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The mitochondria of cancer cells are characterized by elevated oxidative stress caused by reactive oxygen species (ROS). Such an
elevation in ROS levels contributes to mitochondrial reprogramming and malignant transformation. However, high levels of
ROS can cause irreversible damage to proteins, leading to their misfolding, mitochondrial stress, and ultimately cell death.
Therefore, mechanisms to overcome mitochondrial stress are needed. The unfolded protein response (UPR) triggered by accu-
mulation of misfolded proteins in the mitochondria (UPRmt) has been reported recently. So far, the UPRmt has been reported to
involve the activation of CHOP and estrogen receptor alpha (ER�). The current study describes a novel role of the mitochondrial
deacetylase SirT3 in the UPRmt. Our data reveal that SirT3 acts to orchestrate two pathways, the antioxidant machinery and mi-
tophagy. Inhibition of SirT3 in cells undergoing proteotoxic stress severely impairs the mitochondrial network and results in
cellular death. These observations suggest that SirT3 acts to sort moderately stressed from irreversibly damaged organelles.
Since SirT3 is reported to act as a tumor suppressor during transformation, our findings reveal a dual role of SirT3. This novel
role of SirT3 in established tumors represents an essential mechanism of adaptation of cancer cells to proteotoxic and mitochon-
drial stress.

Mitochondrial reprogramming associated with elevated reac-
tive oxygen species (ROS) levels is a hallmark of cancers.

Altered mitochondrial metabolism and ROS, both required dur-
ing oncogenic transformation (1–4), are regulated by the mito-
chondrial deacetylase SirT3 (5–7). Reduction in SirT3 levels and
the resulting elevated ROS levels have been directly linked to the
switch to glycolysis, known as the Warburg effect (8). While ROS
are required for glucose metabolism and metastasis in triple-neg-
ative breast cancers (9), decreased SirT3 levels concomitant with
high ROS levels are frequently observed in all breast cancers (8).
Based on these findings, SirT3 is considered a tumor suppressor
(5, 8).

SirT3 regulates the activity of magnesium superoxide dismu-
tase (MnSOD), which detoxifies superoxide to hydrogen peroxide
(5, 7, 10–14). Moreover, SirT3 has been linked to augmented tran-
scription of MnSOD and catalase, both known targets of the tran-
scription factor FOXO3A (15). The SirT3-dependent deacetyla-
tion of FOXO3A promotes both its nuclear translocation and its
transcriptional activity (16, 17). Therefore, mechanistically, the
reduction of SirT3 levels leads to an elevation in ROS levels by
compromising the mitochondrial antioxidant machinery.

Mitochondria are the main source of ROS production (18).
However, they are also the main targets of oxidative stress. Exces-
sive ROS induce oxidative damage to DNA, lipids, and proteins,
leading to their misfolding and aggregation in the mitochondria.
Upon accumulation of misfolded and aggregated proteins in
the mitochondria, cells mount the unfolded protein response
(UPRmt), a mitochondrial-to nuclear cross talk. This UPRmt aims
at reducing proteotoxic stress and reestablishing protein homeo-
stasis of the organelle by elevating the levels of mitochondrial
chaperones and proteases. The UPRmt acts similarly to the UPR of
the endoplasmic reticulum (19). While the UPR of the endoplas-
mic reticulum was the first to be identified, the activation of the
UPRmt has only recently begun to be appreciated (20–24) and has
yet to be elucidated. Moreover, its relation to cancer has not been
established.

The UPRmt is regulated by the transcription factor CHOP,

which is required to activate transcription of the mitochondrial
chaperones and proteases (25–27). Furthermore, we previously
reported that the UPRmt relies on estrogen receptor alpha (ER�),
which confers cytoprotection against proteotoxic stress in the mi-
tochondria (28).

In addition to the UPRmt, mitophagy plays an important role
in removing irreversibly damaged mitochondria from the mito-
chondrial network. More specifically, mitochondrial proteotoxic
stress was shown to induce mitophagy in Drosophila melanogaster
(29); however, the mechanism remains unknown.

In the current study, we report a novel role of SirT3 in the
UPRmt. Our results implicate SirT3 as a major coordinator of the
UPRmt that orchestrates both the antioxidant machinery and mi-
tophagy. These outcomes are required to overcome proteotoxic
stress and reestablish homeostasis in cancer cells. Importantly, we
found that these functions of SirT3 are independent of either
CHOP or ER�. Therefore, our study establishes SirT3 as being
critical to monitor the functional integrity of the organelle. Col-
lectively, our results highlight a dual role for SirT3. During malig-
nant transformation, a reduction in the SirT3 level is required to
enhance ROS and assist mitochondrial metabolic reprogramming
(8). However, in the context of the tumor phenotype, an elevation
in the SirT3 level is vital to reduce proteotoxic stress and keep ROS
levels below a critical threshold. Therefore, these dual roles allow
SirT3 to act as a rheostat of ROS that is essential not only for
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malignant transformation but also for survival and maintenance
of malignant cells.

