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a b s t r a c t

The presence of circulating cancer cells in the bloodstream is positively correlated with metastasis. We
hypothesize that fluid shear stress (FSS) occurring during circulation alters mitochondrial function,
enhancing metastatic behaviors of cancer cells. MCF7 and MDA-MB-231 human breast cancer cells
subjected to FSS exponentially increased proliferation. Notably, FSS-treated cells consumed more oxygen
but were resistant to uncoupler-mediated ATP loss. We found that exposure to FSS downregulated the
F1FO ATP synthase c-subunit and overexpression of the c-subunit arrested cancer cell migration. Ap-
proaches that regulate c-subunit abundance may reduce the likelihood of breast cancer metastasis.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Circulating tumor cells (CTCs) are cancer cells that have de-
tached from the primary tumor site and are transported via the
bloodstream. Although the total number of detectable CTCs in
blood samples is low [1], a small number of viable CTCs traveling
through the circulation is sufficient to promote metastatic tumor
development. Moreover, up to 90% of cancer mortality is due to
cancer metastasis [2]. In breast cancer, the number of CTCs is
inversely correlated to progression-free intervals and overall sur-
vival rate [1,3,4]. The presence of CTCs is also associated with breast
cancer recurrence [5,6]. Researchers have shown that CTCs exhibit
strong cancer stem cell progenitor phenotypes, chemoresistance,
and anti-apoptotic characteristics, all of which contribute to met-
astatic potential [7e9]. Despite their significance in breast cancer
progression, cellular mechanisms of CTC-mediated breast cancer
metastasis and the molecular targets responsible for CTC survival
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have seldom been investigated.
The F1FO ATP synthase is a multiprotein complex that produces

ATP using the proton gradient generated by the electron transport
chain. Although the central role of F1FO ATP synthase is to govern
mitochondrial energy metabolism, an increasing number of studies
have demonstrated the unique features of F1FO ATP synthase sub-
units. Notable among these is the c-subunit, a key subunit
embedded in the mitochondrial inner membrane that forms a
transmembrane ring structure and has been shown under physio-
logical and pathological conditions to conduct ions as a non-
selective leak channel. The c-subunit has been suggested to form
the mitochondrial permeability transition pore (mPTP) and the
large conductance mitochondrial death channel [10e15]. Our
research group and others have reported that depletion of the c-
subunit prevents large channel activity, loss of mitochondrial inner
membrane potential, and cell death upon stimulation of perme-
ability transition [11,12].

In this study, we employed fluid shear stress (FSS), the bio-
physical force created by the dynamic circulatory environment, to
mimic the biophysical characteristics to which CTCs are exposed.
We found that the proliferation of MCF7 and MDA-MB-231 breast
cancer cells subjected to FSS increased relative to the static control.
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Furthermore, FSS treatment resulted in mitochondrial remodeling
and altered mitochondria-dependent energy metabolism. Notably,
FSS decreased c-subunit protein levels in breast cancer cells.
Moreover, overexpression of the c-subunit slowed the migration of
MCF7 and MDA-MB-231 cells, indicating that the c-subunit may be
an important therapeutic target to prevent CTC-mediated
metastasis.

2. Materials and methods

2.1. Breast cancer cell culture

Human breast cancer cell line MCF7 and MDA-MB-231 (ATCC,
Manassas, VA) were cultured in Dulbecco's Modified Eagle's Me-
dium (DMEM) (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 10% fetal bovine serum (FBS) and 1X penicillin-
streptomycin as previously described [7]. Cells were grown in a
humidified atmosphere of 95% air and 5% CO2 at 37 �C. Detailed
information about cell culture conditions for individual studies are
described in their respective figure legends.

2.2. Fluid shear stress (FSS) exposure

8 � 106 cells were resuspended in 4 mL PBS and loaded into a
5 mL plastic syringe. A Luer lock fitting was attached to the end of
the syringe and connected to a polyetherether ketone (PEEK)
tubing (inner diameter, 125 mm) that fed into a 50 mL centrifuge
tube. The syringe plunger was pushed using a syringe pump to flow
the cell solution at flowrates coresponding to wall shear stresses of
5, 20, or 60 dyn/cm2. The syringewas regularly agitated to maintain
the suspension of the cells. After shear, cells were centrifuged at
300 rcf for 3 min and resuspended in DMEM/10% FBS.

