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Selected mitochondrial DNA landscapes activate the SIRT3
axis of the UPRmt to promote metastasis
TC Kenny1, P Hart2, M Ragazzi3, M Sersinghe4, J Chipuk4, MAK Sagar5, KW Eliceiri5, T LaFramboise6, S Grandhi6, J Santos7, AK Riar1,
L Papa1, M D’Aurello8, G Manfredi8, MG Bonini2 and D Germain1

By causing mitochondrial DNA (mtDNA) mutations and oxidation of mitochondrial proteins, reactive oxygen species (ROS) leads to
perturbations in mitochondrial proteostasis. Several studies have linked mtDNA mutations to metastasis of cancer cells but the
nature of the mtDNA species involved remains unclear. Our data suggests that no common mtDNA mutation identifies metastatic
cells; rather the metastatic potential of several ROS-generating mutations is largely determined by their mtDNA genomic
landscapes, which can act either as an enhancer or repressor of metastasis. However, mtDNA landscapes of all metastatic cells are
characterized by activation of the SIRT/FOXO/SOD2 axis of the mitochondrial unfolded protein response (UPRmt). The UPRmt

promotes a complex transcription program ultimately increasing mitochondrial integrity and fitness in response to oxidative
proteotoxic stress. Using SOD2 as a surrogate marker of the UPRmt, we found that in primary breast cancers, SOD2 is significantly
increased in metastatic lesions. We propose that the ability of selected mtDNA species to activate the UPRmt is a process that is
exploited by cancer cells to maintain mitochondrial fitness and facilitate metastasis.
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INTRODUCTION
Cancer is lethal due to the ability of cancer cells to enter the
circulation and recur as metastatic disease. Recent reports have
suggested that changes in mitochondrial biology are associated
with this process. A study by Draetta and colleagues1 in pancreatic
cancer indicated that oxidative phosphorylation, autophagy and
mitochondrial biogenesis are upregulated in recurrent pancreatic
tumors. Likewise, Depinho and colleagues2 found that tumors,
which recurred after surviving the telomere-shortening crisis by
activating the alternative lengthening of telomeres pathway, are
characterized by an upregulation of mitochondrial biogenesis,
oxidative phosphorylation and anti-oxidant machinery. Interest-
ingly, these tumors were also found to upregulate SOD2 and to be
drastically sensitive to SOD2 inhibition, suggesting that SOD2 is
essential for their survival. In addition, analysis of circulating
cancer cells showed a specific upregulation of mitochondrial
biogenesis and oxidative phosphorylation through PGC-1α.3

Notably, this study also found a strong positive correlation
between PGC-1α expression and distant metastasis.3 Therefore,
although the switch from oxidative phosphorylation to glycolysis
characterizes primary tumors, recent data suggest that dissemi-
nated cells, circulating cancer cells and metastatic cells are
characterized by elevated oxidative phosphorylation and appear
to be highly dependent on the anti-oxidant enzyme, Mn-
superoxide dismutase (SOD2). The discovery of oxidative tumors
has led to the concept of metabolic flexibility,4 where tumors able
to use both glycolysis and oxidative phosphorylation may
represent a more aggressive sub-population due to their ability

to adapt to stress. The mechanism coordinating these changes
remains unknown.
Another important link between mitochondrial biology and

metastasis has arisen from the observation that introduction of
mitochondrial DNA (mtDNA) from a metastatic cell line into a non-
metastatic cell line using cybrid technology, was sufficient to
confer metastatic capacity to the non-metastatic cells.5 Following
this initial report, several others have described similar
findings.6–12 Further, the nuclear gene expression profiles of
cybrids, sharing the same nuclear genome but having different
mitochondrial genomes, were found to differ suggesting that
mitochondrial stress affects nuclear gene expression.13 Mutations
in mtDNA can lead to a defect in oxidative phosphorylation and
accumulation of reactive oxygen species (ROS), which can in turn
lead to the oxidation of proteins and their misfolding. Cancer cells,
therefore, are predicted to rely on the mitochondrial unfolded
protein response (UPRmt) to survive such stress.
The original identification of the UPRmt was made in

mammalian cells using the overexpression of misfolded OTCΔ
in the mitochondrial matrix.14,15 These studies led to the
identification of CCAAT-enhancer-binding protein homologous
protein (CHOP) as the transcription factor responsible for the
activation of the chaperone hsp60 and proteases such as a ClpP
in response to mitochondrial proteotoxic stress.14,15 Subse-
quently, the promoter of hsp60 was used extensively as a
marker of the UPRmt in Caenorhabditis elegans.16–24 However, the
impressive expansion of the study of the UPRmt using mainly
C. elegans and has also lead to the misconception that the UPRmt

