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Abstract: The reprogramming of the mitochondria of cancer cells is essential for their growth.
However, such reprogramming leads to the increased formation of reactive oxygen species,
which can lead to damage to the organelle. This review summarizes the mechanisms that protect
the mitochondrial network against oxidative stress. Further, since several transcription factors
have now been linked to the mitochondrial unfolded protein response (UPR™) and regulate the
expression of one or more genes involved in these “mito-protective” mechanisms, the UPR™
is a prime candidate to coordinate the maintenance of the integrity of the mitochondria under
oxidative stress conditions.
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Introduction

The mitochondria are complex and fascinating organelles with unique features includ-
ing the fact that they are the only organelle with two subcompartments, are dependent
on both the nuclear and mitochondrial genomes and are highly dynamic. Mitochondrial
dynamics results from the constant balance between fusion and fission of individual
mitochondrion, creating a mitochondrial network.

Originally, the mitochondria were considered mainly for their role in the genera-
tion of ATP. Otto Warburg was the first to describe the elevated levels of lactate in
cancer cells compared to normal cells, despite the presence of oxygen. This shift from
oxidative phosphorylation to aerobic glycolysis for the production of ATP has led to
the generalized misconception that the mitochondria of cancer cells are inactive. In
marked contrast, it is now evident that the mitochondrial network of cancer cells is
essential for their viability. For instance, deletion of mitochondrial DNA (mtDNA)
severely reduces their growth. Therefore, far from being inactive, the mitochondrial
dysfunction of cancer cells allows their reprogramming to generate metabolites that
are critical for the production of amino acids and lipids necessary for the rapid growth
of cancer cells. While the mitochondrial dysfunction discussed in this review applies
to breast cancer, several aspects are not restricted to breast cancer and apply to all
solid tumors.

Mitochondrial mutations in breast cancer

The metabolic reprogramming of the mitochondrial network of cancer cells is achieved
through several mechanisms, including mutations in both nuclear genes encoding
mitochondrial proteins and mtDNA.
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The mtDNA encodes seven subunits of complex I of the
electron transport chain, one subunit of complex III, three
subunits of complex IV, and two subunits of complex V. In
addition to these polypeptides, mtDNA encodes 22tRNA
and 2rRNA. Since mtDNA is not protected by histones, it
is more prone to acquiring mutations. Another feature of
mtDNA is that approximately 2—10 copies are present per
mitochondrion. Further, mutation of each copy may vary
from one another. Homoplasmy refers to a state where all
copies of mtDNA in a cell share identical sequences. How-
ever, once a somatic mutation is introduced, it can propagate
either randomly or by positive selection. The latter case
results in a heteroplasmic state, which after several rounds
of replication can lead to the selection of a dominant clone
in the population. As discussed later in this review, such
selection can have important consequences on the response
of cancer cells to treatment. Because mtDNA encodes for
subunits of the electron transport chain, on one hand, muta-
tions in these subunits affect the ability of electrons to be
transported efficiently and result in the formation of reactive
oxygen species (ROS). ROS, on the other hand, can promote
further mutations in mtDNA. Such a vicious cycle supports
the notion that mutations in mtDNA may be an early event
in tumorigenesis. This has led to an interest in monitoring
the number of mtDNA mutations as a prognostic marker of
breast cancer.

While the sequencing of mtDNA in cancer has been of
keen interest, the role of somatic mutation in mtDNA remains
of debate. A recent study by McMahon and LaFramboise'
has used next-generation sequencing for the analysis of 99
breast cancer samples and their adjacent normal tissue. They
found that somatic mutations were found in 73.9% of patients,
with a total of 141 different mutations being identified.! In
general, mutations were found in individual patients with a
few exceptions where the same mutation was found in more
than one patient. Interestingly, all somatic mutations were
found in a heteroplasmic state, with a heteroplasmy ranging
from 5.7% to 97.4% (median was 44.1%).! This finding raises
the possibility that heteroplasmy may be used as a marker of
clonal heterogeneity of individual tumors.

In term of genomic location of the somatic mutations,
most (55.3%) were found in the protein-coding regions.!
NADH dehydrogenase 5 of complex I was the most fre-
quently mutated gene. This observation supports the finding
from another study.? As sequencing was performed in several
samples from both tumor and adjacent normal tissues, the
comparison of these samples allowed the determination of
whether mtDNA content increases or decreases in breast

cancer. The results revealed a general decrease in mtDNA
content.

