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ABSTRACT

Calcium ions (Ca®*) play pivotal roles in regulating numerous cellular functions, including
metabolism and growth, in normal and cancerous cells. Consequently, Ca** signaling is a vital
determinant of cell fate and influences both cell survival and death. These intracellular signals
are susceptible to modulation by various factors, including changes in the extracellular
environment, which leads to mechanical alterations. However, the effect of extracellular matrix
(ECM) stiffness variations on intracellular Ca** signaling remains underexplored. In this study,
we aimed to elucidate the mechanisms of Ca®* regulation through the mitochondria, which are
crucial to Ca®* homeostasis. We investigated how Ca®* regulatory mechanisms adapt to
different levels of ECM stiffness by simultaneously imaging the mitochondria and endoplasmic
reticulum (ER) in live cells using genetically encoded biosensors. Our findings revealed that the
uptake of mitochondrial Ca®* through Voltage-Dependent Anion Channel 1 (VDAC1), facilitated
by intracellular tubulin, is influenced by ECM stiffness. Unraveling these Ca®* regulatory
mechanisms under various conditions offers a novel perspective for advancing biomedical
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studies involving Ca®* signaling.

Introduction

Ca?* is an integral second messenger within cells,
orchestrating a plethora of cellular mechanisms and
pathways, such as muscle contraction, nerve trans-
mission, hormone secretion, communication between
organelles, cellular metabolism, and cell growth (Oh
2023; Kim et al., 2023). Among the various cellular orga-
nelles, mitochondria are pivotal for the regulation of
intracellular Ca®* through their capacity to sequester
and release Ca®*. Within the mitochondria, Ca®" func-
tions as a crucial effector molecule, influencing a broad
spectrum of Ca’*-dependent processes, including
energy production and apoptosis (Giorgi et al. 2018).
The primary route of Ca®* uptake into the mitochondria
is via transfer from the ER, facilitated by the mitochon-
dria-associated membrane (MAM), which is positioned
close to the mitochondria within the ER (Kerkhofs et al.
2018; Missiroli et al. 2018; Kim et al.,, 2023; Kwon et al.
2023). The release of Ca?* from the ER is initiated by
the binding of inositol 1,4,5-trisphosphate (IP3) to its
receptors on the ER membrane, with the liberated Ca%t

subsequently absorbed by mitochondria through chan-
nels in the outer mitochondrial membrane (OMM)
(Patergnani et al. 2011). The membrane potential (AY),
generated by the mitochondrial respiratory chain, pro-
vides the electrochemical force required for Ca®* to
enter the mitochondrial matrix (Giorgi et al. 2018).
Ca?* signaling is also pivotal in the tumor microenvir-
onment (TME) for the regulation of various physiological
processes involved in tumor growth, invasion, and
metastasis, affecting both normal and cancerous cells.
The TME can influence tumor cell behavior through
changes in Ca®* signaling, thereby promoting tumor
progression (Monteith et al. 2017). Given its significant
effects on cancer cells, strategies that manipulate Ca%t
levels to induce apoptosis are currently under investi-
gation (Giorgi et al. 2015). In addition, the TME is
dynamic, with factors, such as extracellular matrix
(ECM) stiffness, representing the mechanical microenvir-
onment, varying across tissue types, and influencing
tumor progression by inducing functional cellular
changes (Deng et al. 2022; Park et al. 2023). However,
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the underlying mechanisms by which Ca®* signaling
responds to different ECM stiffness levels remain
largely unexplored. Consequently, a deeper understand-
ing of the regulatory mechanisms governing intracellu-
lar Ca®** and mitochondrial control under various
conditions represents a crucial avenue for biomedical
research, potentially offering new strategies for target-
ing intracellular Ca?* mechanistically.

