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Abstract

Mitochondria are responsible for generating ATP and metabolic intermediates for biosynthesis.
These dual functions require the activity of the electron transport chain in the mitochondrial inner
membrane. The performance of these electron carriers is imperfect, resulting in release of
damaging reactive oxygen species. Thus, continued mitochondrial activity requires maintenance.
There are numerous means by which this quality control is ensured. Autophagy and selective
mitophagy are among them. However, the cell inevitably must compensate for declining quality
control by activating a variety of adaptations that entail the signaling of the presence of
mitochondrial dysfunction to the nucleus. The best known of these is the retrograde response. This
signaling pathway is triggered by the loss of mitochondrial membrane potential, which engages a
series of signal transduction proteins, and it culminates in the induction of a broad array of nuclear
target genes. One of the hallmarks of the retrograde response is its capacity to extend the
replicative life span of the cell. The retrograde signaling pathway interacts with several other
signaling pathways, such as TOR and ceramide signaling. All of these pathways respond to stress,
including metabolic stress. The retrograde response is also linked to both autophagy and
mitophagy at the gene and protein activation levels. Another quality control mechanism involves
age-asymmetry in the segregation of dysfunctional mitochondria. One of the processes that
impinge on this age-asymmetry is related to biogenesis of the organelle. Altogether, it is apparent
that mitochondrial quality control constitutes a complex network of processes, whose full
understanding will require a systems approach.
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1. Introduction

Maintenance of functional integrity operates at all levels of biological organization from the
molecular to the organismic. Significant resources are dedicated to this activity to guarantee
fitness in the face of natural selection. By the same token, the partitioning of resources to
maintenance cannot be to the detriment of their allocation to reproduction. This dual
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prerogative, maintenance and reproduction, leads to the dwindling investment of resources
in the former during the post-reproductive period and the emergence of biological aging,
according to evolutionary theory [1]. These considerations serve as a backdrop when
analyzing maintenance, because they point to the dynamic nature of maintenance processes
which are subject to the ravages associated with age. Less obvious is the redundancy with
which these processes are endowed. This redundancy constitutes a reservoir that is only
depleted with time.

The term quality control has recently been applied to designate maintenance of functional
integrity at the molecular and cellular levels. This is a useful way to encapsulate the notions
of dynamism and fitness into one with maintenance itself. Quality control lends a relative
flavor to maintenance, with emphasis on change over time. For this reason, this will be the
term of choice in this review.

The focus of this article is the mitochondrion, and particularly the yeast Saccharomyces
cerevisiae mitochondrion. Quality control in this organelle begins with its biogenesis, which
is discussed in great detail in accompanying articles. Yeast and animal cells employ
different strategies during mitochondrial biogenesis. In yeast, there is a coordination of
transcription of mitochondrial DNA (mtDNA) and mitochondrial protein genes in the
nuclear genome [2], while in animal cells deficient transcription of mtDNA results in the
overproduction of nuclear-encoded mitochondrial proteins [3]. Mitochondrial quality control
includes inner membrane protein and matrix protein surveillance, the purview of the m-
AAA protease and the Lon protease, respectively, which are discussed elsewhere in this
volume. The former activity is linked to the prohibitins, which form a ring structure in the
inner membrane and impact mitochondrial dynamics through the dynamin-like GTPase
Opal [4]. Damage and dysfunction accumulate nonetheless, and this triggers an adaptation
called the retrograde response [5, 6], which will be discussed in some detail here. Although
it is not strictly a quality control mechanism, it is a cellular maintenance mechanism that
compensates for the loss of mitochondrial quality, which inevitably occurs with age. The
retrograde response has regulatory links to autophagy, which constitutes an additional
mechanism that can enhance mitochondrial quality. Asymmetric segregation of
dysfunctional mitochondria is yet another quality control mechanism. One aspect of this
asymmetry is surprisingly related to mitochondrial biogenesis, bringing the discussion full
circle. Both autophagy and asymmetric segregation of mitochondria will be discussed
briefly here.

2. The Retrograde Response

2.1. Ramifications of the accumulation of unusual RNA species in mtDNA-deficient yeast

cells

In 1987, Parikh et al. [7] described the accumulation of a heterogeneous collection of
nuclear DNA-encoded transcripts in various mitochondrial petite yeast strains, lacking intact
mtDNA (rho~ or rhoY). This included polymerase I1-derived polyadenylated RNA
transcribed from rDNA [8]. The identification of the C/72gene transcript among these RNA
species and the importance of its 5”-flanking sequences in this gene induction solidified the
notion of retrograde signaling from the mitochondrion to the nucleus [9]. These studies also
pointed to a physiologic cooperation or compensation for the loss of mtDNA in rho? cells,
by enhanced expression of the peroxisomal citrate synthase encoded by C/72. Activation of
this gene has become a diagnostic for retrograde signaling.

Subsequent studies [10, 11] on a genome-wide scale have demonstrated an extensive and
varied set of transcriptional changes in rho® compared to rho™ cells. They include the
induction of a wide range of metabolic and stress response genes. Many of these gene
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regulatory events are also observed on treatment of cells with electron transport chain
inhibitors and uncouplers. It is apparent that retrograde signaling responds to mitochondrial
dysfunction by adapting cell metabolism to the loss of tricarboxylic acid (TCA) cycle
activity. The term retrograde response was coined to denote this fact.

