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Abstract

Aims: Since the role of the major mitochondrial NAD*-dependent deacetylase, sirtuin 3 (Sirt3),
is differential in cancer, opposite to the well-known tumor-suppressing effect of hyperoxia,
this study aimed to investigate the role of Sirt3 in triple-negative breast cancer (TNBC) cell
line MDA-MB-231 upon hyperoxic (95% O3) conditions.

Main methods: MDA-MB-231 cells were stably transfected with Flag-tagged Sirt-3 or empty
plasmid. Western blot and real-time PCR were used to monitor the expression of proteins or
genes involved in mitochondrial biogenesis, metabolic regulation and antioxidant defense.
Immunocytochemistry and confocal microscopy were used to confirm the cellular localization
and abundance of proteins. Flow cytometry was used to analyze mitochondrial mass,
potential and ROS production, and MTT test as a measure of metabolic activity. Mitotic index
analysis, colony-forming unit assay, DNA damage and Annexin V-FITC analyses were used to
assess the differences in the growth and apoptosis rate.

Key findings: Although Sirt3 seemed to improve mitochondrial properties by increasing
mitochondrial mass and potential, metabolic activity (Warburg effect) and antioxidative
defense (SOD2, Cat), it also increased mitochondrial ROS, induced DNA damage, timp-1
expression, formation of multinucleated cells and apoptosis, and finally markedly reduced the
proliferation of MDA-MB-231 cells. All these effects were even more evident upon the
hyperoxic treatment, thus pointing towards combined negative effect of Sirt3 and hyperoxia
on MDA-MB-231 cells.

Significance: Both Sirt3 and hyperoxia, alone or in combination, have the potential to
negatively affect the malignant properties of the MDA-MB-231 cells and should be further
explored as a possible therapy for TNBC.
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Introduction

Breast cancer is the most common malignant tumor in women and the third cause of death
in the world [1]. Numerous studies focus on triple-negative breast cancer (TNBC) cells, which
are more aggressive and resistant to endocrine therapy since they lack the expression of
estrogen and progesterone receptor and human epidermal growth factor type 2 [2]. 10-15%
of breast cancer patients suffer from TNBC and have a much worse treatment outcome
compared to other breast cancer subtypes [3]. For this reason, there has been an interest in
further research at the molecular level to obtain a more accurate diagnosis and possible
treatment therapies.
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Oxidative stress occurs as a result of high levels of reactive oxygen species (ROS) and is defined
as a disturbance of the balance between ROS production and antioxidant defense [4,5].
Numerous studies confirm that tumor cells typically exhibit higher levels of ROS than healthy
cells, and high levels of ROS induce DNA damage and genomic instability, resulting in the
continued growth and proliferation of tumor cells, as well as resistance to chemotherapy [6—
8]. In addition to being a consequence of common biochemical processes, ROS are products
of increased oxygen concentration in the cell caused by hyperoxia. Thereby, hyperoxia-
induced ROS levels could be certainly toxic for cancer cells and could impair tumor growth,
i.e. reduce tumor aggressive behavior [9,10]. Also, some studies have confirmed a smaller
number of TNBC metastases under hyperoxic conditions [11].

The mammalian sirtuin (Sirt) family is described with seven proteins (Sirt1-7), three of which
are the mitochondrial sirtuins (Sirt3-5) [12]. Sirt3 is a major mitochondrial NAD*-dependent
deacetylase with an essential role in maintaining energy homeostasis [13]. In the absence of
Sirt3 the mitochondrial proteins become hyperacetylated, thus reducing the mitochondrial
ability to generate ATP and elevating oxidative stress (reviewed in [14]). As a defense strategy
against oxidative damage caused by ROS, the cells most commonly use the enzymatic
antioxidants superoxide dismutase (SOD), catalase (Cat), glutathione peroxidase and
glutathione reductase [15]. Sirt3 plays a key role in the deacetylation and activation of some
of these antioxidant enzymes, with SOD2 as one of the main targets. However, the role of
Sirt3 in breast cancer is still controversial [8].

Due to the known tumor-suppressing effect of hyperoxic treatment and a differential role of
Sirt3 in cancer, this study aimed to investigate the role of increased expression of the Sirt3
upon hyperoxia on morphology, proliferation, cell cycle, metabolic activity, DNA damage,
apoptosis and mitochondrial function of TNBC cells MDA-MB-231. We found that, although
Sirt3 seemed to improve several mitochondrial properties and antioxidative defense, it also
increased mitochondrial ROS, induced DNA damage, apoptosis, formation of multinucleated
cells, and significantly diminished the proliferation of MDA-MB-231 cells. These effects were
even more pronounced upon the hyperoxic treatment, thus pointing towards a combined
negative effect of Sirt3 and hyperoxia on MDA-MB-231 cells. Therefore, both Sirt3 and
hyperoxia have the potential to negatively modulate the malignant properties of the MDA-
MB-231 cells and should be further explored as a possible therapy for TNBC.

Materials and Methods

Cell culture and transfection

In the present study, adherent, epithelial, basal-like triple-negative breast cancer cell line
MDA-MB-231 (ATCC® HTB-26™; Manassas, VA, USA) was used. Cells were transfected with
the pcDNA3.1+ Flag-Sirt3 plasmid containing the Flag-tagged Sirt3 gene (Addgene
Cat.No0.13814) as described previously [16], and are marked as MDA-S3. Cells transfected with
the empty plasmid pcDNA3.1+ were used as control (MDA-C). The cells were grown in



91
92
93
94
95

96

97
98
99
100
101

102

103
104
105
106
107
108
109
110
111
112

113

114
115
116
117
118
119
120
121
122
123
124

125

complete high glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM; Sigma Aldrich,
St. Louis, MO, USA) with the addition of 10% fetal bovine serum (FBS; Capricorn Scientific
GmbH, Ebsdorfergrund, Germany), 1% non-essential amino acids (Capricorn Scientific GmbH,
Ebsdorfergrund, Germany) and 1% antibiotic/antimycotic solution (Capricorn Scientific
GmbH, Ebsdorfergrund, Germany).