In this study, we established environments with
varying ECM stiffness and utilized an intensitometer bio-
sensor to monitor changes in Ca®* within the ER and
mitochondria to elucidate how mitochondrial Ca?* mech-
anisms adapt to changes in ECM stiffness. Our findings
reveal distinct patterns of mitochondrial Ca®* uptake
across varying degrees of matrix stiffness, revealing the
regulatory role of intracellular tubulins in this process.

Materials and methods
Cell culture and transfection

Hela cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM; CMO002-050, GenDEPOT, Katy, TX,
USA) enriched with 10% fetal bovine serum (FBS;
16000-044, Gibco, Waltham, MA, USA), 100 U/ml penicil-
lin, and 100 pg/mL streptomycin (CA005, GenDepot), in
a humidified incubator at 37°C with 5% CO,. For trans-
fection, Hela cells were introduced into DNA plasmids
[pPCMV CEPIA2 mt (Addgene #58218) and pCMV R-
CEPIA1er (Addgene #58216)] using the PElpro transfec-
tion reagent (115-0015, Polyplus, France), following the
manufacturer’s instructions, and incubated overnight.

Preparation of the polyacrylamide gel

To prepare the polyacrylamide gel, the surface of a con-
focal dish (model 100350; SPL Life Sciences, Republic of
Korea) was treated with 3-aminopropyltrimethoxysilane
(catalog number 22589; Thermo Fisher Scientific) for 6
min. The dish was then rinsed with distilled water and
treated with 0.5% glutaraldehyde solution (catalog
number 27372-1230, Tokyo, Japan) for 30 min. This treat-
ment was followed by a rinse with distilled water. The
dish was treated with 3-aminopropyltrimethoxysilane
and glutaraldehyde to enhance adhesion between the
dish surface and the polyacrylamide gel. To create the
polyacrylamide gel, a 40% acrylamide solution (catalog
number 161-0140, Bio-Rad, San Francisco, CA, USA)
was used, with specific volumes added based on the
desired mechanical strength of the gel: 62.5 pl for a
gel with 1 kPa stiffness, and 100 ul for a gel with 40
kPa stiffness. Additionally, a 2% bis solution (catalog
number 161-0142, Bio-Rad) was added, with 7.5 ul for

1 kPa and 120 pl for 40 kPa. The concentrations of acryl-
amide and bis determined the mechanical strengths of
the gels. The polymerization process involved the
addition of 10% ammonium persulfate (APS) solution
(catalog number TLP-109.1, Translab, Republic of
Korea) and N,N,N’,N’-Tetramethylethylenediamine
(TEMED; catalog number T1004, Biosesang, Republic of
Korea) in the presence of 10 mM HEPES buffer (catalog
number GB10-12, Dojindo, Kumamoto, Japan) as
described by Kim et al. (2009). The resulting gel solution
was then applied to the prepared confocal dish and
spread evenly using a 12 mm@ cover glass. After the
gel solidified, the dish was filled with distilled water to
facilitate the removal of the cover glass.

ECM simulation on polyacrylamide gels

Sulfo-SANPAH (sulfosuccinimidyl 6(4’-azide-2"-nitrophe-
nylamino) hexanoate; catalog number 22589; Thermo
Fisher Scientific) was applied to the surface of the gel
and exposed to UV light for 6 min. After UV exposure,
gels were washed with 100 mM HEPES buffer. This treat-
ment enhanced the adhesion of ECM proteins, which
were later added to the gel. Next, a solution of Collagen
I (0.2 mg/ml) (Corning® Collagen |, Rat Tail; catalog
number 354236, BD) was layered onto the treated gel.
The gel was then incubated overnight at 4°C to create
a simulated ECM environment.

Cell transfer and seeding

Transfected cells were transferred to polyacrylamide gel-
coated confocal dishes 5 h before live cell imaging. This
duration was chosen to allow sufficient time for the
cells to adequately adhere to the gel surface. In scenarios
requiring pre-treatment, the cells were first seeded onto
the gel-coated surfaces of confocal dishes. We then
allowed a settling period for cell attachment, followed
by the administration of pre-treatment for a predeter-
mined duration. During the seeding process, precision
was paramount, and a 10 ul pipette was utilized to facili-
tate the deposition of single cells for imaging.