does not exist in mammals. Further, it is now clear that the UPRmt
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activates much more than proteases and chaperones, and is a
complex transcriptional program,25 which places this pathway as
a prime candidate to explain the changes in nuclear gene
expression profile of cybrids. In mammalian cells, we and others
have used the expression of misfolded proteins in the
mitochondria to identify factors of the UPRmt.14,15,26,27 Namely,
we reported a SIRT3/FOXO3a/SOD2 axis of the UPRmt, which is
activated independently of the CHOP/hsp60 axis.27 Considering
the regulation of PCG1α by SIRT3,28–30 the SIRT3 axis of the
UPRmt appears favorably placed to explain the upregulation of
mitochondrial biogenesis and increased mitochondrial anti-
oxidant machinery seen in aggressive disease. Interestingly, a
SIRT1/FOXO axis of the UPRmt leading to the activation of SOD2
has also been reported in C. elegans.31 As FOXO transcription
factors are regulated by both SIRT3 and SIRT1,32,33 these
observations suggest that this axis of the UPRmt is conserved
and may have an important role in both aging and cancer. We
therefore initiated the current study to investigate whether the
SIRT3 axis of the UPRmt may be associated with specific ROS-
generating mtDNA mutations and metastasis. We found that the
context in which a mutation is found influences its effect on
invasion. As the term landscape is now widely used when referring
to variations in the nuclear genome, we propose to use the same
concept but in relation to the mitochondrial genome. Therefore,

our results suggest that specific combinatorial genomic landscapes
of mtDNA, rather than individual missense mutations, are able to
activate the SIRT3 axis of the UPRmt and facilitate metastasis. In the
context of mitochondrial diseases, it was recently shown that
the UPRmt inadvertently maintains deleterious mtDNA species.19

In the context of cancer, instead, we propose that the UPRmt is
exploited to maintain deleterious mtDNA mutations that allow
them to advantageously adapt during the metastatic process.

RESULTS
Metastasis of breast cancer cells correlates with mtDNA
heteroplasmy
Invasion capacity of cancer cells has been associated with specific
mtDNA mutations.6–12 To determine whether common mutations
can be found in multiple invasive breast cancer cells but not in
non-invasive cells, we first selected a panel of six breast cancer
cells lines and tested their invasion capacity. We found that three
cell lines (MCF-7, MCF7R and ZR-75.1) show significantly less
invasion than the other three cell lines (MDA-MB361, MDA-MB-231
and MDA-MB-157; Figure 1a). However, MCF-7R cells, which are a
clone selected for resistance to endocrine therapy,34 were more
invasive than their parental cell line MCF-7 (Figure 1a). We then
performed mtDNA sequencing on all cell lines and compared their
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Figure 1. Invasion capacity correlates with mtDNA heteroplasmy. (a) Invasion assays were performed on the indicated cell lines and filters
collected at 24 h. Top panel show the overall intensity of 4 independent filters, whereas bottom panels show a magnification of a
representative area of one filter. (b) Schematic representation of the mtDNA map of the indicated cell lines. Variants and mutations at specific
locations along mtDNA are indicated by a line across the map and are color coded according to the area/ gene affected. (c) Summary table of
number of variants and the level of heteroplasmy in either area encoding mRNA or modifiers. High levels of heteroplasmy are indicated in red.
Details of each variant are found in Supplementary Figures 1–4.
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sequence with the revised Cambridge reference sequence35 as the
cell lines are derived from different patients and no other internal
controls are available. Variants with no known functional
consequences that were found in all cell lines were interpreted
as background variation related to the difference in the tissue of
origin. All remaining variants were classified in three groups as
follows: (1) mutations affecting mRNA sequence; (2) modifier
variants affecting the sequence in the D-loop, rRNA or tRNA; and
(3) synonymous variants representing sequence polymorphisms.
Interestingly, the mutations in the ND6 gene (G13997A and
13885insC) previously linked to metastasis were not present in any
of the invasive cell lines.5 In contrast, missense mutations in ATP8
(A8860G) and CYB (A15380G) were present in all cell lines and
were homoplasmic (Figures 1b and c, and Supplementary
Figures 1–4). However, as these mutations did not distinguish
the invasive from the non-invasive cell lines, they alone cannot
explain the role of mtDNA mutations in metastasis. Instead, a
common characteristic of invasive cells compared with non-
invasive cells, including the MCF7R cells, was the presence of at
least one variant with significant levels of heteroplasmy
(Figures 1b and c, and Supplementary Figures1–4). These
observations raise the possibility that the ability of missense
mutations in major subunits of the electron transport chain to
promote invasiveness may be context dependent and defined by
their overall mitochondrial genomic landscapes. In this setting,
heteroplasmy may offer the option for the selection of the optimal
pro-metastatic mtDNA genomic landscape. Further, the number of
lesions per kilobase of mtDNA was higher in invasive cells
compared with non-invasive cells (Supplementary Figure 5), which
is in agreement with the recent report that low mtDNA repair
facilitates invasion.36

mtDNA heteroplasmy correlates with heterogeneity in
mitochondrial morphology in cancer cells
In theory, the presence of homoplasmic mutations in the context
of other heteroplasmic variants allows for the combinatorial
diversity of mtDNA and the generation of a pool of different
mtDNA species within a given cell. If this were the case, we
reasoned that such mtDNA diversity could be reflected in a
heterogeneous mitochondrial population. To test this possibility,
we performed transmission electron microscopy on all cell lines.
We found a remarkable heterogeneity in the morphology of the
mitochondrial networks among cell lines. The morphology of the
mitochondria in MCF-7 cells showed the largest organelles of all
cell lines with homogeneous morphology (Figure 2a). The
ZR-75.1 cells showed smaller organelles compared with the
MCF-7 cells, which were also of homogeneous morphology
(Figure 2b). In contrast, all invasive cells showed intra-cellular
(MDA-MB-231, Figure 2c) or inter-cellular (MDA-MB-361, MDA-MB
157 and MCF7R; Figures 2d–f) differences in mitochondrial
morphology.
This analysis, therefore, is consistent with the hypothesis that

heteroplasmy not only generates diverse mtDNA species but may
contribute to heterogeneous mitochondrial morphologies.