MATERIALS AND METHODS
Reagents, cell culture, and Western analysis. Mitochondrial mutant en-
donuclease G (Endo G) (N174A) cloned into pEGFP-N1 was kindly pro-
vided by Gregor Meiss (Justus Liebig University Giessen, Giessen, Ger-
many). pEGFP-N1 expressing green fluorescent protein (GFP) alone was
used as a control. Mitochondrion-targeted mutant SOD1-GFP plasmids
were gifts from G. Sobue (Nagoya University, Japan). The mammalian
expression vector pCAGGS�OTC� (deletion of amino acids 30 to 114)
was kindly provided by N. J. Hoogenraad (La Trobe University, Austra-
lia). Ammonium chloride (NH4Cl), leupeptin, and N-acetylcysteine
(NAC) were obtained from Sigma. MitoSox Red, tetramethylrhodamine
ethyl ester (TMRE), 4=,6-diamidino-2-phenylindole (DAPI), and Lyso-
Tracker Red (LTR) were obtained from Invitrogen (Molecular Probes).
Breast cancer cell lines were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 5% fetal bovine serum (FBS), 100
units/ml penicillin, and 100 �g/ml streptomycin. Western blotting was
performed as described previously (30), using antibodies to GFP, orni-
thine transcarbamylase (OTC) (Santa Cruz), phosphorylated AKT, AKT,
SirT3, LC3B, CHOP, FOXO3A (Cell Signaling), Omi (BioVision), NRF-1
(Abcam), and MnSOD (Millipore).

Oxidative stress, mitochondrial potential, and fractionation. Mito-
chondrial superoxide anion production was detected by using MitoSox
Red fluorescent dye (Molecular Probes), while mitochondrial membrane
potential was assessed by staining cells with 50 nM TMRE dye for 20 min
according to the manufacturer’s protocols. Subcellular fractionation was
performed as described previously (30).

Cell viability. Viability was determined by using a colorimetric 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay (Promega) according to the manufacturer’s
instruction.

siRNA transfection. Transfections were performed with Lipo-
fectamine 2000 (Invitrogen), using control small interfering RNA
(siRNA) against luciferase (5=-CUUACGCUGAGUACUUCGATT-3=),
siRNA against SirT3 (siRNA 1, 5=-GCCCAACGUCACUCACUACTT-3=;
siRNA 2, 5= ACUCCCAUUCUUCUUUCACTT-3=), or siRNA against
ATG9 (5=-GUACAUGAAUUGCUUCUUGTT-3=) (GeneLink).

RNA isolation and qRT-PCR. Isolation of RNA was performed with
the RNeasy Minikit (Qiagen Inc.) according to the manufacturer’s proto-
col. One-step quantitative real-time PCR (qRT-PCR) was performed by
using a SYBR Premix Ex Taq TaKaRa kit on a DNA Opticon Engine
system. The human forward primer sequences were as follows: GCATTC
CAGACTTCAGATCGC for SirT3, GGAGTGATGTCCGCACAGAA for
NRF-1, 5=-CATGAGCGAGTTGGTCAAGA-3= for ATG8, CGCACCTTC
GAACAAAGAG for LC3B, 5=-ATGTTTGGCTTTGGGGCTA-3= for
BNIP3L, 5=-CGGGTGCCGGTGATAGTAGA-3= for GABARAP, 5=-TCA
GCTGCGTGGACTATGAC-3= for ATG9, 5=-GACCGGCACCCTTTCTT
G-3= for Omi, 5=-CGACTATGCAGTGACAGGTTGTG-3= for FOXO3A,
and 5=-GGCCTACGTGAACAACCTGAA-3= for MnSOD (GeneLink).
Expression levels were normalized to the level of beta-actin, which was
used as a loading control.

LysoTracker Red staining. LTR was added (100 nM) and incubated
for 30 min at 37°C. Cells were then incubated with 10 �g/ml Hoechst for
an additional 10 min. After fixation, fluorescence was measured by using
a fluorescent Spectra Max MS plate reader.

Immunofluorescence and transmission electron microscopy. LC3B
assessment was performed by incubation overnight with LC3B antibody.
LC3B was detected by using fluorescently labeled Alexa Fluor 599 second-
ary antibody. Acidic vesicles were evaluated by loading the cells with 0.5
�M LTR for 20 min. For electron microscopy, cells were fixed at 4°C
overnight in 2.5% glutaraldehyde– 4.0% paraformaldehyde in 0.1 M
phosphate buffer and were processed by the electron microscopy facility
at Mount Sinai.

Immunohistochemistry. Tissues were processed by using the Histo-
stain-Plus broad-spectrum (DAB) substrate kit for peroxidase (Invitro-
gen) according to the manufacturer’s protocol. Sections were then coun-
terstained in hematoxylin for 30 s and mounted with DePEX.

Statistical analysis. Statistical significance was determined by using
GraphPad Prism 6.0 software, and P values were calculated by a one-way
analysis of variance (ANOVA) followed by a pairwise contrast (Bonfer-
roni) analysis. Significance was considered to be a P value of �0.05 or less.

RESULTS
Accumulation of misfolded proteins in the mitochondria in-
duces proteotoxic stress. We reported the activation of the
UPRmt by ER� using a mutant of the mitochondrial protein en-
donuclease G (Endo G-GFP). Upon its accumulation in the mito-
chondria, Endo G-GFP is misfolded and induces mitochondrial
proteotoxic stress (30). While expanding our analysis of the effects
of such stress in breast cancer cells, immunofluorescence analysis
revealed that Endo G staining exhibited severe mitochondrial
clustering, especially in cells lacking ER� (Fig. 1A). This finding
indicated that proteotoxic stress results in a heterogeneity among
the mitochondrion population, with a fraction of them being se-
verely stressed.