Normoxic and hyperoxic conditions

After seeding, the cells were allowed to adhere for 24 h and then treated in normoxic or
hyperoxic conditions (95% 0Q3). To achieve hyperoxic conditions, cells were kept in a self-
contained and sealed hyperoxic chamber (StemCellTM Technology Inc., Vancouver, Canada)
for 16 h in an incubator at 37°C, together with control cells (normoxia) under standard
conditions (37°C, 5% CO2).

RNA isolation and real-time PCR

After treatment (hyperoxic and normoxic), the cells were collected in Trizol Reagent (Life
Technologies, Carlsbad, CA, USA) for RNA extraction according to the manufacturer’s
recommendations. The RNA was quantified using the Nanodrop (NanoPhotometer N60/N50,
Implen GmbH, Miinchen, Germany) and treated with DNAase (TURBO DNA-free Kit, Thermo
Fisher Scientific, Waltham, MA, USA), followed by reverse transcription (Applied Biosystems™
High-Capacity cDNA Reverse Transcription Kit; Foster City, CA, USA). Tagman assays (Thermo
Fisher Scientific, Waltham, MA, USA) for sirt3 (Hs00953477_m1), timp-1 (Hs01092512_g1)
and B-actin (Hs01060665 g1) genes were used for real-time PCR performed on a 7300 Real-
time PCR system device (Applied Biosystems, Foster City, CA, USA) using a comparative CT (2
A8Ct) method to determine the relative gene expression level.

Protein isolation and Western blot

After hyperoxic treatment, cells were trypsinized (Capricorn Scientific, Ebsdorfergrund,
Germany), collected and centrifuged, and the cell pellet was resuspended in RIPA buffer (50
mM Tris buffer, 150 mM NacCl, 0.1% SDS, 12 mM Na-deoxycholate, 1% Triton) with protease
inhibitors (cOmpleteTM EDTA-free EASYpack, Roche, Basel, Switzerland). The lysate was
sonicated (amplitude 80%; Labsonic, Biotech International Ltd., Delhi, India) and centrifuged
for 20 min at 16000 g (4°C) and the supernatant was transferred to a new tube, from which
the protein concentration was measured with Pierce™ BCA Protein Assay Kit (Thermo Fischer
Scientific, Waltham, MA, USA). The proteins were prepared in SDS-PAGE sample buffer (100
mM Tris-HCI (pH 6,8), 2% SDS, 20% glycerol, 4% B-mercaptoethanol, 0,5% bromophenol blue
dye) and Western blot analysis was carried out as described previously [16]. Antibodies used
in this study are listed in Table 1.

Table 1. Antibodies used for Western blot analyses

Antibody Dilution Host Manufacturer
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. ) Santa Cruz
Sirt3 (F-10, sc-365175) 1:500 Mouse Biotechnology, USA
Catalase (ab1877) 1:1000 Rabbit | Abcam, UK
Gamma H2A.X (phospho 5139, _ .
ab11174) 1:8000 Rabbit | Abcam, UK
SOD2 (ab13533) 1:2000 Rabbit | Abcam, UK
Sirtl (NBP2-27205) 1:300 Rabbit | Novus Biologicals, USA

Santa Cruz

Ldh-A (sc-33781 1:2 R i

d (sc-33781) 00 abbit Biotechnology, USA
PGC-1a (NBP1-04676) 1:1000 Rabbit | Novus Biologicals, USA
Anti-mouse (170-6516) 1:5000 Goat Bio-rad, USA
Anti-rabbit (NA934) 1:5000 Goat GE Healthcare, USA

MTT and CFU assays

For the MTT assay, 5000 cells were seeded into 96-well plates. After hyperoxic treatment, the
plates were left for an additional 48 h in the incubator under normal conditions and then
processed as described previously [16]. For the colony-forming unit (CFU) assay, 1500 cells
were seeded per Petri dish (6 cm). After hyperoxic treatment, the cells were left for 10 days
until visible colonies were formed and the plates were processed as described previously [16].