Mitochondrial heterogeneity correlates with metabolic flexibility
and the activation of the UPRmt

To further investigate the heterogeneity of the mitochondrial
population, we next determined the level of oxidative phosphor-
ylation (oxygen consumption rate, OCR) and glycolysis (extra-
cellular acidification rate, ECAR) using the Seahorse XF Analyzer. In
three separate experiments including eight replicates in each
experiment, we found that the OCR/ECAR ratio was consistent in
MCF-7, MCF7R and ZR75.1 cells, and was > 1, indicating a
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Figure 2. Mitochondrial morphology varies widely among cell lines and correlates with heterogeneity in invasive cell lines. Electron
microscopy at a magnification of 15 K in MCF-7 cells (a), ZR-75.1 (b), MDA-MB231 (c), MDA-MD-361 (d), MDA-MB-157 (e) and MCF-fulvestrant
at magnification of 7K (f). In d–f, images from two independent cells from the same field are shown.
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preferential use of oxidative phosphorylation over glycolysis, in
these cells (Figure 3a). In contrast, the OCR/ECAR ratio varied
widely from one experiment to the other in invasive cell lines,
despite identical experimental conditions. One interpretation of
this finding is that at any given time, the percentage of cells within
the population showing preferential use of oxidative phosphor-
ylation or glycolysis may vary (Figure 3a).
Recently, the presence of deleterious mtDNA mutations has

been reported to activate the mitochondrial UPR (UPRmt) via the
transcription factor ATFS-1 using the hsp60 promoter reporter in
C. elegans.19 The functional homolog of ATFS1 was identified as
ATF5 in mammals17 and acts downstream of CHOP, the original
transcription factor identified in mammals for the regulation of
hsp60 and matrix proteases.14,15 In addition to the CHOP axis of
the UPRmt, a SIRT/FOXO/SOD2 axis of the UPRmt has been reported

and is conserved between C. elegans and mammals.27,31 In
contrast to the CHOP axis, which regulates chaperones and
proteases,14,15 the SIRT3 axis regulates anti-oxidant machinery
(SOD2) via FOXO3a, mitophagy (LC3IIB) and mitochondrial
biogenesis via NRF1.27 Further, SOD2 has been shown to be
functionally linked to the activation of glycolysis.37 We therefore
screened the panel of cell lines for markers of the UPRmt. No
differences in hsp60 were observed between cell lines, suggesting
that the CHOP axis of the UPRmt does not mediate the differences
observed. As hsp60 is the best-characterized marker of the UPRmt,
this result was surprising. We reasoned that as hsp60 is
upregulated early in cancer progression in human cancer,38,39

and that our analysis was performed in established cancer cell
lines, hsp60 may also be activated early during transformation in
cell lines. To test this possibility, we analyzed the level of hsp60
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Figure 3. Metabolic flexibility, activation of the SIRT3 axis of the UPRmt characterizes invasive cell lines and modulation of SOD2 levels alone
alters the invasion capacity. (a) OCR/ECAR ratio obtained by Seahorse analysis of the indicated cell lines in three separate experiments; blue
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following induction of the oncogene ras in the non-transformed
cell line MCF10A. We found that hsp60 is indeed upregulated
within hours (Supplementary Figure 6a). However, we found that
MDA-MB-231, MDA-MB-157 and MDA-MB-361 cells were positive
for all five markers of the SIRT/FOXO/SOD2 axis of the UPRmt

(Figure 3b). However, this was not simply due to differences in
mitochondrial mass since other mitochondrial markers such
ATP5O, COX1 and cytochrome c did not distinguished the invasive
from the non-invasive cell lines (Supplementary Figure 6b).
Interestingly MCF7R cells show an increase in the level of four
of these markers relative to the MCF-7 parental cell line
(Figure 3b). The non-invasive ZR75.1 cells, however, showed four
out of the five UPRmt markers to be elevated but failed to activate
autophagy. Given that these cells carry several missense muta-
tions and one stop codon mutation (Supplementary Figure 2), this
result suggests that their inability to eliminate irreversibly
damaged mitochondria from the network by autophagy may
limit their ability to survive invasion. In support of this possibility,
the MDA-MB157 cells also carry several missense mutations and
one stop codon mutation (Supplementary Figure 3) but show
elevated levels of autophagy and are invasive. Overall, the
quantification of autophagy was higher in the invasive cell lines
(Figure 3c).
As SOD2 has been shown to promote metabolic flexibility,37 we

next tested whether SOD2 alone is able to increase invasion and
created MCF-7 stable clones expressing SOD2 (Figure 3d). We
found that expression of SOD2 did in fact increase the invasion
capacity of these cells (Figure 3ei, ii), as well as their ability to form
colonies on soft agar (Figure 3fi, ii). Further, inhibition of SOD2 by
shRNA in MDA-MB-231 cells significantly decreased their invasion
capacity (Figures 3g and h). Despite increasing relative invasion,
SOD2 overexpression alone in the MCF-7 cells was not sufficient to
increase the invasion to the same level as in the metastatic cell
lines such as MDA-MB-231. Our interpretation of these results is
that SOD2 is important, but the other downstream effectors of the
UPRmt-SIRT3 are also required.