Pre-imaging preparation

Prior to initiating the imaging process, the cells posi-
tioned within the confocal dishes were washed with
phosphate-buffered saline (PBS; LB004-02; WELGENE,
Republic of Korea) to remove any residual media or
debris. Subsequently, to ensure optimal cell viability
and conditions during the imaging phase, standard
DMEM was replaced with a CO,-independent medium
(18045-088, Gibco). This specialized medium was



fortified with 0.5% FBS, 4 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin, catering to the
nutritional and environmental needs of the cells in the
absence of CO,.

Microscopy and image acquisition

Imaging was performed using a Leica DMi8 microscope
equipped with a charge-coupled device (CCD) camera
(DFC450C; Leica). For the visualization of EGFP expressed
from pCMV CEPIA2 mt, the setup included a 475/30 nm
excitation filter, a 500 nm dichroic mirror, and a 535/30
nm emission filter. For mCherry expressed from pCMV
R-CEPIA1er, a 575/20 nm excitation filter, 598 nm
dichroic mirror, and 642/80 nm emission filter were uti-
lized. The filter changes were automated using a filter
changer mechanism. To normalize the emission intensity
data, the GFP and RFP values were each divided by their
respective average values obtained 5 min prior to iono-
mycin treatment. This approach allowed for the correc-
tion of fluorescence intensity fluctuations and
facilitated a standardized comparison across different
experimental conditions.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism, version 10 (GraphPad Software, San Diego, CA,
USA). Data are expressed as mean + standard error of
the mean (SEM). To compare two independent groups,
unpaired t-tests and Mann-Whitney U tests were used
as appropriate, followed by tests for normality and log-
normality. The choice of test depended on the distri-
bution of the data. Statistical significance was defined
as *P < 0.05, **P < 0.01. Values with P> 0.05 were con-
sidered not statistically significant (ns).

Results

Verification of substrate stiffness differences in
polyacrylamide gels

Before proceeding with the full-scale experiments, we
verified that the created polyacrylamide gels exhibited
the intended differences in substrate stiffness. To deter-
mine the stiffness differences between the 1 and 40 kPa
substrates, we initially employed Cyto-FAK (Addgene
#78300) to observe focal adhesion kinase (FAK) activity
across the two stiffness conditions (Supplementary
Figure S1), as described by Seong et al. (2011). The
results indicated that FAK activity was significantly
higher on a stiffer substrate (40 kPa) than on a softer
substrate (1 kPa). Furthermore, we used pEGFP-C3-
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hYAP1 (Addgene #17843) to validate the differences in
substrate stiffness (Supplementary Figure S1) following
the methodology described by Franklin et al. (2020). By
comparing the nucleus-to-cytoplasm ratio of YAP1, we
found that this ratio was significantly elevated on the
40 kPa substrate relative to the 1 kPa substrate. These
results confirm that the polyacrylamide gels exhibit the
intended range of substrate stiffness, thereby ensuring
that subsequent experiments can be conducted in
environments with distinct mechanical properties.