In agreement with this finding, we found that Endo G was
present in the soluble fraction along with endogenous Omi and
cytochrome c. However, Endo G was evident mostly in the insol-
uble fraction (Fig. 1B). This result indicates that upon its accumu-
lation, Endo G forms insoluble aggregates in the mitochondria.
However, these aggregates did not impact the general import of a
variety of mitochondrial proteins (Fig. 1C). While the formation
of these aggregates had no effect on cellular viability (Fig. 1E), they
led to a significant increase in mitochondrial superoxide anion
O2

� levels (Fig. 1D). Fluorescence-activated cell sorter (FACS)
analysis revealed that proteotoxic stress increased O2

� to a level
that is comparable to the level induced by the mitochondrial un-
coupler carbonyl cyanide m-chlorophenylhydrazone (CCCP)
(Fig. 1D), while rotenone induced a massive increase in the
amount of ROS (Fig. 1D). We also confirmed that the down-
stream effectors of ER�, such as AKT phosphorylation, protea-
some, and Omi, were not activated in these cells (see Fig. S1 in the
supplemental material).

Taken together, these results suggest that proteotoxic stress
does not compromise cellular integrity despite the elevation in
ROS levels and the absence of ER�. Therefore, additional mecha-
nisms must take place to maintain the viability of cells undergoing
proteotoxic stress.

Proteotoxic stress activates mitophagy. Autophagy acts as a
survival mechanism by eliminating irreversibly damaged organ-
elles. Since a fraction of the cells exhibited mitochondrial cluster-
ing and insoluble protein aggregates, we tested whether autophagy
is activated by proteotoxic stress. We found significant elevations
in the levels of a variety of ATG genes, such as LC3B, ATG9, and
BNIP3L (Fig. 2A). GABARAP levels were also moderately ele-
vated (Fig. 2A). In addition, proteotoxic stress stimulated an
increase in phosphatidylethanolamine (PE) lipidation of en-
dogenous LC3B (LC3BII), a marker of autophagy (Fig. 2B).
Furthermore, we evaluated the lysosomal turnover of PE-lipi-
dated LC3B to verify autophagic flux by NH4CL/Leu treatment
and found an increase in the accumulation of LC3BII (Fig. 2B).
Similar results were obtained by using other mutated mito-
chondrial proteins, such as SOD1-GFP, to generate proteo-
toxic stress (see Fig. S2A and B in the supplemental material) in
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ER�-negative breast cancer cell lines, including MDA-MB231
and MDA-MB157 (see Fig. S2A, C, and D in the supplemental
material). To further verify that autophagy induction is due to
the accumulation of proteins in the mitochondria, we also
tested the effects of expression of �MLS-Endo G-His, which
lacks the mitochondrial localization sequence (MLS) and thus
localizes in the cytosol. Since this construct contains a His tag
rather than a GFP tag, we also included in these experiments a
vector expressing full-length Endo G-His as a control (see Fig.
S2B in the supplemental material). In agreement with our pre-
vious findings, we found that full-length Endo G-His also in-
duced an increase in LC3BII levels, while deletion of the MLS
abolished this effect.

Since accumulation of misfolded proteins in the mitochondria
increases ROS levels, we tested whether inhibition of ROS by the
antioxidant N-acetylcysteine (NAC) affects the induction of au-
tophagy. We found that NAC abolished the increase in LC3BII
levels induced by proteotoxic stress (Fig. 2C), indicating that ROS
are required for autophagy. Furthermore, we found that inhibi-
tion of ATG9 by siRNA abolished the increase in LC3BII levels
(Fig. 2D and E) and led to a 40% reduction in viability (Fig. 2F).
Therefore, we concluded that cells undergoing proteotoxic stress
activate ROS-dependent autophagy to maintain their viability.

To gain further insights into the autophagy triggered by pro-
teotoxic stress, we assessed punctum formation that results from
lipidation of endogenous LC3B. This analysis revealed that cells
undergoing proteotoxic stress displayed a drastic increase in num-
bers of LC3B puncta, which overlaid Endo G-GFP, suggesting
stimulation of mitophagy (Fig. 2G). In addition, LysoTracker Red
(LTR) staining of the lysosomes showed an increase in the number
of LTR-labeled punctate structures, which is indicative of au-
tophagic activation (Fig. 2H). Moreover, a significant fraction of
Endo G-GFP aggregates colocalized with the lysosomes, suggest-
ing fusion of mitochondria with the lysosomes (Fig. 2H).

Since the ubiquitin ligase parkin has been functionally
linked to mitophagy (31–33), we tested the levels of parkin
following proteotoxic stress. However, we found no evidence
of induction of parkin under these conditions (Fig. 2I), sug-
gesting a parkin-independent mechanism of mitophagy. In
agreement with this possibility, mitophagy induced by re-
stricted mitochondrial protein acetylation has also been found
to be independent of parkin (34).

