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Abstract
During development and cellular differentiation, tissue and cell-specific programs mediate
mitochondrial biogenesis in order to meet physiological needs. However, environmental and
disease-associated factors can perturb mitochondrial activities requiring cells to adapt to protect
mitochondria and maintain cellular homeostasis. Several mitochondria-to-nuclear signaling
pathways, or retrograde responses, have been described, but the mechanisms by which
mitochondrial stress or dysfunction is sensed to precisely coordinate the appropriate response has
only recently begun to be understood. Recent studies of the mitochondrial unfolded protein
response (UPRmt) indicate that the cell monitors mitochondrial protein import efficiency as an
indicator of mitochondrial function. Here, we review how the cell evaluates mitochondrial
function and regulates transcriptional induction of the UPRmt, adapts protein synthesis rates and
activates mitochondrial autophagy to promote mitochondrial function and cell survival during
stress.
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Mitochondrial Evolution and Communication with the Nucleus
The endosymbiotic origin of mitochondria that occurred over a billion years ago via the
engulfment of a proteobacteria by a eukaryotic precursor cell was instrumental in the
evolution of multicellular organisms. Eukaryotic cells gained many advantageous traits as a
result including a unique signaling platform to mediate apoptosis and the response to viral
infection [1, 2]. But the most important advantage resulting from endosymbiosis is the
ability to efficiently generate adenosine 5′ triphosphate (ATP) via aerobic respiration [3]. In
addition to the numerous advantages, the presence of the new organelles also presented a
number of new challenges including maintenance, replication and biogenesis of the
topologically complex compartment.
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Mitochondria are double membrane organelles found in nearly all eukaryotic cells.
Depending on physiologic need, cells harbor from 10-1000 mitochondria. The mitochondrial
proteome is composed of ~1100 proteins which are encoded by genes located in both the
nuclear and mitochondrial genomes (mtDNA) [4]. Each mitochondrion contains 3-10
mtDNAs, which encodes 13 components of the electron transport chain (ETC) and the
tRNAs and rRNAs required for their synthesis. Thus, the majority of ETC components and
mitochondrial proteome is encoded by nuclear genes, translated in the cytosol and imported
into each organelle [5].

Because ~99% of mitochondrial proteins are encoded by the nucleus and mitochondrial
activities impact many essential cellular processes ranging from metabolism to DNA
replication [6], signaling pathways have evolved to communicate between the two
organelles to mediate diverse transcriptional responses. Mitochondrial-to-nuclear
communication, or retrograde signaling, has been established via the pioneering work from
the Butow and Avadhani laboratories [7].

The RTG signaling pathway in Saccharomyces cerevisiae
The RTG response in yeast is a well-characterized signaling pathway activated by ETC
deficiency resulting in the transcriptional up-regulation of genes that coordinate metabolic
changes to maintain glutamate supplies and resupply mitochondria with oxaloacetate and
acetyl-CoA [7]. The physiological importance of the RTG pathway in metabolic remodeling
is clear, as ETC deficient cells lacking the RTG genes become glutamate auxotrophs [8, 9].

Three proteins are essential regulators of the RTG response. Rtg1p and Rtg3p are
transcription factors that form a complex and upon activation bind to the R box sequence in
target gene promoters to stimulate transcription [10]. When off, Rtg1p and Rtg3p are
localized in the cytosol where Rtg3p is heavily phosphorylated. However, during ETC
dysfunction, Rtg3p becomes less phosphorylated and both Rtg3p and Rtg1p traffic to the
nucleus where they are transcriptionally active [11]. Rtg1p and Rtg3p translocation requires
the upstream component Rtg2p, which is thought to act as sensor of mitochondrial
dysfunction [11, 12]. More recently, it has been suggested that the RTG pathway is triggered
by loss of mitochondrial inner membrane potential [13], but how this stimulates Rtg2 or the
downstream transcription factors is unclear. There are many negative regulators of the RTG
response that potentially integrate RTG signaling with other metabolic activities such as the
TOR (target of rapamycin) pathway, but these results are more thoroughly elaborated by
others [7].