Influence of ECM stiffness on mitochondrial Ca**
influx

The primary route of Ca®* influx into mitochondria is
mediated by the release of Ca®* from the endoplasmic
reticulum (ER). To simultaneously investigate the
dynamic changes in Ca®* in the ER and mitochondria,
we employed ER-targeted (pCMV R-CEPIATer) and mito-
chondrial-targeted (pCMV CEPIA2 mt) Ca** sensors
along with ionomycin to induce Ca** concentration
changes in each organelle (Suzuki et al. 2014; Seegren
et al. 2023). These biosensors function by binding calmo-
dulin to Ca?* within organelles, causing a conformational
change in the EF-hand motif and resulting in an increase
in the fluorescence intensity of the fluorescent protein.
This change was visualized as an increase in the bright-
ness and intensity of the sensor via live cell imaging
(Figure 1A, Q). In experiments conducted under soft gel
conditions (1 kPa), ionomycin treatment decreased ER
Ca®* levels without a corresponding increase in mito-
chondrial Ca®* levels (Figure 1B). Conversely, under stiff
gel conditions (40 kPa), the ionomycin-induced depletion
of ER Ca?* was accompanied by significant spikes in mito-
chondrial Ca%* influx (Figure 1D). This observed pattern of
Ca®* dynamics aligns with the rapid release of Ca** from
the ER, followed by its transfer to the mitochondria, which
is consistent with findings from previous studies (Ichas
et al. 1997; Zamaraeva et al. 2007; Ashrafi et al. 2020;
Hotka et al. 2020). These results confirm that substrate
stiffness significantly influences the efficiency of Ca**
transfer between the ER and mitochondria.

Role of microtubules in modulating
mitochondrial Ca** channel activity

Building on our initial observations (Figure 1), we
hypothesized that ECM stiffness affects mitochondrial
Ca®* channel functionality. This hypothesis was inspired
by existing research indicating that tubulin regulates
channels that facilitate Ca?* entry into the mitochondria
(Maldonado et al. 2010). To test this hypothesis, we
investigated whether a reduction in intracellular
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Figure 1. Impact of ECM stiffness on mitochondrial calcium influx. (A, C) Live imaging time-lapse series capturing the intensity of
calcium-specific biosensors within HeLa cells: pCMV CEPIA2 mt for mitochondrial calcium (green) and pCMV R-CEPIATer for endoplas-
mic reticulum (ER) calcium (red), post-treatment with 1 pM ionomycin on substrates with 1 and 40 kPa stiffness. lonomycin was admi-
nistered 5 min after initiating the imaging process, with only the media and cells present in the confocal dish during the initial 5 min.
The accompanying color scale bar represents calcium levels, with red indicating high and blue denoting low calcium concentrations
(scale bar =10 pm). (B, D) Quantitative analysis of the time courses of normalized emission intensity from the pCMV CEPIA2 mt and
pCMV R-CEPIA1er biosensors in HeLa cells treated with 1 pM ionomycin on substrates with 1 and 40 kPa stiffness. Each line represents
the mean value of normalized emission intensity for a group of 10 cells (n = 10), and the error bars reflect the standard error of the
mean (SEM), illustrating the dynamic calcium changes in response to ECM stiffness and ionomycin treatment.

tubulin levels enhanced mitochondrial Ca?* uptake
under conditions of low ECM stiffness (1 kPa). Paclitaxel,
a microtubule stabilizer, was used to reduce the intra-
cellular tubulin levels. Subsequently, live-cell imaging
was employed to observe changes in mitochondrial
Ca** influx upon ionomycin treatment under different
ECM stiffness conditions (Figure 2A, C) (Ojeda-Lopez

et al. 2014). Under soft gel conditions (1 kPa), pretreat-
ment with paclitaxel prior to ionomycin exposure signifi-
cantly increased mitochondrial Ca%" influx, which
correlated with Ca®* release from the ER (Figure 2B).
For stiff gels (40 kPa), paclitaxel pretreatment combined
with ionomycin administration also enhanced mito-
chondrial Ca%* levels compared with the baseline, as
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Figure 2. Role of microtubules in enhancing mitochondrial calcium channel function. (A, C) Time-lapse imaging of the fluor-
escence calcium indicators within Hela cells: pCMV CEPIA2 mt for mitochondria (green) and pCMV R-CEPIA1er for the ER (red),
under 1 and 40 kPa substrate stiffness, respectively. Cells were pre-treated with 10 pM paclitaxel for 20 min, followed by a PBS
wash and subsequent exposure to 1 uM ionomycin. lonomycin administration occurred after the initiation of live imaging, with
only the media and cells present within the confocal dish for the initial 5 min. The color scale indicates calcium concentration
levels, with red for high and blue for low (scale bar =10 pm). (B) Analysis of the temporal changes in normalized emission intensity
from pCMV CEPIA2 mt and pCMV R-CEPIATer in Hela cells on a 1 kPa substrate treated with 1 pM ionomycin, showing mean values for
a group of 10 cells (n=10). (D) Temporal changes in normalized emission intensity from pCMV CEPIA2 mt and pCMV R-CEPIATer in
Hela cells on a 40 kPa substrate treated with 1 uM ionomycin, for a group of nine cells (n = 9). In both (B) and (D), lines represent the
mean normalized emission intensity, with error bars depicting the standard error of the mean (SEM), which shows the microtubule-
mediated modulation of calcium channel activity in response to mechanical stiffness and ionomycin treatment.