The key element in the retrograde response is the support of the activity of a truncated TCA
cycle for production of biosynthetic intermediates (Fig. 1). Compromise of respiratory
function precludes activity of succinate dehydrogenase in the TCA cycle. However, the first
three enzymes of the cycle, citrate synthase, aconitase, and isocitrate dehydrogenase remain
active to generate a-ketoglutarate, which is a source of glutamate. Glutamate is the ultimate
donor of nitrogen in biosyntheses. This activity can only be sustained when there is a supply
of citrate. This supply is maintained in cells lacking respiratory function through the
activation of the glyoxylate cycle. C/72encodes the peroxisomal citrate synthase and
together with aconitase and isocitrate lyase gives rise to glyoxylate that can be converted to
malate by malate synthase through the addition of acetate. Malate dehydrogenase converts
malate to oxaloacetate which accepts acetate to form citrate in the citrate synthase reaction,
closing the glyoxylate cycle.

Oxaloacetate is replenished in the anaplerotic conversion of pyruvate to oxaloacetate. This
reaction is catalyzed by pyruvate carboxylase. The gene encoding this enzyme, PCY1, is
also induced in the retrograde response. Phosphoenolpyruvate carboxykinase, in turn,
converts oxaloacetate to phosphoenolpyruvate facilitating gluconeogenesis. The key to the
anabolic processes of glutamate synthesis and gluconeogenesis is the glyoxylate cycle. It
allows the utilization of simple, two-carbon compounds for the net synthesis of carbohydrate
and protein. It does so by conserving the two carbons of acetate, rather than releasing them
as carbon dioxide in the manner of the TCA cycle. Activation of the retrograde response is
accompanied by a remarkable proliferation of peroxisomes [11]. This portends the
stimulation of B-oxidation of fatty acids, which is confined to peroxisomes in yeast, and it is
consistent with the generation of acetate to fuel the glyoxylate cycle.

The retrograde response has been characterized as a gene-regulatory process, and there have
been no concerted metabolomics studies in support. However, metabolic changes consistent
with the transcriptional events have been documented in yeast cells in which the retrograde
response has been induced [9, 12]. Net utilization of the glyoxylate cycle occurs during
severe nutrient limitation in yeast [13]. Thus, glyoxylate cycle activity can be equated with
response to metabolic stress. This further supports the view that the retrograde response is an
adaptation to metabolic stress in yeast.

2.2. The retrograde signaling pathway

A genetic screen identified three genes essential for transduction of the retrograde signal.
These are the retrograde response genes R7G1, RTG2, and R7TG3[14-18]. RTG1and
RTG3encode the subunits of a heterodimeric transcription factor belonging to the basic,
helix-loop-helix, leucine zipper family. Rtg1-Rtg3 binds to the sequence GTCAC (R box) in
the promoters of retrograde response target genes [14, 15].

Rtg1-Rtg3 resides in the cytoplasm (Fig. 2). Activation of the retrograde response results in
its translocation to the nucleus [16, 17, 19]. This translocation requires Rtg2, which alters
the phosphorylation status of Rtg3 presumably due to phosphatase activity [17]. Rtg2 is thus
the focal point of retrograde regulation. Fully phosphorylated Rtg3 cannot enter the nucleus;
however, partial phosphorylation is necessary for its transcription-promoting activity.

MKS1 is a negative regulator of the retrograde response [18, 20-23]. It reversibly binds to
Rtg2, which prevents Mks1 from promoting hyperphosphorylation of Rtg3 and blocking
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Rtg1-Rtg3 translocation to the nucleus. This is another way in which Rtg2 has a positive
effect on retrograde signaling. MKks1 is removed by ubiquitin-mediated degradation,
facilitated by the action of Grrl which is a component of ubiquitin ligase [24]. Binding of
Mks1 by the 14-3-3 protein Bmh1/2 prevents this degradation [18, 24]. Thus, Grrl and
Bmh1/2 are positive and negative retrograde response regulators, respectively.

The retrograde response is activated in rho0 cells. A more severe mitochondrial defect
results from deletion of CRD1 in rha cells. CRD1I, the cardiolipin synthase gene, is not
essential for yeast viability at optimal growth temperatures. However, in a rho® background,
deletion of the gene leads to a variety of phenotypes, one of which is cell division delay
[25]. This delay is caused by the elevated expression of SWEI, which encodes a
morphogenesis checkpoint protein. The induction of SWEZ in the rho® crd mutant is
dependent on R7G2and RTG3[25].

One clue to the enlarged mitochondrial dysfunction in rho? cells carrying a deletion in
CRD1 comes from the finding that phosphatidyl glycerol and cardiolipin are needed for the
activation of inositolsphingolipid phospholipase C activity of Iscl in late logarithmic growth
phase [26]. Isc1 translocates from the endoplasmic reticulum to the mitochondrion in late
logarithmic phase, and its activity increases dramatically due to enzyme activation for which
the cardiolipin could be uniquely required [27]. Iscl is similar to mammalian
sphingomyelinases in generating ceramide, which is likely to possess downstream targets.
The deletion of /SCI results in a failure to up-regulate a wide array of genes associated with
the late-logarithmic growth phase metabolic adaptation called the diauxic shift in yeast [28].
This gene-regulation defect is similar to that found in rho® cells. However, the retrograde
response is not induced in the /scZ mutant. Thus, ceramide signaling mediated by Isc1 may
activate a pathway parallel to retrograde signaling.

It has recently been shown that Iscl is an upstream regulator of Sit4, the catalytic subunit of
the protein phosphatase 2A which is activated by ceramide [29]. Protein phosphatase 2A is
also regulated by target of rapamycin complex 1 (TORCL1). Thus, the pathway parallel to
retrograde signaling in which ceramide functions may be mediated by TORC1. Ceramide
has long been known to arrest cells in the G, phase of the cell cycle by activating protein
phosphatase 2A [30]. /SCZ interacts with cell cycle checkpoint genes and in particular with
SWE1[31]. This may be another way in which ceramide can arrest cell cycle progression.
Thus, retrograde signaling may affect expression of SWEZ, as indicated above, while /SCI-
mediated ceramide signaling would affect the activity of the Swel protein.

