai1, STIM1, KCNN2, KCNN3, and MCU observed in
COV504 CP cells may represent a second, complementary layer of adaptation. By reducing Ca²⁺ entry
and mitochondrial Ca²⁺ uptake, carboplatin-resistant cells may limit the amount of Ca²⁺ delivered to
mitochondria, thereby reducing the burden imposed on an already sensitized mPTP. In this context, the
concomitant decrease in KCNN2/KCNN3 alongside Orai1 and STIM1 is consistent with the functional
coupling between SKCa channels and Orai-dependent Ca2+ entry described in other cancer models
contexts (Chantôme et al., 2013; Guéguinou et al., 2016, 2014). This is further supported by our previous
work in the COV504 cell line, showing that SK2 directly regulates SOCE and that low KCNN2 expression
is associated with shorter progression-free survival in patients with serous ovarian cancer (Romito et al.,
2024). Similarly, reduced KCNN3 expression has been associated with poorer clinical outcome in ovarian
cancer patients (Liu et al., 2018). The potential clinical relevance of this Ca²⁺ remodeling is further
supported by our analysis of patient datasets. Orai1 mRNA expression progressively decreased with
increasing ovarian cancer stage, and low tumoral expression of Orai1 was associated with shorter
progression-free and overall survival in patients with serous ovarian cancer receiving platinum-based
chemotherapy. These clinical observations parallel the reduced Orai1 expression observed in COV504 CP
cells and suggest that reduction of the SOCE machinery may be associated with advanced and platinum-
resistant ovarian cancer. Although these associations do not establish a causal relationship, their
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concordance with our experimental findings supports the biological relevance of this Ca²⁺ signaling
phenotype beyond the COV504 model.

The direction of this remodeling nevertheless differs from previous reports describing increased Orai1
expression in cisplatin-resistant ovarian cancer cells, in which enhanced SOCE promoted an anti-
apoptotic pathway (Huang et al., 2020; Schmidt et al., 2014). More broadly, Orai1 have been implicated in
chemoresistance across several cancer types (Romito et al., 2022). This apparent discrepancy may
reflect differences in the cellular and molecular mechanisms underlying resistance rather than a
fundamental contradiction. Cisplatin and carboplatin differ in their chemical reactivity, intracellular
processing, and pharmacological properties, which may influence the adaptive pathways selected during
chronic exposure (Dasari and Bernard Tchounwou, 2014). Moreover, platinum resistance is a
heterogeneous phenotype that can arise through multiple, non-mutually exclusive mechanisms and is
strongly influenced by cellular and genetic context (Dasari and Bernard Tchounwou, 2014). Our findings
therefore suggest that Ca²⁺ signaling may undergo divergent forms of remodeling during the acquisition
of platinum resistance. In some contexts, increased SOCE may sustain pro-survival and anti-apoptotic
signaling, whereas in others, suppression of Ca²⁺ entry may limit mitochondrial Ca²⁺ accumulation and
thereby reduce the consequences of an intrinsically sensitized mPTP. The balance between these
opposing adaptations may depend on the nature of the platinum compound, the cellular background,
and the mitochondrial death pathways exerting the dominant selective pressure during treatment.

Our findings echo those reported by Xue et al., who showed that morusin, a flavonoid isolated from the
root bark of Morus australis, induces mitochondrial Ca²⁺ uptake in epithelial ovarian cancer cells,
accompanied by ER stress marker accumulation, ROS production, and loss of mitochondrial membrane
potential, ultimately leading to mitochondrial Ca2+ overload and cell death (Xue et al., 2018). In the
present study, we showed that low concentration of morusin similarly increased basal mitochondrial
Ca²⁺ when combined with carboplatin. Our data further suggest that this effect is due to a modification
in mPTP sensitization threshold, thereby favoring mitochondrial Ca²⁺ accumulation and enhancing
carboplatin-induced cytotoxicity. This mode of action may represent a particularly relevant therapeutic
strategy in a context of acquired platinium resistance in which adaptive remodeling of Ca²⁺ signaling
may limit mitochondrial Ca²⁺ accumulation and thereby reduce the effectiveness of chemotherapy.
Pharmacological modulation of the mPTP/Ca²⁺ axis may therefore represent a potential strategy to
enhance carboplatin-induced cell death in resistant ovarian cancer cells.

