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Abstract Organismal aging has been proposed to result, at least in part, from mitochondrial 

dysfunction and oxidative stress. Mitochondria play an important role in energy metabolism, 

molecular biosynthesis, apoptosis, and cellular signaling and are therefore complexly tied to 

cellular and organismal health. Paradoxically, there are numerous cases in Caenorhabditis 

elegans, in addition to other organisms, where inhibition of mitochondrial respiration is 

sufficient to extend lifespan. One proposed mechanism for this pro-longevity effect is the 

induction of the mitochondrial unfolded protein response (UPRmt), which upregulates expression 

of mitochondrial-specific chaperones and proteases to re-establish protein homeostasis in the 

mitochondria. This thesis describes the use of C. elegans to understand the genetic regulation of 

the UPRmt and importantly, the role of this response in stress resistance and aging. I first describe 

a genome-wide RNAi screen for negative regulators of the UPRmt that takes advantage of a 

highly sensitive UPRmt fluorescent reporter and RNAi feeding in C. elegans. I identify 95 
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inducers of the UPRmt (RNAi gene knockdowns that increase reporter expression), which are 

enriched for mitochondrial genes that affect respiratory chain function. A subset of these positive 

hits differentially affect lifespan and for those that increase lifespan, do so independently of the 

UPRmt transcription factor ATFS-1. I also find that constitutive activation of the UPRmt is not 

sufficient for lifespan extension in C. elegans, and in fact, seems to harm animals. In the second 

part of this thesis, I follow-up on a specific gene, the cytosolic pentose phosphate pathway 

enzyme transaldolase, whose connection to mitochondrial proteostasis is not well understood. I 

find that transaldolase deficiency alters multiple parameters of mitochondrial function including 

respiration and mitochondrial dynamics, and promotes longevity through activation of redox-

sensitive MAPK pathways and the autophagy regulator TFEB/HLH-30. I also discover that ETC 

RNAi extends lifespan through identical JNK MAPKs, implicating adaptive responses aside 

from the UPRmt in longevity control from mitochondrial stress. Finally, I describe another 

genome-wide RNAi screen to identify positive regulators of UPRmt signaling, to elucidate the 

complex network of regulatory factors that control this response. Further understanding of the 

mechanistic details of UPRmt regulation will provide us with insights into the evolution of 

mitochondrial-nuclear communication and the growing list of human diseases associated with 

mitochondrial dysfunction.  
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Chapter 1.  INTRODUCTION TO THESIS 

* Parts of this chapter are modified from a review article that I published in Experimental 

Gerontology entitled “The mitochondrial unfolded protein response and increased 

longevity: Cause, consequence, or correlation?” [1] 

1.1   ABSTRACT 

The discovery that inhibition of mitochondrial respiratory chain function leads to extended 

lifespan was made nearly 15 years ago [2, 3]. Since then, genetic studies in C. elegans have 

uncovered several factors that mediate this effect. However, the genuine role of these factors in 

mitochondrial longevity and their interconnectivity to other mitochondrial stress responses has 

not been extensively assessed. Here, I review mitochondrial quality control pathways and their 

regulatory mechanisms, with particular emphasis on the mitochondrial unfolded protein response 

(UPRmt), which is implicated in lifespan extension from mitochondrial dysfunction. This 

introduction then covers the progression of the mitochondrial aging field and the redox-sensitive 

signaling pathways known to prolong lifespan.  

1.2   INTRODUCTION TO THE POWERHOUSE OF THE CELL 

Mitochondria are organelles that play diverse roles in cellular function including energy 

metabolism/ATP generation, amino acid and lipid metabolism, heme and iron–sulfur cluster 

biosynthesis, and regulation of intracellular calcium. In addition, mitochondria are appreciated 

for their roles in aging and disease due to their generation of reactive oxygen species (ROS) by 

the electron transport chain (ETC), mutations in their genome that accumulate with age, and 

regulation of cell death.  
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Mitochondria are composed of two lipid membranes, the mitochondrial outer membrane 

(MOM) and the mitochondrial inner membrane (MIM), along with two aqueous spaces termed 

the intermembrane space (IMS) and the matrix. The respiratory chain, composed of the ETC 

(Complex I-IV) and the mitochondrial ATP synthase (Complex V), lies within the MIM and 

functions by using energy derived from oxidation of macromolecules to pump protons across the 

MIM, creating a membrane potential (Δψ). The proton gradient is coupled to ATP synthesis at 

the mitochondrial ATP synthase. The ETC is comprised of many tightly controlled redox 

reactions, where electrons derived from NADH and FADH2 are transferred from donor 

molecules to more electronegative acceptor molecules, releasing energy that is coupled to proton 

transport across the MIM. The last redox reactions of the ETC occur at cytochrome c oxidase 

(Complex IV) and result in the conversion of O2 to two molecules of H2O. Despite the efficiency 

of the ETC, a small percentage of electrons leak from the ETC to O2 to create the free-radical 

superoxide, the primary culprit behind oxidative stress.  

1.5-2 billion years ago a symbiotic event between a α‑proteobacterium and an ancient 

eukaryotic cell led to the generation of mitochondria [4]. This harmonious relationship led to 

mitochondria maintaining a small subset of their genomic information; only ~1% of 

mitochondrial proteins are encoded by the mitochondrial genome. For unknown reasons 

mitochondria lost the bulk of their genes; both gene transfer to the nuclear chromosomes or gene 

redundancy in the host cell may have driven this change. This necessitated the cytoplasmic 

synthesis and import of thousands of proteins into the mitochondria. This posed another problem: 

how to properly import, localize, and fold or assemble proteins. In addition, for components of 

the respiratory chain, this needs to occur in a coordinated manner since the multimeric protein 

complexes of the respiratory chain contain both nuclear- and mitochondrial-encoded proteins [5]. 
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Efficient mitochondrial respiration thus requires a stoichiometric balance between nuclear- and 

mitochondrial-encoded respiratory chain subunits, and the proper machinery to translate, import, 

and assemble subunits at the MIM. Disruption to this intricate process causes mitochondrial 

proteotoxic stress and intriguingly, in some cases, is sufficient for lifespan extension in C. 

elegans [2, 3, 6-8]. 

1.3   MITOCHONDRIAL PROTEOSTASIS 

1.3.1   Mitochondrial protein import  

Mitochondria are incredibly complex organelles that exploit multiple mechanisms to regulate 

proteostasis. Despite the presence of 1,000+ proteins in the mitochondria [9], mitochondrial 

ribosomes only translate 12-13 proteins. The remaining proteins are nuclear-encoded and 

synthesized by cytoplasmic ribosomes. These proteins also function in multiple compartments 

and membranes within the mitochondria. Thus, mechanisms have evolved to properly import and 

sort proteins into correct mitochondrial subcompartments. 

Once nuclear-encoded mitochondrial proteins are synthesized in the cytosol, they are 

transported to the mitochondria and threaded through translocases of the outer membrane (TOM) 

and inner membrane (TIM) [10]. In general, import of pre-cursor proteins is post-translational, 

requiring cytosolic chaperones to maintain them in an unfolded state to facilitate translocation. 

However, cytosolic ribosomes can associate with the mitochondria [11-13] and direct co-

translational import of a subset of proteins such as inner membrane proteins [14-17]. Presumably 

this is because inner membrane proteins contain transmembrane domains, which can aggregate, 

cause cytosolic protein toxicity, and insert into inappropriate biological membranes [17]. 
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There are two main types of import signals that target precursor proteins to mitochondrial 

subcompartments. The first class is amino terminus extensions, known as mitochondrion-

targeting signals (MTS), which target precursors or preproteins to the mitochondrial matrix or 

the inner membrane if an additional hydrophobic sorting signal exists [18, 19]. The second class 

of import sequences, referred to as internal targeting signals, is contained within a polypeptide 

and remains within the mature protein [18, 19]. MTS are comprised of ~15-50 amino acids that 

are positively charged and form α-helices that first associate with the TOM complex and then the 

translocase of the inner membrane (TIM23) complex [18, 19]. Once imported, MTS are 

proteolytically removed by the mitochondrial processing peptidase (MPP).  

The main entry point for proteins destined to the mitochondria is the TOM complex. It is 

comprised of multiple subunits including the β-barrel protein Tom40 that forms the central 

channel of the complex and the receptors Tom20 and Tom22 that bind to preproteins [19]. After 

import through the TOM complex, at least four main pathways are utilized to assemble each 

protein and target it to the correct compartment: 1) the presequence pathway that targets proteins 

to either the inner membrane or the matrix, 2) the carrier pathway that transports proteins with 

multiple transmembrane segments to the inner membrane, 3) the oxidative folding pathway of 

the intermembrane space, and 4) the transport pathways of the outer membrane such as the β-

barrel pathway [18, 19]. The inner workings of all these import pathways are outside the focus of 

this thesis, but there are additional details to note. For the presequence pathway (discussed 

below), Δψ is extremely critical for the import of proteins. Δψ activates the TIM23 complex and 

causes an electrophoretic effect driving protein import into the matrix since the MTS of 

polypeptides is positively charged and the mitochondrial matrix is negatively charged compared 

to the IMS. The TIM23 complex interacts with the TOM complex to facilitate preprotein 
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transfer, the respiratory chain complexes, and the presequence translocase-associated motor 

(PAM). These latter two interactions occur in two distinct TIM23 complexes (Figure 1.1). 

TIM23SORT releases proteins with an internal targeting signal into the inner membrane and 

TIM23-PAM transports preproteins into the matrix [18, 19]. TIM23SORT contains the subunit 

Tim21, which associates with the TOM complex and complexes III and IV of the respiratory 

chain that pump protons across the MIM [20]. This interaction is intriguing as it may facilitate 

efficient coupling of proton transport to protein sorting into the inner membrane. TIM23-PAM 

includes the chaperone mtHsp70 and its five different co-chaperones that drive the preprotein 

translocation in an ATP-dependent manner [18, 19]. The mechanistic details are not well 

understood, but may include both the pulling of preproteins across the MIM and trapping of 

preproteins by mtHsp70 binding to prevent backsliding into the IMS. In later sections of this 

introduction, TIM23-PAM will be discussed further as its components are upregulated by the 

UPRmt [21].  
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Figure 1.1. Model of mitochondrial protein import and proteostasis machinery  

Nuclear-encoded proteins mitochondrial proteins are translated in the cytoplasm and imported through the TOM and 
TIM complexes to either the matrix (via TIM23-PAM) or inner membrane (via TIM23SORT). Proteostasis in the 
mitochondria is maintained by the chaperones Hsp60/Hsp10 and mtHsp70, in addition to the major mitochondrial 
proteases ClpXP, LonP, m-AAA, and i-AAA.  
 

1.3.2   Mitochondrial protein folding, processing, and degradation 

The mitochondrial proteome is managed by mitochondrial chaperones that associate with newly 

imported proteins and mitochondrial proteases that process or degrade proteins [22]. These 

enzymatic systems are essential during mitochondrial biogenesis, when newly synthesized 

proteins are imported, folded, or assembled, and during mitochondrial dysfunction, when 

unfolded proteins accumulate. An appreciation of the proteostasis machinery is therefore critical 

for understanding adaptive responses such as the UPRmt that modulate mitochondrial protein 

quality control. This section will delve into the different classes of chaperones and proteases of 

the mitochondria and furthermore, describe non-proteostasis functions of these enzymatic 
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machines.  

The chaperones found in the mitochondria include members of the Hsp60, Hsp70, Hsp90, 

and Hsp100 families. mtHsp70 (C. elegans HSP-6) and Hsp60 (C. elegans HSP-60) are highly 

conserved and crucial for mitochondrial protein quality control. mtHsp70 is the core component 

of TIM23-PAM, which drives unfolded polypeptides across the inner membrane using ATP 

hydrolysis (Figure 1.1). This chaperone aids protein folding through its holdase function, which 

transiently binds partially or fully imported proteins. PAM is a highly complex machine 

composed of mtHsp70 and five co-chaperones that modulate its activity (Figure 1.1). Mge1 is a 

nucleotide exchange factor that promotes ADP release from mtHsp70, Tim44 is an adaptor 

between mtHsp70 and the TIM23 complex, PAM18 stimulates the ATPase activity of mtHsp70, 

PAM16 negatively regulates PAM18, and PAM17 is required for the organization of the 

PAM16-PAM18 complex with the TIM23 translocase [19, 23]. Interestingly, the role of 

mtHsp70 in protein folding extends past its function in the PAM. mtHsp70 also associates with 

proteins that are mitochondrial-encoded, translated in the mitochondrial matrix, and therefore not 

imported across the MIM [24]. In this form, mtHsp70 binds to Mge1 and Mdj1, a DnaJ 

chaperone, and is completely distinct from the membrane-bound form associated with the PAM 

(Figure 1.1) [25]. Mdj1 yeast mutants display respiratory defects and increased levels of 

misfolded and aggregated matrix proteins, including those imported into matrix [25, 26]. 

Therefore, the mtHsp70/Mdj1/Mge1 complex is proposed to fold both nuclear-encoded matrix 

proteins after complete import [27, 28] and mitochondrial-encoded proteins that are translated in 

the matrix [24].  

Hsp60/Hsp10 is a mitochondrial chaperonin and is essential for protein folding in the 

mitochondrial matrix (Figure 1.1). In yeast, Hsp60 null mutants are inviable, while conditional 
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mutants exhibit increased aggregated protein levels in the matrix [29]. Hsp60 forms a 

homooligomer of 14 subunits resulting in a ‘double-donut’ chamber that is capable of 

encapsulating and folding proteins up to 50 kDa [25]. Initially, folding intermediates interact 

with the hydrophobic interior of the chamber. ATP-dependent conformational changes in the 

Hsp60 rings, which reduce hydrophobic interactions between the client protein and chamber 

interior, drive folding and release of the client protein [25]. Hsp10 forms the cap to the Hsp60 

chamber and participates in the regulation of this reaction cycle [30-33]. Also, mtHsp70 

coordinates protein folding of matrix proteins with Hsp60. Newly imported proteins are 

channeled from mtHsp70 to Hsp60, facilitating their folding and in the case of aggregation-prone 

proteins, preventing their accumulation [34-36]. mtHsp70 regulates Hsp60 function in other 

respects as well. TIM23-PAM imports Hsp60 monomers and mtHsp70 forms a mtHsp70:Hsp10 

complex that promotes the maturation of heptameric Hsp60 rings [37]. Thus, the mitochondrial 

chaperone network is intimately tied together and suited to support folding of nuclear- and 

mitochondrial-encoded proteins.  

Mitochondrial proteases exist in different subcompartments to process and turnover 

damaged proteins. Certain proteases also exert regulatory control of mitochondrial dynamics and 

biogenesis through proteolysis. There are several sub-types of mitochondrial proteases including 

processing proteases, ATP-dependent proteases, oligopeptidases, and others that are not 

functionally categorized [38]. Several processing proteases, in addition to MPP (mentioned 

above), exist to cleave polypeptides after MPP. For example, polypeptides destined to the IMS 

contain a bipartite sequence containing a MTS and a hydrophobic sorting signal that arrests 

translocation at the inner membrane. Once arrested, the membrane-bound inner membrane 

peptidase (IMP) or the rhomboid protease Pcp1 cleave the sorting signal, releasing the resulting 
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polypeptide into the IMS [39, 40]. Other processing steps can also occur for polypeptides 

localized to the mitochondrial matrix: octapeptide or a single amino acid residue removal by 

Oct1 or Icp55, respectively [38, 41-43]. These modifications are important for protein stability as 

many polypeptides contain unstable N-terminal residues post MPP cleavage [41-43].  

The ATP-dependent proteases include the two matrix proteases ClpXP and PIM1/Lon, and 

the two inner membrane proteases m-AAA and i-AAA proteases, which face the matrix and IMS 

respectively (Figure 1.1). This class of proteases forms multimeric complexes and uses ATP 

hydrolysis to unfold proteins for transport into their proteolytic cavities. ClpXP is built of 

heteromeric subunits ClpP, which contains serine peptidase activity, and ClpX , which contains 

ATPase and chaperone activity and contributes substrate specificity [44, 45]. ClpP associates as 

two stacked heptameric rings, forming a central chamber with proteolytic activity, while ClpX 

assembles into two hexameric rings that axially align to each end of the ClpP tetradecamer [44, 

45]. This interaction of ClpX with ClpP rings encourages the formation and catalytic activity of 

the ClpP tetradecamer [44]. Interestingly, ClpP is reported to signal the C. elegans UPRmt and is 

also a target of the UPRmt in multiple species (discussed in Sections 1.3.4, 1.3.5) [46, 47], 

indicating its importance in mitochondrial protein quality control.  

PIM1/Lon is another matrix protease that functions during stress and reacts with thermally 

denatured and oxidatively damaged proteins to prevent their accumulation (Figure 1.1) [48]. 

This protease associates into homo-oligomeric complexes comprised of heptameric rings [49] 

and recognizes large and exposed unfolded polypeptide stretches for degradation, but can also 

degrade folded substrates in vitro [50, 51]. Proteolysis by PIM1/Lon is assisted by Hsp70 

chaperones that retain substrates in soluble conformations [52, 53]. Aside from degradation of 

unfolded proteins, PIM1/Lon also functions to regulate mitochondrial quality control pathways 
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through degradation of signaling factors. For example, the UPRmt transcription factor ATFS-1 

(discussed in Section 1.3.5) is degraded by Lon in C. elegans [21].  

The m-AAA and i-AAA proteases regulate inner membrane proteostasis (Figure 1.1), which 

is a remarkable task considering the MIM is the protein-richest cellular membrane and harbors 

the respiratory chain. These proteases interact with solvent-exposed domains of membrane 

proteins and display degenerate substrate specificity [54]. Unassembled subunits of protein 

complexes or non-integral membrane proteins such a subunit 7 of ATP synthase are targets of 

AAA protease degradation [55]. However, these proteases also process certain substrates such as 

the mitochondrial ribosomal subunit MrpL32, allowing its assembly into ribosomal particles 

[56].  Despite having their active sites facing the matrix or the inner membrane space the m-AAA 

and i-AAA proteases are capable of degrading proteins with domains at both membrane surfaces 

[57]. As long as N- and C- terminal tails of ∼20 amino acids extend from each side of the 

membrane, proteins can be extracted from the opposite side of the membrane (with respect to the 

active site of the protease) through a pulling type of mechanism and degraded [57]. The m-AAA 

protease, for example, dislocates Ccp1 from the inner membrane using an ATP-dependent 

reaction mechanism to enable further proteolytic processing by the Pcp1 protease [58]. A few 

regulatory factors of the AAA proteases are known. The mitochondrial prohibitins (PHB1 and 

PHB2) form heteromeric ring-like structures in the MIM and supercomplex with the m-AAA 

protease, negatively regulating its proteolytic activity [59]. How this occurs is not understood, 

but prohibitins may modulate substrate access of the m-AAA protease or the lipid 

microenvironment surrounding the protease [22].  

Mitochondrial proteases perform regulatory functions in addition to their roles in protein 

quality control and processing. As mentioned, ClpXP positively and Lon negatively regulate 
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UPRmt activation in C. elegans. The degradation of dysfunctional mitochondria through 

mitophagy is also negatively regulated through mitochondrial proteolysis. Under basal 

conditions, the serine/threonine-protein kinase PINK1 is imported into the mitochondria, cleaved 

by the MPP, and subsequently released from the mitochondria by the presenilins-associated 

rhomboid-like protein (PARL) protease. Under stress conditions, the import and proteolysis of 

PINK1 is inhibited causing its buildup on the mitochondrial outer membrane to promote 

mitophagy. Other mitochondrial proteases degrade PINK1 as well, adding further complexity to 

the proteolytic regulation of mitophagy [60]. Mitochondrial dynamics, the continuous fusion and 

fission of mitochondria, is also regulated by mitochondrial proteases. IM fusion is controlled by 

the dynamin-related GTPase Opa1, which exists in multiple isoforms generated by alternative 

splicing and proteolysis [61]. Two metalloproteases Oma1 and YmelL process Opa1 at S1 and 

S2 cleavage sites, respectively, leading to different ratios of long (L) and short (S) isoforms [61]. 

Appropriate ratios of these isoforms promote inner membrane fusion. In addition, proteolytic 

regulation of Opa1 allows IM fusion to be coupled to mitochondrial states: Yme1L (an ATP-

dependent protease) cleavage at S2 reacts to increased mitochondrial respiration and promotes 

IM fusion, while Oma1 cleavage at S1 from CCCP treatment (mitochondrial uncoupler) or 

severe mitochondrial dysfunction causes loss of mitochondrial fusion [61].  