Most importantly, this study also revealed an intriguing
correlation between the number of mtDNA somatic muta-
tions and overall survival. They found that patients with no
or less than two mutations were doing significantly worse
than patients carrying more than three mutations.' One inter-
pretation of the correlation between the number of mutations
and survival is that on one hand, primary breast cancers
carrying multiple mutations may have major defects in oxi-
dative phosphorylation, elevated ROS, and as a result may
be more sensitive to chemotherapy leading to good clinical
outcome (Figure 1). On the other hand, primary breast cancers
carrying few mutations in their mtDNA may have only minor
defects in oxidative phosphorylation, moderate levels of ROS,
leading to increased resistance to chemotherapy and poorer
clinical outcomes (Figure 1). Further, mutations in the mtDNA
affecting specifically NADH dehydrogenase 6 subunit have
been shown to promote metastasis®~ in breast cancer cell lines,
although the mechanism remains unclear. However, since
McMahon and LaFramboise’s! study has revealed an array
of somatic mutations rather than hot spots, whether specific
mutations in NADH dehydrogenase 6 holds true in human
breast cancers remains to be determined in the future.

In addition to mutations in mtDNA, several mutations
in nuclear DNA that encoded mitochondrial enzymes have
been reported. These have been extensively reviewed in
detail elsewhere.® For example, mutations in succinate dehy-
drogenase, isocitrate dehydrogenase 1 and 2, and fumarate
hydratase result in elevation in metabolites that contribute
to cellular proliferation.®

Therefore, mutations in mitochondrial proteins encoded
by both nuclear and mitochondrial genomes contribute to
elevation of ROS levels in cancer cells. While increase in
ROS promotes proliferation, ROS also leads to oxidation of
proteins and their misfolding. Since mitochondria are the

Clinical
outcome

i> Good

« High number of mtDNA mutations
 Major defect in OXPHOS

« High ROS production

« Sensitivity to chemotherapy?

* Low number of mtDNA mutations
* Minor defect in OXPHOS

* Moderate ROS production

« Resistance to chemotherapy?

Primary breast cancers

i> Poor

Figure | Number of mutations in mtDNA correlates with clinical outcome.
Notes: Breast cancers with more than three mtDNA mutations have good
prognosis, while those with two or fewer mutations have poor prognosis.
Abbreviations: mtDNA, mitochondrial DNA; OXPHOS, oxidative phospho-
rylation; ROS, reactive oxygen species.
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main source of ROS and also the main target of ROS, this
organelle is prone to proteotoxic stress. As such, mechanisms
must exist to limit ROS and the accumulation of misfolded
proteins in the mitochondria. We will now describe some of
these mechanisms.

Protein quality controls

The mitochondrial matrix contains proteases (LonP, ClpXP,
AAA-proteases) and chaperones (hsp10, hsp60) that act to
either refold or degrade unassembled or damaged proteins.” '
The importance of these proteases is best illustrated by the
fact that mutations in these proteases are associated with
several neurological defects.!

Cancer cells overexpress the LonP protease indicating that
it may be an important player against proteotoxic stress.!!:2
One of the best characterized substrate of the LonP protease
is the oxidized formed of aconitase 2, an enzyme involved in
the citric acid cycle. The severity of the oxidation is critical,
however, since excessive oxidation of aconitase 2 causes its
aggregation and inhibits its degradation by LonP. Further,
oxidative stress was reported to inactivate LonP itself.5!* In
addition to its role in proteolysis, the LonP protease associ-
ates with mtDNA and influences both accessibility to and
replication of mtDNA.'“1¢ Therefore, these latter roles of the
LonP protease may be critical in regulating the integrity of
mtDNA as it is not protected by histones.

The m-AAA protease regulates the degradation of dam-
aged or unassembled respiratory chain complexes as well as
the regulation of mitochondrial dynamics through degrada-
tion of the GTPase OPA1.!7Y

In addition to the proteases of the matrix, hsp90 is also
overexpressed in cancer cells and localizes specifically to
the matrix.>?° The finding of the remarkable selectivity of
mitochondrial hsp90 to cancer cells opens the possibility
that inhibitors of hsp90 may represent a novel therapeutic
option while sparing normal tissues.? In support of the fact
that disruption of mitochondrial hsp90 promotes cell death,
hsp90 may be a viable target for cancer therapy.?