Mammalian Retrograde Signaling
Proteins homologous to the RTG proteins are not obvious in metazoans but conceptually
similar pathways have been demonstrated by a variety of studies indicating alterations in
nuclear gene expression during mitochondrial dysfunction [14- 18]. The pioneering studies
by Avadhani’s group utilized mtDNA depletion or mutations in nuclear encoded respiratory
chain mutants to elucidate a number of retrograde signaling pathways, which are briefly
discussed below and in greater detail elsewhere [7, 19].

In this case, retrograde signaling is largely thought to occur in response to cytosolic calcium
accumulation that occurs at least partially due to the inability of dysfunctional mitochondria
to take up cytosolic calcium [20, 21]. Accumulating cytosolic calcium leads to activation of
calcineurin and subsequently the transcription factors NF-κB, CHOP and ERK1, among
others [7]. During mitochondrial stress, NF-κB activation occurs independent of cytokines
and chemokines and the traditional NF-κB repressor IκBα. Rather, mitochondrial stress
causes calcineurin-dependent dephosphorylation of the NF-κB inhibitor IκBβ, allowing NF-
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κB to traffic from the cytosol to the nucleus [20]. The importance of this signaling pathway
has primarily been demonstrated by the gain-of-function it provides cancer cells, which
includes increased invasiveness and tumor growth [20, 22].

The Mitochondrial Unfolded Protein Response (UPRmt)
The presence of a separate retrograde response, termed a mitochondrial stress or
mitochondrial unfolded protein response (UPRmt) was suggested by the induction of
nuclear-encoded mitochondrial chaperones and proteases during mitochondrial stress caused
by the accumulation of unfolded or misfolded proteins within the mitochondrial matrix [23,
24]. A similar response was later documented in C. elegans, which was also activated by a
number of conditions that cause mitochondrial stress including depletion of the
mitochondrial genome [25], ETC genes [26], depletion of mitochondrial proteases [27] and
reagents that generate high levels of reactive oxygen species (ROS) [25]. The physiological
importance of the UPRmt is demonstrated, as worms lacking UPRmt signaling components
have impaired development and survival during conditions that perturb mitochondrial
function [27, 28].

Recent microarray experiments from our laboratory have demonstrated a much broader
transcriptional scope of the UPRmt in addition to the known nuclear encoded mitochondrial
molecular chaperones and proteases that promote protein folding or clearance of defective
proteins within stressed mitochondria [29]. Additionally, the UPRmt includes ROS
scavenging machinery, mitochondrial fission genes, genes involved in ubiquinone
biosynthesis and iron-sulfur cluster biogenesis as well as glycolysis [27]. These results
suggest that in addition to promoting mitochondrial protein homeostasis, the UPRmt also
adapts metabolism to allow the cell to better withstand mitochondrial stress (see below).

Intra-cellular Evaluation of Mitochondrial Function and UPRmt Activation
As mitochondrial dysfunction is pleiotropic and separating mitochondrial dysfunction from
mitochondrial unfolded protein accumulation is challenging, pin-pointing the mean(s) used
by the cell to evaluate mitochondrial function and coordinate UPRmt induction has been
difficult. Because, dysfunction results in activation of a downstream transcriptional
response, the monitoring mechanism must be able to communicate activities of the intra-
mitochondrial compartments with the cytosol and ultimately the nucleus. Recent studies
from our laboratory indicate that the cell monitors mitochondrial protein import efficiency to
determine mitochondrial function and appropriately activate the UPRmt [27].