Metastatic potential of ROS-generating mtDNA mutation is
context dependent
Our data suggest that the metastatic potential of missense
mutations in major subunits of the electron transport chain is
dependent on its surrounding mtDNA landscape and the
activation of the SIRT3 axis of the UPRmt. However, as the nuclear
genomic landscape of the cell lines in our panel is also widely
different, a significant contribution of the nuclear genome to the
activation of the UPRmt remains a distinct possibility.
Therefore, to further interrogate the role of the mtDNA

landscape on the activation of the UPRmt, we took advantage of
a collection of cybrids derived from the 143B/206 osteosarcoma
cells lacking mtDNA.40 Given that we found a missense mutation
in cytochrome B (CyB) present in all breast cancer cell lines in our
panel, we first focused on one cybrid line where the mtDNA was
repopulated with mtDNA from a patient carrying a frame-shift
mutation in CyB and is therefore referred to as CyB.40 As in the
breast cancer cell lines, the CyB line is homoplasmic for this
mutation. In addition to this cybrid, a hybrid called Hybrid B,
between the CyB line and another cybrid was generated, leading
to a variant of the CyB carrying a mixed mtDNA landscape.40 A
schematic representation of the various lines is shown in
Figure 4a. First, the expression of the markers of the UPRmt was
analyzed by western blotting. We found that both the cybrid CyB
and the Hybrid B show elevated expression of all markers of the
SIRT/FOXO/SOD2 axis of the UPRmt compared with the parental
cell line (wild type (WT)), with the exception of SOD2, which was
not significantly elevated in Hybrid B cells compared with the WT
cell line (Figures 4b and c). Further, hsp60, ATP5O, COX1 and
cytochrome c were not significantly different between invasive

and non-invasive cell lines (Figures 4b and c, and Supplementary
Figure 6c). We next determined the invasion capacity of each cell
line. Remarkably, we found that both CyB and Hybrid B were
significantly more invasive compared with the parental cell line at
both 24 and 48 h (Figures 4d and e). However, the invasiveness of
Hybrid B was lower than CyB most noticeably at 24 h supporting
our observation that levels of SOD2 impact invasion in MCF7 cells
(Figure 3e). However, as Hybrid B remains much more invasive
than WT cells, whereas SOD2 does seem to have an important
role, it is clearly not the only factor and the additional factors of
the UPRmt impact invasion.
We then sequenced the mtDNA in CyB, Hybrid B and the WT

parental cell line. We found that CyB and Hybrid B were
remarkably similar with only a few differences in heteroplasmy
(Figures 4f and g, and Supplementary Figures 7 and 8). Given that
both lines carry the same missense mutation in CyB and share the
same nuclear DNA, this result indicates that the effect of a ROS-
generating mutation on invasion is context-dependent and the
presence of even small differences in the mtDNA landscape
affects the extent of the activation of the SIRT3 axis of the UPRmt

and invasion.
To expand our analysis, we also performed the same analysis on

a separate cybrid of the same recipient 143B/206 osteosarcoma
cells lacking mtDNA that was repopulated with mtDNA from a
patient harboring a stop codon in COX1 and is therefore referred
as COX1 line.40 The COX1 cybrid was also used to construct
another hybrid called Hybrid E (Figure 5a). Interestingly, in this pair
we found a similar trend in the elevation of the UPRmt markers
(Figures 5b and d) and did not show difference in other
mitochondrial markers (Supplementary Figure 6d). In contrast to
the CyB and Hybrid B cells, the overall difference in the levels of
FOXO3a was not as pronounced; however, the molecular weight
of FOXO3a was slightly lower in COX1 and HybridE, which is
consistent with the deacetylation of FOXO3a. Importantly,
deacetylation of FOXO3a is required for its nuclear localization
and transcription of SOD2. To test this possibility, the presence of
acetylated FOXO3a was tested and we found that in both COX 1
and Hybrid E, the levels of acetylated FOXO3a are decreased
(Figures 5c and d). Further, although both cell lines were more
invasive than the parental cell line, (Figures 5e and f), Hybrid E was
also less invasive than COX1 cells at 24 h (Figure 5e). Sequencing
of both cells and the WT parental clone showed that these cells
are remarkably similar with only a few minor differences in the
heteroplasmy of variants (Figures 5g and h, and Supplementary
Figures 7 and 9). Therefore, as was seen in the CyB mutation, the
invasive effect of the COX1 mutation is sensitive to its mtDNA
landscape and correlates with the extent of the activation of the
UPRmt.

Elevated expression of SOD2 is associated with oncocytic tumors
with poor prognosis, NAD+ staining and metastasis
Having established that activation of the SIRT3/FOXO3a/SOD2 axis
of the UPRmt is associated with invasion, we aimed at validating
this axis in primary breast cancers. We reasoned that, if the UPRmt