2.3. Calcein staining

Cells were seeded onto 35 mm plates at a low density
(0.1 � 106 cells/35 mm plate). After 1, 2, 3, 5, and 7 d incubation,
cells were treated with Calcein-AM (Thermo Fisher Scientific,
Waltham, MA). Calcein-AM (25 nM) and 1 mg/mL Hoechst were
added to the culture medium for 30 min incubation at 37 �C in the
dark. Micrographs were taken using a Zeiss Axiovert A1 (Zeiss,
Oberkochen, Germany).

2.4. Oxygen consumption assay

The level of cellular oxygen consumption was measured by
applying a fluorescence-based probe, MitoXpress Xtra (Agilent) as
per manufacturer's protocol. In brief, MitoXpress Xtra (10 ml) was
added to cells (90 ml media) grown in 96-well plate. Immediately
after treatment, all wells were sealed with 100 ml mineral oil.
Antimycin (1 mM), an inhibitor of the Complex III, was used as a
negative control.

2.5. Measurement of ATP production

Cells were additionally treated 24 h after FSS with or without
10 mM FCCP. Cellular ATP production was measured using the
ATPlite™ Luminescence Assay System (PerkinElmer, Waltham, MA,
USA) as previously described [16]. Briefly, the plates were washed
with sterile PBS and cells were lysed on the shaker for 5 min. Cells
were incubated with the substrate (luciferin) on the shaker for
10min. The reaction between ATP, luciferase and luciferin produced
bioluminescence. ATP-induced luminescence was measured using
a fluorescence microplate reader (CLARIOstar, BMG Labtech).
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2.6. 20,70- dichlorodihydrofluorescein diacetate (H2DCFDA) staining

Cells were treated with 10 mM of DCF (Thermo Fisher Scientific,
Waltham, MA) solution prepared in a light protected vessel, then
incubated for 30min at 37 �C in the dark [17], and then processed as
previously described [18]. After incubation, cells were carefully
washed with pre-warmed HBSS. Intracellular fluorescence was
measured using a fluorescencemicroplate reader (CLARIOstar, BMG
Labtech) at excitation and emission wavelengths of 483 nm and
530 nm, respectively.

2.7. MitoSOX staining

Production of mitochondrial superoxide was analyzed using
MitoSOX Red (Thermo Fisher Scientific, Waltham, MA) [18]. The
MitoSOX Red is oxidized by superoxide in the mitochondria,
emitting red fluorescence. After treatment of cells as described in
relevant figure legends, 1.25 mM of MitoSOX was added to the cell
culture medium. Cultures were incubated for 30 min at 37 �C and
washed twice with warm HBSS. Micrographs were taken using a
Zeiss Axiovert A1 and fluorescence intensity was analyzed using
AxioVision 4.9.

2.8. Tetramethylrhodamine methyl ester (TMRM) assay

Cells were collected from 6-well plates 24 h after FSS and
resuspended in TMRM (Thermo Fisher Scientific, Waltham, MA) in
1X PBS at concentrations ranging from 0 to 1 mM. Per the manu-
facturer's protocol, the cells were incubated in the TMRM solution
for 30 min at 37 �C (5% CO2), centrifuged at 300�g for 3 min,
resuspended in PBS and analyzed via flow cytometry (BD Accuri C6,
BD Biosciences, Franklin Lakes, NJ, USA). Each sample was analyzed
in triplicate, and the data were analyzed using Flowjo (v10).

2.9. Lactate assay

The cellular lactate level was measured using an L-lactate assay
kit (Eton Bioscience, Charlestown, MA) according to the manufac-
turer's recommendations. Briefly, an L-lactate assay solution was
added to cells grown in 96-well plates. After 30 min incubation at
37 �C, the reactionwas stopped by adding 0.5 M acetic acid, and the
absorbance was measured at 490 nm using a microplate reader
(CLARIOstar, BMG Labtech).