Hsp70 may also play a protective role as it localizes
to the mitochondria where it has been reported to regulate
mitochondrial protein import*' and prevent mitochondrial
protein aggregation.?

In contrast to the matrix, the intermembrane space
(IMS) does not contain chaperones. Folding activity toward
selected proteins has been associated with Mia40. Further,
the proteases that localize to the IMS are involved either in
the processing of mitochondrial targeting signals in an ATP-
dependent manner or cleavage of peptides generated by the

processing proteases.” The i-AAA-protease, which faces
the IMS, acts mainly on protein assembly of the respiratory
chain complex in the inner membrane.?* The protease Omi/
HtrA2 appears to be the only protease in the IMS that has
the ability to cleave misfolded proteins. If so, this obser-
vation suggests that compared to the matrix, the IMS has
limited proteolytic activity against misfolded proteins.”
Since the outer membrane of the mitochondria contains
several ubiquitin ligases,? it is tempting to postulate that
similar to the endoplasmic reticulum (ER), these ubiquitin
ligases are involved in the elimination of misfolded proteins.
ER-associated degradation promotes the ubiquitination and
retrotranslocation of misfolded proteins from the lumen
of the ER into the cytoplasm for their degradation by the
proteasome. While evidence supporting the possibility of
mitochondria-associated degradation has been reported,”’
data obtained in our group favor the view that the effect of the
proteasome on the protein quality control of the IMS proteins
takes place prior to their import.> Since we also found that
Omi promotes the degradation of misfolded proteins in the
IMS, we proposed a two-step checkpoint where the protea-
some plays a major primary role in limiting the import of
misfolded proteins in the IMS. But, if proteins escape this
first step and enter the IMS, then as a secondary step, Omi
promotes their degradation.”® It remains entirely possible,
however, that the proteasome plays a role in both pre- and
postimport mechanisms such as mitochondria-associated
degradation.

Collectively these findings indicate that the overexpres-
sion of the proteasome, chaperones, and proteases may play
a critical role in protecting the mitochondria of cancer cells
against proteotoxic stress.”® The importance of these pro-
teases and chaperones is further supported by the fact that,
as will be described in “The antioxidant machinery” section,
the antioxidant machinery of the matrix is downregulated in
breast cancer.

The antioxidant machinery
The matrix manganese dismutase SOD2 promotes the con-
version of superoxide to hydrogen peroxide, and its activity
is regulated by acetylation.?” The matrix deacetylase SIRT3
deacetylates SOD2 and promotes its activation.?” Therefore,
SIRT3 and SOD2 represent an important mechanism to limit
the accumulation of superoxide in the matrix, and conse-
quently, the oxidation of proteins.*

The expression of SIRT3 is reduced in the vast majority
of breast cancers, and the decrease in SIRT3 was proposed to
be essential for the metabolic reprogramming of cancer cells
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toward glycolysis.’! We reported that SOD2 is also reduced
in breast cancers.>3* Therefore, the low expression of both
SIRT3 and SOD2 contribute to elevation in ROS levels in
the mitochondrial matrix of cancer cells.

While superoxide produced by complex I localizes to the
matrix, complex III produced superoxide in both the matrix
and the IMS. The observation that the IMS is more oxidized
than either the cytoplasm or the matrix suggests that as for
protein quality control, the antioxidant capacity of the IMS
is limited and relies on SODI. Factors contributing to this
limitation include the reduced diffusion of reduced glutathi-
one over the outer membrane and the contribution of oxida-
tive folding by the Erv1-Mia40 disulfide relay machinery to
the generation of additional ROS.

One additional factor that may also contribute to the oxi-
dized milieu of the IMS is the proposed peroxidase activity of
cytochrome c¢. Hydrogen peroxide produced by SOD1 can act
as a substrate for the peroxidase activity of cytochrome ¢ and
be converted to the highly toxic peroxidase compound 1.%

Further, oxidative folding of proteins in the IMS promotes
the formation of hydrogen peroxide,*>*¢ and misfolding of pro-
teins stimulates the peroxidase activity of cytochrome c.**’
Strikingly, numerous proteins that localize to the IMS contain
multiple cysteine residues and therefore are prone to the
formation of abnormal disulfide bonds.*

We previously reported that SOD1 is overexpressed
in breast cancer and that the mitochondrial fraction is
increased.>*> We proposed that the increase in SOD1 may
counterbalance the decrease in SOD2 in the matrix and
thereby limit the increase in ROS to the matrix.