shown in Figure 1 (Figure 2D). These findings suggest The impact of tubulin on mitochondrial Ca**
that ECM stiffness influences mitochondrial Ca®* channels

uptake, and that reducing intracellular tubulin levels
can enhance this process, particularly under conditions
of low ECM stiffness.

In our ongoing investigation into the mechanisms regu-
lating mitochondrial Ca®* uptake, we explored the role
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of increased intracellular tubulin levels in mitochondrial
Ca?* channels. This aspect of our study was inspired by
previous findings showing that tubulin plays a signifi-
cant role in modulating these channels (Spencer et al.
1999). To increase intracellular tubulin levels, we used
nocodazole, a microtubule-depolymerizing agent
known to elevate free tubulin concentrations within
cells. We used live-cell imaging to observe the effects
of nocodazole treatment, followed by ionomycin
exposure, on ER and mitochondrial Ca®* dynamics. The
intensity changes in the sensors for both organelles
were recorded (Figure 3A, Q). In a soft gel environment
(1 kPa), nocodazole treatment followed by ionomycin
exposure resulted in a significant release of Ca** from
the ER. However, this increase in mitochondrial Ca**
influx was notably reduced (Figure 3B). This suggests
that, despite the availability of released CaZ" from the
ER, elevated intracellular tubulin levels impede efficient
Ca®* transfer to the mitochondria. Similarly, in a stiff
gel environment (40 kPa), nocodazole treatment led to
a detectable decrease in Ca®" levels in the ER.
However, the ionomycin-induced Ca%" influx into the
mitochondria was minimal (Figure 3D). These findings
indicate that even under conditions that promote ER
Ca®* release, increased intracellular tubulin levels
hinder the effective uptake of Ca®* by the mitochondria.
Our results demonstrate that increased intracellular
tubulin levels induced by nocodazole treatment signifi-
cantly affect mitochondrial Ca** channel activity. In
both soft and stiff gel environments, elevated tubulin
levels impair Ca®* influx into mitochondria following
ER Ca** release. This suggests a critical regulatory role
for tubulin in mitochondrial Ca** uptake, highlighting
the complex interplay between cytoskeletal elements
and mitochondrial function.

Regulation of VDAC1 by ECM stiffness and its role
in mitochondrial Ca** influx

In this study, we aimed to determine whether VDACT
serves as a primary channel for mitochondrial Ca**
influx, and whether its activity is modulated by
tubulin and potentially influenced by ECM stiffness
(De Stefani et al. 2012; Ben-Hail et al. 2016). To test
this hypothesis, we used NSC15364, a compound
known to inhibit VDAC1 by preventing oligomerization
(Wu et al. 2023; Zhang et al. 2023). Pretreatment with
NSC15364 allowed us to observe changes in Ca’*
influx into the mitochondria via live-cell imaging follow-
ing ionomycin treatment (Figure 4A, C). Our results
demonstrated that ionomycin treatment induces Ca®*
release from the ER in environments with both low (1
kPa) and high (40 kPa) ECM stiffness. However,