Mitochondrial Protein Import Efficiency
Mitochondrial protein import is a well-characterized process dependent on a variety of
mitochondrial activities [30] making it a potentially useful pathway to evaluate
mitochondrial function. Once synthesized in the cytosol, nuclear-encoded proteins are
targeted to mitochondria by signal sequences as loosely folded precursors. Import into
mitochondria requires the TOM (Translocase of the Outer Membrane) and TIM
(Translocase of the Inner Membrane) complexes [30, 31]. Substrates destined for the
mitochondrial matrix typically have an amino-terminal mitochondrial targeting sequence
(MTS), which forms an amphipathic helix. The MTS first interacts with the TOM channel
on the cytosolic surface of mitochondria and subsequently with the TIM23 complex to cross
the inner membrane and enter the matrix. Once exposed to the matrix, the MTS is cleaved
allowing the protein to fold or assemble with the assistance of mitochondria-specific
molecular chaperones including Hsp60 and mtHsp70 [30].
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Traversing the inner membrane requires the ETC-generated membrane potential, which
facilitates the import of the positively charged MTS via the electrophoretic effect during
translocation [32]. Additionally, import requires mtHsp70, which functions both as a motor
in the PAM (presequence translocase-associated motor) complex to transport precursor
proteins across the inner membrane [33] and to promote protein folding in the matrix. A
number of general perturbations to mitochondria are known to slow or impair import
including the ATP synthase inhibitor oligomycin [34], the NADH-ubiquinone
oxidoreductase inhibitor rotenone [35] and paraquat, which causes excess ROS generation
[36] in addition to inhibition of mitochondrial chaperones [37]. It is the requirement for
numerous mitochondrial activities that makes import efficiency a useful readout for
mitochondrial function.

Coordination of mitochondrial stress with UPRmt induction
Recent work from our laboratory has indicated the requirement for Activating Transcription
Factor associated with Stress-1 (ATFS-1) in UPRmt induction [27, 28]. In addition to a
nuclear localization sequence (NLS) in the leucine zipper domain, ATFS-1 also has an
amino-terminal MTS. The unique ability to localize to both compartments potentially
enables ATFS-1 to function as a sensor of mitochondrial import efficiency. In the absence of
mitochondrial stress or UPRmt induction, ATFS-1 is imported into mitochondria and
degraded by the Lon protease (Figure 1), presumably as a negative regulatory mechanism
[27].

During mitochondrial dysfunction when UPRmt signaling occurs, a small percentage of
ATFS-1 fails to be imported into mitochondria and accumulates in the cytosol suggesting
that mitochondrial import is impaired [27, 28]. Additional mitochondrial proteins were also
found in the cytosol suggesting a general impairment of mitochondrial import during stress,
but because ATFS-1 also has a NLS it is able to traffic to the nucleus to induce the UPRmt

(Figure 1). Consistent with the cell monitoring mitochondrial import efficiency via ATFS-1,
any condition that perturbs import including inhibition of the TOM and TIM complexes,
ETC perturbation, paraquat treatment and mitochondrial chaperone inhibition caused
ATFS-1-dependent UPRmt induction. Furthermore, preventing mitochondrial import of
ATFS-1 by simply deleting the MTS was sufficient to cause ATFS-1 nuclear accumulation
and UPRmt induction even in the absence of mitochondrial dysfunction [27].

Dual localization of a protein to the cytosol and mitochondrial matrix has been documented
for several proteins including the enzyme fumarase [38]. Interestingly, the MTS from both
the mitochondrial and cytosol-localized forms of fumarase is cleaved in the matrix. If the C-
terminal domain remains unfolded during mitochondrial import the MTS is cleaved and the
entire protein enters the matrix where it folds and functions in the tricarboxylic acid cycle.
However, if the C-terminal domain folds prior to being completely imported, the MTS is
cleaved, but the remainder of the polypeptide diffuses back into the cytosol [39]. In this
respect, fumarase localization depends on import efficiency although the process is thought
to be stochastic as fumarase accumulates in both compartments under normal physiologic
conditions.

