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Abstract

Recent findings in diverse organisms strongly support a conserved role for mitochondrial ETC
dysfunction in longevity modulation, but the underlying mechanisms are not well understood. One
way cells cope with mitochondrial dysfunction is through a retrograde transcriptional
reprogramming response. In this review, we primarily focus on the work that has been performed
in C. elegans to elucidate these mechanisms. We describe several transcription factors that
participate in mitochondria-to-nucleus signaling and discuss how they mediate the relationship
between mitochondrial dysfunction and lifespan.

Keywords
mitochondrial electron transport chain; aging; longevity; transcription factors; retrograde signaling

Introduction

Mitochondria are essential for bioenergetics and metabolism and are central to cell viability
and survival. A major function of mitochondria is oxidative phosphorylation and ATP
production, which occurs through a series of electron transferring reactions via the electron
transport chain (ETC) located in the mitochondrial inner membrane. Mitochondria are also
major sites of several key processes, including beta oxidation, the tricarboxylic acid cycle,
and apoptosis regulation. As a result, mitochondrial function is essential for maintaining
cellular homeostasis and survival.

Mitochondrial function has long been linked to aging, and mitochondrial oxidative
phosphorylation declines with age in diverse organisms [1]. During oxidative
phosphorylation, electrons can leave the ETC and react with oxygen prematurely in the
mitochondria to produce toxic reactive oxygen species (ROS). In 1972, Harman proposed
the “mitochondrial theory of aging”, which suggests that ROS produced from normal
mitochondrial metabolism can cause minor cellular damage, and their accumulation over

© 2014 Elsevier Inc. All rights reserved.

2To whom correspondence may be addressed: sylvia.lee@cornell.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, type setting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chang et al.

Page 2

time drives physiological function decline with age [2,3]. The mitochondrial theory of aging
has been well accepted until recent years when cumulative observations from various model
organisms started to challenge this theory. For example, inactivation of one of the five C.
elegans mitochondrial superoxide dismutases, sod-2, which normally acts to detoxify
superoxide, actually prolongs lifespan [4]. Moreover, mild mitochondrial dysfunction has
been shown to promote longevity from yeast to mammals [4-11]. Together, these
observations suggest that mitochondria influence the longevity of an organism in a more
complex way than just via the production of toxic ROS molecules.

The mitochondrial ETC consists of five complexes, which are located in the mitochondrial
inner membrane, and their perturbation has been shown to have disparate effects on animal
longevity. For example, specific point mutations in several mitochondrial ETC subunits
extend lifespan [12,13]. Similarly, genome-wide RNA. screens in C. elegans uncovered
many mitochondrial ETC subunits that extend lifespan when attenuated [6,7,14,15].
However, C. elegans with mutations in some ETC subunits can also exhibit shorter lifespans
[16]. A threshold model has been proposed to explain the differential longevity effects of
different ETC mutations. The model suggests that reducing ETC function up to a certain
threshold can be beneficial in some aspects and extend organismal lifespan. However, when
ETC function is reduced below this threshold, it is detrimental and shortens the lifespan of
an organism [4]. This model is further supported by RNAIi experiments where different
levels of mitochondrial inhibition were achieved by exposing C. elegans to different
concentrations of SiRNA against specific mitochondrial subunits; optimal longevity was
caused by intermediate levels of mitochondrial inhibition, where as a high level of RNAI-
mediated inhibition shortened lifespan [17]. It is interesting to note that in addition to
lifespan changes, C. elegans with mutations in or RNAI inhibition of ETC subunits often
exhibit other physiological defects, including slower development, slower feeding and
defecation rates, and a reduced brood size. Therefore, lifespan extension via mitochondrial
dysfunction in C. elegans has a physiological cost.

Similar findings in other organisms support a conserved role for mitochondrial ETC
dysfunction in longevity modulation. RNAI inhibition of many different ETC subunits in D.
melanogaster robustly extend lifespan with little pleiotropic phenotypes [10]. Additionally,
two mouse mutants with compromised mitochondrial ETC function live longer [5,8].
Although the lifespan extension associated with mitochondrial ETC dysfunction is well
conserved, the underlying mechanisms are not well understood. In this review, we primarily
focus on the work that has been performed in C. elegans to elucidate these mechanisms, as
C. elegans has been a leading and robust model system for studying aging and mitochondrial
dysfunction. One way cells cope with mitochondrial dysfunction is through a retrograde
transcriptional reprograming response, which has been extensively studied in yeast [18,19].
Activation of retrograde signaling has been shown to extend replicative lifespan and delay
senescence in yeast, and parallel mitochondria-to-nucleus signaling pathways also exist in C.
elegans[11,20]. In this review, we briefly summarize various longevity phenotypes
observed in the different C. elegans ETC mutants since they have been recently reviewed
[21,22]. Instead, here we focus on describing several transcription factors that participate in
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this retrograde signaling and ultimately how they mediate the relationship between
mitochondrial dysfunction and lifespan.

C. elegans mitochondrial ETC mutants exhibit altered lifespans

Several mutations in different ETC complexes have been isolated in C. elegans, and these
mutants exhibit differential lifespans. Therefore, these mutants represent powerful tools for
understanding how mitochondrial function regulates organismal lifespan. The clk-1 mutant
was the first long-lived mutant to be isolated. Besides a longer lifespan, clk-1 mutants
exhibit a slower developmental rate, longer defecation cycle, and reduced brood size [23].
The clk-1 gene encodes a hydroxylase that is required for ubiquinone biosynthesis. During
oxidative phosphorylation, ubiquinone transfers an electron from complexes I and 11 to
complex 111 in the ETC. Therefore, clk-1 mutation does not directly affect mitochondrial
ETC complexes but rather the electron transfer efficiency during oxidative phosphorylation.
Indeed, Felkai et al. found that electron transport was reduced in mitochondria isolated from
clk-1 animals. Consistently, clk-1 overexpression increased mitochondrial activity and
shortened lifespan [23]. Excitingly, the role of clk-1 in longevity is conserved, as
heterozygous clk-1/MCLK1 mutant mice also exhibit a longer lifespan and attenuated aging
phenotypes [8,24].