Recently, two other pathways of signaling from the mitochondrion to the nucleus have been
identified. One of them has been named mitochondrial back-signaling [32]. This pathway is
activated upon deletion of the AFO/ MRPLZ25 gene, which encodes a protein found in
mitochondrial ribosomes. Activation of mitochondrial back-signaling results in the
extension of replicative life span, similar to what occurs in the retrograde response, as
discussed below. This effect of back-signaling requires an active TORC1 and the
transcription factor Sfp1, which regulates cytoplasmic ribosome synthesis. This signaling
pathway is activated in rho? cells grown on glucose in a strain in which retrograde response
signaling is repressed by this carbon source. The retrograde response is activated in rho®
cells of this strain on the non-repressive carbon source raffinose. However, the interaction of
retrograde signaling and back-signaling was not examined. It will be interesting to determine
the relationship of these two pathways.

Another presumed pathway that appears to involve communication between the
mitochondrion and the nucleus involves the set of mitochondrial proteins that activate
translation of mtDNA-encoded proteins [33]. These protein activators are called the
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mitochondrial translation complex (MTC). The deletion of the nuclear genes encoding these
specialized translation factors leads to replicative life span extension, which is dependent on
the Sir2 histone deacetylase. This effect appears independent of retrograde signaling.
However, any interaction between the two pathways has not been examined. It should be
pointed out that downregulation of mitochondrial protein synthesis by erythromycin was
shown quite some time ago to extend yeast replicative life span [34].

2.3. Crosstalk between retrograde and other signaling pathways

Deletion of RAS2 abrogates the retrograde response [35]. This G-protein can operate in a
cAMP-dependent or independent pathway [36]. It is not clear which of these is important for
retrograde signaling. MKSZ was first identified as a negative regulator of the Ras2-cAMP
pathway [37]. This would be consistent with the involvement of the Ras2-cAMP pathway in
retrograde signaling, but Mks1 could function independently in both Ras2 pathways. As
discussed in more detail below, activation of the retrograde response extends yeast
replicative life span [35]. RASZhas a positive effect on yeast replicative life span [36], as
well. However, this positive effect is exerted through the cAMP-independent pathway. This
would suggest that it is the cAMP-independent pathway that impinges on retrograde
signaling. As discussed above for Mks1, however, these pathways may not converge. Thus,
the involvement of the Ras2-cAMP-dependent versus independent pathways in the
retrograde response remains an open question. Indeed, it is possible that each plays a role.

TORC1 signaling inhibits the retrograde response. Inhibition of TORCL1 by rapamycin
activates retrograde response target genes in an Rtg2-dependent manner [38]. Other studies
point to TORCL inhibition of retrograde signaling at the level of Rtg1l-Rtg3 [39, 40]. The
WD-protein Lst8 is a component of the TORC1 complex [41-43]. It was identified as a
negative regulator of retrograde signaling, acting both upstream and downstream of Rtg2
[44]. Thus, it is probable that TORCL1 inhibits the retrograde response at multiple points.

There appears to be negative feedback from dysfunctional mitochondria to TORCL1 [45]. In
rhoO cells or in rho* cells treated with a mitochondrial uncoupler, the TORC1-mediated
phosphorylation of Sch9, an AGC protein kinase family member, is down-regulated. Sch9 is
normally activated by phosphorylation. Its activity antagonizes stress responses under the
control of the Msn2—Msn4 transcription factor and promotes ribosome biogenesis [46]. Sch9
negatively regulates protein kinase A activity, exerting an effect on cell growth, metabolism,
and stress resistance [47]. Protein kinase A negatively regulates the Msn2—Msn4 mediated
stress responses. However, it also feedback inhibits its own activation, explaining the chain
of events following the effect of dysfunctional mitochondria on TORCL. Interestingly,
osmatic stress transiently reduces Sch9 phosphorylation by TORCL1 [46]. The response to
osmotic stress recruits the Rtg1-Rtg3 transcription factor [48]. In summary, the observations
described here suggest a complex effect of mitochondrial dysfunction on the signaling
pathways that regulate metabolism and stress responses (Fig. 3). They also indicate that
retrograde signaling responds not only to metabolic stress but to other types of stress as well.

2.4. External signals impinging upon retrograde signaling

The protein complexes TORC1 and TORC2 are distinct in that the former contains both
Torl and Tor2 and is sensitive to rapamycin while the latter only possesses Tor2 and is
resistant to this drug [49]. Nutrients have a positive effect on TORC1/2 signaling. However,
it is not clear how they exert this effect. Similarly, availability of glucose activates the Ras-
CcAMP pathway in yeast, but the manner in which this occurs is not well understood. Thus,
the involvement of TORC1 and Ras2 in the retrograde response may or may not be the
result of nutrient sensing. There are also other ways in which nutrients are known to impinge
on retrograde signaling.
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The amino acid sensor SPS, composed of the amino acid sensor in the plasma membrane
Ssy1 and the downstream effectors Ptr3 and Ssy5, responds to the presence of the amino
acids glutamate and glutamine in the growth medium [50]. Certain LS78 mutants activate
the retrograde response and depending on the particular mutation do this in an R7G2-
dependent or independent manner [51]. The former are similar to mutants in the SPS sensor
[52], suggesting a link between nutrient sensing and retrograde signaling. Glutamate and
aspartate have a repressive effect on the retrograde response, consistent with its role in
providing glutamate in the absence of an active TCA cycle [5], while R7G gene mutants are
glutamate auxotrophs [14, 15]. It is also well known that retrograde signaling is repressed by
glucose, at least in some yeast strains [9] though the mechanism is not known. It is possible
that this is somehow tied into the Ras2 pathway.