2.10. qRT-PCR

The NCBI gene databasewas used to select the primer sequences
as shown:

ATPG1 forward: GTG AGT CTG TCA CCT TGA GCC, reverse: CTG
CAC TCC TAC TAC CCT GCA A; ATPG2 forward: GTC AAG AGC ACC
TCACAG C, reverse: TCT GTC AGTATC TCC GGT CGT; ATPG3 forward:
TTA ATG GGG CCC AGA ATG GTG, reverse: CCA GCC ACT CCT ACT
GTT GC; ATP5A1 forward: TGG AGC CCA GCA AGA TTA CA; reverse:
TGA TAG TGC CCA ACA AGG CT; ATPAF2 forward: TTG AAG AAA CTG
GGC GTG TC, reverse: CTG CTT GAA CAT TCC TCA GCC; ATP5B for-
ward: CGC AAA CAT CTC CTT CGC CA, reverse: AGT CCC TCA TCA
AAC TGG ACG; ATPAF1 forward: TAT GTG CTC TGC CAA GAA GGG,
reverse: AAG TGG AGT TCA GTA CCT GTC C; ATP-BL forward: ACC
TCA CAT CTG ACC CTG GA, reverse: AAG CTT CCC TTC TTG GCC TC;
housekeeping gene ACTB forward: GCC CTG GACT TCG AGC AAG
AGA, reverse: ATG GTG ATG ACC TGG CCG TCA.

RNA was isolated using GeneJet RNA Purification kit (Thermo
Fisher Scientific, Pittsburg, PA, USA). The manufacturer's protocol
was followed for mammalian cultured cells. RNA was quantified
using NanoDrop 2000 according to the manufacturer's protocol
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(Thermo Scientific, Wilmington, DE, USA). Complementary DNA
(cDNA) was synthesized using qScript cDNA SuperMix (Quanta
Biosciences, Gaithersburg, MD, USA) and Mastercycler Nexus
Gradient (Eppendorf, Hauppauge, NY, USA) according to the man-
ufacturer's protocol. Applied Biosystems PowerUp SYBR Green
Master Mix was used according to the manufacturer's protocol for
real-time PCR (Fisher Scientific, Hampton, NH, USA). StepOnePlus
Real-Time PCR System was used for qRT-PCR (Thermo Fisher Sci-
entific). StepOne Software (v2.3) was used for data analysis.

2.11. Immunoblotting

24 h after FSS exposure, cells were scraped from the plate and
lysed in 1X RIPA buffer (Cell signaling Technology, Danvers, MA),
and protein concentrations were determined using BCA protein
reagents (Thermo Scientific, Rockford, IL). Samples (30e70 mg
protein/lane) were separated on a 4e12% SDS-polyacrylamide gel
(Bio-Rad, Hercules, CA) and probed with anti-c-subunit (Abcam,
Cambridge, UK, 1:100), anti-a-subunit (Abcam 1:1000), anti-b-
subunit (Abcam 1:1000), and anti-b-actin (Sigma, St. Louis, MO,
1:2000) antibodies. Scanned images were analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD).

2.12. Scratch assay

Immediately after FSS exposure, cells were seeded on plates
(0.8 � 106 cells/35 mm plate) and grown in an incubator (5% CO2 at
37 �C). After 24 h incubation, a straight line was scratched onto the
plate using a sterile 10 ml pipette tip. Scratches with a gap distance
>450 mm or <400 mm were excluded. 24h after plates were
scratched, phase contrast micrographs were taken using a Zeiss
Axiovert A1 (Zeiss, Oberkochen, Germany), and the gap distance
was measured using AxioVision 4.9 (Zeiss).

2.13. Cloning and purification of human c-subunit construct

The human ORF ATP-synthase c1 (ATP5G1) subunit construct
(Origene Technologies), tagged on the C terminus with Myc and
DDK (Flag), was overexpressed in XL-10 Gold-ultracompetent cells
and DNA was isolated using the Qiagen plasmid maxi kit.

2.14. Overexpression of the F1Fo ATP synthase c subunit

This procedure was performed as described previously [19,20].
Cells were transfected 24 h after seeding with 2 mg construct using
the Lipofectamine LTX Reagent (Thermo Fisher Scientific, Waltham,
MA). Cells were maintained by regular culture conditions for 48 h
to allow for protein expression, and cells or cell lysates were treated
as described in their respective figure legends.

2.15. Statistical analysis

Data are reported as the mean þ SEM of at least three inde-
pendent experiments. Difference in the means between 2 groups
was tested using student's t-test. To compare 3 or more groups,
one-way ANOVA with Tukey's post-hoc analysis was applied.
P < 0.05 is considered statistically significant. P values are provided
in figure legends.