despite this release, there was a minimal increase in
mitochondrial Ca®* levels post-treatment when cells
were pretreated with NSC15364 (Figure 4B, D). This
observation suggests that VDAC1 plays a critical role
in mitochondrial Ca®* uptake, and that its inhibition
by NSC15364 effectively blocks this influx. To further
understand the effects of the different experimental
conditions on Ca** dynamics within the ER and mito-
chondria, we conducted a comprehensive analysis. ER
Ca’* release was evaluated by calculating the changes
in the normalized release intensity after ionomycin
treatment compared with baseline levels. The analysis
revealed no significant differences in ER Ca®" release
across all the experimental conditions (Figure 5A). Simi-
larly, we assessed the mitochondrial Ca** uptake. Under
standard conditions, without any pretreatment, a sig-
nificant increase in mitochondrial Ca®* uptake was
observed only at high ECM stiffness (40 kPa).
However, when cells were pretreated with paclitaxel,
a microtubule stabilizer, there was a notable enhance-
ment in mitochondrial Ca?* uptake, even at low ECM
stiffness (1 kPa), showing a significant increase com-
pared to conditions without any pretreatment (Figure
5B). This suggests that microtubules facilitate mito-
chondrial Ca®* uptake, and that their stabilization by
paclitaxel can modulate this process under varying
ECM stiffness conditions.

In summary, our study highlights the crucial role of
VDAC1 in mitochondrial Ca** influx and illustrates how
its activity is modulated by tubulin and ECM stiffness.
The use of NSC15364 confirmed the essential function
of VDAC1 in Ca** uptake, and the influence of tubulin
on the regulation of this process was evident, particu-
larly under different ECM stiffness conditions (Figure
5C, D). These findings provide deeper insight into the
complex regulation of mitochondrial Ca?* dynamics
and the interplay between cytoskeletal elements and
mitochondrial function.

Discussion

Calcium signaling plays a critical role in regulating a
wide array of cellular processes, including metabolism,
growth, and physiological responses, in both normal
and cancer cells. This signaling pathway is involved in
tumor progression and influences growth, invasion,
and metastasis (Monteith et al. 2017). Although disrup-
tions in Ca®* signaling are linked to various diseases,
including cancer, the specific intracellular mechanisms
driven by environmental and genetic changes remain
to be fully elucidated (Giorgi et al. 2018). In our study,
we employed polyacrylamide gels to control ECM
stiffness, and intensitometric biosensors, pCMV R-
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Figure 3. Influence of tubulin on mitochondrial calcium channel inhibition. (A, C) Live cell imaging illustrates the dynamics of the
calcium indicators pCMV CEPIA2 mt (mitochondrial, green) and pCMV R-CEPIA1er (endoplasmic reticulum, red) in Hela cells subjected
to substrate stiffnesses of 1 and 40 kPa, respectively. Prior to ionomycin exposure, cells underwent a 30-min pre-treatment with 10 uM
nocodazole, followed by a PBS wash. The application of 1 uM ionomycin was carried out subsequent to the commencement of live
imaging, with only the cell media present during the initial 5 min. The color gradient bar highlights the calcium concentration, tran-
sitioning from high (red) to low (blue) levels (scale bar =10 um). (B) The time-dependent normalized emission intensities for mito-
chondrial (pCMV CEPIA2 mt) and ER (pCMV R-CEPIA1er) calcium sensors in Hela cells on a 1 kPa substrate following 1 pM ionomycin
treatment, representing average values across 11 cells (n = 11). (D) The normalized emission intensities over time for the same calcium
sensors in cells on a 40 kPa substrate after 1 uM ionomycin application, representing average values across 10 cells (n = 10). Both (B)
and (D) feature lines representing the mean normalized emission intensity, accompanied by error bars indicating the standard error of
the mean (SEM), to highlight the impact of increased intracellular tubulin on mitochondrial calcium channel function under varying
mechanical stiffness and ionomycin challenge.