 In sum, mitochondrial function is regulated by multiple enzymatic complexes that ensure 

the proper localization, processing, and folding of mitochondrial proteins. The TOM and TIM 

import machinery targets proteins to correct mitochondrial subcompartments and maintains them 

in a linear conformation to facilitate import. Then, proteases process preproteins enabling their 

stabilization, while chaperones promote their folding to native state. All of these factors function 

in a coordinated manner to establish protein homeostasis in the mitochondria and are also 
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fundamental in the response to mitochondrial dysfunction.  

1.3.3   UPRs regulate compartmental protein folding 

The compartmentalization of the eukaryotic cell permitted spatial separation of different cellular 

processes and specialization of organellar function. However, this necessitated that protein 

folding be regulated in a compartment-specific fashion since it is energetically wasteful for 

protein folding stress in one organelle to cause activation of proteostatic mechanisms in another 

compartment. A miscued response such as this could cause alterations in protein function in an 

organelle that does not require high levels of chaperone or protease activity. Therefore, distinct 

UPRs exist in the cytosol, endoplasmic reticulum (ER), and mitochondria to handle each unique 

protein-folding environment.  

The UPR transcriptionally upregulates compartment-specific chaperones and proteases to 

stabilize and degrade unfolded polypeptides. For instance, pharmacological treatments that 

disrupt protein folding in a particular compartment activate the corresponding UPR. Treatment 

of cells with arsenite, which disrupts cytoplasmic protein folding, specifically induces 

cytoplasmic chaperone expression; tunicamycin, a drug that inhibits N-linked glycosylation, 

specifically induces ER chaperone expression; ethidium bromide, which intercalates mtDNA, 

specifically induces mitochondrial chaperones Hsp60 and Hsp10 [62-66]. This is true of genetic 

interventions as well, e.g. RNAi knockdown of mitochondrial genes specifically activates the 

UPRmt reporter in C. elegans [67].  

In general, the level of chaperone occupancy is set by rate of protein synthesis, import, and 

folding environment within a compartment. Perturbations to any of these factors can offset the 

client load of chaperones, causing aberrant protein folding and disassembly of protein 

complexes. Sensing mechanisms thus operate to fine-tune the protein-folding environment if 



 26 

chaperone protein-folding capacity is insufficient. One mechanism entails the chaperone-

mediated sequestration of a signaling factor. When the protein burden increases, chaperones 

preferentially interact with unfolded proteins and release the signaling factor, leading to its 

activation. For example, cytosolic Hsp70 normally binds to the transcription factor HSF1 to 

repress its transcriptional activity, but releases it under heat-shock conditions [64, 68, 69]. The 

UPRmt utilizes an alternative mechanism to respond to protein folding stress within the 

mitochondria. In C. elegans, the leucine zipper transcription factor ATFS-1 contains a MTS and 

is targeted to the mitochondria for degradation by the Lon protease under non-stress conditions, 

but a fraction is excluded from the mitochondria during stress [21]. This leads to ATFS-1 import 

into the nucleus to bind UPRmt DNA elements to regulate chaperone, protease, TCA cycle, 

respiratory chain, and glycolytic genes important for recovery from mitochondrial dysfunction 

[21, 70]. 

1.3.4   Identification and regulation of the mammalian UPRmt 

The UPRmt is a transcriptional response that upregulates mitochondrial chaperones and proteases 

during mitochondrial dysfunction. Pioneering studies by the Hoogenraad lab identified and 

characterized this response, specifically in mammalian cells. Deletion of mtDNA in rat hepatoma 

cells was found to activate the UPRmt, defined by increased levels of mitochondrial chaperonins 

Hsp60 and Hsp10, but not cytosolic chaperones [62]. A follow-up study found that 

overexpression of a misfolded mutant of mitochondrial ornithine transcarbamylase (ΔOTC) is 

sufficient to induce the response, which also upregulates the mitochondrial protease ClpP and 

mtDnaJ chaperone (yeast Mdj1, previously discussed) [47].  

In an effort to uncover the regulation of the UPRmt, bioinformatic and biochemical 

approaches were employed in mammalian cells. Analysis of the Hsp60/Hsp10 bidirectional 
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promoter revealed a CEBP homology protein (CHOP) element [47]. Accordingly, the 

heterodimerization of CHOP and C/EBPβ and binding to the CHOP element were found to 

initiate UPRmt gene expression [47]. JNK MAPK signaling was then shown to mediate the 

upregulation of CHOP and C/EBPβ through AP-1 (activator protein-1) promoter elements, 

implicating JNK MAPK signaling in the initial phase of the response [71]. Further 

bioinformatics led to the discovery of target genes containing both CHOP binding sites and 

flanking mitochondrial unfolded protein response elements (MUREs): mitochondrial proteases 

YME1L1 (i-AAA protease subunit) and MPPβ (MPP subunit), TIM17A (component of TIM23 

complexes), Complex I subunit NDUFB2, and enzymes endonuclease G and thioredoxin 2 

(Table 1.1) [72]. Similar to CHOP elements, MUREs are also required for UPRmt gene 

expression [72] and present within additional UPRmt target genes (Table 1.1) [73]; however, the 

factors that bind these elements are not known [72].  

UPRmt regulatory elements other than MUREs are also present in mammals. C. elegans 

studies identified the UPRmt transcription factor ATFS-1, which prompted the search for a 

mammalian homolog, especially since putative ATFS-1 binding elements (known as UPRmt 

promoter elements, not to be confused with MUREs) were found in genes induced by 

mitochondrial myopathy in mice [70, 74]. One candidate, mammalian ATF5, contains a weak 

mitochondrial targeting sequence, homology to the bZip domain of ATFS-1, and is 

transcriptionally induced in the context of mitochondrial diseases [74-76]. Accordingly, ATF5 

complements ATFS-1 deficiency in worms, and induces expression of mitochondrial genes 

HSP60, HSP10, mtHSP70, and LONP1 in mammalian cells [77]. Mitochondrial respiration and 

cellular recovery from mitochondrial insults (ΔOTC and ethidium bromide) are decreased in 

ATF5-depleted cells, indicating ATF5 is important for both general mitochondrial function and 
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proteostasis [77]. A related factor, ATF4, is also transcriptionally induced by the UPRmt [73]. 

ATF4 is a known to signal a branch of the UPRER to increase CHOP transcription [78], but in the 

case of the UPRmt, appears to be independent of the integrated stress response kinases GCN2, 

HRI, PERK and PKR associated with the UPRER [73]. Therefore, CHOP and ATF4 are regulated 

during mitochondrial stress in a fashion distinct from ER stress. Adding to recent complexity of 

the UPRmt in mammals, ATF3, which also induces CHOP during ER stress [79], was found to be 

induced 1.5-4 fold during the UPRmt [73]. However, it is currently unclear whether ATF3 signals 

or alters CHOP expression during the UPRmt. These findings highlight the importance of the 

UPRmt in mitochondrial proteostasis and suggest that in mammals, UPRmt signaling evolved 

using identical factors to the UPRER, but gained specificity through unique regulatory 

mechanisms that are still unclear. 

 

Table 1.1. UPRmt target genes in mammals and C. elegans 
 
This table lists UPRmt target genes evidenced from mammals or C. elegans studies, along with the corresponding 
orthologs obtained from PPOD or BLASTP. * indicates the gene is a bonafide UPRmt target in the corresponding 
model system. If a gene contains an * for both mammalian and C. elegans orthologs, it is a highly conserved UPRmt 
target. Mammalian target genes were selected based off the presence of CHOP, MURE1, and MURE2 elements [72, 
73], with exception of mtHsp70 and LONP, which were recently shown to be ATF5 targets [77]. C. elegans UPRmt 
targets were drawn from publications by the Haynes lab [21, 70]. 
 
Mammalian Genes/Orthologs C. elegans Genes/Orthologs Functional Category 

HSPD1/CPN60/HSP60* Y22D7AL.5 · hsp-60* Chaperone 
HSPE1/CPN10/HSP10* Y22D7AL.10 Chaperone 
mtDnaJ/DNAJA3* F22B7.5 · dnj-10* Chaperone 
HSPA9/mtHsp70* C37H5.8 · hsp-6* Chaperone 
MPPb* ZC410.2 · mppb-1 Protease 
CLPP* ZK970.2 · clpp-1 Protease 
YME1L1* M03C11.5 · ymel-1* Protease 
LONP* C34B2.6 Protease 
TIMM17A* E04A4.5 · tim-17* Protein Import 
TIMM23B F15D3.7 · tim-23* Protein Import 
NDUFB2* F44G4.2 Respiratory Chain 
UQCRC1* F56D2.1 · ucr-1 Respiratory Chain 
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NDUFA11* N/A Respiratory Chain 
NDUFAF1 C50B8.3 · nuaf-1* Iron-Sulfur Biogenesis 
NFU1 R10H10.1 · lpd-8* Iron-Sulfur Biogenesis 
ECSIT* Y17G9B.5* Iron-Sulfur Biogenesis 
DRP1 T12E12.4 · drp-1* Mitochondrial Dynamics 
MFF F55F8.6 · mff-2* Mitochondrial Dynamics 
PDK3* ZK370.5 · pdhk-2* Metabolism 
ENO1L1 T21B10.2 · enol-1* Metabolism 
LDHB F13D12.2 · ldh-1* Metabolism 
GAPDH K10B3.8 · gpd-2* Metabolism 
GPT2* C32F10.8 Metabolism 
IDI1* K06H7.9 · idi-1 Metabolism 
IREB2* ZK455.1 · aco-1 Metabolism 
GARS* T10F2.1 · grs-1* Protein Synthesis 
MRPL18* D2007.4 · mrpl-18 Protein Synthesis 
MRPL22* Y39A1A.6 · mrpl-22 Protein Synthesis 
MRPS31* C32A3.2 · mrps-31 Protein Synthesis 
NRF2 T19E7.2 · skn-1* Transcription Factor 
TFB1M* T03F1.7 · tfbm-1 Transcription Factor 
SLC22A4* F52F12.1 · oct-1 Transporter 

ABCB10* haf-1/haf-2/haf-3*/haf-4/haf-7/haf-8/haf-
9 Transporter 

TRX2* B0024.9 · trx-2 Antioxidant 
ENDOG* C41D11.8 · cps-6 Endonuclease 
CARD12* N/A Other 
 

1.3.5   Genome-wide screens in C. elegans identify UPRmt factors 

Initial studies in C. elegans using transgenically expressed GFP reporters of hsp-6 and hsp-60 

sought to identify UPRmt regulatory genes [46, 67, 80, 81]. At the time, CHOP and C/EBPβ were 

the only known signaling factors (with no obvious homologs in C. elegans), and ethidium 

bromide and misfolded ΔOTC were the only known inducers of the UPRmt [47, 62]. Knowledge 

of the UPRmt and mitochondrial proteostasis was in its infancy. A small RNAi screen of 

mitochondrial genes on chromosome I identified 32 RNAi clones that activate the UPRmt [67]. 

Positive hits (RNAi clones that induce the UPRmt) included genes involved in mitochondrial 
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transcription and translation, such as mitochondrial ribosomal proteins, tRNA synthetases, 

elongation factors, and a DNA helicase [67]. In addition, 24/30 mitochondrial RNAi clones that 

did not induce the UPRmt were monomeric or homo-oligomeric [67], supporting the idea that 

stoichiometric imbalances between nuclear- and mitochondrial-encoded subunits activate the 

UPRmt rather than depletion of mitochondrial proteins in general. Subsequent studies identified a 

few genes involved in the signaling of the UPRmt by using a temperature-sensitive mutation 

(zc32) that conditionally activates the response at 25°C: mitochondrial ATP-dependent protease 

ClpXP, mitochondrial inner-membrane-localized ABC transporter HAF-1, basic leucine zipper 

protein ATFS-1, DNA binding protein homeobox domain protein DVE-1, and ubiquitin-like 

protein UBL-5 (Figure 1.2) [46, 80, 81]. Despite initial characterization of these genes, there has 

been limited follow-up on how these factors interact, how individually essential they are for the 

full UPRmt response, and how they respond to unfolded proteins in the mitochondria. The 

exception to this is the transcription factor ATFS-1, which has been extensively characterized in 

recent years and is indispensable for the response. 
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Figure 1.2. The UPRmt signaling pathway in C. elegans 

The UPRmt responds to protein folding stress in the mitochondria and promotes nuclear translocation of the bZip 
transcription factor ATFS-1. During non-stress conditions, ATFS-1 is imported into the mitochondria via TOM and 
TIM and degraded by the Lon protease. Mitochondrial import of ATFS-1 is negatively regulated by HAF-1. During 
mitochondrial stress ATFS-1, DVE-1, and UBL-5 all traffic to the nucleus and upregulate expression of 
mitochondrial chaperones and proteases. In addition, ATFS-1 inhibits expression of respiratory chain (OXPHOS) 
and TCA cycle genes to promote mitochondrial recovery. The serine palmitoyltransferase SPTL-1 regulates 
sphingolipid biosynthesis and also regulates the UPRmt upstream of ATFS-1 via an unknown mechanism that may 
involve ceramide at the mitochondrial outer membrane.  
 

ATFS-1 stimulates mitochondrial-nuclear communication through organelle partitioning 

(Figure 1.2) [21]. A mitochondrial targeting sequence localizes ATFS-1 to the TOM and TIM 

import machinery for import into the mitochondrial matrix [21]. Once in the matrix, ATFS-1 is 

either degraded by the Lon protease, thereby negatively regulating UPRmt signaling during non-

stress conditions [21], or binds the mitochondrial DNA to reduce mitochondrial transcript levels 

during mitochondrial stress [70]. The major form of ATFS-1 that accumulates during 

mitochondrial stress is of high molecular weight, suggesting that its import into the mitochondria 

and processing by MPP is inhibited [21]. This occurs through at least two potential mechanisms: 

decreased import of mitochondrial proteins in general during mitochondrial stress (due to 
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reduced ATP generation, mitochondrial membrane potential, or chaperone availability) and 

negative regulation by the MIM-localized ABC transporter HAF-1 [21]. Supporting the latter 

mechanism, ATFS-1 accumulates in dysfunctional mitochondria in haf-1(ok705) deletion mutant 

animals, attenuating UPRmt signaling [21]. However, HAF-1 is not required for UPRmt signaling 

in cases of severe mitochondrial dysfunction that greatly diminish ATFS-1 import [21, 82]. Once 

in the nucleus, ATFS-1 upregulates genes for numerous processes including mitochondrial 

proteostasis, ROS detoxification (Nrf2/SKN-1), innate immunity, and glycolytic metabolism and 

downregulates TCA cycle and respiratory chain genes [21, 70]. By inducing expression of 

chaperones, proteases, and import machinery (tim-17 and tim-23), while repressing expression of 

TCA cycle and respiratory chain genes, ATFS-1 reduces the protein burden on the folding and 

import machinery and promotes recovery from mitochondrial dysfunction.  

In order to elucidate novel UPRmt factors, multiple RNAi screens were performed over the 

last five years such as the project in this thesis (Chapter 2, Appendix A) and others [83, 84]. 

Runkel et al. [83] used the UPRmt-inducer paraquat to identify 54 regulators of UPRmt signaling. 

Their positive hits (RNAi clones that reduce hsp-6p::gfp expression) include vacuolar H+ 

ATPase subunits, proteasome subunits, cytosolic chaperonins, nuclear transport factors, pre-

mRNA splicing proteins, and cytosolic protein synthesis genes (ribosomal subunits and 

translation factors) [83]. About half of these were specific for paraquat induction of the hsp-

6p::gfp reporter, while the remaining hits also suppressed the zc32 mutation induction of the hsp-

60p::gfp reporter [83]. Thus, further characterization of these factors will be important to 

determine which are essential to UPRmt signaling across conditions. The JNK MAPK KGB-1 

was also found to negatively regulate the UPRmt in some circumstances. KGB-1 regulates 

cellular surveillance-activated detoxification and defenses (cSADDs) that cause C. elegans to 
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avoid harmful RNAi treatments/bacterial lawns [85]. Runkel et al. [83] observed that the 

decrease in paraquat-induced hsp-6p::gfp expression from elt-2(RNAi) (a positive hit in their 

screen) is rescued by kgb-1(um3) mutation [83]. Thus, the authors conclude that for at least some 

positive hits, UPRmt attenuation operates through the KGB-1 MAPK pathway. In a search for 

genes that regulate pro-longevity cytoprotective pathways, the Ruvkun lab also found several 

factors that signal the UPRmt in the presence of the complex III inhibitor antimycin A [84]. In a 

follow-up study the authors used the hsp-6p::gfp reporter to re-screen positive hits in the context 

of the isp-1(qm150) mutation and atp-2(RNAi) [86]. A gene required for UPRmt induction in all 

cases was sptl-1, a serine palmitoyltransferase that functions in sphingolipid biosynthesis [86]. 

Accordingly, supplementation with the sphingolipid ceramide rescues the hsp-6p::gfp induction 

defect caused by sptl-1(RNAi). The mevalonate biosynthesis pathway also regulates the UPRmt as 

hmgs-1(RNAi), which targets HMG-CoA synthase, attenuates hsp-6p::gfp induction from 

mitochondrial stress. Therefore, sphingolipid and mevalonate biosynthesis pathways produce 

molecules that either directly signal or facilitate signaling of mitochondrial stress. In support of 

this notion, mitochondrial stress activates expression of components of these pathways and 

ceramide accumulation on the outer membrane precedes UPRmt induction [86].  

It should also be noted that recent studies in C. elegans implicate the UPRmt/ATFS-1 in 

pathogen resistance and communication between organism and environment [86-88]. ATFS-1 

increases expression of innate immunity genes such as those encoding secreted lysozyme and 

anti-microbial peptides, which regulate the resistance to and intestinal clearance of pathogenic 

bacteria [88]. Bacteria such as Pseudomonas aeruginosa also activate the UPRmt, most likely 

through a combinatorial mechanism involving expression of pyocyanin, cyanide toxin genes, 

siderophores (iron-chelating compounds), and bacterial-derived ROS [87, 88]. Furthermore, 
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certain metabolic pathways such as mevalonate or sphingolipid biosynthesis (discussed above) 

are putative targets of microbial toxins and virulence factors that render C. elegans unresponsive 

to further mitochondrial insults [86]. Thus, the UPRmt in C. elegans, and perhaps even in 

mammals, evolved to sense and anticipate insults from the environment that target mitochondria, 

in addition to regulating mitochondrial protein homeostasis.  

1.3.6   The UPRmt promotes mitochondrial homeostasis via multiple mechanisms  

The UPRmt, originally characterized by induction of mitochondrial chaperones and proteases, is 

appreciated for other gene regulatory and metabolic alterations as well. In C. elegans, extensive 

characterization of ATFS-1 by the Haynes lab led to insights into these other functions. As 

mentioned, ATFS-1 partitions between the cytosol, mitochondria, and nucleus and its nuclear 

localization activates UPRmt gene expression [21, 70]. Once in the nucleus, ATFS-1 binds 

promoters of glycolysis, gluconeogenesis, ribosome, respiratory chain, TCA cycle, and 

autophagy genes, in addition to chaperones and proteases [70]. However, atfs-1 deletion 

experiments revealed that ATFS-1 differentially regulates gene expression: no effect on 

ribosome or autophagy genes, positive regulation of glycolysis genes, and negative regulation of 

TCA cycle and respiratory chain genes [70]. The UPRmt thereby promotes a metabolic program 

that shifts energy generation from mitochondrial respiration to glycolysis, presumably to 

encourage recovery from mitochondrial dysfunction [70]. ATFS-1 also localizes to the 

mitochondria, where it is degraded by the Lon protease, to attenuate UPRmt signaling during non-

stress conditions. However, a fraction of mitochondrial ATFS-1 regulates mitochondrial-encoded 

gene expression [70]. ATFS-1 binds the A-T rich segment of mtDNA that lacks protein or RNA 

coding genes and contains a UPRmt promoter element [70]. As is the case for nuclear-encoded 

respiratory chain subunits, ATFS-1 limits the expression of mitochondrial-encoded subunits [70]. 



 35 

Whether this is through negative regulation of mitochondrial transcription or decreased mRNA 

turnover is not known. Similar to deletion of atfs-1, deletion of the MTS of atfs-1 causes 

accumulation of mitochondrial transcripts, indicating mitochondrial ATFS-1, rather than nuclear 

ATFS-1, is required for negative regulation of mitochondrial-encoded respiratory chain subunits 

[70]. In addition, ATFS-1 fosters respiratory chain assembly through positive regulation of 

assembly factors including nuaf-1 and Y17G9B.5 (NADH ubiquinone oxidoreductase assembly 

factors), and lpd-8 (Fe-S cluster biogenesis component) [70].  