In support of the induction of mitophagy, enhanced levels
of LC3B lipidation (LC3BII) were associated with the mito-
chondria of cells undergoing proteotoxic stress (Fig. 2J). Mi-
tophagy induced by proteotoxic stress was further examined by

FIG 1 Accumulation of Endo G aggregates in the mitochondria induces proteotoxic stress. (A) Localization of GFP or Endo G-GFP (green) was detected by
immunofluorescence in cells transfected with the indicated plasmids. Mitochondria (red) were stained with Mitotracker orange dye, whereas nuclei were
counterstained with DAPI (blue). Bar, 1 �m. (B) Soluble and insoluble fractions of purified mitochondria treated with sodium carbonate were analyzed by
immunoblotting for Endo G, Omi, and cytochrome c. (C) Mitochondrial lysates of cells overexpressing either Endo G-GFP or GFP were used for Western analysis
of oxidative phosphorylation (OxoPhos) complex III, the FoF1 ATP synthase � subunit, Omi, VDAC, and Endo G-GFP. (D) Mitochondrial superoxide anion
(O2

�) production was detected by FACS analysis of live cells transfected with either control GFP or mutant Endo G-GFP as well as of untreated cells or cells
treated overnight with 10 �M CCCP or 20 �M rotenone (used as positive controls). (E) Cell viability was measured by an MTS assay at 24, 48, 72, and 96 h after
transfection with either the control vector GFP or mutant Endo G-GFP.
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FIG 2 ROS-mediated mitophagy is required to maintain the viability of cells undergoing proteotoxic stress. (A) mRNA levels of LC3B, GABARAP, ATG9, and
BNIP3L were assessed by qRT-PCR in MDA-MB231 cells transfected with the indicated plasmids at 24 h. (B) MDA-MB231 cells were treated with 10 �M CCCP
overnight or transfected with the indicated plasmids for 48 h, followed by treatment with a combination of 20 �M NH4CL and 0.1 mM leupeptin for 3 h prior
to harvesting. Protein extracts were used for Western analysis of lipidated LC3BII. (C) Lysates from cells transfected with the indicated plasmids in the presence
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electron microscopy. This analysis revealed normal mitochon-
drial morphology in control cells overexpressing GFP (Fig.
2K). In contrast, the mitochondria of cells undergoing proteo-
toxic stress exhibited an array of alterations of mitochondrial
morphology (Fig. 2L). Notably, severely fragmented mito-
chondria were sequestered by autophagosomes, whereas the
majority of mitochondria were not (Fig. 2L, arrow). These ob-
servations indicate that only a fraction of damaged mitochon-
dria is eliminated by mitophagy.

Proteotoxic stress activates SirT3 and the antioxidant de-
fense mechanisms of mitochondria. Since the majority of mito-
chondria are not eliminated by mitophagy, we hypothesized that
activation of the antioxidant machinery may protect these mito-
chondria. We found drastic increases in the levels of MnSOD and
catalase (Fig. 3A and B). Since FOXO3A is required for the tran-
scription of both MnSOD and catalase, we also tested FOXO3A
and found an increase in its levels (Fig. 3A and B). Furthermore,
confocal microscopy and subcellular fractionation revealed an ac-
cumulation of FOXO3A in the nucleus (Fig. 3C and D).

The deacetylase SirT3 promotes both the activity and nuclear
translocation of FOXO3A through its deacetylation (5, 10, 17,
35–38). Therefore, we evaluated SirT3 levels and found that pro-
teotoxic stress increased SirT3 at both the transcript (Fig. 3E) and
protein (Fig. 3F) levels. Treatment with the antioxidant NAC
abolished the elevation in SirT3 levels (Fig. 3E and F), suggesting
that the increase is dependent on ROS. Additionally, we assessed
the acetylation of FOXO3A. We found a significant deacetylation
of FOXO3A (Fig. 3G) despite the higher levels of FOXO3A in-
duced by proteotoxic stress (Fig. 3A and G). This finding supports
previous reports that SirT3 regulates FOXO3A. Our results sug-
gest that the effect of SirT3 on FOXO3A must be indirect, since we
found no evidence that FOXO3A localizes to the mitochondria
(Fig. 3H).

Given that proteotoxic stress promotes the expression of novel
markers of the UPRmt that are implicated in both mitophagy and
antioxidant defense mechanisms, we next explored whether accu-
mulation of other misfolded mitochondrial proteins also induces
these markers. The mutated form of ornithine transcarbamylase
(OTC�) has been shown to promote the formation of insoluble
aggregates similar to those induced by mutant Endo G (20). We
found that proteotoxic stress due to the accumulation of OTC�
also led to elevations of SirT3, FOXO3A, as well as LC3BII levels
(Fig. 3I), suggesting that these responses are not specific to mis-
folded Endo G.

The transcription factor CHOP, a well-characterized marker of
the UPRmt, has been reported to be activated by the accumulation
of OTC� (20). In addition, CHOP activation is required for tran-

scription of the mitochondrial chaperones Hsp10 and Hsp60 (20).
We confirmed these effects of OTC in our model (Fig. 3I and J).