Flow cytometry analysis of mitochondrial parameters, ROS and apoptosis

Mitotracker Deep Red dye (100 nM; Thermo Fisher Scientific, Waltham, MA, USA) was used
for mitochondrial membrane potential (AW) analysis, and NAO (0,5 nM; 10-N-nonyl acridine
orange, Invitrogen, Carlsbad, CA, USA) for mitochondrial mass. DHE dye (20 uM;
dihydroethidium, Sigma Aldrich, St. Louis, MO, USA) was used to measure cytosolic ROS and
MitosoxRed (5 uM; Thermo Fisher Scientific, Waltham, MA, USA) to detect mitochondrial
ROS. ApoScreen™ Annexin V Apoptosis Kit (SouthernBiotech, Birmingham, AL, USA) was used
according to the manufacturer's protocol for apoptosis analysis. After hyperoxic treatment,
the cells were trypsinized and collected, washed with 1x PBS, distributed (300000
cells/sample) into FACS tubes, resuspended in each dye and incubated for 30 min at 37°C
(those for apoptosis 15 min in dark at room temperature (RT) followed by analysis on FACS
within 1 h). After the incubation, all the cells except those in the DHE solution were
centrifuged, washed with 1x PBS and resuspended in 1x PBS + 1% FCS. Propidium iodide (PI)
at a concentration of 1.5 pg/mL was added to tubes with NAO and Mitotracker Deep Red to
exclude dead cells, whereas 500 nM Sytox Red (Thermo Fisher Scientific, Waltham, MA, USA)
was used with DHE and MitosoxRed for the same purpose. The samples were analyzed on a
flow cytometer (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA) in FL1 (NAO and
annexin), FL2 (DHE and MitosoxRed), FL3 (PI) and FL4 (Mitotracker Deep Red and Sytox Red)
channel. The data analysis was performed using the FCS Express 7 software package (De Novo
software, Pasadena, CA, USA).
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Mitotic index analysis

After hyperoxic treatment, the medium from the cells was collected in tubes, the cells were
trypsinized and collected by pooling with appropriate medium, washed twice with 1x PBS and
resuspended in cold 1x PBS, followed by dropwise addition of -20°C pre-cooled 96% EtOH on
a mild vortex. Samples were stored at -20°C until the day of the experiment (minimum for 6
h). Samples were centrifuged and the cell pellet was washed with 1x PBS, centrifuged again,
and the resulting pellets were resuspended in 1x buffer (1% FCS and 0.1% Triton X-100 in 1x
PBS), centrifuged, and resuspended in primary anti-phosho-Histone H3 (Ser 10) antibody
(1:200; Cat. No. 06-570; Merck Millipore, Burlington, MA, USA) prepared in 1x buffer and
incubated for 1 h at RT. Afterward the pellets were washed with 1x buffer and incubated for
1 h at RT in dark with a secondary antibody (Alexa488, 1:1000; A-11001, Thermo Fisher
Scientific, Waltham, MA, USA), followed by two washes with 1x buffer. Cells were finally
resuspended in 0.1 pug/uL RNase A (iNtRON Biotechnology, Seongnam, South Korea) and 50
ug/uL propidium iodide (PI) solution, and FACS analysis was performed (FACSCalibur, BD
Biosciences, Franklin Lakes, NJ, USA).

SOD activity analysis

For superoxide dismutase (SOD) activity analysis, the RANSOD kit (RANDOX Labs, Crumlin, UK)
was used according to the manufacturer's protocol, as described previously [17].

Immunocytochemistry, fluorescence and confocal microscopy analysis

Immunocytochemistry staining was performed as described previously [16,17]. MitoTracker
Deep Red (100 nM; Thermo Fisher Scientific, Waltham, MA, USA) was added after hyperoxic
treatment and cells were incubated for 20 min at 37°C. Primary and secondary antibodies
used for immunocytochemistry in this study are listed in Table 2. Confocal imaging was
performed using Leica TCS SP8 X laser scanning microscope (Leica Microsystems, Wetzlar,
Germany), equipped with an HC PL APO CS2 63/1.40 oil immersion objective and a white light
laser. The excitation wavelengths and emission detection ranges used were 405 nm and 412—
460 nm for DAPI, 488 nm and 495-550 nm for Alexa488, 594 nm and 601-644 nm for Alexa594,
and 644 nm and 651-700 nm for MitoTracker Deep Red, respectively. For cell morphology
analysis on EVOS Floid Cell Imaging Station (Thermo Fisher Scientific, USA), live cells in the
medium were stained with NAO (1,5 uM) and Hoechst 33342 (5 pg/ml; Thermo Fisher
Scientific, USA) for 5 min, washed 2x with 1x PBS and maintained in 1x PBS+Mg/Ca.

Table 2. Antibodies used for immunofluorescence analyses

Antibody Dilution | Host Manufacturer

Sirt3 (F-10, sc-365175) 1:100 Mouse | Santa Cruz Biotechnology, USA
Gamma H2A.X (phospho | 1:5000 Rabbit | Abcam, UK
S139, ab11174)




185

186

187
188

189

190
191
192
193
194
195
196
197
198
199
200
201
202
203

204

Anti-mouse Alexa 488 (A- | 1:2000 Goat Thermo Fisher Scientific, USA
11001)
Anti-rabbit Alexa 594 (A- | 1:1000 Goat Thermo Fisher Scientific, USA
11012)

Statistical analysis

Statistical analysis of data was performed using SPSS (17.0, IBM, Armonk, NY, USA) for
Windows as described previously [17]. Significance is set at p<0.05.