Two independent genetic screens that aimed to uncover mutants with phenotypes similar to
the clk-1 mutant identified two additional long-lived ETC mutants, nuo-6 and isp-1[12,13].
The isp-1 gene encodes the Rieske iron sulfur protein and is an ETC complex Il subunit,
and nuo-6 encodes a conserved subunit of mitochondrial ETC complex I. Both genes confer
a robustly long life in C. elegans when mutant [12]. Similar to clk-1 mutants, both isp-1 and
nuo-6 mutant animals develop slower and exhibit reduced reproductive capacity and other
behavioral phenotypes. Since all three of these mutations affect mitochondrial ETC function,
it is not surprising that these ETC mutants consume less oxygen. However, while isp-1
mutants exhibit similar ATP levels to wildtype, both clk-1 and nuo-6 mutants actually
possess increased ATP levels [13,25]. Additionally, the mechanisms that mediate the long
lifespan of these ETC mutants appear to be distinct. For example, both nuo-6 and isp-1
mutants have slightly elevated mitochondrial superoxide, but clk-1 mutants have wildtype
levels. Moreover, the antioxidant N-acetyl-cysteine (NAC) can suppress the lifespan
extension of both nuo-6 and isp-1 mutants but not of clk-1 mutants. Together these
observation suggest that the long-lived phenotypes of nuo-6 and isp-1 mutants depend on
mitochondrial superoxide, whereas the longevity of clk-1 mutants might be independent of
mitochondrial ROS [26].

As briefly mentioned in the introduction, not all mitochondrial ETC mutations promote
longevity. In C. elegans, two mutations in mitochondrial ETC components, gas-1 and
mev-1, shorten lifespan. The gas-1 gene encodes a conserved iron protein subunit of
complex | of the ETC, and mev-1 encodes succinate dehydrogenase subunit ¢, which is part
of ETC complex Il. Similar to the above mentioned long-lived ETC mutants, these short-
lived mutants develop slowly and exhibit reproductive defects and slower behavior
phenotypes. The gas-1 and mev-1 mutations reduce complex | and complex Il activity,
respectively, but retain wildtype ATP levels, suggesting that mev-1 mutants either consume
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less energy or exhibit increased complex | activity to compensate for the complex Il defect
[27,28]. The short lifespan of mev-1 mutants has been proposed to be caused by increased
ROS stress, as mev-1 mutants possess higher mitochondrial superoxide [27,29], and ROS
can be produced by complex Il of the ETC [27,30]. These observations suggest that the
mev-1 mutation may directly increase mitochondrial superoxide. Consistently, as a
consequence of increased mitochondrial ROS, more oxidative damage to proteins has been
observed in gas-1 and mev-1 mutants [28,31].

Despite the many phenotypic similarities between gas-1 and mev-1 mutants, each mutant
possesses some distinct characteristics. For example, gas-1 mutants exhibit a decreased
mitochondrial membrane potential and reduced mitochondrial density, suggesting that the
short life of these mutants may be due to severely reduced mitochondrial ETC function [31].
Indeed, Pujol et al. demonstrated that the gas-1 mutation caused an over compensation of
complex I, which destabilized complex | and thus limited gas-1 mutant lifespan [32]. It is
therefore interesting to speculate that in mev-1 mutants, as in gas-1, a compensatory
upregulation of complex I or complex Il activity might ensue, as RNAi knock down of the
ETC complex I11 component cyc-1 partially restored the lifespan of these animals [20]. In
addition to increased oxidative damage, developing mev-1 mutant embryos possess more
apoptotic cells and fail to upregulate the anti-apoptotic gene ced-9 under hypoxia [33].
Dysregulation of apoptosis could be a cause of the short life of these mutants. Indeed,
deleting the pro-apoptotic gene ced-3 restores mev-1 mutant longevity [33]. However, we
did not detect altered apoptosis in adult mev-1 mutants [34].

As elaborated above, the different C. elegans mitochondrial ETC mutants exhibit distinct
lifespans. These mitochondrial ETC mutants share some similar characteristics but each has
their own unique properties. To date, three genome-wide studies have surveyed the
transcriptional changes in response to nuo-6, isp-1, clk-1, gas-1, and mev-1 mutations
[20,35,36]. These investigations revealed that a compensatory transcriptional response likely
plays an important role in the longevity of these mutants. Interestingly, different
transcriptional changes appear to respond to distinct ETC perturbations even when longevity
outcomes are similar. For example, microarray analyses indicate that the long-lived isp-1
and clk-1 mutants share similar but also distinct gene expression profiles [20]. The genes
fstr-1/2 (F57F4.3/F57F4.1) showed expression changes only in the clk-1 mutant but not in
isp-1 mutant, and fstr-1/2 RNAI suppressed the long life of the clk-1 mutant but not of the
isp-1 mutant [20]. The comparison of gene expression profiles between isp-1 and nuo-6
mutants revealed a significant overlap between these mutants suggesting an overlapping
mechanism that regulates their lifespans. Consistent with the requirement of mitochondrial
ROS signaling in mediating the lifespans of isp-1 and nuo-6, many genes that display
expression changes in these mutants have also been shown to respond to pro-longevity doses
of ROS [36]. Likewise, the short-lived mev-1 and gas-1 mutants also exhibit differential
gene expression patterns. These data indicate that different disruptive ETC mutations can
induce distinct transcriptional responses with unique physiological consequences [35]. Next,
we describe several transcription factors currently known to engage in compensatory
transcriptional responses in the various mitochondrial ETC mutants.
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HIF-1: hypoxiainducing factor

C. elegans hif-1 encodes the mammalian HIF-1a ortholog, which is a subunit of the HIF-1
transcription factor complex that responds to reduced oxygen levels in the environment. It is
important to note that wild C. elegans live in soil, which provides a lower oxygen
environment than the atmosphere. Living in such hypoxic conditions has likely driven C.
elegans to become tolerant of a wide range of oxygen levels, from 0% to 60% (normoxia is
10-21% oxygen). Although C. elegans can survive in a wide oxygen range, oxygen levels
can modulate lifespan, as worms grown in hypoxia live longer, and worms grown in high
oxygen exhibit shortened lifespans [37]. Interestingly, hif-1 mutant animals live longer when
grown at 25°C. However, hif-1 mutants exhibit a normal lifespan when grown at lower
temperatures suggesting that hif-1 modulates longevity in response to some specific
environmental cues [38,39].