promotes mitochondrial biogenesis, tumors showing increased
mitochondrial mass, such as oncocytic tumors, might be
characterized by the activation of the UPRmt. Oncocytic tumors
of the thyroid and other endocrine tissues are usually benign.
However, in the breast, oncocytic tumors and mitochondria-rich
tumors were found to have a worse prognosis.41 This observation
suggests that the amount of mitochondria alone is not sufficient
to predict outcome but rather the quality and fitness of the
mitochondrial network may be most relevant. If so, we
hypothesize that oncocytic breast cancers may not only upregu-
late mitochondrial biogenesis but also oxidative phosphorylation
and the anti-oxidant machinery simultaneously through activation
of the UPRmt. To test this possibility, we used a unique collection
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of oncocytic, mito-rich and mito-poor breast cancers, and
performed SOD2 staining as a marker of the SIRT3 axis of the
UPRmt. We found a statistically significant increase in SOD2
staining in the oncocytic tumors compared to the mito-rich and
mito-poor samples (Figures 6a and b). This observation was not
simply due to the increase in mitochondrial mass in this sub-
population, because SOD2 staining in normal ducts, which show
low number of mitochondria, also had elevated SOD2 staining
(Figures 6a and b). This analysis also revealed the presence of
strongly positive SOD2 foci within tumors that are otherwise
negative for SOD2 (Figure 6a). This pattern raised the possibility
that SOD2 may identify heterogeneity within the cancer cell
population of a primary tumor. Further, as SOD2 staining was
found to be upregulated in recurrent cancers,2 the expression of
SOD2 may allow for the survival of cells through the metastatic
process. Therefore, we aimed at evaluating whether SOD2
positivity predicts overall survival. SOD2 staining was scored for
extent (percentage of positive cells) and intensity (1+, 2+ or 3+),
and patients were classified in two groups. The first group was

classified as high SOD2 expressers (SOD2high) based on the
presence of any extent of 3+ staining or intensity × extent score
of > 100. The second group was classified as low SOD2 expressers
(SOD2Low) based on an intensity × extent score of less than 100.
This classification revealed a statistically significant worse out-
come of patients with SOD2High staining (Figure 6c). Importantly,
the presence of small foci of intense SOD2 staining within
otherwise largely negative tumors is sufficient to predict worse
clinical outcome.
SOD2 requires deacetylation by SIRT342 in order to be active.

Sirtuins require NAD+ for their activity. In their analysis of the
SIRT1/FOXO axis of the UPRmt, Auwerx and colleagues31 showed
that modulating the NAD+/NADH ratio affects longevity by
activating the UPRmt. In cancer biology, elevated NADH level is
used as a surrogate marker of glycolysis, whereas NAD+ correlates
with an increased oxidative state.43 Therefore, we further reasoned
that areas of the tumors that are positive for SOD2 could also be
positive for NAD+ rather than NADH for two reasons. First, NAD+
is required for SIRT3 to deacetylate SOD2 and, second, NAD+
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would indicate area of the tumor that activates oxidative
phosphorylation. If so, NAD+ may be used as a surrogate marker
of the activation of the UPRmt along with SOD2. Fluorescent
lifetime imaging microscopy (FLIM) can produce an image based
on the differences in the exponential decay rate of the
fluorescence from a fluorescent sample including that of
endogenous fluorophores such as NADH.43 The detection of free
and bound NADH by FLIM has been used to measure for a number
of metabolic profiling experiments including measuring glycolysis
in cancer sections. In this study, the oncocytic, mito-rich and mito-
poor breast cancers were tested by FLIM. We found an impressive
overlapping between areas that are positive for SOD2 by
immunohistochemistry (IHC) and NAD+ by FLIM (Figure 6d).
These results suggest that the activation of the SIRT/FOXO/SOD2
axis of the UPRmt can be detected in primary breast cancers.
As our hypothesis is that the SOD2High population will survive

the metastatic process, we next aimed at testing whether SOD2
staining is indeed enriched in metastatic lesions compared with

the primary tumors of the same patient. We tested 50 such
matched samples (100 cores) and found a statistically significant
increase in SOD2 staining in the metastatic lesions compared with
the primary tumors (Figures 6e and f). Further, we found that
SOD2 staining of the primary tumors correlated with lymph node
status (Figure 6g). This analysis strongly supports our hypothesis
of the clonal selection of SOD2High sub-populations, which activate
the UPRmt, during metastasis.

DISCUSSION
The first report that transfer of mtDNA from metastatic cell line to
a non-metastatic cell line was able to modify invasion capacity
linked this effect to a specific ROS-generating mtDNA mutation in
the ND6 gene (G13997A and 13885insC).5 Since then, several other
groups have reported similar findings although using different
mtDNA mutations.6–12 Of interest, one group reported that mild
mtDNA mutations were actually more potent at generating
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aggressive tumors compared to cells carrying mutations causing
severe defect in OXPHOS.11 Although in most studies the
mechanism remained unclear, some have suggested that mtDNA
mutations affecting OXPHOS act on invasion via a cross-talk
between cancer cell mitochondria and the extracellular matrix.12

More recently, it was suggested that synonymous mtDNA variants
found in different mouse strains also affects the metastatic
potential of tumors.44,45 Although it is now recognized that
mtDNA can influence metastasis, the nature of the type of mtDNA
mutations involved and the mechanism as to how these effects
are exerted remains controversial.
Data presented here offer an alternative model that may

reconcile these various observations. Our data show that the
ability of strong or mild missense mutations such as those in CyB
to promote invasion is highly dependent on its surrounding
mtDNA landscape. This conclusion is based on the fact that CyB
cells and Hybrid B cells share the same mutation in CyB and the
same nuclear genomes but differ in their invasion capacity (most
visible at 24 h), which is associated with subtle differences in
mtDNA. Our results suggest that some mtDNA landscapes act as
enhancers of the missense mutations, whereas others act as
repressors. Therefore, our data suggest that rather than being

associated with specific mutations alone, metastasis may require
specific mtDNA combinatorial landscapes. The common denomi-
nator of these landscapes is their ability to activate the SIRT3/
FOXO3A/SOD2 axis of the UPRmt.
Recently, the mtDNA repair machinery was reported to be

reduced during disease progression and forced expression of
mtDNA repair enzymes in mice delayed metastasis.36 Therefore,
defects in mtDNA repair, as suggested by the increased steady-
state level of mtDNA lesions in the UPRmt-positive cell lines
(Supplementary Figure 5), may be a critical partner in the
generation of heteroplasmy and pro-metastatic mtDNA land-
scapes. Our data suggest that in this context, heteroplasmy even
at very low frequency can have significant effects on the invasion
capacity. Interestingly, analysis of both Hybrids E and B initially
revealed heteroplasmy at the COX1 and CyB mutations.40