3. Results

3.1. FSS increases proliferation of MCF7 and MDA-MB-231 breast
cancer cells

MCF7 is an estrogen and progesterone receptor-expressing
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human breast cancer cell line that demonstrates lower metastatic
potential in the absence of estrogen [21], whereasMDA-MB-231 is a
triple-negative, metastatic breast cancer cell line that lacks re-
ceptors for estrogen, progesterone, and HER2. MCF7 and MDA-MB-
231 breast cancer cells were treatedwith physiological levels of FSS,
0, 5, 20, and 60 dyn/cm2. After FSS treatment, cells were re-seeded,
mimicking CTC adhesion at the secondary location during metas-
tasis. We monitored cell growth and counted cells 1, 2, 3, 5, and 7
days after seeding. There was no difference in cell proliferation
between static and FSS-treated groups up to 3 days after cell
seeding. However, after exposure to the higher levels of FSS (20 and
60 dyn/cm2), the number of MCF7 cells was increased at 7 days of
incubation (Fig. 1A and B). The baseline growth rate of MDA-MB-
231 cells was faster than MCF7 cells. FSS treatment significantly
increased the proliferation of MDA-MB-231 breast cancer cells at 5
and 7 days of incubation (Fig. 1C and D), suggesting that FSS
potentially influences the metastatic behavior of breast cancer.

3.2. FSS alters mitochondrial energy metabolism in breast cancer
cells

Since cell division and growth require abundant ATP, we eval-
uated intracellular energy metabolism with and without FSS
treatment. MCF7 and MDA-MB-231 cells were treated with FSS
(60 dyn/cm2) and seeded for 24 h. We first quantified the oxygen
consumption rate by applying mitoXpress Xtra, a fluorescence
probe quenched by oxygen. Treatment with FSS increased the ox-
ygen consumption rates in both MCF7 (Fig. 2A) and MDA-MB-
231 cells (Fig. 2B). Intracellular ATP was assayed by measuring
luminescence generated by luciferase, luciferin, and ATP. Cell line
differences in the proliferation data (Fig. 1) suggested that baseline
ATP was higher in MDA-MB-231 cells than in MCF7 cells. Inter-
estingly, FSS treatment resulted in additional ATP increases for
MDA-MB-231 cells (Fig. 2C) but not MCF7 cells. Notably, FSS-
treated breast cancer cells retained greater ATP after carbonyl cy-
anide 4-(trifluoromethoxy)phenylhydrazone (FCCP) challenge,
indicating decreased reliance onmitochondrial energymetabolism.
Moreover, MDA-MB-231 cells produced more lactate than MCF7
cells, and treatment with FSS increased lactate production in MCF7
cells, indicating enhanced aerobic glycolysis (Fig. 2D).

When measuring the mitochondrial inner membrane potential
(Dj), we found the tetramethylrhodamine (TMRM) intensity in
MDA-MB-231 cells was lower than in MCF7 cells, which further
confirmed decreased reliance of MDA-MB-231 cells on oxidative
phosphorylation (Fig. 2E and F). Moreover, treatment with oligo-
mycin, a pharmacological inhibitor of F1FO ATP synthase, depolar-
ized the mitochondrial inner membrane potential of MCF7 cells but
not of MDA-MB-231 cells (Fig. 2G), which indicates that in these
cells, the F1FO ATP synthase runs in a reverse ATP hydrolysis di-
rection to energize the mitochondrial inner membrane. Therefore,
F1FO ATP synthase inhibition by oligomycin depolarizes the inner
membrane potential. The electron transport chain complexes I-IV
are responsible for the generation of inner membrane potential
during oxidative phosphorylation, which is then used by ATP syn-
thase to synthesize ATP. Oligomycin inhibition should have induced
the inner membrane hyperpolarization if F1FO ATP synthase was
running in the ATP synthesis direction.