It is possible that a C. elegans-specific pathway evolved to allow these animals to adapt to a
lower oxygen environment. ETC dysfunction might create a stress similar to hypoxia;
therefore, dissecting the physiological and metabolic consequences of hypoxia and ETC
dysfunction may further our understanding of how the mitochondrial ETC mediates
longevity. The link between hypoxia signaling and mitochondrial ETC mutant longevity has
been extensively explored in C. elegans. Several mitochondrial ETC mutants are more
resistant to chronic oxygen deprivation [40], suggesting that a hypoxia signaling response is
activated in the ETC mutants. HIF-1 activity is upregulated in isp-1 and clk-1 mutants, and
hif-1 is required for their lifespan extension. Moreover, knocking down several
mitochondrial ETC components using RNAI activated the HIF-1 target, nhr-57, indicative of
HIF-1 activity [41]. Additionally, stabilizing HIF-1 by inhibiting its negative regulators
vhi-1 and egl-9 using RNAI extended the lifespan of wildtype worms but not of the ETC
mutants. Therefore, mitochondrial dysfunction-induced activation of HIF-1 activity
contributes to the long life of ETC mutants [41].

Under hypoxia, where oxygen is lacking, HIF-1a cannot be hydroxylated by EGL-9, which
blocks the subsequent ubiquitination by VHL-1 and therefore remains stable. Consistent
with a mitochondrial dysfunction-induced role for HIF-1, it can also be activated and
stabilized by ROS in C. elegans [41]. The link between ROS and HIF-1 is conserved in
mammals, as human cells exhibit increased ROS levels in response to hypoxia [42—-44].
Some ETC mutants, such as isp-1 and nuo-6, possess higher mitochondrial ROS, and this
increase is required for their lifespan extension [26]. Increased ROS in the ETC mutants is
proposed to stabilize HIF-1 under normoxia. This ROS-mediated HIF-1 stabilization might
be explained by changes in the redox state of free iron in the cell. Increased cellular ROS
oxidizes Fe2+ to Fe3+ in mammalian cells, which deactivates HIF prolyl hydroxylase
activity and thus blocks the degradation of HIF-1a [45]. A recent study also suggested that
HIF-1 has a direct role in enforcing ROS production in the ETC mutants, which is necessary
for promoting their lifespan [46].

As HIF-1 is a transcription factor, its effect on longevity is likely mediated through its
transcriptional targets. Shen et al. identified HIF-1 hypoxia-responsive targets by global
gene expression profiling using microarrays [47]. Sixty-three of these targets are predicted
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to participate in signal transduction, metabolism, transport, and extracellular matrix
remodeling. These data support the idea that HIF-1 helps the cell to survive under hypoxia
by altering the metabolism and other crucial cellular processes. ETC dysfunction caused by
isp-1 or clk-1 mutations and hypoxia were shown to share similar but also distinct HIF-1-
mediated transcriptional changes in C. elegans [41]. Supporting the idea that HIF-1 might
have differential targets under hypoxic and ETC stresses, we recently identified HIF-1
targets in the isp-1 mutant and showed that HIF-1 regulates distinct target genes under ETC
stress [46]. In the isp-1 mutant, HIF-1 might amplify the ROS signal by suppressing the
expression of the free iron chelator, ftn-1 and activating the free iron transporter, smf-3 [48].
A more thorough comparison of HIF-1 targets under hypoxia and ETC dysfunction will
provide important insights into how HIF-1 modulates lifespan under these stresses.

SKN-1: C. elegans Nrf

C. elegans ortholog NF-E2-related factor (Nrf), skn-1, has also be implicated as a longevity
regulator, as it is required to maintain the normal lifespan for C. elegans [49]. Similar to
HIF-1, SKN-1 can be activated by ROS and is necessary for the lifespan extension in
response to transient increased ROS levels. For example, a low-dose arsenite extends
lifespan due to transient induction of ROS, and Schmeisser et al. demonstrated that SKN-1
is required for this extended lifespan [50]. Since the mitochondrial ETC is one of the major
sites for ROS production, ETC dysfunctions often perturb ROS production. For example,
both long-lived ETC mutants isp-1 and nuo-6 have increased mitochondrial ROS that serve
as an important signal to promote organismal longevity [26]. Likewise, inhibiting the ETC
complex I in C. elegans using chemicals also yields a ROS-dependent lifespan extension
[51]. Schmeisser et al. further demonstrated that this lifespan extension also requires active
neuronal SKN-1. Together, these data suggest that SKN-1 likely regulates lifespan in
response to reduced mitochondrial function. The role of SKN-1 in longevity in response to
specific defects in ETC is less defined due to a collection of inconsistent data across
different studies. Both Rea et al. and Tullet et al. demonstrated that SKN-1 is not required
for the lifespan extension observed when ETC components are knocked down with RNAI
[17,52]. However, Park et al. showed that knocking down skn-1 by RNAI partially
suppressed the extended lifespan of clk-1 mutants, suggesting an inhibitory role for SKN-1
in longevity [53] This discrepancy further highlights the hypothesis that defects in different
parts of the mitochondrial ETC could be distinct.