To further examine the effect of proteotoxic stress caused by
different misfolded mitochondrial proteins, we also tested the ef-
fect of accumulation of misfolded Endo G on CHOP, Hsp10, and
Hsp60. We found that these markers were induced (Fig. 3I and J)
and that their induction was dependent on ROS (Fig. 3J). There-
fore, these findings indicate that proteotoxic stress is not protein
specific and activates both CHOP as well as the antioxidant ma-
chinery. This finding is in agreement with our previous observa-
tion that in estrogen receptor-positive breast cancer cells, ER� can
be activated using a wide array of different mitochondrial proteins
(30).

CHOP is dispensable for the integrity of cells undergoing
intermembrane space stress. Since we found that CHOP is up-
regulated by proteotoxic stress in our model, we next focused on
testing whether inhibition of CHOP by siRNA affects the induc-
tion of mitophagy and the antioxidant machinery. First, we con-
firmed that siRNA against CHOP significantly diminished the
transcript levels of CHOP and its downstream target Hsp60 (Fig.
4A and B). However, inhibition of CHOP did not affect the up-
regulation of FOXO3A, SirT3, or MnSOD or the lipidation of
LC3B by proteotoxic stress (Fig. 4C and D). Furthermore, the
absence of CHOP led to a small but significant increase in mito-
chondrial O2

� levels (Fig. 4E). However, this slight elevation in
ROS levels was not sufficient to compromise cellular viability
(Fig. 4F).

Taken together, these results confirm that the induction of
CHOP is required to promote the transcription of the mitochon-
drial chaperones. However, CHOP is not essential to activate mi-
tophagy and the antioxidant machinery.

SirT3 is required to maintain mitochondrial integrity. Hav-
ing established that CHOP is not essential to maintain cellular
viability in response to proteotoxic stress, we next assessed the role
of SirT3. Thus, we tested the levels of lipidated LC3B in cells where
the expression of SirT3 is inhibited by siRNA. We found that re-
duction of SirT3 levels inhibited LC3B lipidation (Fig. 5A) and
significantly abrogated the increase in transcript levels of LC3B
(Fig. 5B) and LysoTracker staining (Fig. 5C). Moreover, inhibi-
tion of SirT3 led to a failure to upregulate MnSOD (Fig. 5D and E)
and FOXO3A (Fig. 5D).

Importantly, inhibition of SirT3 significantly compromised
the viability of cells undergoing proteotoxic stress (Fig. 5F), which
correlated with the activation of cell death markers such as cleaved
caspase-3 and Jun N-terminal protein kinase (JNK) phosphoryla-
tion (Fig. 5G). To determine the effect of SirT3 on the integrity of
the mitochondria, we determined mitochondrial O2

� production

or absence of 5 mM NAC were used for Western analysis of LC3BII. (D) Efficiency of knockdown and ATG9 mRNA levels were evaluated by qRT-PCR of cells
transfected with 20 nM siRNA against luciferase or siRNA against ATG9 followed by overexpression with Endo G-GFP for 48 h. (E) Crude extracts from
MDA-MB231 cells transfected with either 20 nM siRNA against luciferase or 20 nM siRNA against ATG9, followed by transfection with the indicated plasmids,
were analyzed by Western blotting for LC3B lipidation. (F) Viability of cells transfected as described below for panel H was determined by trypan blue staining
at 48 h. (G) LC3B punctum formation was assessed by confocal microscopy in cells stained with anti-LC3B antibody (red) and counterstained with DAPI to
visualize nuclei (blue), whereas Endo G-GFP or GFP is indicated in green. (H) Transfected cells loaded with LysoTracker Red (LTR) were analyzed by confocal
microscopy to detect the overlay (yellow) of LTR-labeled acidic autolysosomal compartments (red) with GFP or Endo G-GFP (green). (I) Crude lysates from
untreated cells or cells treated with 10 �M CCCP or transfected as indicated were tested for parkin by Western blotting. (J) Mitochondrial fractions were isolated
from cells transfected with the indicated plasmids and subjected to Western blotting to detect levels of LC3BII. Overexpression of Endo G-GFP was confirmed
by immunoblotting with Endo G antibody. PHB1 were used as a loading control for mitochondrial fractions. (K) GFP-overexpressing cells were subjected to
electron microscopy (magnification, �5,000; scale bar, 2 �m). Also shown is a higher-magnification view of mitochondria from the selected area (magnification,
�10,000; scale bar, 1 �m). (L) Electron micrographs of Endo G-GFP-overexpressing cells (magnification, �5,000; scale bar, 2 �m) and a magnified view of the
selected area indicating fragmented mitochondria engulfed in the autophagosome (magnification, �20,000; scale bar, 0.5 �m).
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and membrane potential. While the significant increase in the
mitochondrial O2

� level induced by proteotoxic stress alone at 24
h (Fig. 1D) was no longer evident at 48 h (Fig. 5H), we found that
the lack of SirT3 triggered prominent and sustained mitochon-
drial O2

� levels following proteotoxic stress (Fig. 5H). In addition,
a drastic reduction in the integrity of the mitochondrial mem-
brane potential was also evident (Fig. 5I).