Another branch of the UPRmt discovered in C. elegans involves the eIF2α kinase GCN-2, 

which negatively regulates cytoplasmic protein synthesis [89]. It acts in a compensatory fashion 

to the ATFS-1/chaperone-induction branch of the UPRmt such that inhibition of ATFS-1 causes 

increased GCN-2-mediated eIF2α phosphorylation and inhibition of GCN-2 causes increased 

ATFS-1-mediated chaperone induction [89]. The GCN-2 branch of the UPRmt is downstream of 

ROS since ascorbate treatment prevents eIF2α phosphorylation and leads to increased hsp-60 

expression in the context of mitochondrial stress [89]. Thus, GCN-2 decreases cytosolic protein 

synthesis and reduces protein import into the mitochondria to facilitate recovery from 

mitochondrial stress.  

Mitochondrial pre-RNA processing and protein synthesis are additional targets of the 

mammalian UPRmt. The GTPP (matrix HSP90 inhibitor)-induced UPRmt causes a reduction in 

mRNA and protein levels of MRPP3, the catalytic subunit of the RNA-free mitochondrial RNase 

P complex [73]. Mitochondrial RNA derived from mtDNA is polycistronic and contains tRNA 

genes that flank protein-coding and rRNA genes. RNase P cleaves pre-RNA 5’ of tRNAs [90], 

while ELAC2 and PTCD1 cleaves 3’ [91], releasing mt-mRNAs and mt-tRNAs. Upon UPRmt 

induction MRPP3 levels decrease and a measurable increase in unprocessed tRNALys and 



 36 

tRNAMet occurs [73]. In addition to decreased pre-RNA processing, protein levels of several 

mitochondrial ribosomal subunits are decreased from GTPP treatment and consequently 

mitochondrial protein synthesis is as well [73]. Thus, the mammalian UPRmt re-establishes 

protein folding in the mitochondria by engaging multiple mechanisms including decreasing 

mitochondrial pre-RNA processing and mitochondrial protein synthesis to reduce respiratory 

chain formation.  

1.3.7   Conservation of UPRmt signaling from worms to mammals 

The UPRmt is highly conserved response to misfolded proteins in the mitochondria that induces 

specific chaperones and proteases. The discovery of ATF5 also confirms that an identical basic 

leucine zipper transcription factor regulates the response in both worms and mammals. However, 

differences do exist. The mammalian UPRmt literature has not been cohesively tied together, so 

direct comparisons of the mammalian UPRmt to the worm UPRmt can be convoluted. For 

example, the interaction, if any, between CHOP and ATF5 is unclear (in addition to ATF3 and 

ATF4, which are also induced during the mammalian UPRmt [73]), and a subset of UPRmt targets 

are not universal to all studies in mammalian literature. Along this line, certain mammalian 

UPRmt targets are not assayed for or perhaps, detected, in worms (Table 1.1). Thus, subtle 

differences in gene targets exist.  

One main difference in UPRmt regulation between worms and mammals is that a CHOP 

homolog does not exist in worms. In contrast, homologs for ATF3/4/5 exist in worms, but 

ATFS-1 is the only bZip transcription factor that increases mitochondrial chaperone expression 

[81]. This point does not completely preclude ATF homologs from impacting worm UPRmt gene 

expression, as a subset of respiratory chain subunits are indirectly negatively regulated by ATFS-

1, i.e. ATFS-1 negatively regulates their expression, but does not bind their promoters [70]. One 
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way this could occur is through formation of ATFS-1 inhibitory heterodimers with bZip 

transcription factors such as ATF homologs that normally function to increase respiratory chain 

gene expression.  

It is also unclear if mitochondrial stress in mammalian cells causes GCN-2-mediated eIF2α 

phosphorylation and/or decreases in cytosolic protein synthesis. ATF5 expression (putative 

ATFS-1 homolog) is regulated by eIF2α phosphorylation in multiple cases [92], so it is feasible 

that GCN2 or another integrated stress response signaling kinase drives ATF5 expression during 

the mammalian UPRmt. This is intriguing as ATF3/4/5 are all activated during the UPRmt [73, 77] 

and UPRER [79, 93, 94], and in the latter case eIF2α kinases mediate this induction. Future 

studies will need to tease out the apparent differential regulation of eIF2α kinases and ATF 

proteins during mitochondrial and ER stress. 

Other differences may exist between worms and mammals, but a lack of evidence does not 

prove a lack of conservation. For example, it has not been determined if the respiratory chain 

gene regulation that occurs during the C. elegans UPRmt is conserved to mammals. Loss of ATF5 

(mammalian atfs-1) reduces basal respiration, overall respiratory capacity, and maximal 

respiration in mammalian cells, suggesting improper assembly or decreased levels of respiratory 

chain complexes [77]. Induction of UPRmt by GTPP (matrix HSP90 inhibitor) in mammalian 

cells alters respiratory chain subunit expression at the mRNA and protein level; however, 

directional trends are not consistent across all subunits [73]. The GTPP-induced UPRmt also 

decreases mitochondrial pre-RNA processing and mitochondrial translation. Whether this also 

occurs in worms is not known, but ATFS-1 negatively regulates gene expression of 

mitochondrial-encoded respiratory chain subunits [70]. Thus, different mechanisms may have 

evolved in mammals and worms to achieve the same outcome: decreased synthesis of 
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mitochondrial-encoded respiratory chain subunits.  

1.4   MITOCHONDRIAL STRESS PROMOTES LONGEVITY 

1.4.1   Mitochondrial respiration is a longevity pathway 

The first two C. elegans genome-wide RNAi screens performed over a decade ago came to the 

identical conclusion that knockdown of mitochondrial ETC genes was sufficient to extend 

lifespan [2, 3]. Both studies found that knockdown of complex I, III, and IV subunits could 

extend lifespan of both wild-type and daf-16 mutant animals, which are defective for 

insulin/IGF-1-like signaling (IIS) [2, 3]. A few non-ETC mitochondrial RNAi clones were found 

to be DAF-16 dependent, suggesting that certain types of mitochondrial dysfunction extend 

lifespan through IIS, while others do not [3]. Intriguingly, ETC RNAi could only extend lifespan 

if knockdown was initiated during development, rather than at the young adult stage despite 

comparable reductions in ATP, pumping rate, and mobility [2], suggesting some aspect of 

mitochondrial stress is sensed during development that confers longevity to adult animals. 

Despite lower ATP production, small body size, slow pumping rate, slow growth rate, and 

sterility [2], ETC RNAi animals are sometimes more resistant to certain types of stressors such 

as heat shock, hydrogen peroxide, or paraquat [3, 8]. In addition to ETC RNAi, a few mutations 

that perturb mitochondrial function and extend lifespan have also been identified. These include 

mutation of the gene encoding a coenzyme Q biosynthetic enzyme clk-1, the Rieske iron–sulfur 

protein gene isp-1, the mitochondrial complex I subunit (NUDFB4) gene nuo-6, and the thiamine 

pyrophosphokinase gene tpk-1 [95-99]. These findings set the stage for the mitochondrial 

longevity field and spurred multiple discoveries establishing causal longevity factors and stress 

response pathways, in addition to conservation of this paradigm in yeast, flies, and mice [100-
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105]. However, we still lack a mechanistic understanding of the regulatory factors that govern 

mitochondrial longevity and their interactions to each other. The current view is that 

cytoprotective adaptive responses triggered from mitochondrial dysfunction permit an organism 

to cope with altered respiratory chain function, metabolic changes, and increased ROS 

production. These adaptive responses will be discussed in detail in the following sections. 

1.4.2   HIF-1 regulates ROS-mediated lifespan extension 

One of the first proteins implicated in mitochondrial longevity is the hypoxia-inducible factor 

HIF-1, a transcription factor that promotes survival during hypoxia [106]. In a screen for RNAi 

clones that induce the HIF-1 reporter nhr-57p::gfp, a significant fraction of positive hits 

recovered targeted components of the ETC and ATP synthase [106]. Supporting this, 

mitochondrial gene mutations in clk-1(qm30) and isp-1(qm150) also induced the reporter, albeit 

to a lesser degree than respiratory chain RNAi [106]. This suggests that under normoxic 

conditions, inhibition of mitochondrial respiration causes activation of a hypoxic response. 

Further experiments established that HIF-1 is also required for both the longevity effects from 

mitochondrial mutations or respiratory chain RNAi clones. The lifespan extension of clk-1 and 

isp-1 mutants was completely abrogated by a hif-1 loss of function mutation and hif-1(RNAi); 

peculiarly, hif-1(RNAi) initiated from adulthood was sufficient to decrease lifespan, suggesting 

HIF-1 regulates lifespan during adulthood rather than the developmental window critical for 

respiratory chain RNAi longevity [106]. In contrast, cco-1(RNAi) or cyc-1(RNAi) longevity is 

only partially suppressed by hif-1 mutation, suggesting that respiratory chain RNAi extends 

lifespan through an additional mechanism compared to isp-1 and clk-1 mutations [106]. 

Differentiating the physiological and pro-longevity responses, hif-1 is not required for slow 

development and reduced brood size that accompanies mitochondrial stress [106]. In addition, 
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HIF-1 appears to be specific to mitochondrial longevity since it is not required for IIS-, DR-, or 

germline signaling-mediated lifespan extension [106], however, HIF-1 has been shown to 

regulate longevity from a specific DR regimen in C. elegans (there are several regimens) [107].  

One model of HIF-1-mediated mitochondrial longevity is through production of ROS, 

which activates HIF-1 gene expression. Lee et al. [106] found that the free-radical generator 

paraquat at the low-dose of 0.25 mM was sufficient to activate nhr-57p::gfp and extend lifespan 

in a HIF-1-dependent fashion. Further genetic studies found that low-dose paraquat extends 

lifespan through a mechanism that partially overlaps with long-lived mitochondrial mutants nuo-

6(qm200) and isp-1(qm150) [108], is completely independent of hsf-1 and jnk-1 [108], and 

partially dependent on daf-16, aak-2, and hif-1 [106, 108, 109]. The mechanism of ROS-

mediated HIF-1 activation is not completely understood, but probably involves modulation of the 

HIF-1 prolyl hydroxylase EGL-9. The classic model of HIF-1 regulation is that under normoxic 

conditions EGL-9 hydroxylates HIF-1, targeting it for proteasomal degradation by VHL-1 (von 

Hippel Lindau 1, E3 ubiquitin ligase), while under hypoxic conditions, EGL-9 activity is 

decreased leading to HIF-1 stabilization [110, 111]. H2O2 generated via mitochondrial stress is 

also proposed to inhibit EGL-9 through oxidation of Fe2+ to Fe3+ within its catalytic site, leading 

to its inactivation and subsequent HIF-1 stabilization [112]. Another mode of C. elegans HIF-1 

regulation involves the AMP-activated protein kinase (AMPK) subunit AAK-2. HIF-1 activity in 

the presence of paraquat/ROS is negatively regulated by AAK-2, which lowers ROS levels and 

phosphorylates HIF-1 [109]. Simultaneous to this, HIF-1 amplifies ROS levels, stabilizes itself, 

and negatively feedbacks on AAK-2 through an unknown mechanism, completing a regulatory 

loop that appropriately responds to ROS [109]. 
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HIF-1 is also sufficient to increase lifespan in C. elegans and is accomplished via different 

methods [107, 113-115]. Downregulation of vhl-1 and egl-9 and overexpression of hif-1 all 

significantly increase lifespan in C. elegans, providing credence to HIF-1’s role as a longevity 

factor. However, HIF-1’s role in aging in others organisms is not so clear. ETC RNAi promotes 

lifespan extension in D. melanogaster, so a HIF-1 mechanism could be responsible for these 

effects [103]. In humans, VHL is a tumor suppressor and mutations in this gene cause an 

inherited form of cancer [116, 117]. Hyperactivation of HIF-1 is therefore not beneficial to 

mammals, but it is conceivable that mild HIF-1 activation could be. A promising workaround is 

to identify downstream components of HIF-1 signaling that are sufficient for longevity in C. 

elegans and determine conservation in mammals, thereby avoiding the harmful effects of general 

HIF-1 activation [118]. In sum, C. elegans HIF-1 studies provided the initial evidence that free-

radicals derived from mitochondrial dysfunction can improve organismal health by activating 

pro-longevity redox sensitive signaling pathways.  

1.4.3   The mitohormesis model of longevity 

The current belief is that instead of being harmful, free radicals play an important role in cellular 

signaling which, under certain circumstances, is protective and even beneficial for longevity. As 

mentioned, low doses of the superoxide generating compound paraquat extend lifespan in C. 

elegans [106, 108, 109], in addition to deletion of the mitochondrial superoxide dismutase gene 

sod-2, which increases levels of oxidatively damaged proteins [119]. These and additional data 

in worms, along with complementary evidence in both yeast and flies, has led to the 

popularization of the “mitohormesis” model. This model suggests that reactive oxygen species 

produced by mitochondria result in an adaptive response that promotes cellular health and 

organismal longevity (reviewed in [120-122]). In particular, the mitohormesis model proposes 
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that the degree of mitochondrial dysfunction and reactive oxygen species production is important 

for the ultimate effect on longevity and healthspan. Specifically, low levels of potentially 

damaging reactive oxygen species activate beneficial cellular stress responses and signaling 

pathways, while higher levels are detrimental, resulting in frailty or premature death. Conditions 

suggested to promote longevity through reactive oxygen species include inhibition of glycolysis 

[123], impaired insulin-like signaling [124], and mutations in mitochondrial ETC components 

[108], among others. Despite the appeal of this model and some experimental support, there is 

limited direct evidence correlating the amount of oxidative stress with longevity. For example, 

there is increased oxidative damage in several of the mitochondrial mutants in C. elegans, but in 

some cases, such as in the complex I mutant gas-1(fc21) and complex III mutant isp-1(qm150), 

similar levels of oxidative damage result in vastly different effects on lifespan [125].  

One particular instance of mitohormesis originating from the Ristow lab refers to situations 

where mitochondrial respiration and concomitant ROS production are increased leading to 

adaptive signaling that improve antioxidant capacity. The genetic factors implicated in the 

lifespan benefits from such perturbations include the p38 MAPK PMK-1, the phase II 

detoxification response transcription factor Nrf2/SKN-1, and the AMP kinase subunit AAK-2 

[123, 124]. It is important to point out that longevity from respiratory chain knockdown or 

mutations that reduce respiration, is independent of the SKN-1 pathway [126, 127]; however, 

AAK-2 has been shown to mediate isp-1(qm150) lifespan extension [128]. In contrast, treatments 

that promote a starvation-like state and increased mitochondrial respiration such as glycolysis 

inhibitors, daf-2(RNAi), and metformin require AAK-2, PMK-1, or SKN-1 for lifespan extension 

[123, 124, 129]. Even low-dose Complex I inhibitors that decrease mitochondrial respiration, but 

increase superoxide production, require PMK-1 and SKN-1 to extend lifespan [130]. In the cell, 
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PMK-1 functions upstream of SKN-1, which promotes the expression of antioxidant and 

glutathione biosynthesis genes [131]. PMK-1 is responsive to oxidative stress and 

phosphorylates SKN-1, triggering its nuclear accumulation and activity [131]. Supporting its role 

in longevity, Nrf2/SKN-1 overexpression is sufficient to extend lifespan in C. elegans [127] and 

reducing expression of its negative regulator Keap1 in D. melanogaster enhances paraquat 

resistance and lifespan [132].  

A recently discovered mitohormesis factor in C. elegans is the peroxiredoxin PRDX-2, a 

redox sensor upstream of p38/PMK-1 signaling [129]. Deletion of prdx-2 rescues the increases in 

phospho-PMK-1 and lifespan extension caused by metformin treatment [129]. Peroxiredoxins 

directly act as H2O2 sensors and transducers due to their high reactivity towards H2O2 and their 

protein dithiol peroxidase activity resulting in disulfide bond formation in target proteins [133]. 

Redox sensitive proteins such as these, rather than direct effects of ROS on oxidation of 

unreactive cysteine residues in target proteins, are now being appreciated for their role in 

translating changes in cellular redox to downstream signaling networks. PRDX-2 is a 2-Cys 

peroxiredoxin [134] that forms an active homodimer when oxidized [135] and can interact with 

and activate substrates such as the MAP3K ASK1 (NSY-1 in C. elegans) [136]. The MAP3K 

ASK1 activates both the p38 and JNK family of MAPKs and responds to oxidative stress via 

homo-oligomerization and autophosphorylation of its activation loop [137]. These processes are 

fine-tuned by multiple redox sensors in the cell that positively (such as peroxiredoxin 1 in 

mammals or PRDX-2 in C. elegans) and negatively regulate ASK1 activity. The redox protein 

thioredoxin is a well-known negative regulator of ASK1 that binds to and inhibits its kinase 

activity under reducing conditions, but dissociates upon oxidation [138], permitting ASK1 to 

activate p38 and JNK MAPKs [139, 140]. In contrast, peroxiredoxin 1 catalyzes the oxidation of 
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ASK1 to a disulfide-linked oligomer increasing its activity [136]. Thus, the activity of a single 

kinase is regulated by multiple competing redox sensitive mechanisms. This allows for the 

proper activation of stress responses when the cell faces redox imbalances and inhibition once 

redox homeostasis is re-established.  

Mitohormesis is gospel in the mitochondrial longevity field, but important details of this 

model are missing. Distinct mitochondrial perturbations can cause different downstream 

signaling responses, or at least, require different responses for lifespan extension. For instance, 

SKN-1 is not required for respiratory chain RNAi longevity [126, 127], but is important for 

longevity from many drug treatments that target the mitochondria. The exact reasons for this 

difference are not clear, but probably reflect the type of mitochondrial insult. One could expect 

that high levels of mitochondrial stress caused by a missing or mutated ETC subunit to cause a 

different stress response profile than drug inhibitors of the ETC (such as rotenone or metformin) 

that do not greatly impact ETC stability or assembly. Metformin, for instance, does not activate 

the hsp-6p::gfp reporter, while ETC RNAi does [129]. This notion is also supported by 

mammalian studies using cytoplasmic hybrid (cybrid) cells with increasing levels of the mtDNA 

tRNALeu(UUR) 3243A>G mutation [141]. Depending on the level of mutant mtDNAs, cells 

display distinct cellular and mitochondrial phenotypes, and importantly, gene expression profiles 

[141]. In other words, the degree of mitochondrial dysfunction shapes the transcriptional 

network; interestingly, HSP60 and HSP10 are induced in a biphasic fashion, at low levels of 

mutant mtDNA (20-30%) and at the highest levels (90-100%) [141]. A similar analysis of the 

transcriptional response to various mitochondrial stressors in C. elegans would help clarify the 

genetic pathways underlying mitohormesis-mediated longevity and their interactions to each 

other. In addition, many of the studies purporting mitohormesis (Ristow model) observe 
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increases in mitochondrial respiration that accompany mitochondrial ROS production and 

lifespan extension [123, 124, 129]. Unfortunately, respiration measurements in these studies are 

biased by changes to animal size and biomass, which are commonly altered from mitochondrial 

or metabolic insults, since they normalize mitochondrial respiration to protein content. Thus, it is 

not clear if mitochondrial respiration is actually increased at the animal level from treatment with 

glycolysis inhibitors or metformin. In sum, the comprehensive identification of mitohormesis 

stress responses, the mapping of the genetic interactions between factors, and understanding the 

types of insults that promote stress signaling will be essential for us to grasp cellular adaption to 

mitochondrial dysfunction.  

1.4.4   The complex link between the UPRmt and longevity 

The UPRmt was first implicated in aging by Durieux et al. [142], who reported that lifespan 

extension from mutations in isp-1 or clk-1 could be suppressed by RNAi knockdown of ubl-5, 

dve-1, hsp-6, hsp-60, or clpp-1. Based on these and other observations, Durieux et al. [142] 

proposed that the UPRmt is a “potent transducer of the ETC longevity pathway”. Further support 

for this model was provided by a subsequent study reporting that ubl-5(RNAi) can attenuate 

lifespan extension from knockdown of cco-1 or mrps-5, which encodes a mitochondrial 

ribosomal protein [143]. There are significant limitations in the experimental validation of the 

UPRmt-longevity model, which are discussed below. 

The mitochondrial prohibitins (PHB1 and PHB2) are a highly conserved protein pair that 

forms a ring-like structure in the mitochondrial inner membrane and influence mitochondrial 

respiration, mitochondrial fusion, and mitochondrial protein quality control [144-147]. Prohibitin 

deficiency induced by RNAi knockdown results in reduced lifespan in C. elegans and deletion of 

either prohibitin gene, PHB1 or PHB2, shortens replicative lifespan in the budding yeast 
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Saccharomyces cerevisiae [148-151]. A recent study showed that, in addition to shortening 

lifespan, prohibitin deficiency also causes enrichment of several UPRmt components in 

mitochondria of yeast cells and increased expression of the hsp-6p::gfp and hsp-60p::gfp 

reporters in worms [152]. Both the reduction in lifespan and apparent induction of the UPRmt 

were suppressed in each organism by reducing cytoplasmic translation, which was accomplished 

by dietary restriction or by inhibition of components of the mechanistic target of rapamycin 

(mTOR) pathway [152]. 