Mitophagy and breast cancer
The role of autophagy in general in cancer biology has been
intensively studied and debated over the last decade. Based
on the data from various cancer types and stages of progres-
sion, the picture that emerges is that the role of autophagy
may be different at different times during tumor progression.
Initially, autophagy may be suppressive of tumor formation.
For instance, deletion of the autophagy gene Beclin in mice
accelerates Wnt-1 driven mammary tumor formation.
However, in established tumors, efficient autophagy may be
essential to support survival of cancer cells in an adverse
microenvironment. Adding to this complexity is the fact that
the effect of autophagy may be tissue specific and therefore
affect different tumor types differently. This topic has been
extensively reviewed recently.*

Mitophagy, or selective autophagy of mitochondria, may
also affect the growth of cancer differently depending on the

tissue of origin. For instance, defect in Atg7 led to the con-
version of aggressive adenocarcinoma of the lung to benign
oncocytomas, characterized by excessive mitochondrial
mass.” Oncocytic tumors of the thyroid, kidney, salivary
glands, adrenal cortex, and parathyroid glands are most fre-
quently benign.*! In contrast, oncocytic and mitochondria-rich
breast cancers were found to be associated with worst prog-
nosis.* This finding raises the possibility that mitochondrial
mass alone may not be an accurate measure of mitochondrial
health. Increased content of damaged mitochondria is likely
to lead to benign tumors, while increased content of healthy
mitochondria is likely to increase resistance to therapy.

Mechanistically, the work from the Youle laboratory has
led to major advances in our understanding of the role of
PINK and Parkin in the elimination of damaged mitochondria
from the network.*~*8 More recently, the phosphorylation of
ubiquitin chain at the mitochondrial surface was found to act
as a receptor of Parkin to damaged mitochondria.*

While a detailed review of mitophagy is beyond the
focus of this review, it is nevertheless essential to emphasis
the importance of mitophagy in the context of its role in
the quality control of the mitochondrial network. At the
molecular level, the selective elimination of irreversibly
damaged mitochondrion from the mitochondrial network
can be viewed as a complementary mechanism to protein
quality control and the antioxidant machinery.

microRNAs in mitochondria

and breast cancer
One of the latest and most exciting developments in terms of
regulation of the activity of the mitochondria is the finding
that microRNAs (miRNAs) can not only regulate the transla-
tion of mitochondrial proteins that are encoded by the nuclear
genome, but that miRNAs are found in the organelle itself.
miRNAs are transcribed by RNA polymerase II from
the nuclear genome as a primary miRNA transcript
(pri-miRNA). The 1,000 nucleotides (nt) long pri-miRNA
are then processed into an approximately 70 nt precursor
miRNA (pre-miRNA) by the Dorsha/Pasha microprocessor
complex in the nucleus. Export of the pre-miRNA is achieved
by the recognition of the 2 nt overhang by exportin-5. Once
in the cytoplasm, the RNA-induced silencing complex ribo-
nucleoprotein processes the pre-miRNA into mature miRNA
(for review, refer Ambros®®). Typically, miRNAs decrease
translation of their target mRNAs by either promoting the
degradation of the mRNA or inhibiting the translation. Each
miRNA can affect multiple target genes, and the repression
of translation is tightly regulated to fine-tune the level of
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mRNA/protein in a tissue- and condition-specific manner.
Therefore, the complexity of miRNAs offers a possible
explanation for the pathogenesis of multifactorial diseases
such as cancer.

In terms of the mitochondria, miRNA can affect the
mitochondria in three distinct ways; first, miRNA encoded by
the nuclear genome targeting nuclear-genome-encoded mito-
chondrial proteins through the repression of the translation
of their mRNA in the cytoplasm. These miRNAs therefore
affect the level of import of specific mitochondrial proteins
into the mitochondria. Second, miRNAs encoded by the
nuclear genome but imported in the mitochondria to regulate
the translation of mitochondria-genome-encoded proteins.
Third, miRNA encoded by mitochondria-genome affecting
translation of mitochondria-genome-encoded mitochondria
proteins. miRNAs that localize to the mitochondria are
termed mitomiRs.'"** The mechanism by which mitomiRs
are imported in the mitochondria remains unclear, but it has
been postulated that the import may involve the same trans-
locases involved in the import of mitochondrial proteins.