Additionally, it is not unprecedented that the regulation of a stress-associated transcription
factor be tightly linked to its degradation. Both p53 and Hif1 are constitutively translated,
recognized by a regulatory ubiquitin ligase, and ultimately degraded by the cytosolic or
nuclear pool of proteasomes [40, 41]. Only in the presence of stress such as DNA damage or
hypoxia does each transcription factor avoid degradation and activate their respective
transcriptional responses. However, coupling of degradation with mitochondrial import as a
means to control transcription factor activity appears to be a novel means of mitochondria-
to-nucleus communication dependent on ATFS-1 having dual organelle localization signals.
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Once in the nucleus, ATFS-1 activates a relatively broad transcriptional response to alleviate
the effects of mitochondrial stress. The transcriptional response mediated by ATFS-1 during
mitochondrial stress is consistent with what might be expected of a mitochondrial stress
response or a UPRmt. As expected, ATFS-1 induced the expression of the known
mitochondrial chaperone genes as well as several mitochondrial proteases that re-establish
protein homeostasis as well as restore import efficiency. Additionally, the UPRmt induced a
number of ROS-scavenging components that are localized to both the mitochondria and the
cytosol consistent with increased ROS production during mitochondrial stress. Interestingly,
a number of genes in the glycolysis pathway were also up-regulated suggesting that ATFS-1
may shift metabolism from mitochondrial-dependent respiration to glycolysis as an alternate
means of ATP production in the presence of mitochondrial dysfunction.

Lastly, ATFS-1 mediates the up-regulation of two core components of the TIM23 complex;
tim-17 and tim-23, which are required for the import of N-terminal MTS containing proteins
to the mitochondrial matrix [30] such as ATFS-1 and the mitochondrial targeted molecular
chaperones that ATFS-1 transcriptionally up-regulates. The increase in mitochondrial
protein import machinery highlights the link between ATFS-1 and mitochondrial import
efficiency and suggests a possible means to increase import of protective proteins such as
chaperones as well as to down-regulate the UPRmt once stress has been alleviated by
improving mitochondrial import and thus preventing ATFS-1 from reaching the nucleus.

Regulation of import and the UPRmt during stress by a mitochondrial peptide exporter
Defects that directly impair mitochondrial protein import such as respiratory chain and
mitochondrial chaperone inhibition are severe resulting in developmental impairment and
UPRmt induction. In this scenario, the cell is responding to damage that may be
unrecoverable and the UPRmt is unable to provide much protection. Is there a mechanism to
sense relatively minor mitochondrial damage and activate the UPRmt early on during
mitochondrial stress to prevent the further accumulation of damage? In addition to ATFS-1,
we identified HAF-1, a mitochondrial inner membrane-localized ABC peptide transporter as
being a modulator of UPRmt induction [27, 28]. HAF-1 is only required for UPRmt induction
during the initial stages of what will eventually become severe stress such as treatment with
ethidium bromide which impairs mtDNA expression or during mild mitochondrial stress that
does not cause developmental arrest such as hypomorphic mutations in ETC components.

Interestingly, our data suggest that HAF-1 serves to slow general mitochondrial protein
import during mild mitochondrial stress. During mild stress in haf-1-deletion worms,
ATFS-1 as well as other substrates fail to accumulate in the cytosol or nucleus, rather they
continue to accumulate in mitochondria explaining why the UPRmt is impaired in the
absence of HAF-1. However, HAF-1 is not required during UPRmt activation caused by
direct import impairment or when the MTS is removed from ATFS-1, consistent with the
proposed role as a modulator of mitochondrial import that attenuates import and activates
the UPRmt to prevent severe damage accumulation. Previous work from our laboratory and
others suggests that HAF-1 pumps peptides derived from the degradation of misfolded
proteins within the mitochondrial matrix linking its activity to the accumulation of unfolded
proteins although it is currently unclear which HAF-1 peptide substrate(s) affect protein
import or by what mechanism [28, 42].

We hypothesize that HAF-1-dependent import attenuation evolved independently of the
UPRmt for two reasons. First, a homologous mitochondrial peptide transporter exists in S.
cerevisiae, Mdl1p [42] without an obvious ATFS-1 ortholog [43]. It should be noted that the
role of Mdl1 in the regulation of mitochondrial import has not been examined. Second,
slowing import during organelle stress potentially reduces the burden on the mitochondrial
protein folding machinery allowing the folding environment to re-establish homeostasis
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before introducing additional substrates. Analogous cellular strategies are employed during
stress in the endoplasmic reticulum to reduce import via translation attenuation (see below)
[44].