Results

Overexpressed Sirt-3 is localized in mitochondria and its expression is increased upon
hyperoxic treatment in MDA-MB-231 cells. MDA-MB-231 cells with stably transfected
pcDNA3.1+ Flag-Sirt3 plasmid were defined as MDA-S3, and cells with stably transfected
empty plasmid pcDNA3.1+ as MDA-C (control). Since Sirt3 is a major mitochondrial NAD*-
dependent deacetylase [13], first we aimed to confirm its expression and localization in the
transfected cells. Confocal microscopy analysis confirmed overexpressed Sirt3 and its
localization in mitochondria of MDA-S3 cells, unlike MDA-C cells (Figure 1A). The results of
the gPCR analysis showed that MDA-S3 cells have a 19-fold higher expression of the sirt3 gene
than MDA-C in normoxia, and as much as 38-fold higher in hyperoxia (Figure 1B). Western
blot analysis did not detect Sirt3 protein expression in the MDA-C cells, while it was visible in
the MDA-S3 as a 28 kDa band (Figure 1C, D), with a stronger signal in hyperoxia, which is
consistent with the results of gene expression. Thus, we can conclude that Sirt3 was
successfully transfected into MDA-MB-231 cells, and that its expression is upregulated in
hyperoxic conditions.
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209 Figure 1. Overexpressed Sirt-3 is localized in mitochondria and its expression is
210 increased upon hyperoxic treatment in MDA-MB-231 cells. (A) Representative
211 confocal image of Sirt3 (green) in mitochondria (red; Mitotracker Deep Red). Nuclei
212 were detected with DAPI (blue). Overlay image shows overlap (yellow) of the Sirt3 and
213 mitochondria staining. (B) Real-time PCR analysis of sirt3 gene expression in MDA-C
214 and MDA-S3 cells under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C
215 (3p<0.001), hyperoxia vs. normoxia (**p<0.01). Data are presented as fold-change +

216 S.E., and normalized to control group. B-actin was used as the endogenous control.
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(C) Densitometry analysis of Sirt3 protein expression in MDA-C and MDA-S3 cells
under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (°p<0.001), MDA-S3 in
hyperoxia vs. normoxia (**p<0.01). Data are presented as mean = S.D. (D)
Representative immunoblot of Sirt3 protein expression in MDA-C and MDA-S3 cells
under normoxic and hyperoxic conditions. Amido black was used as a loading control.
Experiments were repeated at least three times and representative data are shown.

Overexpressed Sirt-3 is associated with hyperoxia-induced alterations in mitochondrial
mass and potential in MDA-MB-231 cells. Since Sirt3 is a mitochondrial protein involved in
the regulation of mitochondrial mass and potential [18,19], these parameters were analyzed
by flow cytometry with the use of NAO and Mitotracker Deep Red dyes, respectively. Sirt3
expression caused an increase of mitochondrial mass in normoxia, which was further
enhanced by hyperoxic treatment (Figure 2A). On the other hand, higher mitochondrial
potential in MDA-S3 cells in normoxia was reduced in both control and MDA-S3 cells upon
hyperoxia (Figure 2B). Thus, we can conclude that Sirt3 increases both mitochondrial mass
and potential, whereas hyperoxia has an inducing effect on mitochondrial mass and reducing
effect on mitochondrial potential.
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Figure 2. Overexpressed Sirt-3 is associated with hyperoxia-induced alterations in
mitochondrial mass and potential in MDA-MB-231 cells. (A) Mitochondrial mass of
MDA-C and MDA-S3 cells under normoxic and hyperoxic conditions measured with
NAO dye: MDA-S3 vs. MDA-C (°p<0.001), MDA-S3 hyperoxia vs. normoxia
(***p<0.001). (B) Mitochondrial potential of MDA-C and MDA-S3 cells under normoxic
and hyperoxic conditions measured with Mitotracker Deep Red dye: MDA-S3 vs. MDA-
C (°p<0.001), hyperoxia vs. normoxia (***p<0.001). Data show the relative
fluorescence intensity as the average geometric mean = SD. Experiments were
repeated at least three times and representative data are shown.

Overexpressed Sirt3 affects metabolic activity and proteins involved in metabolism with the
reverse effect of hyperoxic treatment on Ldh-A expression in MDA-MB-231 cells. Because in
our study Sirt3 increased several mitochondrial parameters, we next analyzed the metabolic
activity of transfected cells by MTT test and expression of several proteins involved in
metabolic regulation (Sirtl, Ldh-A, PGC-1a). The MTT test results showed an increase of
metabolic activity in MDA-S3 cells in both normoxic and hyperoxic conditions compared to
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MDA-C cells (Figure 3A), which was accompanied by a similar pattern of Sirtl expression
(Figure 3B, E), a protein involved in the regulation of metabolic responses as well as in DNA
damage response [20,21]. The observed higher metabolic activity of MDA-S3 cells was in
normoxic conditions also followed by increased expression of lactate dehydrogenase (Ldh-A;
Figure 3C, E), a marker of aerobic glycolysis [22]. However, hyperoxic treatment had the
opposite effect on its expression, thus MDA-S3 cells had lower Ldh-A expression than MDA-C
cells. Expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a), one of the key regulators of energy metabolism [23], was lower in MDA-S3 cells in
both normoxia and hyperoxia compared to MDA-C cells (Figure 3D, E). Overall, we can
conclude that Sirt3 affects the metabolic activity and the expression of all studied proteins
involved in the metabolism of MDA-MB-231 cells, whereas hyperoxic treatment impacts the
expression of Ldh-A and Sirt1 proteins.
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Figure 3. Overexpressed Sirt3 affects metabolic activity and proteins involved in
metabolism with the reverse effect of hyperoxic treatment on Ldh-A expression in
MDA-MB-231 cells. (A) Metabolic activity of MDA-C and MDA-S3 cells under normoxic
and hyperoxic conditions measured by MTT test: MDA-S3 vs. MDA-C (*p<0.001). (B)
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Densitometry analysis of Sirtl protein expression in MDA-C and MDA-S3 cells under
normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (°p<0.01), hyperoxia vs.
normoxia (*p<0.05). (C) Densitometry analysis of Ldh-A protein expression in MDA-C
and MDA-S3 cells under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C
(*p<0.01), MDA-C hyperoxia vs. normoxia (*p<0.05), MDA-S3 hyperoxia vs. normoxia
(**p<0.01). (D) Densitometry analysis of PGC-1a protein expression in MDA-C and
MDA-S3 cells under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (?p<0.01).
Data are presented as mean * S.D. Experiments were repeated at least three times
and representative data are shown. (E) Immunoblots of Sirtl, Ldh-A and PGC-la
protein expression in MDA-C and MDA-S3 cells under normoxic and hyperoxic
conditions. Amido black was used as a loading control.