Since an extensive review of the functions of each
miRNA affecting the mitochondria is beyond the scope of
this review, only a few miRNA will be discussed here as to
illustrate the extent by which they can affect the mitochondria.
miRNA-149 affects mitochondria biogenesis by inhibiting
poly(ADP-ribose) polymerase-2 (PARP-2). As PARP-2 activ-
ity is dependent on NAD", the decrease in PARP-2 results
in an increase in NAD" leading to the activation of sirtuin-1
(SIRT1), which is also dependent on NAD" for its activity.
SIRT1 is required for the activity of peroxisome proliferator-
activated receptor gamma coactivator-10. (PGC-1 o), which
in turn is responsible for the transcription of several genes
involved in mitochondrial biogenesis. Oxidative phospho-
rylation, ROS production, antioxidant machinery, as well
as fusion/fission of the mitochondria are also regulated by
miRNA.> Interestingly, miRNAs were reported to increase
rather than decrease mitochondrial protein translation.>

The characterization of miRNA in the regulation of the
mitochondria of cancer cells specifically is an emerging field.
miR23b and miR-210 affect ROS production and were identi-
fied in renal, breast and colorectal cancers, respectively (for
review, refer Duarte et al*®). In term of breast cancer, the only
miRNA that has been characterized is miR-200a.

The miR200 family of miRNAs is transcribed by two
chromosomal locations miR-200a and miR-200b. miR-200a
was found to bind directly to the mRNA of the mitochondrial
transcription factor TFAM and reduce its levels. miR-200a
is reduced in breast cancer compared with normal tissue,

while TFAM is increased.” Since TFAM has a dual role in
mtDNA replication and transcription, it is considered a key
player in the maintenance of the integrity of the mitochondrial
genome in cancer cells.

The functions of the mitomiRs in general remain
largely unknown, and even less is known about their role
in cancer, including breast cancer. Barrey et al’® have
identified 243 miRNA in the mitochondrial RNA fraction.
Intriguingly, three miRNAs, miR-146a, miR-103, and
miR-16, were found in the IMS. Considering the small size
of the mitochondrial genome and the limited number of
mitochondrial-encoded mRNA, the task of identifying the
targets of mitomiRs appears to be within reach. The dis-
covery of their targets represents a novel and exciting new
avenue of mitochondrial research. In addition, it is important
to note that the expression pattern of mitomiRs may be tissue
specific. In their study, Barrey et al*® identified mitomiRs
that are enriched in myoblasts, while another study reported
cardiac-specific mitomiRs.>” Therefore, it is possible that
some mitomiRs may be expressed specifically in the breast.
However, as our current knowledge of the mitomiRs is still
in its infancy, more research is needed to determine their
role in breast cancer.

Summary of the ‘“mito-protective”

mechanisms against oxidative stress
The collective array of mutations affecting mitochondrial
proteins encoded by both the nuclear and mitochondrial
genomes is critical in promoting the reprogramming of the
mitochondrial network of cancer cells. The resulting increase
in oxidative stress caused by this reprogramming, however,
puts the mitochondria at risk of irreversible damage. The
mechanisms that allow the mitochondria to be protected
from such damage include: 1) the protein quality control,
chaperones, proteases, and the proteasome, 2) the antioxidant
machinery, 3) mitochondrial biogenesis and oxidative phos-
phorylation, 4) mitophagy, and possibly 5) miRNA-mediated
alteration in mitochondrial functions (Figure 2).

Protein quality controls
Antioxidant machinery (SIRT3, SOD2, catalase)
Mitochondrial biogenesis
Oxidative phosphorylation
Mitophagy
mitomiRs?

Figure 2 Summary of the protective mechanisms that protect the mitochondria
from the damage of oxidative stress.
Abbreviation: mitomiRs, miRNAs that localize to mitochondria.
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The question that remains is what is the mechanism
by which several components of these “mito-protective”
outcomes are simultaneously upregulated in cancer cells.
The transcriptional program activated by mitochondrial
unfolded protein response (UPR™) is a prime candidate
toward achieving this goal.