Having established that loss of SirT3 led to an inhibition of the
autophagy marker LC3B, collapse of the membrane potential, and
activation of apoptotic markers, we aimed at analyzing the mor-
phology of the mitochondria under these conditions by electron
microscopy. This analysis revealed the presence of extensively
fragmented mitochondria (Fig. 5J). However, despite these se-
verely stressed mitochondria, no evidence of mitophagy was ob-

FIG 3 Proteotoxic stress enhances mitochondrial antioxidant defense mechanisms. (A) Crude extracts from cells transfected with either control GFP or Endo
G-GFP for 48 h were analyzed by Western blotting to detect MnSOD, catalase, and FOXO3A using the respective antibodies. (B) Transcript levels of MnSOD and
FOXO3A were determined by qRT-PCR of cells transfected as described above for panel A for 24 h. (C) Localization of FOXO3A (red) was detected by
immunofluorescence confocal microscopy in cells transiently transfected with either GFP or Endo G-GFP (green) for 48 h. Nuclei were counterstained with
DAPI (blue). (D) Cytosolic and nuclear fractions of cells transfected with either GFP or Endo G-GFP were analyzed by immunoblotting to determine FOXO3A
levels. Hsp90 and lamin A/C levels were used as loading controls for cytosolic and nuclear fractions, respectively. (E) Endogenous SirT3 mRNA levels were
assessed by qRT-PCR at the 24-h time point in cells transfected as described above for panel A, in the presence or absence of 5 mM NAC. (F) SirT3 protein levels
were detected by Western blotting in cells treated as described above for panel E. (G) Acetylated FOXO3A levels were detected by Western blotting (WB) of the
immunoprecipitated (IP) proteins using an anti-acetylated lysine antibody. Levels of FOXO3A present in the input were also detected by Western blotting. (H)
Mitochondrial fractions of cells transfected with either GFP or Endo G-GFP for 24 h were analyzed by immunoblotting for the presence of FOXO3A. (I) Crude
lysates of cells overexpressing the indicated constructs were immunoblotted with the indicated antibodies. Tubulin served as a loading control. OTC� was
detected only in the insoluble fraction. (J) Transcript levels of CHOP, Hsp10, and Hsp60 were determined by qRT-PCR of cells transfected with OTC and OTC�
or either GFP or Endo G-GFP in the presence or absence of 5 mM NAC.
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served, confirming that in the absence of SirT3, mitophagy is
inhibited. Furthermore, the electron micrographs indicated elec-
tron-dense mitochondria, suggesting aggregation of mitochon-
drial proteins. Consistent with our evidence, identical electron-
dense areas were observed in cells lacking the mitochondrial
protease LonP (39).

To further test this possibility, we examined the soluble and
insoluble fractions of the FoF1 ATP synthase � subunit. The FoF1

ATP synthase � subunit of complex V plays a critical role in the
electron transport chain. In addition, it was reported to interact
with a Hsp60 chaperone and reduce aggregate formation (40). We
found that inhibition of SirT3 led to the accumulation of the FoF1

ATP synthase � subunit in the insoluble fraction, while its level
decreased in the soluble fraction (Fig. 5L).

Taken together, these results indicate an essential role of SirT3
as a critical mitochondrial checkpoint required for induction of

FIG 4 CHOP is not essential for activation of cytoprotective responses and maintaining cellular viability. (A and B) Transcript levels of CHOP and Hsp60 were
determined by qRT-PCR of cells transfected with 20 nM siRNA against CHOP or 20 nM control siRNA against luciferase, followed by transfection with either
GFP or Endo G-GFP. (C) Endogenous levels of FOXO3A, lipidated LC3B, SirT3, and MnSOD were evaluated by Western blotting of the crude extract of cells
treated as described above for panel A. (D) Transcript levels of endogenous FOXO3A, SirT3, and MnSOD were measured by qRT-PCR of cells treated with 20
nM siRNA against CHOP, followed by transfection with either GFP or Endo G-GFP. (E) Mitochondrial superoxide anion levels were determined by FACS
analysis of cells transfected as described above for panel A and stained with MitoSox Red. (F) Viability of MDA-MB231 cells, transfected as described above for
panel A, was determined by trypan blue staining at 48 h.
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FIG 5 SirT3 is required to maintain mitochondrial integrity and cellular viability of cells undergoing proteotoxic stress. (A) Lipidated levels of LC3B were
detected by immunoblotting in cells transfected with 20 nM control siRNA against luciferase or against SirT3, followed by transfection with the indicated
plasmids for 48 h. Endogenous levels of SirT3 and exogenous levels of Endo G-GFP and GFP were evaluated by Western blotting. (B) Endogenous mRNA levels
of LC3B were determined by qRT-PCR of cells treated as described above for panel A. (C) LTR uptake was assessed in fixed cells treated as described above for
panel A. The same results were obtained by using two different siRNAs against SirT3. (D) Immunoblots of crude lysates from cells treated as described above for
panel A were used to detect the levels of the indicated proteins by probing with the respective antibodies. (E) Endogenous mRNA levels of MnSOD were
determined by qRT-PCR of cells treated as described above for panel A. (F) Viability of MDA-MB231 cells, transfected as described above for panel A, was
determined at 48 h. (G) Crude cellular lysates, treated as described above for panel A, were used to assess cleaved caspase-3, phosphorylated JNK, and total JNK
levels by Western blotting. (H) Mitochondrial superoxide anion levels were determined by FACS analysis in cells transfected as described above for panel A and
stained with MitoSox Red. (I) Mitochondrial potential was evaluated by FACS analysis in cells treated with 20 nM siRNA against SirT3 followed by transfection
with either GFP or Endo G and stained with TMRE dye at 48 h. (J) Representative electron micrographs of mitochondria from MDA-MB231 cells transfected with
20 nM siRNA against SirT3 followed by Endo G-GFP at 48 h (scale bar, 5 �m). Also shown is a higher-magnification view of the selected region indicating
fragmented mitochondria with electron-dense aggregates (scale bar, 0.5 �m). (K) The soluble and insoluble fractions of isolated mitochondria from cells
transfected as indicated for 24 h and lysed with buffer containing Triton X-100 were subjected to Western blotting to detect FoF1 ATP synthase � subunit levels.
Ponceau S staining served as a loading control.
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both the antioxidant machinery and mitophagy. Moreover, these
results suggest that SirT3 is required to limit protein misfolding
and the formation of aggregates in the mitochondria. Collectively,
these observations support the notion that SirT3 plays a novel role
in the UPRmt triggered by mitochondrial proteotoxic stress.