2.5. Rtg2 has multiple roles

Rtg2 has the molecular features of a phosphatase, including an N-terminal ATP binding
domain [53]. This ATP binding domain is essential for the function of Rtg2 [18], including
Rtg3 dephosphorylation and translocation of the Rtg1-Rtg3 transcription factor to the
nucleus. There is more to the function of Rtg2 in retrograde signaling, however.

Rtg2 has been found to be an integral component of the SLIK (SAGA-like) transcriptional
activation complex, which contains the histone acetyltranferase Gen5 [54]. In addition to the
absence of Rtg2, SLIK differs from SAGA by the absence of Spt8 and the truncation of
Spt7. SAGA is recruited to gene promoters by the AD1 domains of transcription factors
[55], and Rtg3 possesses this motif suggesting that SLIK and Rtg3 interact. SLIK (with
Rtg?2) binds to the C/72promoter in vivo suggesting that chromatin modification plays a
role in the induction of at least some retrograde response target genes. SLIK and SAGA
activate only partially overlapping sets of genes; thus, SLIK may be the primary activator of
retrograde response target genes. Certainly, chromatin modification is necessary for the
retrograde response, as deletion of GCN5 prevents C/72induction and also curtails yeast
replicative life span in rho? cells [56].

A curious feature of activation of the retrograde response is the production and accumulation
of episomal circles derived from rDNA [57], which are termed extrachromosomal ribosomal
DNA circles (ERC). This is a form of genome instability. High ERC levels curtail the yeast
replicative life span [58]. ERC accumulate progressively during the replicative life span
whether the cells are rho* or rho®, although the levels are always higher in the latter, and the
rho* cells do not become rho® during replicative aging [59]. In parallel to this ERC
accumulation, the retrograde response is progressively activated during the replicative life
span [59]. This indicates that a source of mitochondrial dysfunction other than loss of
mtDNA normally triggers the retrograde response and ERC accumulation. Indeed, activation
of the retrograde response can occur in the presence of mtDNA, as noted above. One of the
retrograde response target genes is ACOJ. This gene not only performs a metabolic
function, but it also promotes mtDNA stability, as Acol is a component of the mitochondrial
nucleoid, in which it can replace Abf2 function [60].

Loss of heterozygosity, another form of genome instability, and petite formation accelerate
in the daughters of diploid yeast cells as the mother cells become replicatively older [61].
Loss of heterozygosity occurs when one of the alleles of a gene normally present is missing.
The relationship between ERC production and loss of heterozygosity in normally aging cells
is not clear at present, and it may not be correct to equate events in diploid with those in
haploid cells, which have been used in most yeast aging studies. As will be discussed below,
age asymmetry and its progressive loss during the replicative life span are features of normal
yeast aging, and ERC are segregated asymmetrically during yeast cell division [58, 62]
although the mechanism is not entirely clear [63-65].
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The relationship between ERC and retrograde signaling is mechanistic. Rtg2 not only is a
signal transducer in the retrograde response, but it also is involved in suppression of genome
instability. This was initially found as its ability to prevent the expansion of trinucleotide
repeats that were artificially introduced into the yeast genome [66]. It was further shown that
this protein suppresses ERC formation [59]. Rtg2 lies at a branch point in the retrograde
pathway; it either extends the replicative life span by transducing the retrograde response
signal, or it suppresses genome instability. It is not present in amounts sufficient to perform
both functions effectively [59]. This explains the accumulation of ERC in rho? cells.
However, it is not known whether Rtg2 acts alone in preventing ERC accumulation. It does
not appear to do so as a component of SLIK. This is because deletion of GCN5 suppresses
ERC formation, while abrogating the induction of C/72and life span extension [56]. This
implies that disruption of SLIK and release of Rtg2 on deletion of GCN5 makes Rtg2
available to suppress ERC formation.

2.6. Loss of mitochondrial membrane potential triggers the retrograde pathway

Activation of the retrograde response occurs during normal replicative aging in rho* yeast
cells [59]. Together with the fact that its constitutive activation in certain yeast strains
extends their replicative life span, this suggests that yeast cells live as long as they do
because they respond to mitochondrial dysfunction during aging by activating a
compensatory adaptation, the retrograde response. What is the signal generated by
dysfunctional mitochondria that triggers the retrograde signaling pathway? This has been a
missing piece to the retrograde signaling puzzle until recently.

With increasing replicative age, yeast mitochondria lose membrane potential [67]. These
mitochondrial changes are associated with an increase in reactive oxygen species (ROS)
production [68] and protein oxidation [69]. Ultimately yeast cells die apoptotically at the
end of their replicative life spans [68]. Changes in mitochondrial membrane potential
(MMP) can result in ROS production [70], and interruption of the electron transport chain at
virtually any point can result in ROS generation [71, 72]. Thus, either decreased MMP alone
and/or ROS production are candidates for the mitochondria-proximal trigger of the
retrograde response. This issue was resolved recently.

MMP was manipulated in yeast cells regardless of the presence or absence of mtDNA [73].
Raising the MMP in rho? cells by expression of a hyperactive F1-ATPase prevented
translocation of Rtg3 to the nucleus and induction of the four retrograde response target
genes tested. It also suppressed replicative life span extension seen in the rho? cells.
Lowering the MMP in rho* cells by deletion of COX4 stimulated Rtg3 translocation to the
nucleus and C/T72expression, while extending life span. Treatment of cells with the free
radical scavenger phenyl fertbutyl nitrone (PBN) in concentrations that eliminate ROS
substantially had no effect on C/72induction or life span extension. These results indicate
that falling MMP is the mitochondrial signal that elicits the retrograde response and that this
effect is not mediated by elevated ROS. The question remains how this signal is “read” by
Rtg2, the signal transducer proximal to the mitochondrion in the pathway.