SKN-1 is a well conserved transcription factor and participates in many different biological
processes, including embryonic development, stress responses, and normal lifespan
[49,52,54,55]. SKN-1 activity in response to the environmental and physiological cues is
tightly regulated. In mammals, Nrf activity is negatively regulated by Kelch-like ECH-
associated protein 1 (Keapl), which sequesters Nrf in the cytoplasm and prepares it for
subsequent degradation. Although a clear Keap ortholog in C. elegans has not been
identified, C. elegans WDR-23 shares a similar function with Keap, as it also negatively
regulates SKN-1 [56]. Interestingly, Paek et al. discovered that a pool of SKN-1 proteins
associate with the mitochondrial outer membrane and represent another mechanism that
sequesters SKN-1 from the nucleus. When this interaction between SKN-1 and the
mitochondrial outer membrane is disrupted, SKN-1 is constitutively active [55]. This finding
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provides a link between mitochondria and SKN-1 regulation and hints at a possibility that
mitochondrial dysfunction might affect SKN-1 activity. Moreover, SKN-1 has been
demonstrated to be the downstream target of two MAPKSs, PMK-1/P38 and MPK-1/ERK
[57,58]. As the activation of the MAPK pathway relies on ATP availability, reduced
mitochondrial ETC function likely affects SKN-1 activation through altering the phosphate
metabolism balance. Together, current data suggest that mitochondrial function likely
regulates the activity of SKN-1. However, further investigation is needed to strengthen the
regulatory link between mitochondrial ETC function and SKN-1 activity. As mentioned
above, SKN-1 is a transcription factor with many complex roles. The transcriptional targets
of SKN-1 in response to oxidative stress, reduced insulin-like pathway signaling, and during
development have already been identified [52,59,60]. Identifying SKN-1 targets in response
to ETC dysfunction will enhance our understanding of how this transcription factor helps the
organism cope with mitochondrial dysfunction.

CEP-1: C. elegans p53

The sole p53 homolog in C. elegans, cep-1, has also been demonstrated to mediate the
lifespans of ETC mutants. p53 is a major tumor suppressor with a variety of conserved roles,
including its well-characterized pro-apoptotic function. Abrogation of cep-1 on its own has
been shown to slightly increase worm lifespan [61], and cep-1 transcripts actually decrease
over time in wildtype aging animals, [62], so the relationship between the absence of cep-1
and longevity is unclear. Ventura et al. first observed that cep-1 was required for the
different lifespan outcomes of animals that exhibited varying degrees of mitochondrial
dysfunction. A mild RNA. inhibition of several mitochondrial components, atp-3, cco-1, and
isp-1, prolonged the lifespan of wildtype worms, which was abrogated upon cep-1 mutation.
Conversely, cep-1 mutation increased the lifespan of animals that lived shorter lives when
these same components were more severely knocked down using more concentrated RNAI
[63]. Recently, we demonstrated that cep-1 mutation decreased the lifespan of the long-lived
ETC mutants isp-1 and nuo-6 but increased the lifespan of the short-lived ETC mutants
mev-1 and gas-1 [34]. These results harken back to the observations by Ventura et al. (2010)
that suggested that cep-1 responds to different mitochondrial stress levels in disparate ways.
To identify mediators of these distinct responses, we compared the CEP-1-regulated
transcriptional profiles of isp-1 and mev-1 mutants, which surprisingly yielded a large
overlap [34]. However, a closer analysis revealed that a small subset of genes were, in fact,
differentially regulated between these two mutant backgrounds. As this group was enriched
for the “aging” Gene Ontology term, we proposed that our analysis successfully identified
genes with functions important for longevity. We confirmed that one of these candidates, the
iron transporter ferritin (ftn-1), indeed exhibited different CEP-1-mediated regulation
between the long-lived and short-lived mutants. Importantly, RNAi-mediated knockdown of
ftn-1&ftn-2 (a close homolog of ftn-1) only partially attenuated the lifespan of isp-1 mutants
but had no effect on mev-1 lifespan, indicating that cep-1 mediates isp-1 lifespan uniquely
via ftn-1 regulation and likely additional channels [34].

Iron homeostasis may represent an important CEP-1-mediated process that potentiates
longevity. Neither knockdown or overexpression of ftn-1 in wildtype animals alters lifespan
[34,64], so its partial suppression of the long lifespan of isp-1 animals may be due to the
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already iron-sensitized isp-1 mutant background, as ISP-1 is a Rieske iron sulfur protein.
Interestingly, RNAi-mediated knockdown of the nuclear-encoded mitochondrial protein
frataxin (frh-1) alone extends the lifespan of wildtype animals [65]. Frataxin mediates iron—
sulfur cluster formation as well as mitochondrial iron bioavailability and defective frataxin
function is the main cause of Friedreich’s ataxia in humans. Notably, cep-1 mutation can
partially suppress the longer lifespan of animals treated with frh-1 RNAI [63], which may
indicate that CEP-1 responds to iron homeostasis distress and that this response promotes
longevity in an iron-stressed environment. This hypothesis is consistent with the observation
that cep-1 is required for the induction of ftn-1 expression upon iron stress (i.e., in isp-1
mutants) but does not affect ftn-1 expression in the absence of iron stress (i.e., in mev-1
mutants) [34]. Apart from iron homeostasis genes, analysis of the other genes that were
differentially changed between the CEP-1-regulated transcriptional profiles of isp-1 and
mev-1 mutants should uncover aging-related functions for genes that have yet to be ascribed
those roles.

In addition to studying CEP-1 targets and their impact on longevity, understanding what
occurs upstream of CEP-1 could also uncover how CEP-1 potentiates distinct lifespan
outcomes in response to mitochondrial dysfunction. Genes that encode proteins that
participate in ROS-generating or ROS-responsive mechanisms represent particularly good
candidates for further investigation, as ROS are well-known activators of p53 [66]. ROS can
activate p53 indirectly via oxygen radical-induced DNA damage that in turn unleashes p53-
mediated pro-apoptosis or pro-antioxidant responses. ROS can also regulate p53 activity
directly by interacting with p53’s redox-sensitive Cysteine residues. These residues reside in
p53’s DNA-binding domain and affect the ability of p53 to specifically recognize the
consensus sequence in its targets [66]. Importantly, the residues that govern DNA binding
are conserved between p53 and CEP-1 [67]. While several mitochondrial ETC mutants are
known producers of ROS, and therefore p53/CEP-1’s role in mediating their lifespans may
not be surprising, how CEP-1 responds to different ETC mutants to yield disparate lifespan
outcomes remains to be clarified.