Thus, contrary to the model that the UPRmt promotes longevity, in the case of prohibitin 

deficiency at least, induction of the UPRmt is associated with reduced lifespan, and interventions 

that suppress this reduced lifespan also suppress the UPRmt. One interpretation of these data is 

that the UPRmt itself plays no beneficial role in enhancing longevity and may actually limit 

lifespan under some conditions. An alternative possibility is that in some cases the negative 

consequences of mitochondrial stress can offset any benefits from induction of the UPRmt and 

result in a net shortening of lifespan, such as in the case of prohibitin deficiency. There are also 

other cases where mitochondrial dysfunction is associated with reduced lifespan in C. elegans. 

This includes mutation of the cytochrome b gene mev-1 [153] or the NDUFS2 homolog gas-1 

[154]. Likewise, RNAi knockdown of some mitochondrial genes can shorten lifespan when 

knockdown exceeds a certain threshold [126]. For example RNAi knockdown of the 

mitochondrial ATPase subunit gene atp-3 extends lifespan when it is diluted 1:10 but shortens 

lifespan when undiluted [126]. In general, for atp-3(RNAi) and other mitochondrial RNAi 

treatments, the level of knockdown correlates with hsp-6p::gfp induction [155]. However, the 

level of UPRmt activation does not necessarily correlate with lifespan extension. In addition, the 

differential lifespan effects caused by distinct mitochondrial perturbations may be caused by the 
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specific deficiency rather than the level of UPRmt activation. This may be one reason that the 

UPRmt is not correlated with longevity, especially when mitochondrial dysfunction is elevated 

past a certain threshold. 

As described above, the experimental evidence suggesting that the UPRmt is necessary for 

lifespan extension arises from two initial studies reporting that RNAi knockdown of different 

UPRmt factors can suppress lifespan extension in response to certain forms of mitochondrial 

dysfunction. One of these reports also argues that the degree of induction of the UPRmt correlates 

with the magnitude of lifespan extension following RNAi knockdown of different mitochondrial 

ribosomal protein genes [143]. They show that GFP expression in animals expressing the hsp-

6p::gfp reporter is highly correlated with the percent lifespan extension from mitochondrial 

ribosomal protein RNAi across 8 different RNAi clones that induce hsp-6p::gfp five to fifteen-

fold. This is difficult to interpret, however, given that they also report in the same figure that 

knockdown of the UPRmt factor haf-1 prevents lifespan extension in mrps-5(RNAi) animals, even 

though the hsp-6p::gfp reporter is still induced about 15-fold. The observation that haf-1(RNAi) 

only modestly impairs induction of the hsp-6p::gfp reporter but does prevent lifespan extension 

following mrps-5 knockdown [143] is particularly relevant, given that the other similar published 

experiments fail to show that the UPRmt is attenuated or blocked upon knockdown of UPRmt 

factors. For example, the studies reporting that ubl-5(RNAi) prevents lifespan extension in isp-

1(qm150) or clk-1(e2519) animals did not also provide corresponding evidence that ubl-5(RNAi) 

prevented induction of the UPRmt in those cases. These data are further complicated by the fact 

that any role for UBL-5 as a regulator of the UPRmt may be non-specific, as the yeast ortholog of 

UBL-5 (Hub1) is localized to spliceosomes where it functions as a determinant of alternative 

pre-mRNA splicing [156]. A related weakness is the assumption that the hsp-6p::gfp reporter is a 
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faithful reporter of endogenous activation or repression of the UPRmt. Several additional UPRmt 

targets have been identified in mammalian cells [72, 73, 77] and, in a few cases, validated in C. 

elegans (Table 1.1) [21]. In addition, the UPRmt transcription factor ATFS-1 has been shown to 

regulate numerous genes beyond hsp-6 and other mitochondrial chaperones, including a large set 

of detoxification and metabolic genes (Section 1.3.6) [21]. Despite this wealth of information, 

the majority of studies linking the UPRmt to aging in C. elegans have failed to quantify the 

expression of endogenous UPRmt targets in the context of genetic experiments interpreted to 

support the UPRmt longevity model. 

These points of contention are still relevant in C. elegans UPRmt papers published recently 

by the Dillin lab [157, 158]. The histone demethylases jmjd-1.2 and jmjd-3.1 were found to 

regulate UPRmt induction from mitochondrial stress, linking chromatin rearrangements to this 

stress response; these factors are also sufficient for UPRmt induction and lifespan extension 

[157]. Conspicuously, lifespan epistasis experiments with the long-lived jmjd-1.2 or jmjd-3.1 

overexpression strains used ubl-5(RNAi) to suppress lifespan extension, without the 

corresponding reporter data demonstrating that ubl-5(RNAi) attenuates the UPRmt in this context 

[157]. Instead, hsp-6p::gfp reporter experiments use clpp-1(RNAi) or atfs-1(RNAi) to suppress 

the UPRmt, but oddly lack corresponding lifespan data [157].  

Studies in flies and mammals correlate UPRmt signaling with increased health and longevity. 

In Drosophila, mild mitochondrial stress through muscle-specific RNAi knockdown of 

NDUFS1/ND75, a subunit of complex I, improves muscle function with age and prolongs 

lifespan [105]. The longevity phenotype is, in part, proposed to result from increased UPRmt 

signaling downstream of JNK MAPK signaling, which is sensitive to redox changes [105]. 

Accordingly, overexpression of antioxidant enzymes GTPx-1 or catalase prevents the hormetic 
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effects, the induction of JNK target gene puckered (puc), and the UPRmt gene expression from 

ND75 RNAi [105]. Overexpression of the JNK target gene D-Jun is also sufficient for UPRmt 

induction and required for lifespan extension from ND75 RNAi [105]. The authors thus conclude 

that the UPRmt and redox signaling regulates mitohormesis longevity in flies. However, altering 

cellular redox can alter pathways other than the UPRmt, and epistasis experiments with canonical 

UPRmt factors were not performed. Along these lines, overexpression of mitochondrial 

chaperone TRAP1 in Drosophila improves healthspan, but not lifespan, in a manner dependent 

on homologs of C. elegans UPRmt factors DVE-1 and CLPP-1 [159]. Regarding mammals, mice 

with a truncated version of the Complex IV assembly factor SURF1 are long-lived despite a 

50%+ reduction in Complex IV activity [102, 160]. Surf1(-/-) mice exhibit increased markers of 

mitochondrial biogenesis such as PGC1a and tissue-specific activation of stress responses: 

UPRmt signaling is elevated in skeletal muscles, while Nrf2 antioxidant signaling is elevated in 

cardiac tissue [160]. Primary dermal fibroblasts isolated from Surf1(-/-) mice also display elevated 

UPRmt induction and are resistant to cell death from oxidative stressors paraquat or tert-Butyl 

hydroperoxide [161]. These studies are tempting to over interpret as UPRmt signaling appears to 

be beneficial in both Drosophila and mammalian systems, but unfortunately the findings fail to 

go beyond correlation, and in the case of TRAP1 overexpression in flies, fail to detect a lifespan 

extension from UPRmt signaling.  

Recent studies of the ATFS-1 transcription factor in C. elegans suggest a potential path 

toward addressing the question of whether the UPRmt plays a direct role in aging. As mentioned, 

ATFS-1 contains a mitochondrial targeting sequence that causes its import and degradation in 

the mitochondria under non-stress conditions and a nuclear localization sequence that facilitates 

its import to the nucleus during mitochondrial stress. Deletion or RNAi knockdown of atfs-1 
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prevents induction of the hsp-60p::gfp reporter in response to treatment with paraquat or RNAi 

knockdown of the mitochondrial metalloprotease gene spg-7, as well as induction of multiple 

endogenous UPRmt genes, dnj-10, tim-23, ymel-1, enol-1, ldh-1, and gpd-2, in response to spg-

7(RNAi) [21, 70]. Thus, ATFS-1 appears to be more specifically and directly required for 

induction of the UPRmt than other factors such as HAF-1 and UBL-5. In Chapter 2, I analyze 

whether loss of function in atfs-1 prevents lifespan extension in response to different forms of 

mitochondrial stress such as RNAi knockdown of ETC components and mutation of isp-1, to 

more robustly test the UPRmt longevity model. 

1.4.5   Other factors implicated in mitochondrial longevity 

Over the past decade, multiple signaling factors and pathways have been implicated in 

mitochondrial longevity including HIF-1, p53/CEP-1, CEH-23, GCN-2, TAF- 4, AHA-1, CEH-

18, JUN-1, NHR-27, NHR-49, PMK-3, the intrinsic apoptosis pathway, and the UPRmt (covered 

in Sections 1.3.4, 1.3.5, and 1.3.6) [162, 163]. The UPRmt initially gained considerable traction 

as the primary mechanism controlling mitochondrial longevity due to repeated publications by 

the Dillin and Auwerx labs. Its attractiveness as a model is reflected by its function in 

mitochondrial proteostasis, its robust association with multiple forms of mitochondrial stress, 

and its temporal overlaps with the longevity phenotype: the UPRmt is only induced if RNAi is 

initiated before L3/4 stage [142]. Unfortunately, this model has been disproven, or at least 

complicated, in the literature [164] and by my own studies (Chapter 2). However, other factors 

may be more causal in mitochondrial longevity and the physiological responses to mitochondrial 

dysfunction, such as HIF-1, which regulates mitochondrial longevity in multiple contexts [106, 

109], and other genetic pathways detailed in the following paragraphs. 

Recently, the intrinsic apoptosis pathway comprised of CED-3/Casp9, CED-4/Apaf1, and 
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CED-9/Bcl2 was found to mediate longevity specifically from isp-1 mutation, nuo-6 mutation, or 

paraquat rather than respiratory chain RNAi [165]. Notably, the effect of these gene mutations on 

mitochondrial mutant longevity is independent of apoptosis as a mutation in the BH3-only 

protein EGL-1 blocks cell death but does not suppress the lifespan of isp-1 or nuo-6 mutants 

[165]. This pathway is not required for the lowered mitochondrial respiration or ATP phenotypes 

of isp-1 and nuo-6 mutants, but intriguingly required for some of the mitochondrial phenotypes 

including slow embryonic and postembryonic development, and reduced pumping, defecation, 

and thrashing rates [165]. Thus, activation of the apoptotic machinery through mitochondrial 

ROS regulates both the behavioral and longevity phenotypes of mitochondrial mutants. The 

interaction of this pathway with HIF-1 signaling will be of particular interest since both 

pathways are downstream of mitochondrial ROS and required for mitochondrial mutant 

longevity.  

The p38 MAPK PMK-3 is a novel factor that regulates mitochondrial longevity and acts in a 

compensatory manner to the UPRmt [162]. In a previous publication, the gene tbb-6 was found to 

be upregulated by spg-7(RNAi) independent of atfs-1 [21], suggesting the existence of a ATFS-1-

independent signaling pathway. Munkácsy et al. [162] generated a tbb-6p::gfp reporter and 

discovered that this gene is upregulated by ETC RNAi and mutations. Activation of this reporter 

is independent of ATFS-1, DAF-16, and SKN-1 and other UPRmt regulatory genes such as hmgs-

1, sptl-1, or ran-1; however, the UPRmt factor cbp-3 (F40F12.7) that encodes a putative CREB-

binding protein is necessary [162]. The MAPK cascade comprising DLK-1 (MAP3K), SEK-3 

(MAP2K), and PMK-3 (MAPK) is also required for tbb-6p::gfp induction [162]. Accordingly, in 

cases where the tbb-6 reporter is highly induced, PMK-3 is required for mitochondrial longevity. 

Complex I RNAi/mutation, for instance, weakly induces the reporter and does not require PMK-
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3 for lifespan extension, while complex III, IV or V RNAi/mutation strongly activates the 

reporter and requires PMK-3 for lifespan extension [162].  

Metabolic intermediates elevated from mitochondrial dysfunction may play a role in enzyme 

regulation and longevity as well. For instance, the excreted metabolome of long-lived 

mitochondrial mutants is concentrated in specific α-ketoacids and α-hydroxyacids resulting from 

inhibition of a-ketoacid dehydrogenases [166]. Similar α-ketoacids are known to inhibit prolyl 

hydroxylases such as EGL-9, which negatively regulates HIF-1 activity [167]. Another α-

ketoacid, α-ketoglutarate, is proposed to extend lifespan in C. elegans through direct inhibition 

of the mitochondrial ATP synthase, which suppresses mTORC1-dependent signaling [168]. 

Mitochondrial stress pathways and metabolic networks thus impinge on each other to calibrate 

cellular responses to changing environmental or cellular conditions.  

In summary, tremendous strides have been made over the last 15 years, discovering novel 

mitochondrial stress responses that control aging in multiple organisms. Due to the ease of 

genetic studies in C. elegans, the majority of these mechanisms have been elucidated in this 

model system. However, the underlying mechanisms governing these mitochondrial stress 

responses, their respective interactions, and their conservation with regards to lifespan control 

are still largely unknown. It is becoming clear that perhaps, some stress responses are required 

for all cases of mitohormesis-mediated longevity, while others are only engaged from distinct 

types of mitochondrial stress. In Chapter 3 of this thesis, I will explore additional genetic 

mechanisms underlying mitochondrial longevity, specifically in the context of pentose phosphate 

pathway (PPP) inhibition.   
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2.1   ABSTRACT 

Recent studies have propagated the model that the mitochondrial unfolded protein response 

(UPRmt) is causal for lifespan extension from inhibition of the electron transport chain (ETC) in 

C. elegans. Here we report a genome-wide RNAi screen for negative regulators of the UPRmt. 

Lifespan analysis of nineteen RNAi clones that induce the hsp-6p::gfp reporter demonstrate 

differential effects on longevity. Deletion of atfs-1, which is required for induction of the UPRmt, 

fails to prevent lifespan extension from knockdown of two genes identified in our screen or 

following knockdown of the ETC gene cco-1. RNAi knockdown of atfs-1 also has no effect on 

lifespan extension caused by mutation of the ETC gene isp-1. Constitutive activation of the 

UPRmt by gain of function mutations in atfs-1 fails to extend lifespan. These observations 

identify several new factors that promote mitochondrial homeostasis and demonstrate that the 

UPRmt, as currently defined, is neither necessary nor sufficient for lifespan extension.  

2.2   INTRODUCTION 

As the primary source of cellular energy and a major source of damage, mitochondria play an 

important role in modulating many age-related processes [169, 170]. Harman first proposed the 

free radical theory of aging, which posits that damage resulting from reactive oxygen species 

(ROS) produced as a by-product of mitochondria metabolism determines the rate of organismal 

aging [171]. Recent studies have demonstrated that the situation is more complex than originally 

proposed, however, with important pro-longevity signaling functions of ROS having been 

established in several species [122].  
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The effect of mitochondria on aging has been studied thoroughly in the nematode 

Caenorhabditis elegans, where RNAi knockdown of several mitochondrial electron transport 

chain (ETC) genes has been shown to extend lifespan [172, 173]. Knockdown of ETC genes 

must occur during a specific stage of development in order to promote longevity [2, 3, 126], 

suggesting that a signal or altered metabolic state is established following ETC disruption during 

development to modulate adult longevity. The requirement of developmental disruption of ETC 

function to enhance longevity is distinct from most other longevity interventions, such as 

reduced insulin/IGF-1-like signaling or dietary restriction (DR), which appear to act on aging 

primarily during adulthood [174, 175]. The effect of ETC knockdown on lifespan is also dose-

responsive, such that too much inhibition of ETC function during development can shorten 

lifespan [126]. A few mutations that impair mitochondrial function have also been shown to 

extend lifespan in C. elegans, including alleles of the coenzyme Q biosynthetic gene clk-1 [97, 

99], the Rieske iron-sulfur protein gene isp-1 [98], and thiamine pyrophosphokinase gene tpk-1 

[96, 166].  

Several factors have been suggested to directly promote lifespan extension from ETC 

knockdown and mitochondrial inhibition in C. elegans. For example, inhibition of ETC function 

can lead to increased levels of ROS, which can induce lifespan extension [106, 108]. One effect 

of this ROS production is stabilization and activation of the hypoxia-inducible transcription 

factor HIF-1, which is also required for full lifespan extension in some mitochondrial mutants 

and RNAi knockdowns [106]. Stabilization of HIF-1 is sufficient to extend lifespan robustly 

through a mechanism that is also distinct from insulin/IGF-1-like signaling and DR [113-115, 

176], providing a plausible explanation for lifespan extension in these cases. In addition to HIF-

1, other factors have also been implicated in lifespan extension following inhibition of 
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mitochondrial function. These include AMP-activated protein kinase (AMPK) [128], the 

homeobox protein CEH-23 [177], the transcription factor TAF-4 [178], and the p53 homolog 

CEP-1 [179]. It remains unclear, however, whether any of these putative downstream 

mechanisms can account for a majority of the lifespan effects seen in the different long-lived 

models of mitochondrial inhibition. 

Recently, induction of the mitochondrial unfolded protein response (UPRmt) was proposed 

to directly mediate lifespan extension from ETC inhibition in a cell non-autonomous manner 

[142]. The UPRmt is a stress response pathway first characterized in mammalian cells, whereby 

nuclear encoded mitochondrial chaperones are induced in response to misfolded proteins within 

the mitochondria or a stoichiometric imbalance of mitochondrial respiratory complexes [47, 62, 

180]. The C.elegans UPRmt appears similar to that of mammals [46, 67, 80, 81, 142], where 

induction of the UPRmt results in transcriptional up-regulation of the mitochondrial chaperone 

genes hsp-6 and hsp-60. RNAi knockdown of a subset of ETC components has been shown to 

induce the UPRmt in C. elegans using GFP reporters for both hsp-6 and hsp-60 [67, 142]. In 

addition, the C. elegans UPRmt can only be induced robustly when mitochondrial stress precedes 

the L3/L4 larval stage transition [142], a critical time period for mitochondrial biogenesis and 

longevity [126, 181]. This signaling pathway is not completely understood, but several factors 

are reported to be required for full induction of the response, including the HAF-1 peptide 

exporter [81], the CLPP-1 protease [46], a ubiquitin-like protein UBL-5 [80], and two 

transcription factors, DVE-1, and ATFS-1 (ZC376.7) [21, 46, 81, 83].  

Durieux et al. [142] linked the UPRmt to aging by showing that RNAi knockdown of UPRmt 

components can suppress the lifespan extension from mutations in isp-1 or clk-1. Most of these 

knockdowns shortened the lifespan of wild type animals, however, and also suppressed the 
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lifespan extension associated with non-mitochondrial factors such as daf-2 and eat-2, suggesting 

that the effects were non-specific. In one case, ubl-5(RNAi), the suppression appeared to be 

specific for isp-1 and clk-1, which was interpreted to indicate that induction of the UPRmt plays a 

causal role in lifespan extension from ETC inhibition [142]. This model was further supported by 

experiments showing that ubl-5(RNAi) can also partially or completely prevent lifespan 

extension from knockdown of cco-1, which encodes cytochrome c oxidase subunit Vb/COX4, or 

mrps-5, which encodes a mitochondrial ribosomal protein [143]. 

Based on the report by Durieux et al. [142], we set out to identify additional genetic 

modifiers of lifespan by screening for RNAi clones that induce the UPRmt. Here we report the 

identification and validation of 25 previously unreported negative regulators of the UPRmt. 

Unexpectedly, several RNAi clones that induce the UPRmt shorten lifespan, and among at least a 

subset of those that extend lifespan, induction of the UPRmt is not required for lifespan extension. 

Constitutive activation of the UPRmt in the absence of mitochondrial stress also fails to extend 

lifespan. 

2.3   RESULTS 

2.3.1   A genomic screen for negative regulators of the UPRmt  

We sought to identify RNAi clones that increase lifespan by screening for induction of 

fluorescence in animals expressing the hsp-6p::gfp reporter following RNAi knockdown of 

individual genes (Figure 2.1a). We identified 95 putative inducers of the UPRmt from the Vidal 

ORFeome RNAi library (11,511 clones) (Supplemental Table 2.1, Supplemental Table 2.2). 

Of these, 39 RNAi clones target subunits of the ETC and 22 target mitochondrial ribosomal 

subunits or translation factors (Supplemental Table 2.2). Of the 95 clones identified from this 



 58 

screen, 29 have been previously reported to induce the UPRmt [6, 21, 67, 84, 85, 143], and the 

remaining 66 are novel.  

 
Figure 2.1. A genome-wide RNAi screen for negative regulators of the mitochondrial 
unfolded protein response.  