The decrease in MMP in rho? cells is associated with the accumulation of ERC, as indicated
earlier. As expected, raising the MMP in these cells by expression of the hyperactive F1-
ATPase prevents this accumulation [73]. Interestingly, lowering the MMP in rho™ cells by
deletion of the COX4 gene did not result in an increase in ERC production, even though the
retrograde response was induced. This induction is weaker than in rho? cells, and it may not
fully engage Rtg2 leaving some available to suppress ERC production. The situation is a bit
more complicated, however. The results suggest that there are signals generated by mtDNA
or mitochondrial nucleoid defects that contribute to retrograde signaling. These signals may
reflect the action of so-called inter-genomic signaling, which appears to by-pass Rtg2 and to
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act directly upon Rtg3 to extend replicative life span in rho? cells [74]. The model in Fig. 4
takes into account these nuances and provides a framework for further experiments.

2.7. A retrograde response in organisms other than yeast

It was proposed some time ago that a retrograde response exists in Caenorhabditis elegans
and that it is involved in determining its life span [35]. This conclusion was based on the up-
regulation of the glyoxylate cycle during aging in this worm, as well as in certain mutants
that show an increased life span [75]. Later, life span extension was observed on knockdown
of certain mitochondrial protein genes by RNAI [76, 77]. Finally, a systematic search for
genes whose knockdown extends worm life span has led to the conclusion that a retrograde
response indeed extends worm longevity [78].

Recent studies shed new light on the “retrograde response” in C. elegans. Knockdown of
anyone of several respiratory chain genes including cco-1 extends life span and activates the
hypoxia-inducible transcription factor HIF-1 [79]. This effect appears to be mediated by
elevation of ROS during respiratory stress. In another study, it was shown that
downregulation of COX4 (cco-1) by RNAI extends life span and concomitantly activates the
mitochondrial unfolded protein response in the worm [80]. The induction of nuclear gene
expression requires the transcription factors UBL-5 and DVE-1 in this case, and it is cell-
non-autonomous implying the secretion of a “mitokine” by certain cells to which other cells
respond. In a third study, an RNAI screen identified the predicted transcription factor
CEH-23 as uniquely responsible for the longevity increase in worms with reduced
mitochondrial electron transport chain function [81]. In each of the above studies, the
respective transcription factors were shown to be necessary and sufficient for life span
extension, begging the question of the nature of the mutual relationships of the responses
observed.

Recent studies in Drosophila melanogaster also point to a retrograde response. The first
characterized a variety of RNA. strains that displayed knockdown of several respiratory
chain components. Many of these displayed an increase in life span [82]. A mutant in a gene
called sbothat is involved in coenzyme Q biosynthesis was isolated and demonstrated to
extend life span as well [83].

Studies in mice also point to a retrograde response, though it is not likely that it involves a
glyoxylate cycle. Reduced activity of MCLK1, needed for coenzyme Q biosynthesis, results
in a compromised electron transport chain and markedly increased life span with no
apparent tradeoff in growth or fertility [84, 85]. Disruption of complex 1V assembly in a
SURF1 knockout also substantially increased longevity [86]. It is likely that these mouse
retrograde responses utilize very different signal transduction proteins than the yeast R7G
genes [6].

Mitochondrial respiratory defects have been known for quite some time to elicit expression
of nuclear genes in mammalian cells [6]. Several potential signaling pathways have been
implicated, including calcium-signaling and NFxB-signaling. NFxB is a master regulator
that is conserved in phylogeny, and it responds to a wide range of stress signals including
ROS [87]. It is also associated with mitochondrial biogenesis [87]. A mitochondria-specific
stress response activated by aggregation of ornithine decarboxylase has also been described
[88]. This response may be similar to the mitochondrial unfolded protein response in C
elegans, described above; however, it specifically involves the CHOP transcription factor.

Loss of mtDNA in human cells results in many gene expression changes that differ from one
study to the next [6]. A side-by-side comparison of gene expression differences in rho*/rho®
pairs of three different human cell types showed that these changes are quite heterogeneous
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between cell types and may reflect cellular pathology [89, 90]. However, there were a
handful of gene expression changes that was consistent across cell types. They reflect a
compensation for loss of respiratory function through stimulation of glycolysis, enhanced
protection from ROS, and compensation for genome instability. In many ways, these gene
expression changes mirror the physiologic events in yeast cells in which the retrograde
response is activated. Among the genes activated across cell types was c-Myec, a basic, helix-
loop-helix, leucine zipper transcription factor. A bioinformatics analysis has shown that the
Myc-Max heterodimer is homologous to the heterodimer of the basic, helix-loop-helix,
leucine zipper transcription factor Rtgl-Rtg3 [87]. Interestingly, NFxB has two binding
sites for Myc, suggesting that the mammalian retrograde response may not choose between
NF«xB and Myc. However, homologues of Rtg2 have not yet been found in mammals, thus
this critical element in yeast retrograde signaling is still missing.

The replicative senescence of normal human diploid fibroblasts is delayed by mild
mitochondrial uncoupling using dinitrophenol to lower MMP [91]. This treatment lowers
ROS production, reduces telomere shortening, prevents the appearance of DNA repair foci
in the nucleus, and induces a variety of gene expression changes. It also extends cell
replicative life span. Thus, mammalian cells not only display many of the molecular features
of yeast retrograde signaling, but they also present the cellular outcome of extended life span
that characterizes the retrograde response.