Overexpressed Sirt3 is not associated with a hyperoxic effect on ROS production and
antioxidative enzymes in MDA-MB-231 cells. Since hyperoxia is a well-known inducer of ROS
[24], mitochondrial (mtROS) and cytosolic ROS (cytoROS) production was analyzed using
MitosoxRed and DHE dyes, respectively. We observed that MDA-S3 cells had higher mtROS in
both normoxia and hyperoxia (Figure 4A), with no change in cytoROS compared to control
cells (Figure 4B). Hyperoxic treatment increased the production of mtROS (Figure 4A) and
cytoROS (Figure 4B) in both MDA-C and MDA-S3 cells. Due to the observed higher levels of
ROS induced by either Sirt3 or hyperoxic treatment, we also analyzed the antioxidative status
of transfected cells. MnSOD (SOD2) and CuZnSOD (SOD1) activities were analyzed, as well as
the expression of SOD2 and catalase (Cat) proteins. SOD2 is one of the main targets of Sirt3
which is deacetylated and activated in response to oxidative stress [25]. Its activity (Figure
4C) and expression (Figure 4D, G) showed to follow the same pattern: increase in MDA-S3
cells in both normoxia and hyperoxia compared to MDA-C cells, and decrease upon hyperoxic
treatment in both MDA-C and MDA-S3 cells. On the other hand, SOD1 activity was lower in
MDA-S3 cells in both normoxia and hyperoxia, and was even lower in both MDA-C and MDA-
S3 cells upon hyperoxia (Figure 4E). In the case of Cat, only MDA-S3 cells had increased Cat
expression in both normoxia and hyperoxia compared to MDA-C cells (Figure 4F, G). Overall,
we can conclude that Sirt3 induces mtROS, as well as the expression and/or activity of several
proteins involved in antioxidative response, whereas the hyperoxic treatment increases
cellular ROS and decreases antioxidative response regardless of the Sirt3 expression.
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Figure 4. Overexpressed Sirt3 is not associated with a hyperoxic effect on ROS
production and antioxidative enzymes in MDA-MB-231 cells. (A) Mitochondrial ROS
production in MDA-C and MDA-S3 cells under normoxic and hyperoxic conditions
measured with MitosoxRed dye: MDA-S3 vs. MDA-C (°p<0.001), hyperoxia vs.
normoxia (***p<0.001). (B) Cytosolic ROS production in MDA-C and MDA-S3 cells
under normoxic and hyperoxic conditions measured with DHE dye: hyperoxia vs.
normoxia (***p<0.001). (C) MnSOD (SOD?2) activity in MDA-C and MDA-S3 cells under
normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (?p<0.001), hyperoxia vs.
normoxia (***p<0.001). (D) SOD2 protein expression in MDA-C and MDA-S3 cells
under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (°p<0.05), hyperoxia vs.
normoxia (***p<0.01). (E) CuZnSOD (SOD1) activity in MDA-C and MDA-S3 cells under
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normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (?p<0.001), hyperoxia vs.
normoxia (*p<0.05). (F) Catalase (Cat) protein expression in MDA-C and MDA-S3 cells
under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (°p<0.01). Data are
presented as mean * S.D. Experiments were repeated at least three times and
representative data are shown. (G) Immunoblots of SOD2 and Cat protein expression
in MDA-C and MDA-S3 cells under normoxic and hyperoxic conditions. Amido black
was used as a loading control.

Both overexpressed Sirt3 and hyperoxic treatment increase the expression of yH2A.X in
MDA-MB-231 cells. Following the observed higher ROS upon either Sirt3 or hyperoxic
treatment and induced antioxidative enzyme system in MDA-S3 cells in both normoxia and
hyperoxia, analysis of yH2A.X (a marker of double-strand DNA (dsDNA) breaks [26]) protein
expression in MDA-C and MDA-S3 cells was performed. A significant increase of dsDNA breaks
was observed upon Sirt3 expression in both normoxia and hyperoxia compared to MDA-C
cells and was further induced upon hyperoxic treatment in both MDA-C and MDA-S3 cells
(Figure 5A). Cellular localization and the strength of the yH2A.X fluorescence signal were also
analyzed by immunofluorescence using a confocal microscope. Stronger intensity of the
YH2A.X fluorescence signal was observed in both MDA-C and MDA-S3 cells after hyperoxic
treatment, with an even stronger signal in the MDA-S3 cells (Figure 5B). Overlay image
confirmed the localization of yH2A.X in the nucleus. Thus, we can conclude that both Sirt3
and hyperoxia increase the formation of dsDNA breaks.
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335 Figure 5. Both overexpressed Sirt3 and hyperoxic treatment increase the expression
336 of yH2A.X in MDA-MB-231 cells. (A) Densitometry analysis and immunoblots of

337 YH2A.X protein expression in MDA-C and MDA-S3 cells under normoxic and hyperoxic
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conditions: MDA-S3 vs. MDA-C (?p<0.05), hyperoxia vs. normoxia (***p<0.001). Data
are presented as mean + S.D. Amido black was used as a loading control. Experiments
were repeated at least three times and representative data are shown. (B)
Representative confocal image of yH2A.X (green) in nucleus (blue; DAPI).
Mitochondria were detected with MitoTracker Deep Red. Overlay image shows an
overlap of the yH2A.X and nuclear staining.