(a) RNAi bacteria were grown overnight in 96-well plates, while hsp-6p::gfp animals were synchronized at L1 larval 
stage. The next day, RNAi bacteria was induced with IPTG, resuspended in liquid NGM and added to reporter 
animals in 96-well plates. Animals were allowed to develop for 3 days and GFP was measured by fluorescent 
microscopy. (b) hsp-6p::gfp induction was quantified for 34 RNAi clones corresponding to positive hits that were 
not annotated as functioning in the ETC or mitochondrial translation. Validation included sequencing each RNAi 
clone and GFP quantification of individual animals grown at 20°C. GFP fluorescence is the mean fluorescence 
relative to EV(RNAi) (N=3 independent experiments, error bars indicate s.e.m.). NGM, nematode growth media. 

 

Since ETC components and mitochondrial ribosomal proteins are known to modulate both 

the UPRmt and longevity [2, 3, 182], we chose to further characterize RNAi clones identified 

from our screen that have not been shown to play a direct role in these processes. After 

sequence-validation of these RNAi clones, we focused on 34 that reproducibly induced 
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expression of the hsp-6p::gfp reporter relative to empty vector RNAi (Figure 2.1b). The targeted 

genes function in mitochondrial protein import, fat storage, sugar metabolism, and other aspects 

of mitochondrial biology such as mitochondrial fission, protein quality control, and ion transport 

(Table 2.2, Supplemental Table 2.1). Although several of the identified genes have not been 

shown to modulate mitochondrial function in C. elegans, some are homologous to known 

mitochondrial genes in other species or are expected to localize to the mitochondria based on 

predicted mitochondrial targeting sequences (Supplemental Table 2.1). About half (18/34) of 

the RNAi clones that induced expression of the hsp-6p::gfp reporter also significantly induced 

expression of the mitochondrial hsp-60p::gfp reporter, while none of the RNAi clones induced 

reporters of either the endoplasmic reticulum UPR (hsp-4p::gfp) or the cytoplasmic heat shock 

response (hsp-16.2p::gfp) to a detectable level, with the exception of Y38E10A.24(RNAi), which 

modestly increased fluorescence in the hsp-4p::gfp strain (Supplemental Table 2.3).  

 

Table 2.2. Effects of 19 UPRmt regulators on lifespan.  

RNAi knockdown of the shown genes significantly induced expression of the hsp-6p::gfp reporter. The effect on 
mean lifespan from each RNAi clone is shown relative to empty vector (EV) treated animals. p-values are shown for 
a Wilcoxon Rank-Sum comparison to EV control. n is number of animals for a certain RNAi treatment compared to 
EV control.  
 

  Effect on Mean 
Lifespan 

 

Condition Gene Function/Domain (% EV) p n 
Y24D9A.8(RNAi) Transaldolase 25.6 7.9E-42 316/284 
letm-1(RNAi) Ca2+-binding transmembrane protein, LETM1/MRS7 21.1 2.7E-39 318/320 
Y110A7A.19(RNAi) Pentatricopeptide repeat-containing protein 3 17.9 1.5E-34 360/267 
F02A9.4(RNAi) Methylcrotonoyl-Coenzyme A carboxylase 2, beta subunit 13.3 1.5E-16 302/266 
wah-1(RNAi) Programmed cell death 8, AIF homolog 12.7 7.1E-13 301/264 
Y54G9A.7(RNAi) Unknown 12.0 3.6E-13 266/279 
lpd-9(RNAi) Unknown 10.2 1.1E-11 226/293 

W02F12.5(RNAi) Dihydrolipoamide succinyltransferase (2-oxoglutarate 
dehydrogenase, E2 subunit) 8.2 7.0E-04 237/242 

Y22D7AL.10(RNAi) HSP10 homolog 5.5 4.8E-05 309/335 
F15D3.6(RNAi) UPS2/UPS3 homolog 4.8 1.6E-03 371/323 
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C04C3.3(RNAi) Pyruvate dehydrogenase E1, beta subunit -0.1 5.6E-01 302/279 
ech-6(RNAi) Enoyl-CoA hydratase -1.1 9.4E-01 306/296 
hsp-60(RNAi) HSP60 homolog -4.0 8.6E-02 187/282 

F15D3.7(RNAi) Translocase of inner mitochondrial membrane complex, 
subunit TIM23 -7.4 1.3E-07 217/260 

E04A4.5(RNAi) Translocase of inner mitochondrial membrane complex, 
subunit TIM17 -7.7 4.4E-07 199/260 

F45G2.8(RNAi) Translocase of inner mitochondrial membrane complex, 
subunit TIM16 -7.9 8.8E-05 291/279 

dnj-21(RNAi) Translocase of inner mitochondrial membrane complex, 
subunit TIM14 -10.5 4.5E-14 270/293 

T09B4.9(RNAi) Translocase of inner mitochondrial membrane complex, 
subunit TIM44 -11.1 2.4E-14 289/260 

tomm-22(RNAi) Translocase of outer mitochondrial membrane complex, 
subunit TOM22 -14.5 9.9E-28 327/335 

 

2.3.2   Relationship between the UPRmt and longevity 

Based on the model that lifespan extension from ETC inhibition results from induction of the 

UPRmt, we predicted that a majority of the clones identified from our screen would extend 

lifespan. Out of 19 RNAi clones tested, ten significantly increased lifespan (p < 0.05, Wilcoxon 

rank-sum, Table 2.2), of which seven increased lifespan by more than ten percent (Figure 2.2a-

g). Six other RNAi clones significantly decreased mean lifespan (Figure 2.3a-f). No correlation 

between UPRmt induction and lifespan was detected for knockdowns that significantly affected 

lifespan (Figure 2.2h, Figure 2.3g, Figure 2.4a-c). Notably, all of the clones that significantly 

reduced lifespan correspond to worm homologs of proteins important for transport of 

mitochondrial-localized proteins into the mitochondria. These included tomm-22, a component of 

the TOM complex which functions as a translocase in the outer mitochondrial membrane and 

E04A4.5 (TIM17), T09B4.9 (TIM44), F45G2.8 (TIM16), F15D3.7 (TIM23), and dnj-21 

(TIM14), which function in the TIM23 complex that transports proteins into the inner membrane 

and the matrix [18, 183]. The RNAi clones that significantly increased lifespan appear to 

correspond to functionally diverse proteins. These include LETM-1, a mitochondrial 
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transmembrane protein involved in potassium homeostasis that is associated with seizures in 

Wolf-Hirschhorn syndrome patients, LPD-9, a protein involved in fat storage, and Y24D9A.8, 

which is orthologous to human TALDO1 encoding transaldolase, an enzyme of the pentose 

phosphate pathway.  

 

  



 62 

 

Figure 2.2. Several UPRmt inducing RNAi clones extend lifespan.  
 
(a) N2 fed EV(RNAi) (mean 15.8 ± .2 days, n = 284), N2 fed Y24D9A.8(RNAi) (mean 19.8 ± .2 days, n = 316, p < 
0.0001). (b) N2 fed EV(RNAi) (mean 15.0 ± .1 days, n = 320), N2 fed letm-1(RNAi) (mean 18.1 ± .2 days, n = 318, p 
< 0.0001). (c) N2 fed EV(RNAi) (mean 14.3 ± .1 days, n = 267), N2 fed Y110A7A.19(RNAi) (mean 16.8 ± .1 days, n 
= 360, p < 0.0001). (d) N2 fed EV(RNAi) (mean 14.6 ± .1 days, n = 266), N2 fed F02A9.4(RNAi) (mean 16.6 ± .2 
days, n = 302, p < 0.0001). (e) N2 fed EV(RNAi) (mean 17.4 ± .2 days, n = 264), N2 fed wah-1(RNAi) (mean 19.6 ± 
.2 days, n = 301, p < 0.0001). (f) N2 fed EV(RNAi) (mean 16.5 ± .2 days, n = 279), N2 fed Y54G9A.7(RNAi) (mean 
18.5 ± .2 days, n = 266, p < 0.0001). (g) N2 fed EV(RNAi) (mean 15.7 ± .1 days, n = 293), N2 fed lpd-9(RNAi) 
(mean 17.3 ± .2 days, n = 226, p < 0.0001). (h) The hsp-6p::gfp reporter is induced by knockdown of longevity 
conferring RNAi clones. hsp-6p::gfp worms were placed onto RNAi bacteria from egg and GFP measurements were 
taken three days later. Scale bar, 0.3 mm. Lifespans experiments in this figure were performed at 25°C. N=3 
independent experiments, with pooled data shown. Lifespans are indicated as mean +/- SEM and p-values were 
calculated using Wilcoxon rank-sum test. Data by individual experiment and statistical analysis provided in 
Supplementary Materials (Supplemental Table 2.5).  
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Figure 2.3. Several UPRmt inducing RNAi clones shorten lifespan.  
 
(a) N2 fed EV(RNAi) (mean 14.8 ± .1 days, n = 335), N2 fed tomm-22(RNAi) (mean 12.7 ± .2 days, n = 327, p < 
0.0001). (b) N2 fed EV(RNAi) (mean 16.3 ± .2 days, n = 260), N2 fed T09B4.9(RNAi) (mean 14.5 ± .2 days, n = 289, 
p < 0.0001). (c) N2 fed EV(RNAi) (mean 16.7 ± .1 days, n = 293), N2 fed dnj-21(RNAi) (mean 14.9 ± .2 days, n = 
270, p < 0.0001). (d) N2 fed EV(RNAi) (mean 16.5 ± .2 days, n = 279), N2 fed F45G2.8(RNAi) (mean 15.2 ± .2 
days, n = 291, p < 0.0001). (e) N2 fed EV(RNAi) (mean 16.3 ± .2 days, n = 260), N2 fed E04A4.5(RNAi) (mean 15.1 
± .2 days, n = 199, p < 0.0001). (f) N2 fed EV(RNAi) (mean 16.3 ± .2 days, n = 260), N2 fed F15D3.7(RNAi) (mean 
15.1 ± .2 days, n = 217, p < 0.0001). (g) The hsp-6p::gfp reporter is induced by knockdown of RNAi clones that 
reduce lifespan. hsp-6p::gfp worms were placed onto RNAi bacteria from egg and grown at 25°C. GFP 
measurements were taken three days later. Scale bar, 0.3 mm. Lifespan experiments in this figure were performed at 
25°C. N=3 independent experiments, with pooled data shown. Lifespans are indicated as mean +/- SEM and p-
values were calculated using Wilcoxon rank-sum test. Data by individual experiment and statistical analysis 
provided in Supplementary Materials (Supplemental Table 2.5). 
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Figure 2.4. Induction of hsp-6p::gfp is not correlated with lifespan extension.  
 
hsp-6p::gfp induction from three separate experiments performed at 25°C for (a) long-lived RNAi clones and (b) 
short-lived RNAi clones. GFP fluorescence is the average fluorescence of an individual worm relative to EV(RNAi) 
and error bars indicate SEM. (c) hsp-6p::gfp induction is not significantly positively correlated with lifespan 
extension. The Pearson’s correlation R2 is 0.1912 and p-value is 0.12. Error bars indicate SEM for GFP fluorescence 
and % mean lifespan extension relative to EV(RNAi).  
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2.3.3   ATFS-1 is required for UPRmt induction but not longevity  

We next set out to more directly characterize the role of the UPRmt in lifespan extension from 

knockdown of two of the novel longevity clones identified from our screen: letm-1 and 

Y24D9A.8 (transaldolase). We first considered using the haf-1(ok705) mutant for epistasis 

experiments, but found that haf-1 was not required for induction of the UPRmt caused by RNAi 

knockdown of cco-1 or by RNAi knockdown of the gene encoding the mitochondrial prohibitin 

phb-2 (Supplemental Figure 2.1). Therefore, we utilized the atfs-1(tm4525) mutation, which 

has been shown to prevent induction of the UPRmt following knockdown of mitochondrial AAA-

protease spg-7, knockdown of mitochondrial import machinery, and ethidium bromide treatment 

[21]. In the absence of mitochondrial stress, ATFS-1 is imported into the mitochondria where it 

is degraded; when mitochondria are dysfunctional, import and degradation of ATFS-1 is 

impaired, and it relocalizes to the nucleus to induce expression of UPRmt genes, including hsp-6 

and hsp-60 [21]. Based on the model that the UPRmt plays a causal role in lifespan extension, we 

reasoned that RNAi of either letm-1 or Y24D9A.8 (transaldolase) should have no effect on 

lifespan in the atfs-1(tm4525) background. Unexpectedly, deletion of atfs-1 failed to 

significantly attenuate the lifespan extension from RNAi knockdown in either case (Figure 

2.5a,b). 
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Figure 2.5. UPRmt inducing RNAi clones do not require atfs-1 for lifespan extension.  
 
(a) Y24D9A.8(RNAi) lifespan extension is not dependent on atfs-1. N2 fed EV(RNAi) (mean 15.7 ± .1 days, n = 535), 
N2 fed Y24D9A.8(RNAi) (mean 18.1 ± .1 days, n = 456, p < 0.0001), atfs-1(tm425) fed EV(RNAi) (mean 17 ± .2 
days, n = 417), atfs-1(tm4525) fed Y24D9A.8(RNAi) (19.2 ± .2 days, n = 334, p < 0.0001). (b) letm-1(RNAi) lifespan 
extension is not dependent on atfs-1. N2 fed EV(RNAi) (mean 15.5 ± .1, n = 460), N2 fed letm-1(RNAi) (mean 18.6 
± .2, n = 421, p < 0.0001), atfs-1(tm425) fed EV(RNAi) (mean 17 ± .2, n = 386), atfs-1(tm4525) fed letm-1(RNAi) 
(mean 20.1 ± .2, n = 358, p < 0.0001). (c) The long lifespan of cco-1(RNAi) is not dependent on atfs-1 at 20°C. N2 
fed EV(RNAi) (mean 19.9 ± .2, n = 215), N2 fed cco-1(RNAi) (mean 28.9 ± .5, n = 170, p < 0.0001), atfs-1(tm425) 
fed EV(RNAi) (mean 18.6 ± .3, n = 202), atfs-1(tm4525) fed cco-1(RNAi) (mean 26.9 ± .5, n = 170, p < 0.0001). (d) 
The long lifespan of cco-1(RNAi) is not dependent on atfs-1 at 25°C. N2 fed EV(RNAi) (mean 16.6 ± .1, n = 279), 
N2 fed cco-1(RNAi) (mean 24.2 ± .3, n = 242, p < 0.0001), atfs-1(tm425) fed EV(RNAi) (mean 17.8 ± .2, n = 302), 
atfs-1(tm4525) fed cco-1(RNAi) (mean 23.5 ± .3, n = 202, p < 0.0001). (e) hsp-6p::gfp induction by cco-1(RNAi) is 
attenuated in the atfs-1(tm4525) mutant. Scale bar, 0.3 mm. (f) Induction of UPRmt targets hsp-6, hsp-60, and timm-
23 does not occur in the atfs-1(tm4525) mutant. N2 and atfs-1(tm4525) worms were grown on cco-1(RNAi) from 
egg at 20°C and harvested at L4. Gene expression was normalized to EV(RNAi). (N=4, Error bars represent SEM, p* 
< 0.05, p** < 0.01), p > 0.05 is not significant (ns), student’s t-test). Lifespan experiments in this figure represent 
pooled data, are indicated as mean +/- SEM, and p-values were calculated using Wilcoxon rank-sum test. Data by 
individual experiment and statistical analysis provided in Supplementary Materials (Supplemental Table 2.6). 
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In order to determine whether the lack of effect from atfs-1 deletion on lifespan extension is 

specific to these newly identified UPRmt-inducing clones, we asked whether knockdown of cco-

1, which is already known to extend lifespan [2, 3, 126], was dependent on atfs-1. To rule out the 

possibility that high temperature (25°C) could influence the outcome by modulating expression 

of UPRmt genes independently of the mitochondrial stress, we performed subsequent experiments 

at 20°C in addition to 25°C. Once again, deletion of atfs-1 failed to significantly attenuate 

lifespan extension from cco-1(RNAi) at both temperatures (Figure 2.5c,d). The presence of the 

atfs-1(tm4525) allele was verified by PCR (Supplemental Figure 2.2), and deletion of atfs-1 

prevented induction of both hsp-6p::gfp reporter, as well as three different endogenous UPRmt 

genes, hsp-6, hsp-60, and timm-23, following cco-1(RNAi) (Figure 2.5e,f). 

In order to further test the generality of our observations, we treated long-lived isp-

1(qm150) mutant animals with atfs-1(RNAi). As has been previously reported [21], we confirmed 

that atfs-1(RNAi) delayed the development of isp-1 mutant animals (Supplemental Figure 2.3). 

Even when this delay is taken into account, mutation of isp-1 significantly increased the lifespan 

of animals treated with atfs-1(RNAi) comparably to animals treated with empty vector RNAi 

(Figure 2.6a), despite the fact that atfs-1(RNAi) completely prevented induction of GFP in isp-

1(qm150) animals expressing the hsp-6p::gfp reporter (Figure 2.6b).  
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Figure 2.6. The UPRmt is not required for isp-1(qm150) longevity.  
 
(a) Knockdown of atfs-1 does not attenuate the longevity of complex III mutant isp-1(qm150). N2 fed EV(RNAi) 
(mean 19.7 ± .2, n = 365), N2 fed atfs-1(RNAi) (mean 20 ± .2 days, n = 346, p = 0.399), isp1(qm150) fed EV(RNAi) 
(mean 28.2 ± .6 days, n = 206), isp-1(qm150) fed atfs-1(RNAi) (mean 28.3 ± .5 days, n = 293, p = 0.612). (b) hsp-
6p::gfp induction by isp-1(qm150) mutation is attenuated by atfs-1(RNAi). Scale bar, 0.3 mm. Lifespan experiments 
in this figure represent pooled data, are indicated as mean +/- SEM, and p-values were calculated using Wilcoxon 
rank-sum test. Data by individual experiment and statistical analysis provided in Supplementary Materials 
(Supplemental Table 2.6). 
 

2.3.4   Stabilization of ATFS-1 does not extend lifespan 

Recently, constitutively active alleles of ATFS-1 have been described which result in induction 

of the UPRmt in the absence of exogenous mitochondrial stress [184]. To determine whether 

constitutive activation of the UPRmt is sufficient to extend lifespan in the absence of ETC 

inhibition, we measured the lifespans of strains carrying either the atfs-1(et17) or atfs-1(et18) 

alleles. In both cases, lifespan was significantly reduced at 20°C, rather than extended (Figure 

2.7a,b). Similar results were obtained at 25°C, although the reduction in lifespan was attenuated 

at the higher temperature (Figure 2.7c,d). The endogenous UPRmt targets  hsp-6, hsp-60, and 

timm-23 were significantly induced in the atfs-1(et17) and atfs-1(et18) strains, relative to N2 

(Figure 2.7e), demonstrating constitutive activation of the UPRmt in these animals.  
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Figure 2.7. The UPRmt is not sufficient for lifespan extension.  
 
(a) Constitutive UPRmt mutation atfs-1(et17) shortens lifespan at 20°C. N2 fed HT115 bacteria (mean 20.3 ± .2 days, 
n = 312), atfs-1(et17) fed HT115 bacteria (mean 15 ± .2, n = 303, p < 0.0001). (b) Constitutive UPRmt mutation atfs-
1(et18) shortens lifespan at 20°C. N2 fed HT115 bacteria (mean 21.3 ± .1, n = 418), atfs-1(et18) fed HT115 bacteria 
(mean 16.3 ± .3 days, n = 203, p < 0.0001). (c) atfs-1(et17) mutation does not affect lifespan at 25°C. N2 fed HT115 
bacteria (mean = 16.2 ± .15 days), atfs-1(et17) fed HT115 bacteria (mean = 15.9 ± .21 days, p = 0.31). (d) atfs-
1(et18) mutation shortens lifespan at 25°C. N2 fed HT115 bacteria (mean = 16.2 ± .15 days), atfs-1(et18) fed HT115 
bacteria (mean = 13.8 ± .13 days, p < 0.0001). (e) Constitutive UPRmt mutations atfs-1(et17) and atfs-1(et18) induce 
expression of hsp-6, hsp-60, and timm-23. Gene expression was normalized to N2 fed EV(RNAi). (N=4, Error bars 
represent SEM, p* < 0.05, p** < 0.01, student’s t-test). The gene expression data for hsp-60 in the atfs-1(et18) allele 
is trending significant, with p = 0.05. Lifespan experiments in this figure represent pooled data, are indicated as 
mean +/- SEM, and p-values were calculated using Wilcoxon rank-sum test. Data by individual experiment and 
statistical analysis provided in Supplementary Materials (Supplemental Table 2.6). 
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2.4   DISCUSSION 

The model that the UPRmt plays a causal role in lifespan extension has become widely accepted, 

despite the correlative nature of the supporting data and the lack of evidence that induction of the 

UPRmt is sufficient to increase lifespan. In this study, we identified 95 gene knockdowns that 

induce the UPRmt, 66 of which are novel, and found that, at least for the subset tested here, there 

was no correlation between lifespan extension and the degree of UPRmt induction. Furthermore, 

we found that the UPRmt is neither necessary nor sufficient for lifespan extension by utilizing 

both null and gain of function mutations in the UPRmt transcription factor ATFS-1.  