SirT3 is activated by mitochondrial stress. The use of specific
misfolded proteins such as OTC� and Endo G has been useful in
defining the different markers of the UPRmt. These tools have
allowed the identification of CHOP (20), ER� (30), and, in the
current study, SirT3 as markers of the UPRmt. Since ROS induce
the formation of a broad array of protein aggregates, rather than
accumulation of protein-specific aggregates used in our model, we
aimed at determining whether stimulators of ROS activate SirT3
and its downstream targets. To test this possibility, cells were
treated with rotenone, which inhibits complex I, leading to accu-
mulation of mitochondrial ROS. We found that levels of SirT3,
lipidation of LC3B, and FOXO3A were increased under these con-
ditions (Fig. 6A). Furthermore, treatment with the antioxidant

NAC abolished this effect of rotenone (Fig. 6A). In addition, an-
timycin A, an inhibitor of complex III of the electron transport
chain, induced the same effect as rotenone (Fig. 6B).

To further validate the activation of SirT3 by a broad array of
protein aggregates, we treated cells with gamitochondrial matrix
inhibitor (G-TPP), an inhibitor of mitochondrial Hsp90 chaper-
ones (41). G-TPP has been shown to promote the aggregation of a
variety of proteins (41). We found that G-TPP led to increases in
the levels of SirT3, FOXO3A, and lipidation of LC3BII (Fig. 6C).
Therefore, these results indicate that both ROS and accumulation
of misfolded proteins in the mitochondria induce activation of
SirT3 and its downstream targets.

Since SirT3 has been reported to be a tumor suppressor, our
finding that mitochondrial stress stimulates SirT3 activity raises
the possibility that SirT3 plays a dual role in tumorigenesis.
Whereas a reduction in SirT3 levels is required to enhance ROS
and assists in metabolic reprogramming, proteotoxic stress acti-
vates SirT3 to reduce ROS levels below a critical threshold. In

FIG 6 SirT3 induction is triggered by other mitochondrial stressors and detected in human breast adenocarcinoma. (A and B) Crude extracts from cells treated
for 24 h with 1 �M rotenone or 5 �M antimycin A in the presence or absence of 5 mM NAC were subjected to Western blotting and evaluated for levels of SirT3,
FOXO3A, and lipidation of LC3B. (C) Lysates of cells treated with 5 �M G-TPP for 4 h were tested to determine the levels of the indicated proteins. (D) Crude
lysates from the indicated cells were evaluated to determine SirT3 levels. (E) Representative histological image of a primary breast adenocarcinoma tumor tissue
stained for SirT3. Higher-magnification views of the boxed region are shown.
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agreement with the role of SirT3 as a tumor suppressor, we found
that compared to the levels in MCF-10A cells, which are trans-
formed but nonmalignant, the levels of SirT3 were reduced in all
breast cancer cell lines tested (Fig. 6D). Furthermore, we con-
firmed this observation using immunohistochemistry of primary
breast cancer, where normal ducts stained strongly for SirT3 but
invasive breast cancer areas of the same section showed either
reduced or a complete loss of SirT3 staining (Fig. 6E). However,
this analysis also revealed a heterogeneity of SirT3 staining among
the areas of invasive breast cancer of the same histological grade
(Fig. 6E), with staining being undetectable in some areas (area 1)
but clearly present in other areas (area 2). While this observation
on its own does not prove the dual role of SirT3, it is nevertheless
consistent with the possibility that in areas of the tumor experi-
encing local mitochondrial stress, SirT3 is upregulated.

DISCUSSION

Cancer cells survive in a highly oxidative environment. High ROS
levels, mutation in mitochondrial DNA, oxidative damage to lip-
ids, and misfolded proteins characterize cancer cells. Ultimately,
each of these interconnected events leads to mitochondrial stress.
The UPRmt represents a powerful mechanism that allows the ad-
aptation of the mitochondrial network to such an environment.
Prior to the current study, two coordinators of this pathway had

been described using OTC and Endo G: CHOP, which acts to
upregulated mitochondrial chaperones and proteases, and ER�,
which acts to upregulate the activity of the proteasome and the
protease Omi. Using the same tools, we now report SirT3 as a third
coordinator of the UPRmt, which acts to upregulate mitophagy
and the antioxidant machinery. Collectively, these respective out-
comes complement each other to result in an impressive array of
cytoprotective responses that limit mitochondrial damage trig-
gered by proteotoxic stress (Fig. 7A). The discovery of these coor-
dinators of the UPRmt raises an important analogy to the endo-
plasmic reticulum UPR (19). PERK, ATF6, and IRE are critical
coordinators of this UPR and activate different cytoprotective
outcomes that also complement each other (19).