CEPIATer and pCMV CEPIA2 mt, to monitor Ca®* levels in enabling real-time detection and observation of rapid
the mitochondria, ER, and Hela cells to facilitate the  changes in Ca** flow. Using live cells more accurately
observation of Ca®* signaling. This method allows the reflects the natural state of the cells, making our
selective visualization of intracellular organelles, findings more generalizable.
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Figure 4. ECM stiffness modulates VDAC1 activity in mitochondrial calcium regulation. (A, C) Time-lapse images showing
calcium flux within Hela cells, visualized through calcium-specific biosensors: pCMV CEPIA2 mt for mitochondria (green) and
pCMV R-CEPIATer for the ER (red), across substrate stiffnesses of 1 and 40 kPa. Cells received pre-treatment with 10 uM NSC15364
for 1 h, followed by a PBS wash, and subsequent exposure to 1 pM ionomycin. lonomycin application occurred after the initiation
of live cell imaging, with only media and cells present in the confocal dish during the initial 5 min. The color scale bar reflects the
concentration of Ca®*, with red indicating high and blue indicating low levels of Ca** (scale bar = 10 um). (B) The normalized emission
intensities from mitochondrial (pCMV CEPIA2 mt) and ER (pCMV R-CEPIA1er) calcium sensors in HeLa cells on a 1 kPa substrate post 1
UM ionomycin treatment, averaging data from nine cells (n=9). (D) The normalized emission intensities over time for the same
calcium indicators in HeLa cells on a 40 kPa substrate after T pM ionomycin treatment, with data averaged from 10 cells (n=10).
Both (B) and (D) feature lines representing the mean normalized emission intensities, with error bars denoting the standard error
of the mean (SEM), highlighting the influence of ECM stiffness on VDAC1-mediated calcium influx into mitochondria under
varying mechanical conditions and ionomycin treatment.

Using ionomycin to facilitate Ca%* transfer from the (40 kPa) ECM stiffness conditions. Notably, increased
ER to the mitochondria, we observed differential mito- uptake was evident at higher stiffness, despite similar
chondrial Ca** uptake between low (1 kPa) and high levels of Ca* release from the ER under both conditions
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Figure 5. Differential impact of ECM stiffness and tubulin on ER and mitochondrial calcium dynamics. (A, B) The combined bar
graph presents a comprehensive overview of the alterations in calcium levels within both the ER and mitochondria following treat-
ment with 1 pM ionomycin under varied experimental conditions. For ER calcium levels, the graph illustrates the average reduction in
calcium by comparing the lowest normalized emission intensity post-ionomycin treatment to the baseline, indicating no significant
deviation in calcium release from the ER across all conditions. Conversely, for mitochondrial calcium, the graph showcases the average
increase by comparing the highest normalized emission intensity post-treatment to the baseline, highlighting significant variations in
mitochondrial calcium uptake. To compare two independent groups, we used both unpaired t-tests and Mann-Whitney U tests, as
appropriate, following normality and lognormality tests. Error bars across both datasets signify the standard error of the mean
(SEM), with **P < 0.01 and *P < 0.05 marking statistical significance. Sequentially, the treatments include a control group (without
any pretreatment), followed by cells pre-treated with paclitaxel, nocodazole, and NSC15364, across both 1 and 40 kPa substrate
stiffness conditions. (C, D) A proposed model predicting how ECM stiffness modulates mitochondrial calcium channels. These
models propose that VDAC1's activity is differentially influenced by tubulin depending on the substrate stiffness, leading to the
observed variations in VDAC1 inhibition. This comprehensive analysis provides insight into the complex interplay between ECM
stiffness, tubulin, and mitochondrial calcium regulation, demonstrating the regulatory mechanisms that govern cellular calcium
dynamics in response to mechanical and biochemical cues.