CEH-23: C. elegans homeobox protein

We identified ceh-23 through an RNAI screen for suppressors of the long lifespan of isp-1.
Inactivating ceh-23 by mutation or RNA. partially suppresses the long-lived phenotype of
isp-1 mutant animals but does not shorten the lifespan of wildtype worms or other mutants
that live longer due to perturbations distinct from the mitochondrial ETC. Therefore, ceh-23
mediates part of the lifespan extension in ETC mutants, but its absence does not affect the
general health of the organism. More interestingly, inactivating ceh-23 exclusively
shortened the lifespan of ETC mutants without affecting their developmental or reproductive
phenotypes [68]. Thus, ceh-23 activity uncouples longevity from the other pleiotropic
phenotypes associated with mitochondrial ETC inhibition. We found this to be extremely
interesting as it provides hope for identifying mechanisms specific to the longevity role of
the mitochondrial ETC that are distinct from its essential energetic role. Consistent with a
possible central role of CEH-23 in longevity, overexpression of ceh-23 is sufficient to
prolong lifespan in wildtype worms [68].
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The CEH-23 protein contains a highly conserved homeobox domain. Homeobox proteins
are predicted to bind DNA and act as transcription factors [69]. Consistent with a
transcription function, CEH-23 is expressed in the nucleus of both neuronal and intestinal
cells [68]. Unlike HIF-1 and CEP-1, little is known about how CEH-23 is regulated or the
identity of its downstream targets that are important for longevity. The only known role of
ceh-23in C. elegans s a possible function in AlY neuron differentiation. ceh-23 expression
is induced by TTX-3 in the AlY neuron, and elevated ceh-23 expression is required to
maintain one of the AlY differentiation markers, sra-11 [70]. However, no functional
defects in the Al'Y neurons have been detected in ceh-23 null mutants. Interestingly, ablation
of the AlY interneurons shortened the lifespan of wildtype and long-lived daf-2 mutant
worms, which positions the AI'Y neuron as an important determinant of longevity. However,
the CEH-23-mediated regulation of SRA-11 is unlikely to be important for the longevity of
ETC mutants, as sra-11 mutants do not exhibit a longer lifespan [71]. We previously
observed higher ceh-23 expression in the ETC mutants using both a transcriptional reporter
and RT-gPCR [68], indicating that ceh-23 might respond to mitochondrial dysfunction.
However, it is unclear whether the regulatory circuit observed during Al'Y neuron
differentiation is also responsible for the up-regulation of ceh-23 in ETC mutants or if
another signaling pathway activates ceh-23 expression in the ETC mutants. Nevertheless,
the neuronal and intestinal expression of CEH-23 is particularly interesting in the context of
data indicating that mitochondrial ETC inhibition in either of these tissues alone is sufficient
to alter the lifespan of the entire organism [72]. Further elaboration of CEH-23 functions
will likely illuminate how neuronal CEH-23 might respond to mitochondrial dysfunction to
modulate overall longevity.

UBL-5, DEV-1, ATFS-1: key regulators of mitochondrial unfolded protein

response

The lifespan of several ETC mutants is also mediated by the transcription factors UBL-5,
DVE-1, and ATFS-1, which govern the mitochondrial unfolded protein response (UPR™!), a
mechanism that monitors protein homeostasis and maintains proper protein function, in this
case, specifically in the mitochondria [72,73]. Upon mitochondrial dysfunction, UBL-5, a
ubiquitin-like protein, and the transcription factor DVE-1 are translocated from the
cytoplasm into intestinal nuclei and form a complex [74,75]. Reduced ubl-5 and dve-1 levels
via RNAI abrogated the longer lifespans of the ETC mutants isp-1 and clk-1 (albeit dve-1
RNA. also reduced the lifespan of wildtype animals) [72]. These long-lived ETC mutants
also rely on the cytoplasmic bZip transcription factor ATFS-1 to mitigate their
mitochondrial stress. These mutants do not tolerate the absence of atfs-1 and cannot develop
when grown on atfs-1 RNA. [76]. Given that ATFS-1 harbors both a nuclear and
mitochondrial localization signal, it is predicted to be a critical toggle between a stressed and
unstressed state, where it is shuttled to either the mitochondria or the nucleus depending on
the absence or presence of the UPR™!, respectively [76]. A perturbed UPR™ is also
deleterious for the short-lived ETC mutant mev-1, where RNAi-mediated knock down of
dve-1 and ubl-5 even further reduced the lifespan of these animals [77]. Notably, the UPR™!
in C. elegans can be visualized by the induction of hsp-6::gfp and hsp-60: : gfp—two
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mitochondrial chaperones, and all three of these transcription factors are required for this
induction [73].

Although UPR™! components clearly contribute to the lifespan-defining mechanisms of ETC
mutants, it remains unclear how an activated UPR™! can result in distinct lifespan outcomes
in response to different ETC perturbations. For example, while short-lived gas-1 mutants
display increased hsp-6::gfp expression, so do long-lived nuo-6 mutants, albeit at lower
levels compared to gas-1 [32]. Interestingly, a recent study demonstrated that the degree of
hsp-6::gfp induction actually correlated with the extent of lifespan increase in worms
inhibited for various mitochondrial ribosomal proteins (mrps) [78]. In this study, RNAi of
mrps-5 extended the lifespan of C. elegans mev-1 mutants but not of cco-1 mutants. Because
mev-1 mutants did not display a stoichiometric imbalance between the nuclear and
mitochondrial-encoded oxidative phosphorylation subunits but cco-1 did, and, consistently,
mev-1 RNAI did not induce hsp-6::gfp expression but cco-1 RNA. did, the authors proposed
that mrps knockdown extended the lifespan of mev-1 mutants by inducing a UPR™
specifically via perturbing the nuclear- to mitochondrial-encoded protein ratio of the
mitochondrial protein complexes [78]. However, other studies suggested that mev-1 mutants
did exhibit increased hsp-6::gfp expression [72,79] (Durieux et al. 2011; Runkel et al.,
2013). Thus, how important the mitochondrial protein imbalance is in activating the UPR™M!
and its effects on lifespan merit further investigation.