However, complete sequencing of the mtDNA genomes of these
clones was not performed. Our data revealed homoplasmy at the
COX1 and CyB mutations, and a remarkable similarity between the
COX1 cybrid and hybrid E, and the CyB cybrid and hybrid B,
respectively, suggesting mtDNA heteroplasmic drift toward higher
mutation levels. This observation raises the possibility that mtDNA
drifting and heteroplasmy work hand in hand toward the selection
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of the optimal mtDNA landscape favoring metastasis. This is in
agreement with a more recent study indicating a wide range of
heteroplasmy in breast cancer.46 Our data are also in line with the
observation that mtDNA polymorphisms affect the risk of breast
cancer.47,48

Based on our results and the observations by others, we
propose the following model: homoplasmic mtDNA landscapes
unable to activate the SIRT3 axis of the UPRmt have little capacity
to adapt to mitochondrial stress and as a result do not survive
metastasis (Figure 7, sub-population 1). However, homoplasmic
mtDNA landscapes able to lead to the activation of the SIRT3 axis
of the UPRmt have increased mitochondrial fitness and can adapt
to stress and survive metastasis (Figure 7, sub-population 2). As
mtDNA repair capacity has been linked to metastasis,36 the
prediction is that the number of mtDNA mutations will increase
leading to heteroplasmy (Figure 7, sub-population 2). Hetero-
plasmy may lead to generation of mtDNA landscapes that fail to
activate the SIRT3 axis of the UPRmt and others that do (Figure 7,
sub-population 2). We propose that those that do not are
eliminated from the population as the disease progresses, while
the others survive. Within the surviving cells, mtDNA drifting may
underlie a selection mechanism toward the optimal mtDNA
landscape.
Although some studies have suggested that mtDNA may

directly lead to the activation of nuclear encoded genes involved
in metastasis,12,49 we propose an additional possibility; by
activating the SIRT3 axis of the UPRmt, the pro-invasive mtDNA
landscapes promote increased mitochondrial fitness, which
indirectly supports cells through the metastatic process. This
possibility will be tested in the future.
We found that the levels of SOD2 appear to be an important,

but not the only, determinant of invasion capacity. We previously
described that SIRT3 acts upstream of FOXO3a, and that the
transcription of SOD2 is dependent on FOXO3a.27 In some cells
however, SOD2 does not correlate with FOXO3A. One potential
explanation is that the regulation of sub-cellular localization of
FOXO3a by Akt may alter its effect on SOD2. Further the regulation
of SOD2 by the UPRmt may not be restricted to FOXO3a. These
possibilities will be addressed further in the future.

Although others have also implicated the sirtuins, the
transcription factors FOXO3a and SOD2 in the UPRmt,
the validation of this pathway in human cancer was lacking.27,31

The present study supports the notion that the activation of the
SIRT3 axis of the UPRmt is associated with increased mitochondrial
heterogeneity, metabolic flexibility and metastasis.
We found that SOD2 is significantly enriched in metastatic

lesions compared with primary tumors, and that areas of SOD2
positivity correlate with NAD+ rather than NADH by FLIM. This
finding is in agreement with the observation that affecting the
NAD+/NADH balance using NAD+ precursors inhibits metastasis.9

The DePinho group reported that elevated SOD2 protein levels
are found in recurring tumors but are low in primary tumors in
mouse models, and that these recurring lesions are extremely
sensitive to inhibition of SOD2.2 We found that elevated SOD2
correlates with worse prognosis, even if the expression of SOD2 is
limited to small foci in the primary tumors and the bulk of the
tumor is negative for SOD2. These findings are also consistent
with our observation that metastatic tumors have higher SOD2
protein levels in metastatic lesions when compared with the
primary tumor of the same patient (Figures 6e and f). Therefore,
we hypothesize that SOD2 may be important to support the
survival of metastatic and recurrent cancer cells.
This leads to the question of how this model can reconcile with

the findings by Haigis and colleagues50 and our own pervious
report that SIRT3 and SOD2 are downregulated in the vast
majority of breast cancers.51 We propose a model whereby,
although a decrease in SIRT3 and SOD2 may be required to
increase superoxide and facilitate the switch to glycolysis early
during disease progression as suggested by Haigis and
colleagues,50 SOD2 expression is re-activated later to allow for
metabolic flexibility. In support of this hypothesis, Bonini and
colleagues37 recently reported the ability of SOD2 to promote
glycolysis. In this study, modulation of SOD2 levels was shown to
allow metabolic flexibility.37 Further, Haigis and colleagues52 have
also reported recently that SIRT3 is activated upon depolarization
of the mitochondria, a result that is consistent with the role of
SIRT3 in the UPRmt. Therefore, we propose that the mitochondria
heterogeneity within the same cell population may provide a
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larger ‘tool-box’ that facilitates adaptation to stress and metabolic
flexibility.
Recently, the UPRmt has been proposed to maintain deleterious

mutations in the context of mitochondrial diseases.19 Our data
suggest that cancer cells may utilize a similar mechanism toward
the selection of cells with increased metastatic potential.
Importantly, although the UPRmt was initially identified as a result
of the accumulation of misfolded proteins in the matrix and the
activation of chaperone and proteases,15 we and others have now
established that the UPRmt activates several genes other than
chaperones and proteases.25–27 An important role of the matrix
protease ClpxP in metastasis has been reported recently.53