Several limitations should be acknowledged. The proposed link between mPTP sensitization and a
protective, flickering-type mechanism, remains indirect and is based primarily on pharmacological
manipulation rather than direct measurements of pore conductance or opening kinetics. The specific
contribution of Ca²⁺ channels to the observed functional phenotypes remains to be determined using
targeted loss- and gain-of-function approaches. Finally, the relationship between Ca²⁺ signaling
remodeling and mPTP regulation remains largely correlative. Establishing causality will require direct
manipulation of mitochondrial Ca²⁺ handling and/or mPTP components, together with real-time
assessment of mitochondrial Ca²⁺ dynamics and pore activity.
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5. Conclusion
These findings suggest that carboplatin resistance in ovarian cancer cells involves a deep Ca2+

remodeling, with acute sensitization of the mPTP that may act as an early protective mechanism against
Ca²⁺ overload, reinforced in resistant cells by a coordinated downregulation of the Ca²⁺ entry and
mitochondrial Ca2+ machinery. Morusin, by disabling this protective mPTP response and promoting
mitochondrial Ca²⁺ accumulation, enhances carboplatin cytotoxicity, highlighting mitochondrial Ca²⁺
handling as a candidate vulnerability of carboplatin-resistant ovarian cancer cells.
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Figure 1

General dampening of Ca2+ signaling in COV504 CP, but not in COV504 TX. A, C. COV504, COV504 CP
and COV504 TX cells were exposed to increasing concentrations of carboplatin (A, n=6) or Taxol® (C,
n=5) in a 7-day survival assay. B, D. EC50 quantification from A and C. E, H. Fura-2 fluorescence traces
showing cytosolic Ca2+ responses in COV504/COV504 CP (E) and COV504/COV504 TX (H). ER Ca2+

depletion was induced with 4 μM thapsigargin in Ca2+-free PSS, followed by 5 mM Ca2+ re-addition to
measure SOCE. Traces represent mean ± SEM: COV504 n=61, COV504 CP n=60 (E); COV504 n=38,
COV504 TX n=37 (H). F, I. ER Ca2+ store depletion; G, J. maximal SOCE amplitude. K, N. Fura-2 traces

following 10 μM lysophosphatidic acid (LPA) in Ca2+-free PSS and subsequent 5 mM Ca2+ re-addition.

Page 17/21



Mean ± SEM: COV504 n=35, COV504 CP n=26 (K); COV504 n=52, COV504 TX n=37 (N). L, O. ER Ca2+

store depletion; M, P. maximal SOCE amplitude. Q, S. Fura-2 traces measuring constitutive Ca2+ entry

following 5 mM Mn2+ injection: COV504 n=47, COV504 CP n=47 (Q); COV504 n=45, COV504 TX n=45 (S).
R, T. Constitutive Ca2+ entry quantified as the absolute slope. U, W. Rhod-2 traces measuring
mitochondrial Ca2+ uptake induced by 1 μM ionomycin in 2Ca PSS: COV504 n=14, COV504 CP n=14 (U);

COV504 n=15, COV504 TX n=15 (W). V, X. Quantification of mitochondrial Ca2+ uptake. Data are mean ±
SEM from ≥4 independent experiments. Comparisons between COV504 and resistant cells were
performed using the Mann-Whitney test: *p<0.05, **p<0.01, ***p<0.001.