Several proteins mediate the signaling between unfolded/misfolded mitochondrial proteins
and nuclear-encoded gene expression characteristic of the UPR™, Upon mitochondrial
protein stress, the CIpP protease, in concert with its binding partner ClpX, degrade the
perturbed mitochondrial proteins [75,80]. The transporter HAF-1 then transports these
degraded peptides outside of the mitochondrial matrix [80]. This initiates a yet-to-be
thoroughly defined signaling cascade that promotes the relocalization of UBL-5 [74],
DVE-1, and ATFS-1 [75,80]. In parallel to the UPR™! pathway, the elF2a, kinase GCN-2
has also been demonstrated to be required for the longevity of clk-1 mutant animals [81].
Interestingly, instead of abolishing hsp-60::gfp expression, which would be consistent with
the requirement of GCN-2 in clk-1 mutant lifespan, gcn-2 deletion in clk-1 mutants actually
further increased hsp-60: : gfpexpression. Even more curious, knocking down the elF2a
phosphatase gsp-1, which acts in antithesis to the gcn-2 kinase, also attenuated the lifespan
of clk-1 mutants as well as hsp-60:: gfp expression. Therefore, at least in this context,
hsp-60:: gfp induction (i.e., UPR™! induction) does not simply correlate with a positive
outcome (lifespan extension) in the presence of ETC stress.

Additional factors have been documented to induce the UPR™M. For example, paraquat
induced both hsp-60::gfp and sod-3::gfp (a marker of ROS accumulation) expression in
worms [73,79]. A recent investigation by Runkel et al. into the paraquat-induced UPR™!
revealed that ATFS-1 was required for this hsp-60::gfp induction but HAF-1 was not.
Further, treating animals with the ROS scavenger NAC reduced the paraquat-induced
expression of hsp-60::gfp by 75%, suggesting that, whether directly or indirectly, ROS
induces a UPR™! [79]. Interestingly, when animals were treated with acrylamide, a
compound that induces cytoplasmic but not mitochondrial ROS, hsp-6::dfp expression
barely increased by 1.5-fold, further clarifying that ROS generated in the mitochondria are
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likely necessary to activate UPR™! [79]. Conversely, hsp-60::gfp expression was actually
induced, and not repressed, when clk-1 and isp-1 mutants were treated with the ROS
scavenger as corbate in another study [81]. Moreover, NAC treatment did not attenuate the
UPR™M and the longevity of mrps-5 mutants, also suggesting that these mechanisms are
ROS-independent. Therefore, while it appears that ROS and mitochondrial protein stress
share similar stress-response mechanisms, their interactions are not trivial and can even be
uncoupled.

The components of the UPR™! summarized above largely work cell-autonomously.
Intriguingly, UPR™! can also be induced via non-cell-autonomous signaling that may be
distinct from cell-autonomous signals. Knock down of the cytochrome c oxidase-1 cco-1 in
the neurons alone induced hsp-60:: gfp expression in the intestine and increased organismal
lifespan [72]. A “mitokine” signal was proposed to be induced upon mitochondrial
dysfunction in neurons and then transmitted to other cells in the animal, including the
intestine, to coordinate a systemic compensatory response. Although ubl-5 is required for
the long life and UPR™M induction of cco-1 mutants, these phenotypes were not affected
when ubl-5 was knocked down in intestinal cells in animals that were also neuronally
depleted for cco-1. While a neuronal signal can induce intestinal UPR™! with pro-longevity
effects, this signal does not rely on UBL-5, which appears to function exclusively in a cell-
autonomous manner in the intestine [72]. Further elaboration of the signaling components
mediating this non-cell-autonomous stress signal will be essential for a comprehensive
understanding of how an organism copes with mitochondrial protein homeostasis.

Mitochondrial ETC dysfunction induces complex transcriptional networks

Although we have discussed the activities of several transcription factors separately, it is
likely that at least some of these factors coordinate and act in a transcriptional network to
respond to mitochondrial ETC dysfunction. For example, HIF-1 can inhibit DNA damage-
induced apoptosis and CEP-1 activity in the germline [82]. Whether HIF-1, CEP-1, CEH-23,
the factors that mitigate the UPR™, and others collaborate in response to mitochondrial
dysfunction awaits further investigation.

Consistent with a complex transcriptional network, the link between mitochondrial
dysfunction and longevity is highly dependent on temporal and spatial regulation. Partial
inhibition of mitochondrial ETC function either by RNAi knockdown or pharmacological
intervention must occur prior to the fourth larval stage of development to confer a longer
lifespan in worms [6,17]. And while ETC inhibition in adulthood effectively reduced
respiration and ATP production, it had no effect on longevity [6]. Furthermore, using a
genetic trick to limit the RNAi-mediated inhibition of the ETC only during development, but
not after reaching adulthood, also extended lifespan robustly [6]. Collectively, these data
suggest that inactivation of ETC components during development is crucial for longevity
determination, and the signal initiated by the ETC stress maintains its effect later in life even
if the original stressor no longer exists. It is important to note that the ETC inhibition timing
requirement coincides with massive mitochondrial biosynthesis that accompanies germline
development, suggesting that ETC dysfunction at this stage might exert the most potent
effect. Looking forward, it will be important to determine whether and how the transcription

Free Radic Biol Med. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chang et al.

Page 12

factors and pathways we have discussed here respond to mitochondrial dysfunction in a
temporal-specific manner.

Tissue-specific mitochondrial function is also important for longevity determination.
Neuronal and intestinal tissues are key for the lifespan extension in ETC mutants [72]. For
example, inducing mitochondrial ETC dysfunction only in neurons or the intestine was
sufficient to promote the lifespan of the entire organism, whereas the same ETC defect in
the body wall muscle did not significantly alter lifespan. Similar findings also hold true in D.
melanogaster [83]. In C. elegans, some of the transcription factors that we have discussed
exhibit distinct expression patterns. For example, CEH-23 is expressed in the neurons and
intestine [68], CEP-1 is expressed in pharyngeal cells and the germline [84], and HIF-1 is
ubiquitously expressed in all somatic cells [85]. To clearly delineate the cell-autonomous
and non-cell-autonomous compensatory responses of mitochondrial ETC dysfunction, the
cell types/tissues where the various factors we have discussed, as well as others, act in to
modulate longevity must be investigated in the future. Given that ETC dysfunction can
trigger both cell-autonomous and non-cell-autonomous compensatory responses with
relatively strict temporal and spatial requirements [72], the existence of a complex and
collaborative transcriptional network is likely.