As aberrant functioning of the electron transport chain con-
tributes to the generation of mitochondrial reactive oxygen species
(ROS), we tested whether FSS changed intracellular redox status.
We first measured endogenous hydrogen peroxide levels in MCF7
and MDA-MB-231 cells treated with or without FSS. Immediately
after FSS treatment, the DCF fluorescence signal increased in both
MCF7 (Fig. 2H) and MDA-MB-231 cells (Fig. 2I). FSS-treated cells
maintained a greater DCF signal for 24 h, indicating the FSS-



Fig. 1. FSS increases the proliferation of breast cancer cells.
MCF7 (AeB) or MDA-MB-231 (C-D) breast cancer cells were treated with 0, 5, 20, and 60 dyn/cm2 FSS and cells were counted 1, 2, 3, 5 and 7 days after seeding. Calcein and Hoechst
were used to visualize viable cells and nuclei, respectively. FSS (20 and 60 dyn/cm2) increased proliferation of both cell types (n ¼ 3). Green: Calcein; Blue: Hoechst. *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA with Tukey post hoc analysis.
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induced redox imbalance had a prolonged impact. When
measuring the mitochondrial superoxide level using the mitoSOX
fluorescent probe, we found that 24 h after FSS (60 dyn/cm2)
treatment, both MCF7 (Fig. 2J) and MDA-MB-231 (Fig. 2K) cells
increased mitoSOX fluorescence intensity.

3.3. FSS lowers protein levels of the F1FO ATP synthase c-subunit

Our team previously demonstrated that the c-subunit of F1FO
ATP synthase forms the largest known candidate channel of mPTP,
and depletion or blockage of the c-subunit improves mitochondrial
energy metabolism and enhances cell survival and growth
[11,22e25]. To test whether FSS-induced proliferative (Fig. 1) and
anti-apoptotic characteristics [7] of breast cancer cells are associ-
ated with the c-subunit of F1FO ATP synthase, we quantified the
expression of three genes that encode the c-subunit (ATP5G1,
ATP5G2, and ATP5G3) 24 h after FSS exposure. We also quantified
the expression of genes that encode the a-subunit (ATP5A1 and
ATP5AF2) and b-subunit (ATP5B, ATPBL, and ATPAF) of ATP synthase
F1 subcomplex which catalyzes ATP synthesis. We found that the
three MCF7 c-subunit genes, ATP5AF2 (a-subunit) and ATPAF (b-
subunit), were decreased after FSS treatment (Fig. 3AeH). In MDA-
MB-231 cells, expression of ATP5G2, ATP5G3, ATP5AF2, ATP5B,
ATPBL, and ATPAF were significantly decreased, whereas ATP5G1
and ATP5A1 were increased (Fig. 3I-P). Furthermore, the protein
levels of the c-subunit were significantly lower 24 h after FSS
exposure (Fig. 3QeT). The b-subunit protein, located in the F1
complex that converts ADP to ATP, was also reduced.

3.4. Overexpression of F1FO ATP synthase c-subunit decreased
proliferation of MCF7 breast cancer cells

To assess the importance of the c-subunit of F1FO ATP synthase
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in cancer cell proliferation, we overexpressed the c-subunit of F1FO
ATP synthase in MCF7 and MDA-MB-231 breast cancer cells
(Fig. 4A). MCF7 and MDA-MB-231 cells overexpressing the c-sub-
unit were subjected to the scratch assay. Briefly, we drew a line on
the plate and measured the gap distance 24 h after incubation. In
the scratch assay, the gap distance in the MCF7 control and MDA-
MB-231 control was 270 mm and 181 mm, respectively. However,
c-subunit overexpression in the MCF7 and MDA-MB-231 experi-
mental groups resulted in resistance to gap closure, and the gap
distances were 437 mmand 319 mm, respectively (Fig. 4B and C). Our
data indicate that c-subunit overexpression results in poor prolif-
erative potential of MCF7 and MDA-MB-231 breast cancer cells.
4. Discussion

In this study, we found that FSS enhances the proliferation of
MCF7 and MDA-MB-231 breast cancer cells by altering the abun-
dance of the F1FO ATP synthase. Treatment with FSS decreases the
F1FO ATP synthase c-subunit, impairing mitochondria-dependent
cellular energy metabolism, whereas overexpression of the c-sub-
unit arrests cancer cell proliferation in MCF7 and MDA-MB-
231 cells.