Our findings indicate that by activating the antioxidant ma-
chinery and coordinating mitophagy, SirT3 serves an essential
role in the maintenance of mitochondrial network integrity. In
contrast, activation of CHOP is not vital in retaining cellular via-
bility, although it is required to enhance the mitochondrial chap-
erone and protease capacity. Moreover, our data also implicate
SirT3 as a key regulator of a mitochondrial quality control check-
point.

It has been reported that the expression level of SirT3 is re-
duced in breast cancers (8). In agreement with these observations,
we also found that in both cell lines and primary breast cancers,

FIG 7 (A) Diagram of the critical effectors of the UPRmt. Mitochondrial proteotoxic stress induces the UPRmt, which involves activation of CHOP, ER�, and
SirT3. ER�, which is activated only in estrogen receptor-positive breast cancer cells, promotes the activity of the proteasome and of the protease Omi to limit the
accumulation of misfolded proteins in the mitochondria. CHOP activates the heat shock proteins Hsp10 and Hsp60 as well as the protease LonP, which
collectively also prevent the accumulation of misfolded proteins in the mitochondria. SirT3, described in the current study, confers additional but essential
cytoprotective effects by activating antioxidant defense and mitophagy. SirT3 is critical for cellular viability under conditions of mitochondrial proteotoxic stress.
Collectively, the combined outcome of the UPRmt is the reduction of proteotoxic stress and the maintenance of the integrity of the organelle. (B) SirT3 plays a
dual role in breast cancer. On the one hand, a reduction in SirT3 levels is necessary to allow an increase in ROS levels and assist in the metabolic reprogramming
of the mitochondria during transformation (arrow 1). On the other hand, by inducing the antioxidant machinery (arrow 2), SirT3 is required to repress ROS
levels within a window (indicated by the orange square) that is compatible with the maintenance of cellular viability. In addition, by inducing the transcription
of mitophagy genes (arrow 3), SirT3 primes the cells for the elimination of severely damaged mitochondria. However, the selective recruitment of the mitophagy
machinery to these damaged organelles requires an additional step, which remains unknown. As these severely damaged organelles have excessive ROS, their
elimination also contributes to reducing ROS within a window that is compatible with cellular viability (arrow 3). In the absence of SirT3, ROS increase to
excessive levels, leading to cell death.
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SirT3 expression is reduced or lost. Collectively, these results sup-
port the notion that a reduction in SirT3 levels is required to
elevate the levels of ROS and assist in metabolic reprogramming
during malignant transformation (Fig. 7B, arrow 1). Importantly,
our findings also demonstrate that the expression of SirT3 is in-
ducible by mitochondrial proteotoxic stress. We propose that by
activating the antioxidant machinery and mitophagy, SirT3 acts to
lower ROS levels below a critical threshold and retain cellular
viability (Fig. 7B, arrows 2 and 3). Therefore, we propose that
SirT3 plays a dual role in cancer.

In support of previous reports, our data indicate that SirT3 is
required for FOXO3A activity. Whether this effect is due to a
direct association between FOXO3A and SirT3 in the mitochon-
dria (16, 17) is a matter of debate. However, our data suggest that
the effect of SirT3 on FOXO3A is likely to be indirect.

Our findings suggest that if proteotoxic stress cannot be re-
solved, SirT3-dependent activation of the mitophagy machinery
primes the cells for the elimination of irreversibly damaged mito-
chondria. In this context, while the manuscript was in prepara-
tion, a study by Webster et al. reported that starvation induces
SirT3-dependent mitophagy (42). While starvation activates a
broad array of cellular stresses, which are not specific to mito-
chondria, our study links mitophagy and SirT3 to mitochondrial
proteotoxic stress specifically. Therefore, we propose that SirT3
leads to the lipidation of LC3B and the transcription of genes
involved in mitophagy. The selective recruitment of the mi-
tophagy machinery to severely defective organelles required an
additional step, which is initiated by excessive damage due to ROS.
The recruitment of the ubiquitin ligase parkin to mitochondria
with collapsed membrane potential (43) appears to be a possible
mechanism underlying such selectivity. However, in agreement
with the study by Webster et al. (42), we did not find any evidence
of the involvement of parkin. Therefore, the mechanism by which
SirT3 coordinates the selection of irreversibly damaged mito-
chondria remains to be determined.

Collectively, the discovery of these coordinators of the UPRmt

illustrates the remarkable plasticity of the mitochondrial network
to adapt to stress. Clearly, the complexity of the UPRmt is only
beginning to be revealed. As it may represent an Achilles’ heel of
cancer cells, a full understanding of the UPRmt is critical to en-
hance our ability to target the mitochondrial network for therapy.
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