3. Autophagy and mitophagy in mitochondrial quality control

3.1. Role of the retrograde response and ceramide signaling in autophagy

Autophagy is a gene-regulated process by which diverse cytoplasmic components, including
mitochondria, are delivered to the lysosome, in yeast represented by the vacuole, for
degradation [92]. This process has at least three related roles: During periods of starvation, it
provides building blocks for biosynthesis, in particular amino acids for protein synthesis. It
facilitates remodeling of the cell in response to stress, including metabolic stress.
Importantly for this discussion, it serves to remove damaged and dysfunctional molecules
and organelles, such as mitochondria. General autophagy is a non-selective process.

Not surprisingly given its role in nutrient sensing, TORC1 regulates autophagy. Inhibition of
TORCL1 in fact triggers it, because the cell senses this as a starvation state. TORC1 blocks
autophagy by phosphorylating Atg13, which is an essential component of the Atgl kinase
complex that is required for autophagy [93]. Nitrogen starvation induces autophagy in yeast.
Interestingly, deletion of /P71 and SKNI augments this autophagy without inducing
apoptosis [94]. These genes encode the enzymes involved in the synthesis of yeast
sphingolipids, the mannosyldiinositolphorphylceramides. Thus, these complex ceramides
may modulate autophagy, limiting its extent. The direct precursor of sphingolipids in
mammalian cells is ceramide. Along with sphingosine-1-phosphate, ceramide stimulates
autophagy in mammalian cells [95]. Sphingosine and ceramide are precursors of complex
sphingolipids. This suggests that the balance in sphingolipid biosynthetic activity can tip the
scale in autophagy from quality control to wholesale degradation and remodeling. However,
the mechanisms underlying the effects of the various sphingolipid species on autophagy are
poorly understood.

TORCL1 is not the only TOR complex that can regulate autophagy. TORC2 also has this
potential because it regulates ceramide synthase activity [96]. It does so through the Ypk2
protein kinase, an AGC protein kinase family member. TORC?2 in the presence of nutrients
stimulates ceramide synthesis. This would provide the substrate for
mannosyldiinositolphosphorylceramide, which attenuates autophagy [94]. In contrast, stress
inhibits ceramide synthase activity through calcineurin, a calcium/calmodulin-dependent
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protein phosphatase [96]. Thus, stress would potentiate autophagy. Taken together the
findings described above suggest that TORC1 is a major regulator of autophagy, while
TORC?2 fine tunes the process.

The response to mitochondrial dysfunction may be linked to ceramide synthase activity,
located in the endoplasmic reticulum membrane. Two homologous proteins possess
ceramide synthase activity in yeast, Lagl and Lacl [97-99]. They are encoded by the
longevity assurance gene LAGI and its homolog LACI [97, 100]. Their orthologs in human,
LASS1-6, encode the six human ceramide synthases, Lass1-6 [101-103]. The LACI gene
is coordinately regulated with PDR5and other members of the multi-drug resistance family
of membrane transporters in yeast [104]. PDR5 is activated in rho0 cells by retrograde
signaling and by mechanisms independent of the R7G genes in the presence of other
mitochondrial defects [105]. This is also the case for the other transporters in this family
[106]. It is possible that LACI also responds to certain mitochondrial defects. A connection
between the mitochondrion and the endoplasmic reticulum involving a physical junction has
been identified, and it has been proposed to regulate mitochondrial biology [107]. This
regulation may involve ceramide synthase. Ceramide signaling plays an important role in a
variety of cellular processes, including cell cycle control and stress resistance [108]. The
LAGI ceramide synthase gene in yeast determines yeast replicative life span [100], and this
function is finely tuned [109].

3.1. The retrograde response and mitophagy

Mitophagy is the term given to selective removal of mitochondria by autophagy [110, 111].
Mitophagy utilizes the same machinery as autophagy; however, the process becomes
selective through the participation of Atg32, which tags mitochondria for elimination [112—
116]. The mitochondrial fission-fusion cycle appears to play a supporting role in mitophagy.
Deletion of the DNM1 gene, which is required for fission, reduces mitophagy without
eliminating it entirely [114]. It also extends yeast replicative life span [117], which would
potentially retain the function of mitophagy in mitochondrial quality control. Thus, the
operation of mitophagy, at least at a reduced level, is compatible with an increase in yeast
fitness, while extensive mitophagy may not be beneficial.

Retrograde signaling appears to be important for mitophagy, at least in stationary phase
[118]. Induction of mitophagy goes hand in hand with the activation of the retrograde
response, and this process requires the AUPI gene. Furthermore, deletion of AUPI prevents
retrograde signaling and expression of retrograde target genes, and deletion of R7G3
suppresses stationary phase mitophagy. The phosphorylation pattern on Rtg3 is dependent
on Aupl. AUPI encodes a protein phosphatase localized to the intramembrane space in the
mitochondrion. The relationship of this protein and its potential interactions with Rtg2
remain to be examined. It is possible that it may by-pass Rtg2 to alter Rtg3 phosphorylation
status.

4. Asymmetric segregation of mitochondria and quality control

Mitochondrial dynamics are highly complex, and they are responsive to growth state and
stress [119]. These dynamics involve the fission-fusion cycle already mentioned earlier, and
they engage many proteins operating in multiple pathways to facilitate mitochondrial
inheritance [120]. During cell division, approximately equal amounts of mitochondria find
their way into the mother and daughter cells [121]. Is this all that there is to mitochondrial
segregation?