As with prior studies of mitochondrial function in C. elegans, the studies described here are 

limited to mutations and RNAi knockdowns that only partially impair ETC function, since 

complete absence of ETC function is incompatible with life. Thus, we anticipate that additional 

genetic modifiers of the UPRmt, which may have resulted in lethality or early larval arrest in our 

RNAi screen, remain to be identified. This is consistent with prior studies indicating that RNAi 

knockdown of some mitochondrial factors results in severe lifespan reduction or lethality when 

the RNAi is undiluted, but increase lifespan when the RNAi is diluted or initiated post-

developmentally [126, 179, 182].  

The best evidence that the UPRmt directly promotes longevity comes from epistasis 

experiments reporting that knockdown of ubl-5 or haf-1, which are required for full induction of 

the UPRmt, prevents lifespan extension from isp-1(qm150) or RNAi knock-down of either cco-1  

or mrps-5 [142, 143]. One major caveat to these experiments, however, is that neither ubl-

5(RNAi) nor haf-1(RNAi) actually prevented induction of the UPRmt in these experiments. For 

example, in the study from Houtkooper et al. [143], double knock-down of mrps-5 and haf-1 still 

resulted in an approximately 15-fold induction of the hsp-6p::gfp reporter relative to control 
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animals, suggesting that the UPRmt is, at best, attenuated. Furthermore, no analysis of 

endogenous expression UPRmt targets was reported in these studies. In addition, we found that 

haf-1 is not required for induction of the UPRmt caused by knockdown of two additional 

mitochondrial genes: cco-1 and phb-2. In the case of ubl-5, which encodes an ubiquitin-like 

peptide homologous to the yeast splicing factor Hub1 [156], interpretation is further complicated 

by the fact that this protein likely has numerous functions beyond modulating the UPRmt.  

For these reasons, we felt that loss of atfs-1, which has no known function outside of the 

UPRmt, might provide a useful alternative test of this model. In contrast to knockdown of either 

haf-1 or ubl-5, we were able to demonstrate that deletion or RNAi knockdown of atfs-1 largely 

or completely abolishes induction of both the hsp-6p::gfp reporter and endogenous expression of 

three different UPRmt components (hsp-6, hsp-60, and timm-23), while having minimal effect on 

lifespan extension from multiple forms of mitochondrial stress, including mutation of isp-1, 

RNAi knockdown of cco-1, and RNAi knock-down of two new aging genes identified in this 

study: letm-1 and Y24D9A.8.  

Our observations that longevity is reduced by constitutive activation of ATFS-1 or by a 

subset of RNAi clones related to mitochondrial protein import (tomm-22, E04A4.5, T09B4.9, 

F45G2.8, F15D3.7, and dnj-21), further argue against a direct causal link between the UPRmt and 

longevity, and demonstrate that activation of the UPRmt is not sufficient to enhance longevity. 

This is also consistent with prior reports showing that knockdown of the gene encoding the 

mitochondrial prohibitin phb-2 induces the UPRmt in both yeast and worms while simultaneously 

shortening lifespan in both organisms [148, 152]. In the case of prohibitin deficiency, the 

lifespan defects can be suppressed by a reduction in cytoplasmic translation in yeast or by 

deletion of the S6 kinase homolog rsks-1 in worms, which both attenuate the UPRmt. It will be of 
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interest to determine whether loss of rsks-1 or deletion of atfs-1 can prevent lifespan shortening 

in response to knockdown of mitochondrial protein import machinery.  

Although we reach a different conclusion with respect to the role of the UPRmt in longevity 

than has been previously suggested, the data presented in this study are generally consistent with 

the prior data from Durieux et al. [142] and Houtkooper et al. [143]. Our data also do not address 

the “mitokine” mechanism proposed by Durieux et al. [142], whereby a neuronal signal is 

transmitted to distal cells to induce the UPRmt in a cell non-autonomous manner. By utilizing 

both RNAi and mutant alleles of atfs-1, however, we are able to exclude the possibility that the 

presence (or absence) of neuronal UPRmt signaling (knockdown by RNAi feeding is generally 

less efficient in neurons) could yield different outcomes with respect to lifespan.  

It is also important to consider that the UPRmt is still relatively poorly characterized and 

imprecisely defined. Nearly every study of the UPRmt in C. elegans has utilized either the hsp-

6p::gfp reporter or the hsp-60p::gfp reporter, with analysis of endogenous expression of hsp-6, 

hsp-60, or other UPRmt targets rarely performed. Our data indicate that some RNAi clones that 

robustly induce expression of hsp-6p::gfp do not strongly induce expression of hsp-60p::gfp 

(Supplemental Table 2.3). Whether this represents a biologically relevant difference in 

regulation of hsp-6 and hsp-60 or simply reflects differential sensitivities of the two reporters 

will require further study, but it does point out the possibility that there may be substantial 

differences in regulation of individual UPRmt targets, depending on the type of mitochondrial 

stress and the resulting signals from the mitochondria to the nucleus. For this reason, we chose to 

directly quantify mRNA levels for three mitoUPR-regulated genes, in addition to utilizing these 

GFP reporter strains. In each case, similar changes in expression were observed. Our data 

therefore dissociate the mitoUPR, as commonly defined in the field, from longevity; however, it 
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remains possible that additional, as yet unknown, UPRmt targets that are regulated independently 

of ATFS-1 could influence lifespan directly. Thus, although we do not completely rule out a 

causal role for the UPRmt in aging, our data strongly suggest that if the UPRmt does play any 

direct longevity-promoting role it is subtle, variable, and highly context-dependent. Indeed, our 

interpretation of the entire body of data is that a stronger case can be made that the UPRmt 

generally suppresses longevity, and that inhibition of ETC function increases lifespan in spite of, 

rather than because of, the UPRmt.  

Our observation that the lifespan-extending RNAi clones which also induce the UPRmt 

appear to encompass a range of mitochondrial and cytoplasmic functions suggests that the 

mechanisms by which mitochondrial perturbations modulate aging in C. elegans may extend 

beyond reduced ETC function or inhibition of mitochondrial translation. The fact that each of 

these RNAi clones also induces the UPRmt indicates that they are likely perturbing mitochondrial 

homeostasis, or at least inducing a signal of mitochondrial stress. It will be important to 

understand how each of these factors is influencing mitochondrial function, particularly in those 

cases where there is no obvious link to mitochondria, such as transaldolase deficiency. In this 

regard, it is interesting to note that altered expression of pentose phosphate pathway enzymes has 

been associated with lifespan extension from calorie restriction in rhesus monkeys [185], and 

transaldolase deficiency in mice causes loss of mitochondrial membrane potential and 

morphology in spermatozoa [186]. 

In addition to the UPRmt, several cellular pathways and factors have been proposed to 

mediate enhanced longevity following mitochondrial stress in C. elegans. As with prior studies 

on the UPRmt, however, each of these factors (e.g. HIF-1, CEH-23, AMP kinase, p53/cep-1, 

TAF-4) have only been tested relative to one or a few long-lived mutants or RNAi clones. For 
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now, it remains an open question as to whether a single mechanism will ultimately explain all of 

the various mitochondrial longevity interventions, or if multiple overlapping but distinct 

mechanisms contribute. Given the central role of mitochondrial function in metabolism, nutrient 

response, and energetics, it is perhaps not surprising that the role of mitochondria in aging is 

complex and challenging to understand solely through genetic analyses.  

2.5   CONCLUSION 

Taken together with prior studies, the observations reported here demonstrate that the 

relationship between the UPRmt and aging is significantly more complex than currently 

appreciated. At best, induction of the UPRmt is only weakly correlated with longevity, since 

many RNAi clones that induce the UPRmt either have no effect on lifespan or reduce lifespan, 

and induction of the UPRmt in the absence of mitochondrial stress fails to increase lifespan. Of 

the additional factors previously implicated in mitochondrial longevity, it remains unclear 

whether any represent a unifying mechanism. Despite the mechanistic uncertainties, however, 

the identification here of several novel RNAi clones that induce the UPRmt, at least eight of 

which also extend lifespan, further emphasizes the central importance of this pathway and 

suggests that this will be a fertile area for future research and insights into the fundamental 

mechanisms of mitochondrial quality control and aging.  

2.6   METHODS 

Strains 

NQ887 (isp-1(qm150)), QC117 (atfs-1(et17)), QC118 (atfs-1(et18)), SJ4100 (zcIs13[hsp-

6p::gfp]), SJ4058 (zcIs9[hsp-60p::gfp]), CL2070 (dvIs[hsp-16.2p::gfp]), and SJ4005 (zcIs4[hsp-
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4p::gfp]) were obtained from the Caenorhabditis Genetics Center (Minneapolis, MN). The atfs-

1(tm4525) was obtained from the National BioResource Project (Tokyo, Japan) and backcrossed 

to our lab N2 strain twice.  

RNAi Screen and Fluorescence Microscopy 

All fluorescence microscopy was performed using a Zeiss SteREO Lumar.V12 microscope 

(Thornwood, NY, USA). The RNAi screen was performed using the Vidal RNAi library [187] 

and hsp-6p::gfp worms. RNAi bacteria were inoculated into LBAmp media and GFP reporter 

worms were hypochlorite treated and hatched in M9 overnight. The next day, RNAi bacteria 

were induced with 4mM IPTG for 1 hour, pelleted, and resuspended in liquid NGM 

supplemented with ampicillin and IPTG. RNAi bacteria were then added to 96-well plates with 

~30 L1 reporter worms per well. After 3 days, GFP fluorescence was assessed manually by 

scoring photos as weak induction, strong induction, or no induction.  

For validation of RNAi clones and quantification of different GFP reporter expression, GFP 

fluorescence of individual worms was quantified using IMAGEJ (Rasband, 1997–2012). 

Relative fluorescence to empty-vector was calculated and fluorescence data was pooled across 

three independent experiments. A Student’s t-test was used to calculate significance with a 

Bonferonni correction to account for multiple comparisons. Synchronized eggs were grown on 

RNAi bacteria at 20°C, unless otherwise stated. After 3 days, worms were assayed for GFP 

expression by fluorescence microscopy. For the hsp-16.2p::gfp and hsp-4p::gfp reporters, 

expression was induced by treatment with 4+ hour 30°C heat shock and tunicamycin 

respectively. At least two independent experiments, with approximately 10 animals per condition 

per experiment, performed on different days from different RNAi cultures, was obtained for each 

reporter with similar results.  
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Lifespan Analyses 

Lifespans were performed as described previously [188]. Synchronized eggs obtained by treating 

adult animals with hypochlorite were grown on NGM plates containing 4 mM IPTG, 25 µg ml-1 

carbenicillin and seeded with HT115(DE3) RNAi bacteria. At larval stage 4, worms were 

transferred to plates with 50 µM FUDR to prevent hatching of progeny. Lifespans were 

performed at 25°C for the lifespan screen and at 20°C and 25°C in other experiments as 

described in the text and figures. Cohorts were examined every 1–3 days using tactile stimulation 

to verify viability of animals. Animals lost due to foraging were not included in the analysis. All 

lifespan analyses were replicated using independent cohorts on different dates with replicate 

statistics provided in Supplementary Tables (Supplemental Table 2.5Supplemental Table 2.6). 

P-values were calculated using the Wilcoxon rank-sum test. GraphPad Prism was used for 

Pearson’s correlation statistics of hsp-6p::gfp induction versus lifespan.  

qRT-PCR 

RNA was isolated from L4 worms using a TRIzol (Life Technologies) chloroform extraction and 

cDNA was prepared according to the SuperScript III First Strand Synthesis protocol (Life 

Technologies). qRT-PCR was used to measure the expression levels of hsp-6, hsp-60, timm-23 

(primers in Supplementary Table 4) and normalization controls pmp-3 and cdc-42 (TaqMan® 

Gene Expression Assays, Life Technologies). The relative standard curve method was used to 

calculate gene expression.  
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2.8   SUPPLEMENTAL FIGURES AND TABLES 

 
Supplemental Figure 2.1. HAF-1 is not required for UPRmt induction caused by cco-1 and 
phb-2 RNAi.  
 
(a) hsp-6p::gfp induction was measured 3 days from hatch at 20°C in wild-type and haf-1(ok705) animals. 
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Supplemental Figure 2.2. Genotyping of atfs-1(tm4525) mutant.  
 
(a) Outer primers, which bind outside the deletion, give a WT band of ~1200 bp and a tm4525 band of ~800. The 
delR primer is inside the tm4525 deletion. The outerF and delR give a WT band of ~1000 bp and no tm4525 band.  
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Supplemental Figure 2.3. The developmental rate of isp-1(qm150) is delayed by atfs-
1(RNAi).  
 
(a) isp-1(qm150) were grown from egg on EV(RNAi) and atfs-1(RNAi) for 6 days.  
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Supplemental Table 2.1. Validated RNAi Inducers of the UPRmt.  
 
RNAi knockdown of the following 34 genes significantly induced the hsp-6p::gfp reporter. The eukaryotic 
orthologous groups (KOGs) annotation and PPOD derived human and yeast orthologs for each gene are shown. 
Annotation for mitochondrial targeting is based off of Go Term “Mitochondrion” annotation (A), orthology to a 
known mitochondrial gene by PPOD (B), MitoProt II probability estimation >0.8 (C), or presence in a published C. 
elegans mitochondrial proteome data set by Li, J., et al., Proteomics, 2009 1 (D). Reported effects on longevity are 
shown as WBRNAi experiments or Chen, D., et al., Aging Cell, 2007 2 (E). Reported effects on the UPRmt are based 
on the work of Yoneda, T., et al., Journal of Cell Science, 2004 3 (F), Nargund, A., et al., Science, 2012 4 (G), Melo, 
J., et al., Cell, 2012 5 (H), and Shore, D., et al., PLoS Genet, 2012 6 (I). 
 
 

Gene Name NCBI KOG Annotation 
PPOD 
(Human | Yeast 
Ortholog) 

Mito. 
Targeted 

Extended 
Lifespan 

Reported UPRmt 
inducer 

E04A4.5 
Mitochondrial import inner 
membrane translocase, subunit 
TIM17 

TIM17A/TIM17
B | TIM17 A, B, D     

F15D3.7 
Mitochondrial import inner 
membrane translocase, subunit 
TIM23 

TIMM23B | 
TIM23 A, B, D   G, H 

T09B4.9 
Mitochondrial import inner 
membrane translocase, subunit 
TIM44 

TIM44 | TIM44 A, B, C, D   F 

W02F12.5 

Dihydrolipoamide 
succinyltransferase (2-
oxoglutarate dehydrogenase, E2 
subunit) 

DLTS | KGD2 B, C, D    H 

dnj-21 Molecular chaperone (DnaJ 
superfamily) 

TIM14;DNAJC1
5; DNAJC19 | 
TIM14/PAM18 

A, B, D   F 

lpd-9     C, D     
phb-2   PHB2 | PHB2 A, B, D   F 

C04C3.3 Pyruvate dehydrogenase E1, 
beta subunit PDHB | PDB1 A, B, C, D     

wah-1 Programmed cell death 8 
(apoptosis-inducing factor) AIFM1 |  A, B, C, D     

F45G2.8 Uncharacterized conserved 
protein 

PAM16 | 
PAM16 A, B, D     

Y54G9A.7     C, D     
ech-6 Enoyl-CoA hydratase ECHS1 |  A, B, C, D     

Y110A7A.19 Uncharacterized conserved 
protein PTCD3 |  B, C, D     

sco-1 Putative cytochrome C oxidase 
assembly protein 

SCO1 | SCO1; 
SCO2 B, D E   

cchl-1 Holocytochrome c 
synthase/heme-lyase CCHL | CYC3 A, B, D WBRNAi

00063981  I 

ril-1     D WBRNAi
00063960  I 

tomm-22 
Translocase of outer 
mitochondrial membrane 
complex, subunit TOM22 

TOM22 |  B, D     

Y22D7AL.10 Mitochondrial chaperonin HSPE1 | HSP10 B, C, D     
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Y17G9B.5 Intermediate in Toll signal 
transduction pathway (ECSIT) ECSIT |  B, C, D     

his-5 Histone H4 Histone H4 | 
HHF2 C      

letm-1 Ca2+-binding transmembrane 
protein LETM1/MRS7 

LETM1 | 
MDM38 B, C      

C08F8.2 Mitochondrial RNA helicase 
SUV3, DEAD-box superfamily 

SUPV3L1 | 
SUV3 A, B, C      

F02A9.4 3-Methylcrotonyl-CoA 
carboxylase  MCCC2 |  A, B, C      

hsp-60 Mitochondrial chaperonin, 
Cpn60/Hsp60p HSPD1 | HSP60 A, B, C    F, H 

Y38E10A.24             

tkt-1 Transketolase TKTL1; TKTL2 
| TKL1; TKL2     WBRNAi

00078549  H 

ant-1.1 Mitochondrial ADP/ATP 
carrier proteins 

ANT1; ANT2; 
ANT3 |  AAC1; 
AAC2; AAC3 

A, B   WBRNAi
00078570   

drp-1 Vacuolar sorting protein VPS1, 
dynamin, and related proteins DRP1 | DNM1 A, B       

Y52B11C.1             

F15D3.6 
Predicted member of the 
intramitochondrial sorting 
protein family 

SLMO2 | UPS2; 
UPS3 B       

Y24D9A.8 Transaldolase TALDO1 | 
TAL1         

W02B12.9 Mitochondrial carrier protein 
MRS3/4 

MFRN | MRS3; 
MRS4 A, B       

AC8.6             
F21C3.10             
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Supplemental Table 2.2. Non-Validated RNAi Inducers of the UPRmt.  
 
This table represents 61 positive inducers of hsp-6p::gfp identified in our screen that target components of the 
electron transport chain or mitochondrial translation machinery. Since similar hits have been reported to induce the 
UPRmt, we focused our validation elsewhere, but this list is expected to represent genuine inducers of the UPRmt and 
in some cases, have been validated by other groups. Putative Mitochondrial Function is based off KOG annotation, 
PPOD orthology analysis, or blastP homology analysis. Mitochondrial targeting is based of inclusion in the C. 
elegans mitochondrial proteome data set by Li, J., et al., Proteomics, 2009 1. Reported effects on longevity or UPRmt 
induction are shown as WBRNAi experiments or Houtkooper, R., et al., Nature, 2013 7 (A), Lee, S.S., et al., Nature 
Gen, 2003 8 (B), Chen, D., et al., Aging Cell, 2007 2 (C), Yoneda, T., et al., Journal of Cell Science, 2004 3 (D), 
Hamilton, B., et al., Genes Dev, 2005 9 (E), Melo, J., et al., Cell, 2012 5 (F), and Shore, D., et al., PLoS Genet, 2012 6 

(G). 
 
Gene Name NCBI KOG Annotation Putative Mito. 