The UPR™ orchestrates
mitochondrial recovery
Identification of the UPR™

The effect of the accumulation of misfolded proteins in
the mitochondrial matrix was first described by Martinus
et al.’® Their pioneer study of UPR™ used the expression
of OTC delta, which misfolded and formed aggregates in
the mitochondrial matrix. They reported that the resulting
proteotoxic stress leads to the activation of the transcrip-
tion factor CHOP and the subsequent expression of matrix
LonP protease and the hspl10 and 60 chaperones.® They
further described that CHOP binding to the promoter of
these genes required the presence of AP-1.9-6? Since CHOP
is implicated in ER-stress, but none of the UPRFR genes are
activated by matrix proteotoxic stress, the binding to AP-1
offers a potential explanation for the dual function of CHOP
in both mitochondrial and ER-stress. Martinus et al*® is also
the first to have identified the endonuclease G (EndoG),
which resides in the IMS of the mitochondria as a gene
upregulated by UPR™. While the identification of EndoG
remained enigmatic at that time, EndoG has subsequently
been identified as a transcriptional target of ERR0.% As
ERRo/PGC-10 is a major transcriptional complex involved
in the regulation of a large number of mitochondrial genes
involved in biogenesis and oxidative phosphorylation, their
findings also suggested that ERRa/PGC-1a.is also activated
by mitochondrial proteotoxic stress.

Using the same OTC delta model, we subsequently
reported that mitochondrial proteotoxic stress activates the
expression of the matrix deacetylase SIRT3.% We found that
downstream of SIRT3, the transcription factor Foxo3A and
its transcriptional target SOD2 and catalase are activated.®
Our results indicate that induction of SOD2 and catalase is
dependent on SIRT3, but not affected by the inhibition of
CHOP. Conversely, inhibition of SIRT3 had no effect on the
level of LonP, hsp10, or hsp60. We therefore concluded that
SIRT3 and CHOP represent distinct branches of UPR™ upon
accumulation of mutant OTC in the matrix.

This work also led to the finding, using electron micros-
copy of cells undergoing matrix proteotoxic stress, that a
fraction of the mitochondrion was targeted for elimination

by mitophagy.® In agreement with this finding, we found that
several markers of mitophagy were induced under these con-
ditions. Since SIRT3, but not CHOP, was found to be essential
for the induction of these markers, we conclude that the SIRT3
branch of UPR™ has the dual role of activating the antioxidant
machinery and mitophagy. This finding raises the possibility
that SIRT3 may play an important role in a mitochondrial
checkpoint where a moderately stressed mitochondrion
may be repaired through an upregulation of the antioxidant
machinery while irreversibly damaged organelles are selec-
tively eliminated from the network by mitophagy. If so, the
question that emerges is what distinguishes moderately from
irreversibly damaged mitochondrion. Work from the Jin and
Youle study* indicates that accumulation of misfolded OTC
in the matrix of the mitochondria leads to the accumulation
of PINK and translocation of the ubiquitin ligase PARK2 to
the mitochondria, therefore offering a potential mechanism
of selection.

In addition to CHOP, Foxo3a, and PGC-1o, we also
reported that the estrogen receptor alpha (ER) plays a role
in UPR™ by regulating the activity of the proteasome and
the IMS protease Omi.*

Further, the work from Benedetti et al® and Haynes et al®’
has led to the identification of several players of UPR™ in
Caenorhabditis elegans. Using chromatin immunoprecipita-
tion (ChIP)-sequencing, they reported that the transcription
factor ATFS-1 bonds directly to the promoters of oxidative
phosphorylation genes in both the nuclear and mitochondrial
genomes and therefore promotes oxidative phosphorylation.®®
They found that ATFS-1 also upregulates chaperones, antioxi-
dant machinery, and glycolysis.®® Mechanistically, ATFS-1 is
normally found in the mitochondria and degraded. However,
upon accumulation of misfolded proteins in the mitochondria,
ATFS-1 gets imported into the nucleus to promote transcrip-
tion of several mitochondrial genes.

These findings indicate that mitochondrial proteot-
oxic stress activates an array of transcription factors that
collectively result in the upregulation of all “mito-protective”
outcomes (Figure 3).