Although we did not find changes in hsp60, which is expected
to be in the same axis of as ClpxP, it is important to note that in
breast cancer cells, the main difference in ClpxP was observed
between MCF10A and MCF7 cells.53 Therefore, it is possible that
changes in the hsp60/ClpxP axis of the UPRmt are an early event, a
possibility supported by our observation that hsp60 is activated a
few hours after activation of ras (Supplementary Figure 6). This
possibility will be investigated further in the future. Collectively, it
is becoming clear that the UPRmt is a complex transcriptional
program encompassing several parallel axes fulfilling different
aspects of this large program.
Collectively, the results presented in the current study indicate

that the activation of the SIRT3 axis of the UPRmt is linked to
metastasis. Therefore, agents able to target the UPRmt could
represent promising candidates for therapy.

MATERIALS AND METHODS
Reagents, cell culture and western blotting
Breast cancer cell lines were cultured in either Dulbecco’s modified Eagle’s
medium (DMEM; MDA-MB-231, MDA-MB-361, MDA-MB-157, MCF7 and
MCF7R) or RPMI medium (ZR75.1) supplemented with 10% fetal bovine
serum and 100 units/ml penicillin and 100 μg/ml streptomycin. WT
osteosarcoma cell lines and cybrids COX1 and CyB, and Hybrids B and E
cultured in DMEM supplemented with 10%, 100 units/ml penicillin, 100 μg/
ml streptomycin and 50 μg/ml uridine. Western blot analyses were
performed as described previously,26 using the following antibodies: SIRT3
(Cell Signaling, Danvers, MA, USA), LC3B (MBL International, Woburn, MA,
USA), FOXO3A (Cell Signaling), SOD2 (Millipore, Billerica, MA, USA), Hsp60
(BD Transduction Laboratories, San Jose, CA, USA), NRF1 (Abcam,
Cambridge, MA, USA), and Actin (Millipore).

Invasion assay
A transwell in vitro invasion assay was used to characterize invasion.
Growth factor-reduced matrigel basement membrane matrix (BD Bios-
ciences) was diluted 1:100 in cold PBS and 200 μl was added to the top of
the cell permeable membrane (0.3 μm pore size) inside cell culture inserts
for 24-well plates (Falcon). These inserts were incubated at for 2 h at room
temperature, to allow polymerization of the artificial extracellular matrix.
Following incubation, excess matrigel solution was removed by pipette.
Cells split the day prior were then trypsinized and collected in serum-free
DMEM supplemented with 100 units/ml Penicillin/Streptomycin (Gibco,
Carlsbad, CA, USA) and then spun at 2000 r.p.m. for 5 min. Media was
aspirated and cells were resuspended in DMEM supplemented with only
100 units/ml Penicillin/Streptomycin and counted using a hemocytometer
and tryphan blue (Invitrogen). Fifty-thousand cells in 0.5 ml of serum-free
DMEM were plated inside cell culture insert atop polymerized matrigel
solution. Five-hundred microliters of 10% fetal bovine serum in DMEM
supplemented with 100 units/ml Penicillin/Streptomycin was added to the
24-well plate outside cell culture inserts and invasion assay was incubated
at 37 °C and 5% CO2 for 12, 24 or 48 h. (For invasion assays using WT
osteosarcoma cells, Cybrids CyB or COX1 and Hybrids B or E culture
medium was supplemented with 50 μg/ml uridine).

Histology and IHC staining
Histological slides were obtained from the Department of Anatomic
Pathology at Bellaria Hospital, University of Bologna (Italy). For immunos-
taining of paraffin-embedded sections with SOD2 (Millipore 06-984),

samples were deparaffinized in xylene and rehydrated in water, and
antigen retrieval was performed in citrate buffer. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide for 10 min. All washes
were performed using 50 mM Tris-HCl, pH 7.6, three times for 2 min.
Blocking solution was applied for 30 min before the incubation with SOD2
antibody at a dilution of 1/100 for 2 h at room temperature. Secondary
antibody was incubated for 1 h and the sections developed using the LSAB
+ kit peroxidase (DAKO, Glostrup, Denmark; catalogue number K0690) for
10 min. Sections were then counterstained in hematoxylin and mounted
with Permount (Fischer Scientific, Waltham, MA, USA; catalogue number
SP15-100).