While we have focused our review on the transcription factors HIF-1, CEP-1, CEH-23 and
the UPRM inducers, emerging research suggests that many more transcriptional regulators
might respond to mitochondrial dysfunction and affect lifespan. Indeed, two independent
RNA. screens identified a total of nine additional transcription factors that likely participate
in longevity outcomes in response to ETC perturbation [68,86]. Therefore, further
investigation of how these promising new candidates act singly or cooperatively with known
transcription factors will likely lead to fruitful insights into the link between mitochondrial
dysfunction and longevity in C. elegans.

Dietary restriction likely modulates lifespan through a mechanism distinct

from that in ETC mutants

Dietary restriction (DR) has been shown to extend the lifespan of various organisms [87].
Despite the conflicting findings of its effects on the longevity of rhesus monkeys, the health
benefits of DR have consistently been observed [88-90]. In mammals, the effects of DR on
mitochondrial function have been studied extensively. DR has been shown to attenuate
mitochondrial ROS emission from ETC complex | [91-94], a poignant finding given that
increased ROS levels are one of the hallmarks of aging. Although there have been
conflicting data regarding how DR impacts mitochondrial proton leak [95-98], recent
evidence suggest that DR might in fact promote the efficiency of mitochondrial respiration
[99-102, also reviewed in 103]. Lastly, DR has been shown to reduce the sensitivity of
mitochondria to apoptosis stress, where less apoptosis is observed in DR animals [104,105]
Together, these mammalian studies suggest that the longevity effects of DR might depend
on altering mitochondrial functions. Consistent with this notion, the mitochondrial protein
deacetylase SIRT3 can be activated by an increased NAD+/NADH ratio under DR
conditions in mammals [106-108]. Furthermore, deacetylation of several factors has been
demonstrated to mediate the beneficial effects of DR. For example, deacetylation of SOD2
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is thought to reduce overall ROS in DR animals [109], and deacetylation of the
mitochondrial protein cyclophilinD in DR animals lowers their sensitivity to apoptosis by
delaying the opening of the mitochondrial permeability transition pore (mPTP), which is a
key step towards inducing apoptosis [105].

In C. elegans, dietary restriction can be implemented using various regimens, including
dilution of bacterial food on agar plates or in liquid culture, or complete bacterial
deprivation post reproduction, all of which extend the organismal lifespan robustly but are
thought to act through overlapping yet distinct pathways [110]. Similar to the mammalian
models, several DR interventions in C. elegans have been shown to increase mitochondrial
respiration [111-113], suggesting a conserved role for DR in mitochondrial function.
Contrary to the effects of DR on mitochondria, the ETC mutants described in this review
exhibit moderately reduced respiration and mitochondrial function. Several genetic studies
suggest that although both DR and moderate ETC dysfunction prolong lifespan, the
longevity phenotypes are likely mediated through distinct molecular players. For example,
the eat-2 mutant is commonly used to study DR in C. elegans. eat-2 encodes a subunit of a
ligand-gated channel of the pharyngeal muscle, thus eat-2 mutants exhibit a slower
pharyngeal pumping rate that reduces food intake [114]. Consistent with a role for DR in
longevity, eat-2 mutants live longer. Notably, the eat-2 mutant lifespan is further increased
with the addition of the ETC mutation nuo-6 (gm200), suggesting that eat-2-mediated DR
can act additively with mitochondrial dysfunction to prolong lifespan [13]. Moreover, the
extended lifespan of eat-2 mutants requires the transcription factor pha-4, but the long-lived
phenotype of isp-1 mutants does not [115]. However, the relationship between
mitochondrial dysfunction and DR in mediating lifespan is complicated by the epistatic
relationship between clk-1 and eat-2 mutations. Unlike the isp-1 and nuo-6 mutants, the
clk-1 mutation seems to activate a similar pathway to the eat-2 mutation, as the clk-1
(e2519) mutation does not further lengthen the lifespan of eat-2 mutants [114]. As discussed
in the previous section, clk-1 mutants have phenotypes that are quite distinct from the other
ETC mutants. The epistatic relationship between clk-1 and eat-2 further supports the idea
that clk-1 mutations trigger a longevity mechanism that might be distinct from other ETC
mutations.

While the mitochondrial ETC longevity and DR longevity pathways appear to be distinct,
they both promote the activity of the transcription factor skn-1 in C. elegans. SKN-1 is
required for the extended lifespan of DR worms when they are cultured in liquid media with
diluted bacteria as the food source [111]. Moreover, one of the skn-1 targets identified by
Park et al., nlp-7, is required for the prolonged lifespan of the eat-2 mutant [53], which
reinforces the pivotal role of skn-1 in DR-mediated longevity. As previously discussed,
while the roles of SKN-1 in the longevity of ETC mutants are still controversial, the activity
of SKN-1 is likely to be induced by mitochondrial ROS in the ASI neurons under ETC
stress [51]. Interestingly, under conditions of glucose deprivation, increased mitochondrial
respiration yields increases in ROS production, which is essential for the extended lifespan
associated with this type of glucose deprivation-mediated DR [113]. Notably, SKN-1
activation and its requirement for prolonged longevity is only observed in some DR
regimens but not all, suggesting that food availability plays a more complex role in lifespan
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than originally anticipated. How skn-1 affects longevity in response to ETC dysfunction is
equally complicated as discussed in the previous section. A comparison of the activities of
skn-1 under both ETC stress and DR stress may provide a more thorough look at the
contribution of skn-1 in modulating longevity in response to these perturbations.