The mPTP is a large unselective channel found in the mito-
chondrial inner membrane. Opening the mPTP causes the loss of
mitochondrial membrane integrity and impairs cellular energy
metabolism, ultimately leading to cell death. The F1FO ATP synthase
is critical in governing cellular energymetabolism, because the F1FO
ATP synthase phosphorylates ADP to generate ATP and participates
in mPTP formation. We have previously shown that the c-subunit
contributes high aberrant mitochondrial channel conductance,
whereas transduction with c-subunit shRNA protects cells from
ROS or excitotoxicity-mediated death [11,15,16]. In this study, we
found that treatment with FSS decreased c-subunit protein levels in



Fig. 2. FSS alters the cellular energy metabolism of breast cancer cells.
MCF7 and MDA-MB-231 cells were treated with or without FSS (60 dyn/cm2) and seeded for 24 h. FSS enhanced the MitoXpress Xtra signal in both MCF7 (A) and MDA-MB-231 cells
(B), indicating an increased cellular oxygen consumption rate (n ¼ 4). (C) MCF7 and MDA-MB-231 cells treated with FSS were resistant to ATP loss during FCCP treatment (n ¼ 4).
(D) MDA-MB-231 cells generated a higher lactate level than MCF7 cells, and FSS treatment increased lactate production in MCF7 cells (n ¼ 3). Representative flow cytometry dot
plots (E), histograms (F), and group data (G) show TMRM intensity in MCF7 and MDA-MB-231 cells (n ¼ 3). MCF7 (H) and MDA-MB-231 (I) cells were treated with or without FSS
(60 dyn/cm2) and seeded for 30 min and 24 h. Intracellular hydrogen peroxide levels were assayed by measuring 20 , 70-dichlorofluorescein (DCF). Breast cancer cells treated with FSS
demonstrated increased DCF signals (n ¼ 3). MCF7 (J) and MDA-MB-231 (K) cells were treated with or without FSS (60 dyn/cm2) and seeded for 24 h, and the mitochondrial
superoxide level was measured using mitoSOX. Treatment with FSS increased the mitoSOX signal in MCF7 (n ¼ 4) and MDA-MB-231 (n ¼ 6) cells. *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001, one-way ANOVA with Tukey post hoc analysis.
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MCF7 and MDA-MB-231 cells, indicating alteration of
mitochondria-dependent cellular energy metabolism.

The impact of the c-subunit on cellular energy metabolism may
differ in MCF7 and MDA-MB-231 cells. FSS-treated MCF7 cells
demonstrated downregulation of genes encoding the c-subunit,
including ATP5G1, ATP5G2, ATP5G3, and decreased c-subunit pro-
tein levels (Fig. 3). However, FSS did not change intracellular ATP
levels (Fig. 2). Notably, when FSS-exposed MCF7 cells were chal-
lenged with FCCP, they were more resistant to FCCP-induced ATP
depletion than static MCF7 cells. Therefore, FSS may trigger meta-
bolic remodeling, increasing the cell's reliance on non-
mitochondrial energy metabolism such as glycolysis. This pro-
posed pathway is supported by our finding that treatment with FSS
increased lactate production in MCF7 cells. Additionally, treatment
with oligomycin decreased mitochondrial inner membrane po-
tential in MCF7 cells, indicating inhibition of ATP hydrolysis.

In MDA-MB-231 cells, ATP levels in the static baseline were
higher than inMCF7 cells, and treatment with FSS further increased
ATP production. It is not surprising that MDA-MB-231 cells
demonstrated higher lactate production than MCF7 cells since
aerobic glycolysis is well characterized during metastasis. Static
MDA-MB-231 cells maintained 52% intracellular ATP even after
FCCP treatment; therefore, MDA-MB-231 cells may already rely
heavily on aerobic glycolysis to maintain cellular energy meta-
bolism. We also found that treatment with oligomycin was less
effective on mitochondrial membrane potential in MDA-MB-
231 cells. Since MDA-MB-231 cells express a lower level of c-
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subunit protein than MCF7 cells, the impact of reversible F1Fo ATP
synthase activity may not be significant. It was unexpected to
detect a lower TMRM signal in MDA-MB-231 cells. Based on our
Western blot analysis, we speculate that the total number of
mitochondria may differ between MCF7 and MDA-MB-231 cell
lines. Future functional analysis of individual mitochondria may be
informative.