Alt text: Analysis of plasma membrane and mitochondrial Ca2+ pathway in carboplatin or Taxol®-
resistant high grade serous ovarian cancer cells.
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Figure 2

Carboplatin-induced mPTP hypersensitivity limits mitochondrial Ca2+ overload, and its
pharmacological reversal by morusin potentiates carboplatin cytotoxicity. A, C. mPTP opening
sensitivity measured using the CoCl2 method in COV504/COV504 CP (A, n=16/18) and COV504/COV504
TX (C, n=24/24). mPTP opening was induced with 10 μM ionomycin. B, D. Quantification of the
immediate post-ionomycin slope from A and C, expressed as absolute values. E. mPTP opening
sensitivity in HEK-293 cells treated for 24 h with DMSO, carboplatin (CP, 50 μM), morusin (1 μM) or CP +
morusin. Ionomycin (10 μM) induced mPTP opening. n=122 (DMSO), 180 (CP), 115 (morusin), 159 (CP +
morusin); cyclosporin A (CsA, 10 μM, n=28) was used as an mPTP inhibitor. F. Quantification of the
immediate post-ionomycin slope from E. G. Rhod-2 traces showing mitochondrial Ca2+ responses in
HEK-293 cells after 24 h treatment with DMSO, CP (50 μM), morusin (1 μM) or CP + morusin. H.
Quantification of basal Rhod-2 fluorescence. Mean ± SEM: DMSO n=161, CP n=170, morusin n=186, CP +
morusin n=226. I, J. HEK-293 cells were treated with increasing CP concentrations ± morusin (1 μM) in a
7-day survival assay (n=6); J, EC50 quantification. K, L. COV504 CP cells were similarly treated with
increasing CP concentrations ± morusin (n=4); L, EC50 quantification. Data are mean ± SEM from ≥4
independent experiments. Statistical significance was assessed by Mann-Whitney or one-way ANOVA:
*p<0.05, **p<0.01, ***p<0.001.

Alt text: Modulation of mPTP, mitochondrial Ca2+ and cell survival in carboplatin or Taxol®-resistant
cells, as well as HEK-293.
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Figure 3

Lower expression of the Ca2+ signaling toolkit correlates with carboplatin resistance, while lower Orai1
levels correlate with disease progression and shorter patient survival. A. SOCE machinery (Orai1, Orai2,
Orai3, STIM1, STIM2) mRNA expression measured by qRT-PCR in COV504 and COV504 CP cells (n=7). B.
TRPC channels (TRPC1, TRPC3, TRPC4, TRPC5, TRPC6) mRNA expression in COV504 and COV504 CP
cells (n=7). C. SKCa channels (KCNN1, KCNN2, KCNN3) mRNA expression in COV504 and COV504 CP
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cells (n=7). D. Mitochondrial Ca2+ toolkit (MCU, MICU1, MICU2, SLC8B1) mRNA expression in COV504 and
COV504 CP cells (n=7). E. SOCE machinery mRNA expression in COV504 and COV504 TX cells (Orai1,
Orai2, Orai3, STIM1, STIM2; n=7). F. TRPC channel mRNA expression (TRPC1, TRPC3, TRPC4, TRPC5,
TRPC6; n=7) in COV504 and COV504 TX cells. G. Mitochondrial Ca2+ toolkit mRNA expression (MCU,
MICU1, MICU2, SLC8B1; n=4) in COV504 and COV504 TX cells. H. Orai1 mRNA expression across ovarian
cancer stages analyzed using GEPIA. I–K. Kaplan-Meier analysis of progression-free survival (PFS; I),
overall survival (OS; J), and OS in early-stage disease (stages 1+2; K) in patients with serous ovarian
cancer treated with platinum-based therapy, stratified by Orai1 mRNA expression using KMplotter. Data
are mean ± SEM. Comparisons between COV504 and COV504 CP or COV504 TX cells were performed
using the Mann-Whitney test: *p<0.05, **p<0.01, ***p<0.001. Kaplan-Meier survival analyses were
performed using the log-rank test and reported as hazard ratios (HR) with confidence intervals (CI).

Alt text: mRNA expression of Ca2+ channels in carboplatin or Taxol®-resistant high grade serous ovarian
cancer, followed by Orai1 clinical relevance in ovarian cancer progression.
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