We have found that HAF-1 functions upstream of ATFS-1 to regulate the UPRmt. As
HAF-1′s effect on mitochondrial import is not specific to ATFS-1, it will be interesting to
discover if other transcription factors or signaling pathways are regulated in a similar
manner. The signaling mechanism regulating the UPRmt has largely been elucidated in C.
elegans, although similar transcriptional responses have been observed during mitochondrial
stress in mammalian systems [24, 45, 46]. Going forward, it will be important to determine
if a similar mechanism regulates the UPRmt in mammals and its role during aging and
diseases associated with mitochondrial dysfunction (Boxes 1 and 2).

Translation Attenuation During Mitochondrial Dysfunction
Several recent reports have suggested that reduced cytosolic protein synthesis is protective
during mitochondrial dysfunction. For example, mutations in the adenine nucleotide
translocase cause age associated mitochondrial degeneration, which is exacerbated by
impairment of mitochondrial protein quality control machinery. Interestingly, reagents or
mutations that slowed cytosolic translation or protein synthesis were protective significantly
delaying the onset of mitochondrial dysfunction most likely by protecting the mitochondrial
protein-folding environment [47].

More recently, mitochondrial dysfunction was shown to directly cause the attenuation of
cytosolic protein synthesis as discovered in mammalian cells treated with the ATP synthase
inhibitor oligomycin and in yeast by comparing the stress resistance profiles of yeast strains
lacking a mitochondrial quality control protease to those lacking subunits of the large
cytosolic ribosome subunit [48, 49]. Interestingly, strains lacking ribosomal components or
the mitochondrial protease were resistant to similar stresses including mitochondrial stress
caused by paraquat and endoplasmic reticulum (ER) stress caused by tunicamycin. All of the
ribosomal mutants had reduced protein synthesis rates as did the strain lacking the
mitochondrial protease suggesting a protective signaling mechanism is in place to reduce
protein synthesis during mitochondrial stress. It has been known for years that reduced
protein synthesis protects ER function during stress by reducing the burden of incoming
substrates on the protein-folding environment [50]. ER stress is linked to reduced translation
rates via the ER membrane-localized protein kinase PERK, which is activated during ER
stress and phosphorylates the translation initiation factor eIF2α, thus inhibiting protein
synthesis [51]. In sum, these data suggest that increased eIF2α phosphorylation is protective
during mitochondrial dysfunction (Figure 2), similarly to that observed during ER
dysfunction.

In addition to global translation attenuation, eIF2α phosphorylation also leads to increased
translation of mRNAs with small upstream open reading frames including the transcription
factor Gcn4p in yeast and Atf4 in mammals [52, 53]. Oligomycin treatment caused
increased Atf4 expression in mammalian cells [48], and Gcn4p was required for the
resistance to paraquat in yeast cells [49] indicating that eIF2α phosphorylation is protective
for two reasons. Reduced protein synthesis provides relief to the stressed mitochondrial
protein-folding environment and because of preferential transcription factor translation and
induction of a protective transcriptional program [54].

Our laboratory and others recently discovered that the increased eIF2α phosphorylation that
occurs during mitochondrial dysfunction requires the kinase GCN2 (General Control Non-
derepressible 2) [48, 55] or the kinase PKR (Protein Kinase, RNA activated) [46, 56].
Consistent with eIF2α phosphorylation and reduced protein synthesis being protective
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during mitochondrial stress, the development of mutant worms with perturbed mitochondrial
function is impaired in the absence of GCN2, but not the ER stress responsive kinase PERK.
Furthermore, worms lacking both GCN2 and ATFS-1 were much more sensitive to
mitochondrial stress than worms lacking either gene suggesting that GCN2-mediated
translation attenuation and ATFS-1- mediated UPRmt induction act in parallel to protect
against mitochondrial dysfunction [55]. While ATFS-1 is activated by mitochondrial protein
import deficiency, it is currently unclear how GCN2 becomes activated or senses
mitochondrial dysfunction. But GCN-2 is known to be activated by amino acid starvation by
binding to uncharged tRNAs [57] or by ROS, through an unknown mechanism [58], both of
which can occur during mitochondrial dysfunction (Figure 2).