Since the expression of SIRT3 and SOD2 were reported
to be decreased in breast cancer, how can these observations
be reconciled with the activation of the UPR™? We
propose a dual role of SIRT3 and SOD?2 in breast cancer. On
the one hand, a decrease in their expression is necessary to
increase the levels of ROS to moderate levels and assist the
metabolic reprogramming during malignant transformation.
On the other hand, when levels of ROS reach elevated lev-
els, UPR™ is activated and induces the expression of SIRT3
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Mitochondrial proteotoxic stress

Activation of UPR™
T T T 1

FOXO3A  PGC-1a ERo.  ATFS-1

Protein quality controls
Antioxidant machinery (SIRT3, SOD2, catalase)
Mitochondrial biogenesis
Oxidative phosphorylation
Mitophagy
mitomiRs?

T
Transcription
factors @ CcHoP

|

Outcomes = >

Figure 3 Diagram of how mitochondrial stress leads to the activation of UPR™.
Notes: It involves several transcriptional factors that collectively promote an
upregulation of the mitoprotective outcomes.

Abbreviations: mitomiRs, miRNAs that localize to mitochondria; UPR™,
mitochondrial unfolded protein response.

and SOD2. We propose that by activating the antioxidant
machinery and mitophagy, SIRT3 acts to lower ROS levels
under a critical threshold so that ROS levels are kept in the
moderate range so that cellular viability is maintained.

Overexpression of SODI has an
additional mitochondria-protective

mechanism

While we found that SOD1 is overexpressed in breast cancer,
we also found that the transcription of SODI is not increased
by UPR™. Therefore, the elevation in SOD1 may result from a
posttranscriptional effect. However, since SOD1 accumulates
in the IMS, it may act to activate the UPR™. We therefore
proposed that SOD1 may have two protective functions: first,
a dismutase-dependent function to reduce ROS, and second,
a dismutase-independent function to activate UPR™.*

Mitochondrial biomarkers

for breast cancer progression
Sequencing of mtDNA to either predict outcome or monitor
progression has been the focus of several studies and has
been extensively reviewed recently.® Mutations in mtDNA
including point mutation, deletion, insertion changes in
copy number as well as homoplasmy and heteroplasmy
have been analyzed.® More specific focus on the prognostic
value of mutations in genes encoding subunits of the elec-
tron transport chain complexes have also been analyzed.®
Polymorphism in NADH dehydrogenase 3 has been linked
to increased risk of breast cancer.® But other studies did not
find an association.®

More recently, high throughput deep sequencing has
facilitated the analysis of mtDNA to trace clonal hetero-
geneity in tumors including breast cancer. The advance of
this new technology allows to uncover the fact that different

metastatic sites are populated by different clones. However,
how selection of mitochondrial clones affects the behavior of
the tumors remains to be determined. Most likely, based on
the work of LaFramboise’ s group, clones with elevated levels
of mutations are likely to respond better to treatment, while
clones with few mutations and a trend toward low level of
heteroplasmy are likely to be more resistant to treatment.

Conclusion

The term mitochondrial dysfunction is widely used in the
literature. Dysfunction however has led to the general mis-
conception that mitochondria of cancer cells are dispensable.
Metabolic reprogramming of the mitochondria is now well
established as being critical for the survival of cancer cell.
Therefore, mitochondrial dysfunction should be used with
the understanding that such dysfunction is necessary for
metabolic reprogramming.

More recent advances now suggest that the reprogram-
ming may in fact be reversible and may vary depending on
the stage of the disease, and therefore also play a role in the
adaptation of cancer cells to the changing microenvironment.
In support of this possibility, several studies indicated that
oxidative phosphorylation and mitochondrial biogenesis
are upregulated in different models of recurrent tumors’®”!
or circulating cancer cells.” Therefore, whether mitochon-
drial metabolism and morphology changes with progres-
sive disease conditions represent an important aspect of
mitochondrial biology that remains to be determined. These
findings indicate that we have yet much more to learn about
the complex role of mitochondria in cancer biology.

Targeting the mitochondria for cancer therapy has gained
a lot of interest in the last few years.”7® In view of several
exciting new developments regarding the role of mitochondria
in breast cancer, this interest is likely to continue to grow.
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