Overexpressed Sirt3 increases the mitotic index in normoxia, whereas both Sirt3 and
hyperoxia increase timp-1 gene expression and reduce colony-forming capacity in MDA-MB-
231 cells. Since we observed higher expression of yH2A.X in MDA-S3 cells and upon the
hyperoxic treatment, and DNA damage is known to often cause cell cycle arrest and no proper
cell division [27], we next determined mitotic index, timp-1 gene expression and colony-
forming ability of the transfected cells. MDA-S3 cells showed a higher mitotic index in
normoxic conditions than control cells, whereas hyperoxia reversed this effect of Sirt3 and
reduced mitotic index in both control and MDA-S3 cells (Figure 6A). Due to the observed
combined negative effect of Sirt3 and hyperoxia on the mitotic index, we also determined the
expression of the timp-1 gene, which is known as an inhibitor of metalloproteinases and its
increased expression is associated with consequential reduction of cellular invasiveness in
MDA-MB-231 cells-derived tumors [28,29]. The results of the gqPCR analysis showed that
MDA-S3 cells have a 2-fold higher expression of the timp1 gene in normoxia and 5-fold higher
in hyperoxia compared to MDA-C (Figure 6B). Hyperoxia also induced its expression in MDA-
C cells compared to normoxia (1,5-fold). The pattern observed in mitotic index analysis was
also expected in a colony-forming assay, however, Sirt3 expression reduced colony-forming
ability in both normoxic and hyperoxic conditions, and hyperoxia markedly amplified this
negative effect in both MDA-C and MDA-S3 cells (Figure 6C, D). Overall, we can conclude that
both Sirt3 and hyperoxia, alone or in combination, negatively impact the proliferation
characteristics of MDA-MB-231 cells.
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Figure 6. Overexpressed Sirt3 increases the mitotic index in normoxia, whereas both
Sirt3 and hyperoxia reduce colony-forming capacity and increase timp-1 gene
expression in MDA-MB-231 cells. (A) Percentage of MDA-C and MDA-S3 cells in
mitosis (mitotic index) under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C
(°p<0.01, ®p<0.05), MDA-C hyperoxia vs. normoxia (**p<0.01), MDA-S3 hyperoxia vs.
normoxia (***p<0.001). (B) Real-time PCR analysis of timp-1 gene expression in MDA-
C and MDA-S3 cells under normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C
(*p<0.01), hyperoxia vs. normoxia (**p<0.01). Data are presented as fold-change +
S.E., and normalized to control group. B-actin was used as the endogenous control.
(C) Representative plates of colonies stained with crystal violet. (D) The number of
colonies formed by MDA-C and MDA-S3 cells under normoxic and hyperoxic
conditions: MDA-S3 vs. MDA-C (%p<0.001), MDA-C hyperoxia vs. normoxia
(***p<0.001), MDA-S3 hyperoxia vs. normoxia (**p<0.01). Data for (A) and (D) are
presented as mean % S.D. Experiments were repeated at least three times and
representative data are shown.

Overexpressed Sirt-3 is associated with hyperoxia-induced apoptosis in MDA-MB-231 cells.
Due to the inhibitory effect of Sirt3 and hyperoxia on mitotic index and CFU analysis, and
increased DNA damage, we aimed to analyze apoptosis rate with an Annexin V-FITC Apoptosis
Kit in transfected cells as a possible outcome of all the observed parameters. The FACS
analysis showed an increased percentage of apoptotic cells in the MDA-S3 cells compared to
MDA-C cells in normoxia (Figure 7A, B), which was further enhanced by hyperoxic treatment.
Interestingly, MDA-C cells did not show an increase in the number of apoptotic cells after
hyperoxic treatment. Thus, we can conclude that hyperoxia-induced apoptosis is associated
with overexpressed Sirt-3 in MDA-MB-231 cells.
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Figure 7. Overexpressed Sirt-3 is associated with hyperoxia-induced apoptosis in
MDA-MB-231 cells. (A) Percentage of MDA-C and MDA-S3 cells in late apoptosis under
normoxic and hyperoxic conditions: MDA-S3 vs. MDA-C (?p<0.001), MDA-S3 hyperoxia
vs. normoxia (***p<0.001). Data are presented as mean * S.D. Experiments were
repeated at least three times and representative data are shown. (B) Dot plot diagrams
of MDA-C and MDA-S3 cells in apoptosis under normoxic and hyperoxic conditions
quantified by FACS, after Annexin V-FITC and Pl labelling: intact cells in the lower-left
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quadrant, early apoptotic cells in the lower-right quadrant, late apoptotic or necrotic
cells in the upper-right quadrant, and necrotic cells in the upper-left quadrant.
Experiments were repeated at least three times and representative data are shown.