PINK1-mediated Mitochondrial Autophagy
In addition to UPRmt activation and reduced protein synthesis, the PINK1-mediated
mitochondrial autophagy (mitophagy) pathway can also be activated during mitochondrial
dysfunction. Mitophagy is a means by which cells specifically target dysfunctional
mitochondria for lysosome-dependent degradation [59, 60]. Roles for PINK1 and Parkin in
addition to mitophagy have been described elsewhere [61, 62] but here we focus on their
role in mitophagy to highlight the similarities between the means of regulation of the
ATFS-1-mediated UPRmt and PINK1-mediated mitophagy as the mechanism cells utilize to
detect and target defective mitochondria are at least conceptually similar to that utilized to
mediate the UPRmt. Mitochondrial protein import efficiency of the transcription factor
ATFS-1 is the key determinant in the regulation of the UPRmt, which is quite similar to a
mechanism cells utilize the kinase PINK1 to recognize and target severely defective
mitochondria for degradation via mitophagy as reviewed in detail by others [63]. Elegant
work in mammalian cell culture indicates that PINK1 is imported into healthy mitochondria
across the outer and inner membrane, processed and degraded [64-67]. However, if the
mitochondrial inner membrane potential is dissipated by uncouplers or by stressors such as
paraquat or mtDNA mutations [68], PINK1 import is impaired allowing it to integrate and
accumulate in the outer mitochondrial membrane [66]. Through this mechanism, PINK1
only accumulates on defective mitochondria where it interacts with the ubiquitin ligase
Parkin and leads to the subsequent recruitment of the autophagy machinery and degradation
of the defective organelle [62, 66]. While flies and mammals lacking PINK1 and Parkin
display mitochondrial dysfunction [69-71], consistent with a role of both in mitochondrial
biology, evidence of mitophagy in vivo similar to that observed in cell culture has thus far
not been observed [72]. It will be interesting to determine if a similar mitophagy mechanism
occurs in vivo and how the functions of PINK1 and Parkin integrate with the other
mitochondrial stress responses described here.

Integration of the Mitochondrial Stress Pathways and Future Perspectives
We have described several mitochondrial stress response pathways that promote global
mitochondrial function and cell survival during mitochondrial stress. Each pathway has been
studied largely independently in specific model systems that allowed for efficient
elucidation of individual signaling pathway components. Because all of the pathways are
apparently activated by similar conditions, it will be interesting to determine the precise
order of pathway activation during stress and if there is negative or positive cross-talk
between each pathway to coordinate the cellular response to maintain mitochondrial
homeostasis.

It has been shown in C. elegans that ATFS-1 and GCN2 function in parallel and
complementary pathways during mitochondrial stress as the absence of GCN2 causes further
activation of the ATFS-1 pathway (and vice versa), but the mitophagy has not been
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examined in this context [73]. One might expect the ATFS-1 and GCN-2-mediated
pathways to be activated prior to the mitophagy pathway or during less severe forms of
stress to rectify mitochondrial dysfunction prior to the elimination entire organelles via
mitophagy, although this has yet to be determined. Alternatively, there may be cell or tissue
specific aspects to each signaling pathway that have yet to be identified.

The UPRmt and PINK1-dependent mitophagy pathways appear to both be regulated at the
level of mitochondrial import efficiency [25, 66]. Because both are activated by similar
stresses, how does the UPRmt and PINK1 coordinate to most efficiently promote global
mitochondrial function while removing those organelles that are damaged beyond repair?
The UPRmt can be activated when there is a modest reduction import efficiency when only a
small percentage of ATFS-1 fails to be imported into mitochondria [27] while PINK1
accumulation on the mitochondrial outer membrane requires conditions that strongly impair
import such as inner membrane uncoupling [64-67]. In this case, the cell likely biases
towards UPRmt activation when mitochondrial dysfunction is modest as PINK1 is still
imported and degraded. But when organellar dysfunction becomes more severe and PINK1
accumulates on the outer membrane of the most damaged organelles both pathways are
activated with only the most damaged mitochondria targeted for degradation.