Mitochondria are constantly exposed to ROS, resulting in damage, which is mitigated
through the quality control processes discussed earlier. This quality control may be
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sufficient from the perspective of the individual cell; however, it apparently does not suffice
for the yeast clone or population. The retrograde response which is progressively activated
to compensate for accumulating mitochondrial dysfunction during the yeast replicative life
span attests to this. However, the survival of the clone requires that daughter cells have the
capacity for a full replicative life span; they must be born young [122], a process that breaks
down with advancing age of the mother cell [123, 124].

This is a good point for a brief digression. Mention has been made of the yeast replicative
life span. This requires some definition. An individual yeast cell is not immortal. It divides a
limited number of times and dies [122]. The daughters that are produced at each cell
division have in principle the capacity for a full replicative life span, while the mothers have
an ever decreasing remaining replicative life span. | have called this the cell spiral to denote
the progression of consecutive cell cycles [125, 126]. This leads to the concept of age
asymmetry [67, 127], which as indicated above breaks down with advancing age of the
mother cell [123, 124]. The distinction between mother and daughter is easily made in yeast,
because the daughter cell is smaller at the time of birth than its mother. This makes possible
the measurement of yeast replicative life spans which are determined for individual cells by
micromanipulation. Asymmetry, whether structural or functional, forms the basis for a
theory of aging [127]. The asymmetry may be like that found between mother and daughter
yeast cell or between the soma and the germ line.

Old yeast cells show high levels of ROS production [68]. This is a progressive feature of
yeast aging [128]. During the replicative life span, there is a loss of MMP [67] and a
concomitant increase in carbonylated aconitase [69]. This is accompanied by fragmentation
of mitochondria [67, 128]. These manifestations of mitochondrial dysfunction are not
inherited by the daughters [67, 69, 128], at least until later in the life span of the mother
cells. The accumulation of aberrant mitochondria and their segregation to daughter cells is
accelerated in so-called yeast age-asymmetry mutants, one of which was characterized in
detail [67]. This conditional mutant in the A7P2gene produced daughter cells that
possessed the same replicative age as the mother cell at birth; thus, the daughters were born
old. Asymmetric segregation of bulk mitochondria between mother and daughter cells may
not occur [121]. However, a mutation in MMR1, which encodes a protein that tethers
mitochondria to the bud tip, disrupts the segregation of dysfunctional mitochondria to the
mother and produces heterogeneity in replicative life span [129]. The studies cited here
suggest that asymmetric segregation of damaged and dysfunctional mitochondria constitutes
another quality control mechanism.

The ATPZage-asymmetry mutant mentioned here does not affect protein function of the
Bsubunit of ATP synthase which it encodes [67]. Instead, it has a subtle effect on the
kinetics of import of the protein into mitochondria [130]. It takes several generations for this
defect to manifest itself phenotypically. The A7P2mutant can be suppressed by multiple
copies of the PEX6 gene, which encodes a peroxin. Pex6 performs the function of a
chaperone in peroxisomal biogenesis. The ortholog of Pex6 in human is mutated in
Zellweger syndrome. The suppression of the afp2 mutant, both in vivo and in vitro, indicates
that Pex6 also can perform a chaperone function in mitochondrial biogenesis, which requires
its ATP binding and hydrolysis activity [130]. Thus, this aspect of mitochondrial quality
control through mechanisms involving age-asymmetry in segregation of damaged and
dysfunctional mitochondria is related to the biogenesis of this organelle.

5. Conclusions

Mitochondria are not generated de novo by cells. Some mitochondrial material must be
present to provide a template of sorts. Thus, mitochondrial quality control is of great
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importance in maintaining cell function. Autophagy and the selective process of mitophagy
play significant roles in this quality control. This emerging insight expands the scope of
mitophagy and autophagy, which have been considered mainly as a response to starvation or
as an adaptation to changing metabolic needs. Studies in yeast have been particularly
illuminating in this regard. There appears to be a fine balance to the extent to which
autophagy and mitophagy are induced. This balance is struck through the action of
retrograde and ceramide signaling, both of which determine yeast replicative life span. The
implication is that some but not excessive recycling of mitochondria has a salutary effect on
longevity.

The retrograde response compensates for accumulating mitochondrial dysfunction as yeasts
progress through their replicative life span. This raises the notion that mitochondrial quality
control is not sufficient to maintain this organelle over a cell’s lifetime. It is consistent with
the decline in the force of natural selection with replicative age and the necessity to devote
resources to the production of daughter cells and not only to maintenance. Curiously, there
is a link between the retrograde response and mitochondrial quality control in the form of
autophagy and mitophagy, suggesting coordination in the cell’s responses to mitochondrial
damage.

The retrograde response signaling pathway is subject to crosstalk with several other
signaling pathways in the cell. Thus, it is embedded in a complex network of cellular
responses. These responses appear related to various types of stress, including metabolic
stress. The retrograde response is progressively induced as mitochondrial dysfunction
increases. There is a threshold of dysfunction that appears to augment retrograde signaling
with another mitochondrial response involving ceramide signaling by Iscl that can directly
impact the cell division cycle in yeast. In addition to the typical retrograde response, there
are at least two other types of response to mitochondrial dysfunction that are independent of
the retrograde signal transducers. Their relationship to retrograde signaling is not clear at
present.

Age-asymmetry in the segregation of dysfunctional mitochondria is yet another form of
mitochondrial quality control. This age-asymmetry mechanism is responsible for the fact
that daughters are born young by receiving only functional mitochondria. It represents the
cost of reproduction in yeast, because the mothers retain the dysfunctional mitochondria.
Even this mechanism, however, breaks down with replicative age. Interestingly,
maintenance of age-asymmetry is at least in part related to mitochondrial biogenesis. This
brings the processes of mitochondrial quality control full circle to the accurate biogenesis of
this organelle in the first place.