Scoring of IHC staining
Immunostain for antimitochondrion antibody was scored as previously
described.41 To score SOD2 immunostaining, the intensity and percentage
of IHC staining were recorded. The intensity was scored from 0 to 3+ and
defined as follows: 0, no staining; 1+, weak staining; 2+, moderate staining;
3+, strong staining based on the granular cytoplasmic staining evaluation.
In addition, the quickscore (Q score) based on estimating the percentage
(P) of tumor cells showing characteristic staining (0–100%) and by
estimating the intensity (I) of staining was adopted for IHC semi-
quantification. The slides were scored by multiplying the percentage of
positive cells by the intensity (Q= P× I; maximum=300). Multiplying
staining intensity per percentage of stained cells we obtained a score
0–300. SOD2 expression was recorded as high, based on the presence of
any extent of 3+ staining or a Q score 4100. SOD2 expression was
recorded as low, when Q scoreo100.

Fluorescent lifetime imaging microscopy
FLIM analysis was performed on slides stained for SOD2 by IHC as to
identify the area of interest. All FLIM images were collected in a
multiphoton optical workstation at the Laboratory of Optical and
Computational Instrumentation at University of Wisconsin–Madison. The
excitation source was a Ti:Sapphire laser (Spectra Physics; Maitai) tuned to
wavelength of 740 nm. The excitation and emission were coupled through
an inverted microscope (Nikon, Shinagawa, Japan; Eclipse TE300) with a
× 40 water-immersion objective (Nikon; Apo, Lambda S, numerical aperture
1.25). A 470/50 nm bandpass emission filter (Chroma, Burlington, VT, USA)
was also used to selectively collect NADH fluorescence. FLIM images were
collected at 256× 256 resolution with 150 s collection using SPC-830
Photon Counting Electronics (Becker and Hickl GmbH, Berlin, Germany)
and Hamamatsu H7422P-40 GaAsP photomultiplier tube (Hamamatsu
Photonics, Bridgewater, NJ, USA). Urea crystals were used to determine the
Instrumentation Response Function with a 370/10 bandpass emission filter
(Semrock, Rochester. NY, USA).
SPCImage software (Becker & Hickl GmbH) was used to analyze the

fluorescence lifetime decay curves. The lifetime decay of each pixel was fit
with a double exponential decay, which resulted in a tau-mean of 1.3 with
s.d. of 0.2. The two component of the double exponential decay refers to
short and long lifetime component (1and 2, respectively). Unnecessary
pixels were excluded using thresholding and the nearest 3 × 3 pixel were
used with a binning of 2 for the analysis. An incomplete exponential model
was used for the analyzing the FLIM data.

Seahorse analysis
Cells were seeded in 200 μl of complete media (RPMI for ZR75.1, DMEM for
all other cell lines) in XF96 plates (Seahorse Bioscience, Santa Clara, CA,
USA). Cells were seeded 24 h before assay to obtain ~ 50–60% confluency
on day of assay; seeding densities: HBL-100 4.5 × 103, MCF7 4× 103, MCF7-R
4.5 × 13, ZR75.1 7 × 103, MDA-MB-231 4 × 103, MDA-MB-361 3.5 × 103, MDA-
MB-157 3.5 × 103 and MDA-MB-453 3.5 × 103. OCR and ECAR were
measured using the XF96 Extracellular Flux Analyzer and the XF Cell Mito
Stress Test Kit (Agilent/Seahorse Bioscience, Chicopee, MA, USA) according
to manufacturer’s instructions with optimized concentrations of metabolic
inhibitors: Oligomycin 2 μM, carbonilcyanide p-triflouromethoxyphenylhy-
drazone (FCCP) 2 μM, Rotenone/Antimycin A 0.5 μM (Seahorse Bioscience).
Following the assay, cell density was calculated as previously described.54

OCR and ECAR measurements were normalized to calculated cell densities.
Reported OCR/ECAR ratios represent the ratio between basal OCR rate and
basal ECAR (before addition of any metabolic inhibitors). All experiments
were performed with cell line-specific measurements done in eight
replicates.
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mtDNA sequencing and analysis
For each sample, 1 ng of DNA was indexed using the Nextera XT library
preparation kit (Illumina, San Diego, CA, USA). During the Nextera
procedure, after the tagmentation, amplification and PCR cleanup steps,
fragment size distribution was assessed using the Bioanalyzer (Agilent,
Santa Clara, CA, USA) and total DNA concentration was determined using
the PicoGreen assay. Inputs were normalized accordingly. The remainder of
the library preparation was performed as per the manufacturer’s protocols.
DNA sequencing was performed on the Illumina MiSeq, generating paired-
end 150 bp reads. From the.fastq files output by the MiSeq machine, reads
were sorted into individual files based on their adapter sequences. Adapter
sequences were automatically removed and quality trimming performed
by the Illumina software, followed by alignment to the GRCh38 human
genome build using Burrows-Wheeler Aligner (BWA) (PMID: 20080505).
The Picard software (Broad Institute, Cambridge, MA, USA) was used to
remove PCR duplicates and the resulting files were processed using GATK’s
BaseRecalibrator (Broad Institute) and INDELRealigner tools (Broad
Institute) (PMID: 25431634). GATK’s haplotypecaller algorithm was used
to call mtDNA variants and their heteroplasmy levels were inferred by
allelic read depths from the.vcf files.

Transmission electron microscopy
For transmission 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.

Statistical analysis
Disease-specific survival was obtained from patients’ medical records and
survival analysis was performed using GraphPad Prism software (La Jolla,
CA, USA). Reported P-value for survival analysis was calculated using the
Log-rank test. Unpaired t-test, Mann–Whitney test or analysis of variance
with post-hoc comparisons were used to compare groups, where
appropriate. Error bars represent s.e.m.
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