Overexpressed Sirt3 and hyperoxia are associated with formation of multinucleated cells in
MDA-MB-231 cells. Since MDA-S3 cells in normoxia had higher mitotic index but lower CFU,
this prompted us to look into cellular morphology in more detail. For this reason, nuclei of
live cells were stained with Hoechst and mitochondria with NAO. We noticed the presence of
multinucleated cells (MNCs), i.e. giant cells with three or more nuclei in the MDA-S3 cells
(Figure 8A). We also analyzed morphology of the colonies in both normoxic and hyperoxic
conditions formed in the CFU assay, and numerous MNCs were observed in MDA-S3 cells,
which were even more frequent upon hyperoxic conditions (Figure 8B). On the other hand,
we could barely observe MNCs in the MDA-C cells. Thus, we can conclude that Sirt3 and
hyperoxia are associated with formation of MNCs in MDA-MB-231 cell line.
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417 Figure 8. Overexpressed Sirt3 and hyperoxia are associated with formation of
418 multinucleated cells in MDA-MB-231 cells. (A) Fluorescence microscopy images of live
419 MDA-C and MDA-S3 cells in normoxic conditions. Nuclei were detected with Hoechst
420 (blue), and mitochondria with NAO (green). Multinucleated cells in MDA-S3 are
421 marked with white arrows. (B) Morphology of the MDA-C and MDA-S3 cells under
422 normoxic and hyperoxic conditions in the colony forming assay. Multinucleated cells
423 in MDA-S3 are marked with red arrows.

424  Overall, although Sirt3 improved several mitochondrial properties, such as mitochondrial
425 mass and potential, metabolic activity, Ldh-A expression and antioxidative defense (SOD2,
426  Cat), it also increased mtROS and timp-1 expression, thus diminishing the ability of the MDA-
427  MB-231 cells to form colonies, induced formation of multinucleated cells as well as apoptotic
428 cell death. These effects were even more pronounced upon hyperoxic treatment, thus
429  pointing towards combined negative effect of Sirt3 and hyperoxia on MDA-MB-231 cells.

430 Discussion

431  Most breast cancer cell lines have very low level of mitochondrial protein Sirt3, which is
432  known to have either oncogenic or tumor-suppressive role in different types of cancer [8].
433  This prompted us to explore the role of Sirt3 in TNBC cell line MDA-MB-231 upon elevated
434  oxidative stress, i.e. hyperoxia (95% O>). To carry out this study, we transfected the cells with
435 the plasmid carrying the sirt3 gene and analyzed its effect on various mitochondrial and
436 tumorigenic characteristics in normoxia and hyperoxia.



437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467

468
469
470
471
472
473
474
475
476

Sirt3 overexpressed in MDA-MB-231 cells was increased upon hyperoxic treatment (Figure 1),
most likely due to the elevated oxidative stress which resulted in enhancement of Sirt3
activity, deacetylation of mitochondrial enzymes involved in defense against oxidative stress
and consequent protection from ROS, as demonstrated earlier [30]. To defend the cells from
oxidative stress, the liposomes containing both Cat and SOD2 showed to have greater
protection compared to liposomes containing only one of these two enzymes [31]. Previous
studies showed that an increase in ROS stimulates sirt3 transcription, leading to
posttranslational regulation and activation of SOD2 [25]. This is confirmed in our study by the
increased mtROS and elevated SOD2 level in MDA-S3 cells (Figure 4A, C, D). Although cancer
cells usually have increased ROS compared to normal cells, elevating intracellular ROS to toxic
levels can activate various ROS-induced cell death pathways, or inhibit cancer cell resistance
to chemotherapy (reviewed in [32]). Also, in the apoptosis pathway, mitochondrial potential
is decreased, i.e. mitochondrial membrane permeability is increased, and pro-apoptotic
factors are released from the mitochondria (reviewed in [32]). Since we also observed lower
mitochondrial potential upon hyperoxic treatment compared to normoxia in both MDA-C and
MDA-S3 cells (Figure 2B) as well as higher apoptosis rate in MDA-S3 cells (Figure 7), we can
assume that the hyperoxia-induced high cytosolic and mtROS levels (Figure 4A, B) are indeed
toxic for these cells, resulting in disruption of the whole antioxidant system, as observed
through lower SOD2 and SOD1 activity upon hyperoxia (Figure 4C, E). The lower activity of
the antioxidant enzyme SOD1 in MDA-S3 cells (Figure 4E) is in correlation with a previous
study which showed that loss of SOD2 correlates with the overexpression of SOD1 [33], as
well as that SOD2 reduction in breast cancer occurs rapidly following oncogenic activation,
which was in our study reverted by Sirt3 expression. The third antioxidative enzyme, Cat, has
enhanced expression in MDA-S3 cells, independent of hyperoxic treatment (Figure 4F). There
are indications that increased levels of Cat could contribute to the improved treatment of
breast cancer [34]. Accordingly, the role of Sirt3 to enhance Cat expression may indicate its
tumor suppressive role in these cells. Therefore, we can assume that higher expression of Cat
and increased SOD2 activity, with lower activity of SOD1 contributes to the mitigation of
tumorigenic characteristics of MDA-MB-231 cells upon Sirt3 expression, whereas hyperoxia
induces toxic levels of ROS which disrupt antioxidative defense and mitochondrial potential
and finally have pro-apoptotic effects.