Function 
Mito. 
Targeted 

Extended 
Lifespan 

Reported 
UPRmt inducer 

F44G4.2 Unnamed protein Complex I ✔   
B0491.5  Complex I ✔ C  

nuo-1 
NADH:ubiquinone 
oxidoreductase, 
NDUFV1/51kDa subunit 

Complex I ✔ WBRNAi00
066177 G 

nduf-2.2 
NADH:ubiquinone 
oxidoreductase, NDUFS2/49 
kDa subunit 

Complex I ✔ WBRNAi00
078565  

ZK809.3 
NADH:ubiquinone 
oxidoreductase, NDUFB6/B17 
subunit 

Complex I ✔ WBRNAi00
078577  

F31D4.9  Complex I    

gas-1 
NADH:ubiquinone 
oxidoreductase, NDUFS2/49 
kDa subunit 

Complex I ✔   

nduf-7 
NADH-ubiquinone 
oxidoreductase, 
NUFS7/PSST/20 kDa subunit 

Complex I ✔   

C16A3.5 
NADH:ubiquinone 
oxidoreductase, NDUFB9/B22 
subunit 

Complex I ✔   

nduf-5 NADH:ubiquinone 
oxidoreductase, NDUFS5/15kDa Complex I ✔   

D2030.4 
NADH:ubiquinone 
oxidoreductase, NDUFB7/B18 
subunit 

Complex I ✔ WBRNAi00
065275 D, E, G 

F59C6.5 
NADH-ubiquinone 
oxidoreductase, subunit 
NDUFB10/PDSW 

Complex I ✔ WBRNAi00
066189 D, G 

T20H4.5 
NADH:ubiquinone 
oxidoreductase, NDUFS8/23 
kDa subunit 

Complex I ✔ WBRNAi00
065279 E, G 

nduf-6 
NADH:ubiquinone 
oxidoreductase, NDUFS6/13 
kDa subunit 

Complex I ✔  D 

Y51H1A.3 
NADH:ubiquinone 
oxidoreductase, NDUFB8/ASHI 
subunit 

Complex I    

F42G8.10 Uncharacterized conserved Complex I    
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protein 

nuo-4 
NADH:ubiquinone 
oxidoreductase, 
NDUFA10/42kDa subunit 

Complex I  
WBRNAi00
065278 E, G 

ucr-1 

Mitochondrial processing 
peptidase, beta subunit, and 
related enzymes (insulinase 
superfamily) 

Complex III ✔ WBRNAi00
078564  

T02H6.11 Ubiquinol cytochrome c 
reductase, subunit QCR7 Complex III ✔ B  

F45H10.2 Ubiquinol cytochrome c 
reductase, subunit QCR8 Complex III ✔   

R07E4.3 Ubiquinol cytochrome c 
reductase, subunit QCR8 Complex III ✔   

F29B9.11  Complex IV ✔   
cco-2 Cytochrome c oxidase, subunit 

Va/COX6 Complex IV ✔ WBRNAi00
063991 G 

F29C4.2 Unnamed protein Complex IV ✔ WBRNAi00
078571  

cco-1 Cytochrome c oxidase, subunit 
Vb/COX4 Complex IV ✔ WBRNAi00

063967 D, E, F 

F26E4.6 Cytochrome c oxidase, subunit 
VIIc/COX8 Complex IV ✔ WBRNAi00

065276 D, E, G 

atp-2 F0F1-type ATP synthase, beta 
subunit Complex V ✔ WBRNAi00

066144 F, G 

atp-4 
Mitochondrial F1F0-ATP 
synthase, subunit Cf6 (coupling 
factor 6) 

Complex V ✔ WBRNAi00
063979 G 

R53.4 Mitochondrial F1F0-ATP 
synthase, subunit f Complex V ✔ C  

F32D1.2 Mitochondrial F1F0-ATP 
synthase, subunit epsilon/ATP15 Complex V ✔   

F58F12.1 Mitochondrial F1F0-ATP 
synthase, subunit delta/ATP16 Complex V ✔   

H28O16.1 F0F1-type ATP synthase, alpha 
subunit Complex V  

WBRNAi00
066165 D, F, G 

atp-3 Mitochondrial F1F0-ATP 
synthase, subunit OSCP/ATP5 Complex V  

WBRNAi00
063970 G 

R04F11.2 Mitochondrial F1F0-ATP 
synthase, subunit e Complex V ✔   

asg-2 Mitochondrial F1F0-ATP 
synthase, subunit g/ATP20 Complex V ✔ WBRNAi00

065274 E, G 

asg-1 Mitochondrial F1F0-ATP 
synthase, subunit g/ATP20 Complex V ✔  D 

T26E3.7 F0F1-type ATP synthase, alpha 
subunit Complex V    

Y82E9BR.3 
Mitochondrial F1F0-ATP 
synthase, subunit 
c/ATP9/proteolipid 

Complex V    

cyc-2.1 Cytochrome c Cytochrome C ✔ WBRNAi00
078573  

F33D4.5 50S ribosomal protein L1 Mitochondrial 
Translation ✔ WBRNAi00

078562 A 

C30C11.1 Mitochondrial ribosomal protein 
L32 

Mitochondrial 
Translation ✔   
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F09G8.3 Mitochondrial/chloroplast 
ribosomal protein S9 

Mitochondrial 
Translation ✔ WBRNAi00

078568  

F59A3.3 Mitochondrial/chloroplast 
ribosomal protein L24 

Mitochondrial 
Translation ✔ C  

K01C8.6 Mitochondrial ribosomal protein 
L10 

Mitochondrial 
Translation ✔ C  

tag-264 Mitochondrial 28S ribosomal 
protein S30 

Mitochondrial 
Translation ✔ C D, A 

tufm-1 Mitochondrial translation 
elongation factor Tu 

Mitochondrial 
Translation ✔ WBRNAi00

078595  

T04A8.11  
Mitochondrial 
Translation ✔   

dap-3 
Mitochondrial ribosome small 
subunit component, mediator of 
apoptosis DAP3 

Mitochondrial 
Translation ✔   

F45E12.5 Mitochondrial ribosomal protein 
L14 

Mitochondrial 
Translation    

mrpl-37  
Mitochondrial 
Translation ✔ A A 

mrps-5 Ribosomal protein S5 Mitochondrial 
Translation ✔ A A 

F56B3.8 Mitochondrial/chloroplast 
ribosomal protein L2 

Mitochondrial 
Translation ✔ A A 

sars-2 Seryl-tRNA synthetase Mitochondrial 
Translation ✔   

T13H5.5 Mitochondrial ribosomal protein 
S18b 

Mitochondrial 
Translation ✔   

T23B12.2 Mitochondrial/chloroplast 
ribosomal protein L4 

Mitochondrial 
Translation ✔   

T23B12.3 Mitochondrial/chloroplast 
ribosomal protein S2 

Mitochondrial 
Translation ✔   

W04B5.4 Mitochondrial ribosomal protein 
L30 

Mitochondrial 
Translation ✔   

Y39A1A.6 Mitochondrial/chloroplast 
ribosomal protein L22 

Mitochondrial 
Translation ✔   

Y39B6A.39 Mitochondrial ribosomal protein 
S28 

Mitochondrial 
Translation ✔   

Y48C3A.10 Mitochondrial/chloroplast 
ribosomal protein L20 

Mitochondrial 
Translation ✔   

Y34D9A.1 Phosphatidylethanolamine 
binding protein 

Mitochondrial 
Translation ✔   
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Supplemental Table 2.3. Effects of 34 Validated RNAi inducers of the UPRmt on other 
stress response reporters.  
 
RNAi knockdown of the shown genes significantly induced expression of the hsp-6p::gfp reporter. The effect on 
mean GFP fluorescence from each RNAi clone is shown relative to empty vector (EV) treated animals (± SEM, 
N=3). Worms were grown at 20°C and imaged 3 days from hatching. Gene knockdowns that significantly increased 
(student’s t-test with Bonferroni correction) each reporter are highlighted in gray. 
 
RNAi/cond.  hsp-6p::gfp hsp-60p::gfp hsp-4p::gfp hsp-16.2p::gfp 
EV 1 ± 0.02 1 ± 0.02 1 ± 0.04 1 ± 0.03 
phb-2 12.29 ± 0.52 1.88 ± 0.07 1.23 ± 0.05 0.82 ± 0.07 
EV + Heat Shock #N/A #N/A #N/A 7.13 ± 0.46 
EV + Tunicamycin #N/A #N/A 7.15 ± 0.63 #N/A 
Y17G9B.5 1.4 ± 0.11 1.07 ± 0.05 0.92 ± 0.05 0.84 ± 0.04 
his-5 2.27 ± 0.14 0.96 ± 0.03 1.18 ± 0.07 0.09 ± 0.01 
tkt-1 2.42 ± 0.28 0.76 ± 0.02 0.98 ± 0.05 0.57 ± 0.02 
ant-1.1 2.46 ± 0.33 0.86 ± 0.03 0.72 ± 0.04 0.83 ± 0.03 
F21C3.10 2.56 ± 0.2 1.02 ± 0.05 1.09 ± 0.06 0.94 ± 0.06 
drp-1 2.96 ± 0.39 0.92 ± 0.04 0.78 ± 0.03 1.02 ± 0.06 
C04C3.3 3.19 ± 0.35 1.07 ± 0.05 1.19 ± 0.06 0.87 ± 0.04 
Y24D9A.8 3.49 ± 0.25 0.75 ± 0.04 0.91 ± 0.08 0.55 ± 0.02 
W02B12.9 3.58 ± 0.34 1.01 ± 0.03 1.16 ± 0.12 0.81 ± 0.05 
sco-1 3.87 ± 0.59 1.16 ± 0.04 0.84 ± 0.09 0.92 ± 0.05 
C08F8.2 5.08 ± 0.72 1.06 ± 0.05 0.9 ± 0.03 0.87 ± 0.05 
Y52B11C.1 5.35 ± 0.39 1.35 ± 0.05 0.95 ± 0.06 1.1 ± 0.05 
F15D3.6 6.03 ± 0.35 1.36 ± 0.07 0.82 ± 0.03 0.86 ± 0.05 
cchl-1 8.2 ± 1.04 1.42 ± 0.04 0.84 ± 0.04 1.01 ± 0.04 
ech-6 8.97 ± 1.37 1.45 ± 0.06 0.93 ± 0.04 0.93 ± 0.04 
hsp-60 11.14 ± 0.78 1.01 ± 0.03 1.09 ± 0.04 0.59 ± 0.03 
F02A9.4 11.17 ± 0.96 1.33 ± 0.06 0.87 ± 0.07 0.79 ± 0.03 
AC8.6 11.62 ± 1 1.28 ± 0.06 0.76 ± 0.04 1 ± 0.04 
tomm-22 11.93 ± 0.81 1.14 ± 0.05 1.19 ± 0.11 0.65 ± 0.04 
T09B4.9 12.04 ± 0.73 1.65 ± 0.14 1.02 ± 0.04 0.7 ± 0.03 
Y38E10A.24 12.16 ± 0.67 1.07 ± 0.05 1.44 ± 0.08 0.72 ± 0.02 
Y22D7AL.10 12.85 ± 0.71 0.93 ± 0.03 0.76 ± 0.06 0.84 ± 0.04 
wah-1 13.17 ± 1.99 1.36 ± 0.04 1.14 ± 0.04 0.93 ± 0.06 
E04A4.5 13.33 ± 1.12 1.4 ± 0.11 0.97 ± 0.09 0.64 ± 0.02 
Y54G9A.7 14.04 ± 1.31 1.28 ± 0.05 1.14 ± 0.08 0.92 ± 0.06 
Y110A7A.19 14.41 ± 1.3 1.45 ± 0.08 0.84 ± 0.05 0.77 ± 0.03 
ril-1 14.71 ± 2.81 1.05 ± 0.06 0.59 ± 0.04 0.35 ± 0.02 
letm-1 16.06 ± 2.44 1.22 ± 0.05 0.83 ± 0.03 0.73 ± 0.03 
phb-2 16.11 ± 2.36 1.99 ± 0.11 1.2 ± 0.06 0.55 ± 0.03 
lpd-9 16.37 ± 1.45 1.46 ± 0.07 1.15 ± 0.08 0.97 ± 0.05 
W02F12.5 16.47 ± 1.73 1.15 ± 0.06 1.1 ± 0.07 0.73 ± 0.03 
F45G2.8 16.95 ± 1.4 1.37 ± 0.05 1.07 ± 0.09 0.81 ± 0.04 
F15D3.7 17.52 ± 1.13 1.67 ± 0.08 0.93 ± 0.06 0.61 ± 0.04 
dnj-21 22.12 ± 2.48 1.93 ± 0.1 1.19 ± 0.08 0.87 ± 0.04 
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Supplemental Table 2.4. Primers used for qRT-PCR.  
 
qRT-PCR was used to measure expression of mitoUPR targets.  
 
Primer Sequence 

hsp-6F TCGTGAACGTTTCAGCCAGA 
hsp-6R CTCAGCGGCATTCTTTTCGG 

  
hsp-60F GGGGAAGCCCAAAGATCACA 
hsp-60R TCCAGCCTCCTCATTAGCCT 

  
timm-23F CTCCGATCGATCTCAGTGCC 
timm-23R ATAGGGTGTCATTTGCCGGG 
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Supplemental Table 2.5. Effects of 19 UPRmt regulators on lifespan.  
 
RNAi knockdown of the shown genes significantly induced expression of the hsp-6p::gfp reporter. A total of three 
blinded experimental replicates were performed for each RNAi. p-values are shown for a Wilcoxon Rank-Sum 
comparison to EV control. 
 
Experiment RNAi Mean (±SEM) Mean (%EV) Median N p-value  
1 EV 17.6 ± 0.3  18 81  
1 E04A4.5 15.6 ± 0.3 -11.5 16 67 1.90E-05 
2 EV 16.1 ± 0.3  17 75  
2 E04A4.5 16.1 ± 0.5 0.1 17 39 9.20E-01 
3 EV 15.5 ± 0.2  15.5 104  
3 E04A4.5 14.2 ± 0.2 -8 14 93 3.90E-04 
Total EV 16.3 ± 0.2   17 260   
Total E04A4.5 15 ± 0.2 -7.7 14 199 4.40E-07 

       
1 EV 17.6 ± 0.3  18 81  
1 F15D3.7 15.7 ± 0.3 -10.5 16 81 9.30E-06 
2 EV 16.1 ± 0.3  17 75  
2 F15D3.7 16.1 ± 0.3 -0.1 17 56 8.10E-01 
3 EV 15.5 ± 0.2  15.5 104  
3 F15D3.7 13.8 ± 0.2 -10.9 14 80 7.50E-07 
Total EV 16.3 ± 0.2   17 260   
Total F15D3.7 15.1 ± 0.2 -7.4 14 217 1.30E-07 

       
1 EV 17.6 ± 0.3  18 81  
1 T09B4.9 15.3 ± 0.2 -13.2 16 99 3.10E-08 
2 EV 16.1 ± 0.3  17 75  
2 T09B4.9 15.7 ± 0.4 -2.6 17 77 3.00E-01 
3 EV 15.5 ± 0.2  15.5 104  
3 T09B4.9 13 ± 0.2 -15.7 14 113 2.70E-12 
Total EV 16.3 ± 0.2   17 260   
Total T09B4.9 14.5 ± 0.2 -11.1 14 289 2.40E-14 

       
1 EV 13.8 ± 0.4  12 54  
1 W02F12.5 15.7 ± 0.4 13.5 16 59 2.30E-03 
2 EV 16.1 ± 0.3  17 75  
2 W02F12.5 19.5 ± 0.5 21.2 19 66 1.20E-08 
3 EV 16.3 ± 0.1  16 113  
3 W02F12.5 16.1 ± 0.2 -1 16 112 4.30E-01 
Total EV 15.7 ± 0.2   16 242   
Total W02F12.5 17 ± 0.2 8.2 16 237 7.00E-04 
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1 EV 17.6 ± 0.3  18 81  
1 dnj-21 15.6 ± 0.4 -11.3 16 59 8.10E-04 
2 EV 16.4 ± 0.3  17 99  
2 dnj-21 15.6 ± 0.3 -4.9 17 100 2.50E-02 
3 EV 16.3 ± 0.1  16 113  
3 dnj-21 14 ± 0.2 -14.2 14 111 7.80E-17 
Total EV 16.7 ± 0.1   17 293   
Total dnj-21 14.9 ± 0.2 -10.5 14 270 4.50E-14 

       
1 EV 16.4 ± 0.3  17 99  
1 lpd-9 18.2 ± 0.2 11 19 83 8.30E-06 
2 EV 16.3 ± 0.1  16 113  
2 lpd-9 17.5 ± 0.3 7.8 18 82 1.90E-04 
3 EV 14 ± 0.2  14 81  
3 lpd-9 15.7 ± 0.3 12.2 16 61 3.20E-04 
Total EV 15.7 ± 0.1   16 293   
Total lpd-9 17.3 ± 0.2 10.2 17 226 1.10E-11 

       
1 EV 16.2 ± 0.2  16 74  
1 C04C3.3 14.5 ± 0.2 -10.6 14 81 1.10E-07 
2 EV 16.4 ± 0.3  17 99  
2 C04C3.3 17.2 ± 0.2 5.1 17 89 8.80E-02 
3 EV 17.2 ± 0.3  16 106  
3 C04C3.3 17.6 ± 0.3 2.1 16 132 3.10E-01 
Total EV 16.6 ± 0.2   16 279   
Total C04C3.3 16.6 ± 0.2 -0.1 16 302 5.60E-01 

       
1 EV 16.2 ± 0.2  16 74  
1 wah-1 18.4 ± 0.4 13.5 18 88 1.30E-05 
2 EV 18.8 ± 0.4  19 84  
2 wah-1 21 ± 0.4 11.5 21 107 1.20E-04 
3 EV 17.2 ± 0.3  16 106  
3 wah-1 19.4 ± 0.4 12.5 18 106 1.70E-06 
Total EV 17.4 ± 0.2   16.5 264   
Total wah-1 19.6 ± 0.2 12.7 19 301 7.10E-13 

       
1 EV 15.4 ± 0.3  16 109  
1 hsp-60 16.8 ± 0.4 9.2 16 78 1.60E-03 
2 EV 18.8 ± 0.4  19 84  
2 hsp-60 17.3 ± 0.8 -7.9 19 30 3.60E-01 
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3 EV 16.2 ± 0.3  16 89  
3 hsp-60 14.7 ± 0.3 -9.4 14 79 1.20E-03 
Total EV 16.7 ± 0.2   16 282   
Total hsp-60 16 ± 0.3 -4 16 187 8.60E-02 

       
1 EV 15.4 ± 0.3  16 109  
1 F45G2.8 16.6 ± 0.4 7.8 16 87 2.10E-02 
2 EV 18.8 ± 0.4  19 84  
2 F45G2.8 15.7 ± 0.5 -16.4 17 94 1.10E-05 
3 EV 15.8 ± 0.3  15 86  
3 F45G2.8 13.7 ± 0.3 -12.9 14 110 6.20E-07 
Total EV 16.5 ± 0.2   16 279   
Total F45G2.8 15.2 ± 0.2 -7.9 14 291 8.80E-05 

       
1 EV 15.4 ± 0.3  16 109  
1 Y54G9A.7 17.8 ± 0.4 15.6 20 86 2.40E-06 
2 EV 18.8 ± 0.4  19 84  
2 Y54G9A.7 20.4 ± 0.5 8.8 21 67 3.00E-03 
3 EV 15.8 ± 0.3  15 86  
3 Y54G9A.7 17.9 ± 0.2 13.7 18 113 4.80E-09 
Total EV 16.5 ± 0.2   16 279   
Total Y54G9A.7 18.5 ± 0.2 12 18 266 3.60E-13 

       
1 EV 15.4 ± 0.3  16 109  
1 Y24D9A.8 18.8 ± 0.4 22.3 20 83 4.80E-12 
2 EV 16.2 ± 0.3  16 89  
2 Y24D9A.8 19.8 ± 0.4 22.4 21 103 5.00E-11 
3 EV 15.8 ± 0.3  15 86  
3 Y24D9A.8 20.4 ± 0.3 29.2 21 130 3.10E-20 
Total EV 15.8 ± 0.2   16 284   
Total Y24D9A.8 19.8 ± 0.2 25.6 20 316 7.90E-42 

       
1 EV 17.6 ± 0.4  16 95  
1 ech-6 17.7 ± 0.5 0.7 19 79 8.70E-01 
2 EV 16.2 ± 0.3  16 89  
2 ech-6 14.7 ± 0.3 -8.9 16 112 1.40E-02 
3 EV 14.2 ± 0.2  13 112  
3 ech-6 15.3 ± 0.2 7.6 16 115 3.70E-04 
Total EV 15.9 ± 0.2   16 296   
Total ech-6 15.7 ± 0.2 -1.1 16 306 9.40E-01 
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1 EV 17.6 ± 0.4  16 95  
1 F15D3.6 19.5 ± 0.4 11.3 21 99 2.60E-04 
2 EV 14.3 ± 0.2  14 116  
2 F15D3.6 14.7 ± 0.1 2.9 14 132 6.60E-02 
3 EV 14.2 ± 0.2  13 112  
3 F15D3.6 14.6 ± 0.2 2.8 14 140 1.90E-02 
Total EV 15.2 ± 0.2   14 323   
Total F15D3.6 16 ± 0.2 4.8 16 371 1.60E-03 

       
1 EV 13.8 ± 0.4  12 54  
1 Y110A7A.19 16.9 ± 0.4 22.2 16 99 2.40E-07 
2 EV 14.6 ± 0.2  14 101  
2 Y110A7A.19 16.3 ± 0.2 11.2 16 112 1.80E-08 
3 EV 14.2 ± 0.2  13 112  
3 Y110A7A.19 17.2 ± 0.2 21.5 18 149 1.30E-22 
Total EV 14.3 ± 0.1   14 267   
Total Y110A7A.19 16.8 ± 0.1 17.9 16 360 1.50E-34 

       
1 EV 13.8 ± 0.4  12 54  
1 F02A9.4 16.2 ± 0.4 16.9 16 73 1.40E-04 
2 EV 14.6 ± 0.2  14 101  
2 F02A9.4 15.9 ± 0.2 8.6 16 116 1.20E-04 
3 EV 15 ± 0.2  14 111  
3 F02A9.4 17.5 ± 0.2 16.8 16 113 6.80E-13 
Total EV 14.6 ± 0.1   14 266   
Total F02A9.4 16.6 ± 0.2 13.3 16 302 1.50E-16 

       
1 EV 15.2 ± 0.2  14 108  
1 letm-1 18.1 ± 0.5 18.6 19 78 3.30E-06 
2 EV 14.6 ± 0.2  14 101  
2 letm-1 17.2 ± 0.3 17.2 18 104 6.00E-13 
3 EV 15 ± 0.2  14 111  
3 letm-1 18.9 ± 0.2 25.9 18 136 2.50E-25 
Total EV 15 ± 0.1   14 320   
Total letm-1 18.1 ± 0.2 21.1 18 318 2.70E-39 

       
1 EV 15.2 ± 0.2  14 108  
1 tomm-22 14.8 ± 0.3 -2.6 14 94 1.10E-01 
2 EV 14.3 ± 0.2  14 116  
2 tomm-22 11.5 ± 0.2 -19.7 11 129 9.90E-18 
3 EV 15 ± 0.2  14 111  
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3 tomm-22 12.2 ± 0.2 -18.5 11 104 7.50E-16 
Total EV 14.8 ± 0.1   14 335   
Total tomm-22 12.7 ± 0.1 -14.5 12 327 9.90E-28 

       
1 EV 15.2 ± 0.2  14 108  
1 Y22D7AL.10 16.6 ± 0.4 8.9 16 79 3.90E-02 
2 EV 14.3 ± 0.2  14 116  
2 Y22D7AL.10 15.4 ± 0.2 7.4 16 117 2.00E-05 
3 EV 15 ± 0.2  14 111  
3 Y22D7AL.10 15.3 ± 0.2 2 14 113 2.30E-01 
Total EV 14.8 ± 0.1   14 335   
Total Y22D7AL.10 15.7 ± 0.1 5.5 16 309 4.80E-05 
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Supplemental Table 2.6. Effects of UPRmt attenuation and constitutive activation on 
lifespan.  
 