Mammalian mitochondrial dysfunction and aging

Mitochondrial dysfunction in mammals has largely yielded detrimental effects. In humans,
inherited mitochondrial respiratory chain disorders encompass a large spectrum of clinical
symptoms, including muscle weakness, neurological disorders, and lactic acidosis [116].
These disorders occur approximately 1 in 5,000 live births [117]. Furthermore,
mitochondrial DNA itself accumulates mutations over time, and this has been proposed to
be a cause and not an effect of aging using mouse models deficient for mtDNA polymerase
proof reading activity. These mice not only lived shorter lives but also displayed premature
aging-related pathologies in multiple tissues [118]. Mitochondrial dysfunction has also been
observed in a variety of age-related human diseases, including neurodegeneration, type Il
diabetes, and cancer, where defects in nuclear-encoded proteins are suspected to contribute
to mitochondrial dysfunction and thus some of the observed disease symptoms [119]. Given
all these, how, if at all, could findings in C. elegans inform adaptive responses upon
mitochondrial dysfunction in mammals?

Since, as discussed earlier, the age-dependent decline of mitochondrial ETC function is
evolutionarily conserved, the presence of mitochondrial dysfunction-related aging
pathologies in mammals is consistent with what we see in C. elegans. Furthermore, several
mouse models of ETC dysfunction support the idea that mitochondrial ETC function also
modulates lifespan in mammals. Similar to what has been observed in C. elegans, reduced
function of the ubiquinone biosynthesis enzyme CLK-1/MCLKL1 in mice causes reduced
mitochondrial ETC function and extends lifespan [8,24,120]. While heterozygous loss of
MCLKZ1 induces long life, homozygous loss of MCLK1 is lethal, reminiscent of the threshold
model observed in C. elegans ETC mutants. In another model, Hughes et al. constructed
RISP (+/P224S) mice to mimic the C. elegansisp-1 (gqm150) mutation [121]. Similar to the
MCLK1 model, the homozygous RISP mutant mice are not viable. Decreased function of
RISP in mice reduces mitochondrial respiration in a substrate-dependent manner, where
only the electron transfer from complex Il to 111 to 1V is affected. Interestingly, RISP (+/
P224S) mice have a gender-specific longevity phenotype: only RISP (+/P224S) males are
short-lived. Even more curious, RISP (+/P224S) females that survive past the median wild-
type lifespan live slightly longer than wild-type mice. This suggests that RISP
heterozygosity is mildly protective for female mice later in life. The beneficial effect of
RISP (+/P224S) is reminiscent of the pro-longevity effect of the isp-1 mutation in C.
elegans. Lifespan data for isp-1 mutants, and for most lifespan experiments, were collected
using hermaphrodites, so a possible gender-specific effect would likely be overlooked in C.
elegans.

In addition to MCLK1 and RISP mutant mice, mice with dysfunctional SURF1 are also used
to study aging. One type of SURF1 mouse model harbors a prematurely truncated and highly
unstable SURF1 protein, SURF1!°%P [5]. As SURF1 encodes an assembly protein that is
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important for cytochrome ¢ oxidase (complex 1V) formation, SURF1!°*P mice have reduced
cytochrome oxidase activity and a long lifespan. In humans, SURF1 has been implicated in
Leigh syndrome, which is typically caused by mutations that disrupt mitochondrial function.
Moreover, patients with a cytochrome ¢ oxidase deficiency usually have mutations in
SURF1. While SURF1!9%P mice exhibit lifespan extension in response to a mild reduction in
ETC function, another SURF1 knockout mouse model exhibits the opposite longevity
phenotype: SURF1"° mice, which carry an allele of SURF1 with a neomycin-resistant
cassette [122], are actually short-lived. Curiously, these mice exhibit reduced cytochrome c
oxidase activity similar to the SURF1!°%P mice. Besides the short-lived phenotype,
SURF1"° mice also exhibit high embryonic lethality, which is not observed in SURF1!0xP
mice. These inconsistencies may be due to an artefact of using a NEO cassette, as explained
in Dell’Agnello et al., who pointed out that the SURF1!0XP-NEO-IoxP mjce also have high
embryonic lethality [5]. Taken together, several mouse models with ETC dysfunction
described here demonstrate that reduced mitochondrial ETC function can also lead to
lifespan extension in mammals, suggesting a possible conserved underlying mechanism
between worms and mice.

In addition to the effects on lifespan, the broad spectrum of pathological manifestation, from
relatively asymptomatic to severely debilitating, of mitochondrial respiratory chain disorders
echoes the pleiotropy of C. elegans mitochondrial ETC mutants. In humans, mitochondrial
DNA heteroplasmy, or a mixture of mutated and normal DNA within one cell, is one
phenomenon that can account for these differences [123]. In these cases, penetrance depends
on whether the presence of mutated mtDNA reaches a certain threshold in one or more
tissues to manifest in a disease phenotype. Such a threshold phenomenon is reminiscent to
the observations in C. elegans with dysfunctional mitochondria, where some ETC mutants
live shorter than normal, whereas others live longer than normal. Furthermore, it has been
observed that dietary intake and genetic background of individuals influence final
phenotypic outcomes of human patients and mammalian models of mitochondrial
dysfunction. Findings from C. elegans therefore could illuminate the cellular and organismal
compensatory responses that determine the phenotypic manifestations [26,44,79].

The emerging data reviewed here indicate that cells and organisms have a large capacity to
respond to mitochondrial stress, and different degrees of mitochondrial dysfunction likely
induce compensatory responses that lead to divergent phenotypic outcomes. While C.
elegans and mammals have very different physiologies, they likely share common cellular
and organismal adaptive signaling responses to dysfunctional mitochondria. Insights gained
from further analysis of the mechanistic basis of these responses in C. elegans and other
model systems could be harnessed to provide therapeutic opportunities aimed at improving
diverse mitochondrial disorders and possibly age-related diseases.
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Figure 1. Mitochondrial ETC dysfunction affects lifespan in C. elegans by inducing a
transcriptional network
Mitochondrial mutations trigger differential transcriptional responses by activating distinct

transcription factors. Red arrows indicate transcriptional pathways that are activated in long-
lived ETC mutants and are important for their lifespan extension. Blue arrows indicate the
transcriptional responses that are activated in the short-lived ETC mutants and are important
for limiting the lifespan of these animals.
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