Our understanding of mitochondrial quality control has benefited greatly from genetic
dissection in yeast of the several pathways and processes it entails. It is clear that these
pathways and processes are coordinated. However, our ability to make sense of this
coordination in a way that allows us to predict outcomes is limited due to the complexity of
this network. A systems approach, which includes mathematical modeling and computer
simulation, will be useful in predicting the behavior of this nonlinear system. This approach
will facilitate the formulation of new hypotheses for experimental testing.
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Fig. 1.

The retrograde response keys production of biosynthetic intermediates. Respiratory chain
deficiencies render the reactions of the TCA cycle that convert succinate to oxaloacetate
inoperable. However, the TCA cycle can be fueled by citrate generated in the glyoxylate
cycle, which only requires a source of acetyl-CoA. This acetyl-CoA can be supplied by the
[B-oxidation of fatty acids or from other sources. This cooperation with the glyoxylate cycle
allows the TCA cycle to remain as a net source of glutamate for biosynthesis. The TCA
cycle can also be sustained by the anaplerotic conversion of pyruvate to oxaloacetate in
reactions initiated by pyruvate carboxylase. The acetyl-CoA required to synthesize citrate
from oxaloacetate in the TCA cycle is derived from pyruvate, as well. Oxaloacetate can also
be a substrate for gluconeogenesis and for aspartate synthesis. The TCA cycle is located in
the mitochondrial matrix, while the glyoxylate cycle and B-oxidation of fatty acids are found
in peroxisomes. The remaining reactions occur in the cytoplasm. Retrograde response target
genes are shown in red. ACSJ, acetyl-coenzyme A synthetase; PYCI, pyruvate carboxylase;
CIT1, mitochondrial citrate synthase; ACOJ, aconitase; /DH1/2, isocitrate dehydrogenases 1
and 2; C/T2, peroxisomal citrate synthase.
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Fig. 2.

The retrograde signaling pathway. A signal from dysfunctional mitochondria is transduced
by Rtg2 to the heterodimeric transcription factor Rtg1-Rtg3. The phosphatase activity of
Rtg2 may partially dephosphorylate Rtg3, facilitating the translocation of Rtg1-Rtg3 into
the nucleus, where it induces the expression of a wide array of retrograde response target
genes. The retrograde transcription factor is aided in this gene induction by the
transcriptional co-activator complex SLIK (SAGA-like), which contains Rtg2 as an integral
component. The translocation of Rtg1-Rtg3 into the nucleus is inhibited by Mks1, which in
a complex with the 14-3-3 proteins Bmh1/2 promotes hyperphosphorylation of Rtg3. Rtg2
can prevent this by sequestering Mks1. Mks1 is degraded by a ubiquitin-dependent
mechanism, involving the ubiquitin ligase Grrl. The nutrient-sensing TORC1, one subunit
of which is the WD-protein Lst8 a know retrograde response regulator, inhibits retrograde
signaling both upstream and downstream of Rtg2. It negatively regulates Rtg2 and positively
regulates Mks1.
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Fig. 3.

Effects of mitochondrial dysfunction on metabolism and stress responses. Mitochondrial
dysfunction not only positively activates the retrograde response, but it also inhibits TORC1,
which is a negative regulator of the retrograde response. One of the effects of TORCL1 is
phosphorylation of the protein kinase Sch9, which results in its activation. Active Sch9
promotes ribosome biogenesis and suppresses a variety of stress responses mediated by the
transcription factor Msn2—Msn4. Sch9 also phosphorylates protein kinase A (PKA),
resulting in its inhibition. Active PKA stimulates growth and metabolic activity by
phosphorylating many different proteins and prevents the activation of stress response genes
by Msn2—-Msn4. Thus, Sch9 paradoxically would inhibit growth and metabolism in the
presence of nutrients. However, this does not occur because PKA feedback inhibits its own
activation. Like mitochondrial dysfunction, osmotic stress inhibits TORC1 activity, albeit
transiently. Osmotic stress also activates retrograde response target genes by recruiting
Rtgl-Rtg3.
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Fig. 4.

Cellular response to retrograde signaling from the mitochondrion to the nucleus. (a)
Mitochondrial dysfunction associated with respiratory chain defects in the presence of
mtDNA (rho*). Localized deficiencies in respiratory chain complexes lead to reduction in
mitochondrial membrane potential (MMP). This is the signal that is transduced to the
retrograde signaling protein Rtg2, which in turn activates the retrograde transcription factor,
a heterodimer of proteins Rtgl and Rtg3, and results in its translocation to the nucleus where
it activates retrograde response target genes. This activation is aided by the co-activator
complex SLIK (SAGA-like complex), which contains Rtg2 as an integral component and
possesses histone transacetylase activity Free Rtg2 remains available to perform its function
to suppress extrachromosomal ribosomal DNA circle (ERC) accumulation. The net effect of
the retrograde response is an increase in replicative life span. (b) Mitochondrial dysfunction
associated with the loss of mtDNA (rhoP). Loss of mtDNA leads to pervasive defects that
result in a very low MMP. This engages the available pool of Rtg2 in retrograde signaling,
leaving insufficient amounts of the protein to suppress ERC accumulation. Loss of mtDNA
in addition activates Rtg1-Rtg3 in a poorly understood mechanism that by-passes Rtg2. The
accumulation of ERC does not prevent the large increase in replicative life span, because the
retrograde response includes functions that appear to compensate for their deleterious
effects.
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