While still at the early stages, a major goal going forward will be to determine if any of
these pathways can be manipulated to mitigate the defects caused by mitochondrial
dysfunction during aging or disease and developed into therapeutic targets (Boxes 1 and 2).
Recent results in model organisms and tissue culture are encouraging in this regard. For
example, in a tissue culture model, hyper-activation of the mitophagy pathway was able to
reduce the presence of deleterious mutant mitochondrial genomes, in effect preserving the
most-healthy organelles [68]. Furthermore, both the UPRmt and the GCN2-dependent
translation attenuation pathways have been shown to be involved in the lifespan extension
caused by specific forms of mitochondrial dysfunction in both yeast and worms suggesting
that manipulation of these pathways may provide physiological benefits [26, 49, 55] (Box
1). In the future it will be important to determine if these pathways are protective against
diseases associated with mitochondrial dysfunction as was recently reported in a model of
inflammatory bowel [46, 56] and develop strategies to engage or further activate these
pathways independent of mitochondrial dysfunction.
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Box 1

Mitochondrial Stress Responses in Aging

Studies in multiple organisms indicate that mitochondria are intimately associated with
the aging process. A decline in mitochondrial function as cells age has been well
documented and manipulations that increase mitochondrial dysfunction such as
increasing mutation accumulation in the mitochondrial genome can cause phenotypes
consistent with accelerated aging [75, 76]. Interestingly, by increasing mitochondrial
biogenesis, via overexpression of the transcriptional regulator PGC-1α, several age-
associated phenotypes can be delayed [77], consistent with mitochondrial decline
contributing to aging and suggesting that strategies to maintain mitochondrial function
may be of therapeutic value.

These results also suggest that a system or systems may exist to promote mitochondrial
biogenesis or function in aging cells to prevent or slow the decline in mitochondrial
function over time thus counteracting the normal aging process. However, the GCN2-
mediated pathway or the UPRmt do not appear to be employed to mitigate damage
associated with normal aging at least in yeast and worms as impairment of GCN2
signaling or UPRmt activation has little or no effect on the lifespan of otherwise wild-
type strains [26, 55, 74]. However, emerging results indicate that if stimulated, the GCN2
pathway and the UPRmt can contribute to lifespan extension potentially delaying or
slowing the aging process. Somewhat paradoxically, a number of mutations that cause
mitochondrial dysfunction including defects in respiratory chain subunits or the m-AAA
protease extend lifespan in organisms such as yeast and worms [26, 49, 78]. These same
conditions activate the GCN2 translation attenuation pathway as well the UPRmt and
require both mitochondrial stress response pathways for the observed extension of
lifespan. However, because many signaling pathways likely emanate from mitochondria
it will be interesting to determine if the UPRmt is also sufficient to prolong lifespan.
Impressively, work in yeast indicates that increased Gcn4p (an output of GCN2-mediated
eIF2α phosphorylation (Figure 2)) is sufficient to extend lifespan [74]. It will be of
interest in the future to determine if the lifespan extension or delayed aging is due to
direct effects on mitochondria such as increased biogenesis or reduced degeneration or if
the stress response pathways also activate compensatory mechanism that reduce the
necessity for mitochondrial activities during aging such as through altered metabolism
[79].
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Box 2