The main source of ROS in cell is the mitochondrial respiratory chain which is also a "target"
for the deleterious effects of ROS [35]. It is known that Sirt3 activates the respiratory
complexes responsible for the formation of ROS [36], and that it regulates numerous
mitochondrial enzymes involved in energy metabolism processes [37]. Thus, the increased
metabolic activity which we observed in the MDA-S3 cells was expected (Figure 3A). Sirt3 is
also involved in metabolism-related regulation of tumor cell growth, i.e. in most cases it
reduces the so-called Warburg effect, a metabolic sign of many tumors defined as the aerobic
glycolysis [38]. However, Warburg-promoting effects of this enzyme have also been
confirmed (reviewed in [39]). Improved mitochondrial mass and potential (Figure 2), higher
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metabolic activity and Ldh-A expression as well as lower PGC-1a expression (Figure 3) in the
MDA-S3 cells in normoxic conditions suggest that Sirt3 has a potential to induce the aerobic
glycolysis in these cells. Ldh-A is upregulated in many cancers and is important for tumor
initiation and progression [40]. On the other hand, lower Ldh-A expression (Figure 3C)
associated with higher mitochondrial mass but lower mitochondrial potential (Figure 2),
higher ROS production (Figure 4) and apoptosis rate upon combined hyperoxic treatment and
Sirt3 expression is in correlation with an earlier study showing that Ldh-A-silenced cells
accelerate oxygen consumption and have higher ROS, swollen mitochondria, and finally
undergo apoptosis [40]. Thus, the combined effect of hyperoxia and Sirt3 expression on the
reduction of Ldh-A expression in MDA-MB-231 cells further indicates their tumor-suppressive
effect. We also analyzed the expression of Sirt1, a protein involved in regulation of metabolic
responses which can be found in both nucleus and cytoplasm [20]. Besides its role in
metabolic regulation, Sirt1 was also shown to be directly related to the DNA damage response
and can recruit repair proteins to dsDNA breaks sites and modulate their activity by
deacetylating them [21]. Therefore, higher Sirtl expression in MDA-S3 cells and upon
hyperoxic treatment (Figure 3B, E), both of which are associated with higher ROS (Figure 4)
and dsDNA damage (Figure 5), is in accordance to the mentioned role of Sirtl in oxidative
stress.

Although mitochondrial analyses indicate that Sirt3, as a mitochondrial protein, succeeds in
improving mitochondrial function of the MDA-MB-231 cells, the cells ultimately fail to divide
and create colonies (Figure 6C, D). This is most likely due to the excessive DNA damage (Figure
5) resulting from the high concentration of ROS (Figure 4A, B). Excessive DNA damage often
causes cell cycle arrest and no proper exit from mitosis and cell division [27]. In hyperoxia,
both MDA-C and MDA-S3 cells showed pronounced decline in proliferation potential,
consistent with other results suggesting tumor suppressor effects of hyperoxia on breast
cancer cells [41]. Hyperoxia studies to date have considered whether hyperoxia acts as a
tumor promoter or suppressor. Because oxygen is required for all major wound healing
processes, it was thought that hyperoxia would promote tumor growth, but recent studies
confirmed the inhibitory effects of hyperoxia on tumors (reviewed in [41]). We also
performed quantitative RT-PCR to examine the effect of Sirt3 on timp-1, a main inhibitor of
matrix metalloproteinase 9 (MMP-9) which drives malignant progression and metastasis of
basal-like TNBC [29,42]. We found that Sirt3, and especially under hyperoxia, increases timp-
1 gene expression (Figure 6B), which further confirms their tumor-suppressive role in MDA-
MB-231 cells, since more recent studies point towards inhibitory role of timp-1 on cellular
invasiveness of these cells [28]. Since MDA-S3 cells showed reduced number of colonies, as
well as further reduction of colony number upon hyperoxia, we monitored also the mitotic
index. MDA-S3 cells showed higher mitotic index in normoxia (Figure 6A) whereas, in
hyperoxia, it followed the CFU pattern. This may be explained by the very interesting
observation in this study that Sirt3 expression induced formation of multinucleated cells
(MNCs; Figure 8). A number of studies stress out the importance of understanding the cause
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of their appearance, especially because they can arise spontaneously in the TNBC with mutant
p53, and are metabolically very active (reviewed in [43]). Since in our study the MDA-S3 cells
had higher mitotic index but lower colony forming ability, the most probable scenario for the
formation of MNCs is the “mitotic slippage”, a phenomenon in which cells, due to prolonged
mitotic arrest, exit mitosis without undergoing cytokinesis and become multinucleated
(reviewed in [44]). Stressful conditions, like hypoxia, ionizing radiation and chemotherapeutic
drugs increase the proportion of polyploidy and MNCs. p53 mutant cells often try to avoid
senescence and apoptosis by forming MNCs (reviewed in [44]). In our case, we did not
observe senescence phenotype in MDA-MB-231 cells (data not shown), but the apoptosis
analysis clearly showed that cells expressing Sirt3 have higher apoptosis rate (Figure 7), and
this effect is even more pronounced upon hyperoxic treatment. Therefore, we can assume
that some cells expressing Sirt3 enter apoptosis, whereas the other ones try to avoid
apoptosis by forming MNCs (Figure 8). As pointed earlier and showed also now here, these
MNCs appear to be physiologically stressed with elevated ROS and lower mitochondrial
membrane potential [45]. The fact that MDA-S3 cells exhibited such increase of MNCs points
toward negative effect of Sirt3 on these cells, which then consequently impacts their
proliferation.

Conclusion

Although Sirt3 appeared to improve mitochondrial properties by increasing mitochondrial
mass and potential, metabolic activity (Warburg effect) and antioxidative defense (SOD2,
Cat), it also increased mitochondrial ROS, induced DNA damage, timp-1 expression, formation
of multinucleated cells and apoptosis, and markedly reduced the proliferation of MDA-MB-
231 cells. All these negative effects on the cells were even more evident upon hyperoxic
treatment, which also reversed some effects of Sirt3. Finally, it can be concluded that Sirt3
and hyperoxia have a common tumor suppressor effect in the MDA-MB-231 breast cancer
cell line, and that additional mechanisms that influence this role in tumor cell proliferation
and invasiveness reduction should be studied in TNBC.
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