(Figure 5). This led us to investigate whether the basal
Ca®* levels in the cell or Ca®* channels in the mitochon-
dria were affected by ECM stiffness. Since mitochondrial
Ca”* uptake is driven by membrane potential, if the
levels of Ca* released from the ER are similar, a lower
basal Ca?* concentration inside the mitochondria
should favor uptake (Duchen 2000). Our results
showed that the basal level of mitochondrial Ca?* was
significantly higher at 40 kPa than at 1 kPa, suggesting
that ECM hardness selectively modulates mitochondrial
Ca?* channels, thereby affecting Ca®* uptake. Further
investigation into the molecular underpinnings of this
process led us to focus on the VDAC, which is critical
for Ca* entry into the mitochondria and is subject to

regulation by its interaction with tubulin (Tomasello
et al. 2009; Rostovtseva et al. 2012). Using paclitaxel, a
microtubule stabilizer that reduces free intracellular
tubulin, we found that lowering tubulin levels facilitated
mitochondrial Ca* uptake at both stiffness levels, and
significantly more so at 40 kPa (Figure 2; Nasrin et al.
2019). This suggests that tubulin acts as an inhibitor of
VDAC, and its reduction by paclitaxel treatment activates
these Ca®* channels.

An intriguing aspect of our findings is the correlation
between substrate stiffness and tubulin levels. Previous
studies have highlighted that ECM stiffness influences
tubulin levels (Kim et al. 2014; Fan et al. 2021). Despite
the higher tubulin presence at 40 kPa compared to that
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at 1 kPa, mitochondrial Ca** uptake was enhanced at
higher stiffness levels, indicating that ECM stiffness
modulates the regulatory impact of tubulin on mitochon-
drial Ca?* uptake. Lower stiffness results in diminished
tubulin levels but exerts a disproportionately significant
influence on the regulatory role of tubulin. To validate
these findings, we explored the effects of increased intra-
cellular tubulin levels on mitochondrial Ca** channels
using nocodazole, a microtubule-depolymerizing agent
that increases free tubulin levels (Iwamoto et al. 2017).
Enhancing tubulin levels through nocodazole treatment,
followed by ionomycin application, led to an increase in
ER Ca?* release, but failed to elevate mitochondrial Ca%*
uptake across both stiffness levels (Figure 5). These
findings support the hypothesis that increased intracellu-
lar tubulin levels inhibit VDAC.

Focusing on VDAC1 isoforms, which are critical for
mitochondrial Ca%* entry, we used NSC15364, a selective
inhibitor of VDAC1 that prevents its oligomerization. The
inhibition of VDAC1 markedly reduced mitochondrial
Ca®* uptake following ionomycin-induced ER Ca®*
release, irrespective of ECM stiffness (Figure 5). This indi-
cates that VDAC1 is the primary conduit for mitochon-
drial Ca?* entry and is influenced by tubulin levels. Our
findings highlighted the regulatory axis involved in
ECM stiffness, tubulin modulation, and VDAC1 activity.
Higher ECM rigidity facilitates greater mitochondrial
Ca”" uptake than lower stiffness owing to the differential
influence of tubulin on VDACT. Increased tubulin levels
at lower ECM stiffness inhibited the channel more effec-
tively, thereby attenuating mitochondrial Ca* uptake.

In conclusion, our study underscores the significance
of the mechanical microenvironment, represented by
ECM stiffness in concert with the cytoskeletal element
tubulin, in the modulation of intracellular Ca** dynamics
via VDACT. These interactions provide novel insights
into the regulatory mechanisms governing cellular Ca®
* homeostasis. Understanding the dependence of intra-
cellular Ca®* mechanisms on ECM stiffness enriches our
understanding of cellular physiology and opens new
avenues for the development of targeted therapeutic
strategies. Specifically, manipulating the TME com-
ponents and Ca** signaling pathways holds the poten-
tial for advancing therapeutic interventions. While our
study provides significant insights, potential weaknesses
include the use of only one cell type (Hela cells) and the
focus on non-excitable cells, which may limit the gener-
alizability of our findings. Literature suggests that
different cell types, including excitable cells like
neurons and muscle cells, may exhibit different Ca** sig-
naling mechanisms. Future experiments should include
a variety of cell types to verify if the observed mechan-
isms are universal.
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