Parkinson’s Disease and Mitochondrial Stress Signaling

Parkinson’s disease (PD) is a degenerative disorder resulting largely from the death of
dopaminergic neurons in the substantia nigra region of the brain. The etiology of PD is
complex and likely influenced by many environmental and genetic factors. However,
years of research strongly suggests that mitochondrial dysfunction plays an important
role in PD progression suggesting a potentially protective role for the mitochondrial
stress response pathways described. A variety of ETC inhibitors such as rotenone [80]
and paraquat have been shown to cause PD or induce PD-like symptoms. Furthermore,
several loss-of-function mutations that affect mitochondrial biology are known to cause
juvenile onset Parkinson’s disease including mutations in the genes encoding PINK1 and
Parkin [81, 82]. PINK1 and Parkin are involved in numerous processes including the
mitophagy pathway, which specifically recognizes and targets severely dysfunctional
mitochondria for degradation [66]. A role for PINK1-dependent mitophagy is expected in
dopaminergic neurons because PINK1 loss-of-function results in dopaminergic cell death
but mitophagy has been difficult to document in vivo [83]. A role for the UPRmt or
GCN2 has not been examined in dopaminergic neurons but is possible because the ETC
poisons that elicit PD-like phenotypes are strong UPRmt inducers and the requirement for
PINK1 suggests a defect in mitochondrial protein import which is also known to activate
the UPRmt [27]. Interestingly, a reduction in protein synthesis rescues many of the
defects observed in flies lacking PINK1 suggesting a protective role for translation
attenuation during conditions associated with PD [84]. Future studies will be important to
determine the role, if any, of the ATFS-1 and GCN2-dependent mitochondrial stress
response pathways in the protection of dopaminergic neurons during conditions that lead
to PD.
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Figure 1. The mitochondrial unfolded protein response
An illustration of the signaling mechanism that regulates the induction of the mitochondrial
unfolded protein response (UPRmt) as elucidated in C. elegans. The UPRmt is activated
during mitochondrial dysfunction or stress resulting in the transcriptional up-regulation of
protective genes including mitochondrial chaperones and proteases, those involved in
reactive oxygen species (ROS) detoxification, the glycolysis pathway and the mitochondrial
protein import machinery. The cell determines mitochondrial function and when it is
appropriate to induce the UPRmt by monitoring the mitochondrial protein import efficiency
of the transcription factor ATFS-1. In the absence of mitochondrial stress, ATFS-1 is
translated and efficiently imported into mitochondria via a mitochondrial targeting sequence
(MTS), where ATFS-1 is degraded by the Lon protease. However, during mitochondrial
dysfunction, general protein import efficiency is reduced allowing a percentage of ATFS-1
to accumulate in the cytosol. Because ATFS-1 also has a nuclear localization sequence
(NLS), it then traffics to the nucleus where it induces the UPRmt. Mitochondrial import
efficiency can be impaired or reduced by a number of conditions including mitochondrial
chaperone depletion or respiratory chain dysfunction. Additionally, import can be slowed by
peptide efflux via the ABC transporter HAF-1, which occurs when the mitochondrial
chaperone (green) capacity is exceeded by unfolded proteins (dashed lines); all of which
result in UPRmt induction to maintain organelle homeostasis.
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Figure 2. The mitochondrial stress-stimulated translation attenuation pathway
A model demonstrating how protein synthesis rates are mediated during mitochondrial
stress. Conditions including inhibition of a mitochondrial protease required for respiratory
chain quality control and mitochondrial ribosome biogenesis [49, 55], respiratory chain or
ATP synthase impairment [48] as well as paraquat treatment [55] result in phosphorylation
of the translation initiation factor eIF2α by the kinase GCN2. The subsequent decrease in
protein synthesis potentially reduces the burden on the protein folding and respiratory chain
complex assembly machinery, thus protecting the protein-folding environment. In addition
to reducing global protein synthesis, phosphorylated eIF2α promotes the translation and
thus activation of the transcription factor Gcn4p in yeast and Atf4 in mammals, both of
which are also protective during mitochondrial stress [48, 49, 74]. It is currently unclear how
GCN2 becomes activated or senses mitochondrial dysfunction. But, because GCN2 is
known to respond to amino acid deprivation and reactive oxygen species (ROS) and both
occur during mitochondrial dysfunction multiple possibilities exist.
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