We also found that FSS increased oxygen consumption of both
MCF7 and MDA-MB-231 cells. Since FSS downregulates subunits of
the F1FO ATP synthase and decreases oxidative phosphorylation,
this finding was unexpected. We also found that breast cancer cells
treated with FSS had increased ROS levels even after 24 h incuba-
tion. ROS play a dual role in regulating the death and survival of
cancer cells. Surging ROS potentiates breast cancer cell death dur-
ing treatment with chemotherapeutics such as cisplatin and
doxorubicin [26,27], but moderate levels of ROS act as signaling
molecules to upregulate survival proteins, supporting cancer cell
growth [28e30]. Thus, our results are consistent with previous
work that showed that elevated yet non-lethal ROS leads to cell
proliferation [31], especially in cancer stem cell-like MDA-MB-
231 cells. Although currently, there are limited approaches for
manipulating c-subunit expression or activity in CTCs, our team
and others have shown that the c-subunit is sensitive to oxidative
stress, and depletion of the c-subunit is protective against hydrogen
peroxide-mediated death in various cell models [11,13]. Addition-
ally, the c-subunit undergoes conformational change between open
and closed states. This change means that the c-subunit can be



Fig. 3. FSS alters the expression of the F1FO ATP synthase subunits.
MCF7 and MDA-MB-231 cells were treated with or without FSS (60 dyn/cm2) and seeded for 24 h. The mRNA levels of genes that encode the c-subunit (A-C), a-subunit (D-E), and b-
subunit (FeH) in MCF7 cells, and c-subunit (IeK), a-subunit (L-M), and b-subunit (NeP) in MDA-MB-231 cells were quantified (n ¼ 9). Q-T, Immunoblot data demonstrated that FSS
did not change the a-subunit (S, n ¼ 4) but decreased protein levels of the c-subunit (R, n ¼ 4) and b-subunit (T, n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-
way ANOVA with Tukey post hoc analysis.

Fig. 4. Overexpression of the F1FO ATP synthase c-subunit decreases the proliferation of breast cancer cells.
The c-subunits were overexpressed in MCF7 and MDA-MB-231 breast cancer cells. Immunoblot data verified overexpression of the c-subunit (A, n ¼ 4). (B) c-subunit overexpressing
MCF7 cells were re-seeded at high density (0.8 � 106 cells/35 mm plate). Micrographs were taken immediately after scratching plates and 24 h after incubation of MCF7 and MDA-
MB-231 cells. (C) Gap distance after 24 h (n ¼ 12). Scale bar ¼ 200 mm **p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, one-way ANOVA with Tukey post hoc analysis.
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dissociated from the F1FO ATP synthase complex, which may be
controlled by intracellular redox status [11,15]. Although there has
been less research on oxidative stress-induced post-translational
modification of the c-subunit than the F1 complex subunits [32,33],
a cysteine residue found in the c-subunit undergoes thiol oxidation
during oxidative stress, and this modification weakens the inter-
action between oligomycin and the c-subunit of the F1FO ATP syn-
thase [34,35]. It is unknown if oxidation of a cysteine residue
directly causes c-subunit opening. However, this study demon-
strated that mitochondrial redox status might manipulate F1FO ATP
synthase binding, potentially influencing the opening or closing of
the c-subunit.

In contrast to our findings, researchers have previously eluci-
dated the leak-dependent effect of electron transport [36,37]. They
found that treatment with FCCP in the presence of oligomycin, an
inhibitor of F1FO ATP synthase, increased the cell proliferation rate.
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These results suggest that reduced F1FO ATP synthase functionwith
a greater leak is associated with higher cell proliferation [36,37].
Therefore, the c-subunit may exhibit a dual function: during
moderate expression, the c-subunit may prevent hyperpolarization
of the mitochondrial membrane, supporting intracellular energy
metabolism, whereas overexpression of the c-subunit rapidly de-
polarizes mitochondria, impairs energy metabolism, and arrests
cancer cell migration. Based on our Western blot data, cancer cells
may maintain minimal levels of the c-subunit, supporting Warburg
metabolism while protecting themselves from mPTP-mediated
death. Future studies elucidating the ratio of the c-subunit to the
mitochondrion or the whole cell may offer insight into the mech-
anisms of how cancer cells balance c-subunit levels to maintain
metabolic benefits and avoid mPTP-associated death.

In summary, this study demonstrates that FSS promotes breast
cancer cell proliferation via depletion of the c-subunit of F1FO ATP
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synthase. Overexpression of the c-subunit slowed the migration of
MCF7 andMDA-MB-231 breast cancer cells. This study is the first to
suggest the c-subunit as a target to manipulate the CTC survival
rate. Investigating therapeutic strategies to upregulate the c-sub-
unit may be beneficial in preventing metastasis via CTCs.
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