The following strains were used in these experiments: N2, atfs-1(tm4525), atfs-1(et17), atfs-1(et18), and isp-
1(qm150). p-values are shown for condition comparison* or genotype comparison** and calculated using Wilcoxon 
Rank-Sum test.  
 

Exp. Genotype + 
RNAi T Mean 

(±SEM) Mean (%)* Mean (%)** Median N 
p-
valu
e*  

p-
valu
e**  

1 N2 EV 25°C 17.2 ± 0.3   17 131   
1 N2 Y24D9A.8 25°C 19.5 ± 0.3 13.9  20 106 4.70

E-09  

1 atfs-1 EV 25°C 19.2 ± 0.4  11.7 20 95  
1.10
E-05 

1 atfs-1 Y24D9A.8 25°C 20.5 ± 0.5 6.9 4.8 20 64 1.20
E-02 

2.20
E-02 

2 N2 EV 25°C 16.8 ± 0.2   17 126   
2 N2 Y24D9A.8 25°C 18.5 ± 0.3 9.7  20 124 1.40

E-05  

2 atfs-1 EV 25°C 17.5 ± 0.2  3.9 17 135  
4.10
E-02 

2 atfs-1 Y24D9A.8 25°C 19.5 ± 0.4 11.3 5.4 20 81 5.90
E-06 

3.00
E-02 

3 N2 EV 25°C 14.8 ± 0.1   14 152   
3 N2 Y24D9A.8 25°C 17.3 ± 0.2 17.2  18 113 1.10

E-16  

3 atfs-1 EV 25°C 15 ± 0.2  1.3 14 88  
6.70
E-01 

3 atfs-1 Y24D9A.8 25°C 18.1 ± 0.4 20.7 4.4 18 100 2.30
E-12 

2.20
E-02 

4 N2 EV 25°C 14.1 ± 0.2   14 126   
4 N2 Y24D9A.8 25°C 17 ± 0.3 20.3  16 113 3.20

E-16  

4 atfs-1 EV 25°C 16 ± 0.3  13.2 14 99  
7.90
E-05 

4 atfs-1 Y24D9A.8 25°C 19.2 ± 0.5 20.3 13.2 21 89 7.40
E-09 

1.10
E-05 

Total  N2 EV 25°C 15.7 ± 0.1     15 535     

Total N2 Y24D9A.8 25°C 18.1 ± 0.1 15.3   18 456 1.60
E-64   

Total  atfs-1 EV 25°C 17 ± 0.2   8.4 17 417   3.00
E-21 

Total atfs-1 Y24D9A.8 25°C 19.2 ± 0.2 13 6.2 20 334 1.40
E-19 

1.50
E-07 

          
1 N2 EV 25°C 14.8 ± 0.1   14 152   
1 N2 letm-1 25°C 17.8 ± 0.2 20.4  18 131 4.10

E-21  

1 atfs-1 EV 25°C 15 ± 0.2  1.3 14 88  
6.70
E-01 
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1 atfs-1 letm-1 25°C 19 ± 0.3 26.8 6.7 18 103 4.00
E-19 

1.30
E-03 

2 N2 EV 25°C 14.1 ± 0.2   14 126   
2 N2 letm-1 25°C 17.9 ± 0.3 27  18 126 9.20

E-23  

2 atfs-1 EV 25°C 16 ± 0.3  13.2 14 99  
7.90
E-05 

2 atfs-1 letm-1 25°C 19.9 ± 0.4 24.5 11 21 87 4.20
E-12 

5.60
E-05 

3 N2 EV 25°C 16.2 ± 0.3   16 63   
3 N2 letm-1 25°C 18 ± 0.5 10.8  19 78 5.90

E-03  

3 atfs-1 EV 25°C 17.4 ± 0.3  7.2 16 83  
1.30
E-02 

3 atfs-1 letm-1 25°C 19.8 ± 0.3 13.6 9.9 20 78 1.90
E-07 

1.60
E-02 

4 N2 EV 25°C 17.4 ± 0.2   18 119   
4 N2 letm-1 25°C 21.5 ± 0.4 23.6  21 86 2.70

E-14  

4 atfs-1 EV 25°C 19.1 ± 0.3  10.1 18 116  
3.00
E-07 

4 atfs-1 letm-1 25°C 21.9 ± 0.4 14.5 2 21 90 5.70
E-08 

7.00
E-01 

Total  N2 EV 25°C 15.5 ± 0.1     16 460     

Total N2 letm-1 25°C 18.6 ± 0.2 20.4   18 421 7.80
E-40   

Total  atfs-1 EV 25°C 17 ± 0.2   10 16 386   9.50
E-12 

Total atfs-1 letm-1 25°C 20.1 ± 0.2 18.3 8 21 358 1.80
E-31 

9.60
E-09 

          
1 N2 EV 25°C 16.2 ± 0.3   16 63   
1 N2 cco-1 25°C 22.3 ± 0.6 37.4  23 67 3.90

E-13  

1 atfs-1 EV 25°C 17.4 ± 0.3  7.2 16 83  
1.30
E-02 

1 atfs-1 cco-1 25°C 21.9 ± 0.5 25.7 -1.9 23 74 1.40
E-11 

4.20
E-01 

2 N2 EV 25°C 17.4 ± 0.2   18 119   
2 N2 cco-1 25°C 26 ± 0.4 49.5  28 77 4.30

E-28  

2 atfs-1 EV 25°C 19.1 ± 0.3  10.1 18 116  
3.00
E-07 

2 atfs-1 cco-1 25°C 24.9 ± 0.4 30.4 -3.9 25 53 9.80
E-18 

8.20
E-02 

3 N2 EV 25°C 15.9 ± 0.2   16 97   
3 N2 cco-1 25°C 24.2 ± 0.3 51.9  25 98 9.90

E-31  

3 atfs-1 EV 25°C 16.5 ± 0.2  3.6 16 103  
1.20
E-01 

3 atfs-1 cco-1 25°C 24.1 ± 0.4 45.9 -0.5 25 75 1.10
E-25 

8.20
E-01 
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Total  N2 EV 25°C 16.6 ± 0.1     16 279     

Total N2 cco-1 25°C 24.2 ± 0.3 45.9   25 242 1.20
E-66   

Total  atfs-1 EV 25°C 17.8 ± 0.2   6.9 18 302   1.70
E-06 

Total atfs-1 cco-1 25°C 23.5 ± 0.3 32.3 -3 23 202 1.70
E-47 

4.90
E-02 

          
1 N2 EV 20°C 19.9 ± 0.4   21 107   
1 N2 cco-1 20°C 29.8 ± 0.9 50  29 65 3.70

E-17  

1 atfs-1 EV 20°C 19.7 ± 0.5  -1 19 95  
6.50
E-01 

1 atfs-1 cco-1 20°C 27.1 ± 0.9 37.4 -9.3 26 70 1.20
E-10 

3.70
E-02 

2 N2 EV 20°C 19.8 ± 0.3   21 108   
2 N2 cco-1 20°C 28.3 ± 0.6 42.7  28 105 1.10

E-22  

2 atfs-1 EV 20°C 17.5 ± 0.3  -11.5 18 107  
1.80
E-06 

2 atfs-1 cco-1 20°C 26.8 ± 0.6 52.8 -5.3 26 100 2.30
E-25 

5.10
E-02 

Total N2 EV 20°C 19.9 ± 0.2     21 215     

Total N2 cco-1 20°C 28.9 ± 0.5 45.5   28.5 170 1.20
E-38   

Total  atfs-1 EV 20°C 18.6 ± 0.3   -6.6 18 202   3.70
E-04 

Total atfs-1 cco-1 20°C 26.9 ± 0.5 45 -6.8 26 170 5.70
E-33 

4.70
E-03 

          
1 N2 EV 20°C 22.6 ± 0.3   23 114   
1 atfs-1(et17) EV 20°C 16.3 ± 0.3 -28  16 121 2.40

E-28  
2 N2 EV 20°C 18.9 ± 0.3   17 106   
2 atfs-1(et17) EV 20°C 14.4 ± 0.3 -23.7  15 110 2.10

E-18  
3 N2 EV 20°C 19.1 ± 0.3   19 92   
3 atfs-1(et17) EV 20°C 13.9 ± 0.4 -27   13 72 9.90

E-15   

Total  N2 EV 20°C 20.3 ± 0.2     21 312     

Total atfs-1(et17) EV 20°C 15 ± 0.2 -25.9   15 303 1.30
E-49   

          
1 N2 EV 25°C 16.8 ± 0.2   17 153   
1 atfs-1(et17) EV 25°C 17.7 ± 0.2 5.6  17 94 1.00

E-02  
2 N2 EV 25°C 15.3 ± 0.2   16 106   
2 atfs-1(et17) EV 25°C 14.5 ± 0.2 -5.5   14 117 2.70

E-02   

Total  N2 EV 25°C 16.2 ± 0.2     16 259     
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Total atfs-1(et17) EV 25°C 15.9 ± 0.2 -1.6   16 211 3.10
E-01   

          
1 N2 EV 20°C 21.3 ± 0.2   20 139   
1 atfs-1(et18) EV 20°C 16 ± 0.4 -24.8  16 66 5.00

E-20  
2 N2 EV 20°C 21.4 ± 0.2   21 146   
2 atfs-1(et18) EV 20°C 17.4 ± 0.6 -18.7  17 61 5.20

E-10  
3 N2 EV 20°C 21.1 ± 0.2   22 133   
3 atfs-1(et18) EV 20°C 15.6 ± 0.4 -26.3   14 76 2.50

E-17   

Total  N2 EV 20°C 21.3 ± 0.1     21 418     

Total atfs-1(et18) EV 20°C 16.3 ± 0.3 -23.6   16 203 1.20
E-44   

          
1 N2 EV 25°C 16.8 ± 0.2   17 153   
1 atfs-1(et18) EV 25°C 15.1 ± 0.2 -10  15 101 1.00

E-08  
2 N2 EV 25°C 15.3 ± 0.2   16 106   
2 atfs-1(et18) EV 25°C 11.1 ± 0.3 -27.7   12 49 6.20

E-17   

Total  N2 EV 25°C 16.2 ± 0.2     16 259     

Total atfs-1(et18) EV 25°C 13.8 ± 0.2 -14.8   14 150 7.00
E-16   

          
1 N2 EV 20°C 20.1 ± 0.4   21 102   
1 N2 atfs-1 20°C 17.4 ± 0.5 -13.5  15 86 1.50

E-04  

1 isp-1 EV 20°C 30.4 ± 1.2  51.3 31 50  
9.50
E-12 

1 isp-1 atfs-1 20°C 26.1 ± 0.7 -14.2 50 25 109 4.30
E-03 

3.00
E-14 

2 N2 EV 20°C 20.4 ± 0.3   20 88   
2 N2 atfs-1 20°C 20.6 ± 0.4 1.2  20 83 4.30

E-01  

2 isp-1 EV 20°C 24 ± 0.7  18 23 40  
2.30
E-07 

2 isp-1 atfs-1 20°C 24 ± 0.5 -0.2 16.4 23 61 9.00
E-01 

2.30
E-06 

3 N2 EV 20°C 19.2 ± 0.2   18 175   
3 N2 atfs-1 20°C 21 ± 0.3 9  20 177 3.00

E-05  

3 isp-1 EV 20°C 28.7 ± 0.8  49.4 27 116  
2.90
E-23 

3 isp-1 atfs-1 20°C 32.3 ± 0.8 12.5 54.2 33 123 9.70
E-04 

3.20
E-29 

Total N2 EV 20°C 19.7 ± 0.2     20 365     

Total N2 atfs-1 20°C 20 ± 0.2 1.2   20 346 4.00
E-01   
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Total isp-1 EV 20°C 28.2 ± 0.6   43 27 206   1.30
E-38 

Total isp-1 atfs-1 20°C 28.3 ± 0.5 0.1 41.4 27 293 6.10
E-01 

3.70
E-43 
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3.1   ABSTRACT 

Mitochondrial dysfunction can increase oxidative stress and extend lifespan in Caenorhabditis 

elegans. Homeostatic mechanisms exist to cope with disruptions to mitochondrial function that 

promote cellular health and organismal longevity. Previously, we determined that decreased 

expression of the cytosolic pentose phosphate pathway (PPP) enzyme transaldolase activates the 

mitochondrial unfolded protein response (UPRmt) and extends lifespan. Here we report that 

transaldolase (tald-1) deficiency impairs mitochondrial function in vivo, as evidenced by altered 

mitochondrial morphology, decreased respiration, and increased cellular H2O2 levels. Lifespan 

extension from knockdown of tald-1 is associated with an oxidative stress response involving 

p38 and c-Jun N-terminal kinase (JNK) MAPKs and a starvation-like response regulated by the 

transcription factor EB (TFEB) homolog HLH-30. The latter response promotes autophagy and 

increases expression of the flavin-containing monooxygenase 2 (fmo-2). We conclude that 

cytosolic redox established through the PPP is a key regulator of mitochondrial function and 

defines a new mechanism for mitochondrial regulation of longevity.  

3.2   INTRODUCTION 

Mitochondria are the primary sites of aerobic metabolism and energy production in the cell. The 

mitochondrial free radical theory of aging posits that reactive oxygen species (ROS) produced by 

mitochondria during oxidative metabolism cause damage to macromolecules which, over time, 

leads to the accumulation of cellular, tissue, and organismal declines, and ultimately death [189, 

190]. In general, mitochondrial dysfunction is detrimental, and has been causally implicated in 

several age-related diseases, as well as severe, early-onset mitochondrial disorders. 

Paradoxically, however, inhibition of mitochondrial function has, in some cases, been associated 
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with increased longevity in laboratory organisms from yeast to mammals [191]. This is 

particularly evident in C. elegans, where inhibition of mitochondrial respiration by mutation or 

knockdown of numerous electron transport chain (ETC) components usually increases lifespan 

[2, 3]. Mild oxidative stress can also increase lifespan [191], perhaps by  inducing adaptive 

responses that compensate for these insults and provide cytoprotective effects to improve cellular 

stress resistance [122].  

The mechanistic basis for lifespan extension in response to mitochondrial inhibition and 

mild oxidative stress in C. elegans is an active area of investigation. One mitochondrial stress 

pathway that has been associated with worm longevity in this context is the mitochondrial 

unfolded protein response (UPRmt) [142, 143, 192]. The UPRmt is a coordinated response to 

mitochondrial stress resulting in upregulation of mitochondrial chaperones, import machinery, 

and proteases, while negatively regulating expression of nuclear- and mitochondrial-encoded 

ETC components [21, 67, 70]. Activation of the UPRmt is regulated by the ATFS-1 transcription 

factor, which translocates to the nucleus in response to mitochondrial stress and directly activates 

transcription of several UPRmt target genes [21, 81]. Whether the UPRmt plays a direct role in 

determining longevity remains unclear. Lifespan extension by ETC inhibition or treatment with 

the ROS-generating compound paraquat is correlated with induction of the UPRmt [6, 67, 142]; 

however, deletion or RNAi knockdown of atfs-1 blocks induction of several UPRmt target genes 

but does not prevent or attenuate lifespan extension following inhibition of the ETC [82, 164]. 

Similarly, constitutive active alleles of atfs-1 cause activation of the UPRmt but do not extend 

lifespan [82, 164, 184]. 

There is experimental evidence supporting a role for several factors other than the UPRmt in 

lifespan extension downstream of mitochondrial inhibition in C. elegans, including the hypoxic 
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response transcription factor HIF-1, CEP-1/p53, the CEH-23 transcription factor, components of 

the intrinsic apoptotic pathway, and the p38 MAPK PMK-3 [106, 162, 165, 177, 179]. A 

majority of these studies have been performed using mutants with defective ETC function, such 

as the Rieske iron-sulfur protein gene isp-1(qm150) allele and the ubiquinone biosynthetic gene 

clk-1(qm30) allele. With the possible exception of pmk-3, none of these factors is able to account 

for the full lifespan extension following RNAi knockdown of ETC genes such as the cytochrome 

c oxidase gene cco-1. This is consistent with a model proposed by the Hekimi lab that RNAi 

inhibition of ETC function promotes worm longevity by a mechanism distinct from mutations 

that impair ETC function [95].  

Uncovering the genetic pathways and molecular mechanisms by which mitochondria 

influence aging and disease is critical both for developing better models of biological aging, as 

well as for identifying interventions to promote health and longevity. As mentioned above, low 

levels of oxidative stress can be beneficial to cellular health, but high levels can cause irreparable 

damage. This biphasic or non-linear relationship between mitochondrial ROS and survival is 

commonly referred to as mitohormesis, and posits that ROS act as signaling molecules to induce 

adaptive mechanisms [122]. This has been observed in C. elegans, where different levels of 

RNAi knockdown of a single mitochondrial gene can cause differential effects on lifespan and 

other physiological markers [126, 155]. The beneficial hormetic effects associated with elevated 

ROS are due to the contribution of multiple protective responses that are still being discovered. 

Therefore, we sought to identify and determine the interconnectivity of novel longevity pathways 

distinct from the UPRmt that are engaged by oxidative and mitochondrial stress.  

Although the UPRmt does not appear to directly mediate lifespan extension, we reasoned that 

the partial correlation between activation of the UPRmt and longevity could be used to identify 
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novel factors and mechanisms of action within the mitochondrial longevity network. To identify 

such factors, we performed a genome-wide RNAi screen for C. elegans genes that negatively 

regulate the UPRmt by looking for RNAi clones that activated the UPRmt reporter hsp-6p::gfp 

[82]. Some, but not all, of these genes also negatively affected lifespan such that RNAi 

knockdown increased longevity. One such gene is tald-1, which encodes the pentose phosphate 

pathway (PPP) enzyme transaldolase. The PPP pathway is a cytosolic metabolic pathway that 

functions to produce NADPH, ribose-5-phosphate, and interconvert 3-7 carbon sugars. The 

observation that tald-1(RNAi) induced the UPRmt reporter and increased lifespan intrigued us, as 

transaldolase is not a mitochondrial protein and has not been previously implicated in longevity 

control in any organism. Here we report that transaldolase deficiency indeed alters mitochondrial 

function, as evidenced by changes in mitochondrial morphology and direct measurement of 

mitochondrial respiration. The lifespan extension from tald-1(RNAi) is independent of the 

UPRmt, and instead involves activation of an oxidative stress response mediated by the p38 

MAPK PMK-1 and JNK MAPKs JNK-1 and KGB-1, and a concomitant starvation-like response 

that signals through the transcription factor EB (TFEB) homolog HLH-30. Furthermore, we find 

that activation of the starvation-like response transcriptionally activates HLH-30-dependent 

autophagy markers, increases autophagic flux, and increases expression of the longevity-

promoting flavin-containing monooxygenase 2 (fmo-2). 

3.3   RESULTS 

3.3.1   The pentose phosphate pathway modulates mitochondrial proteostasis and lifespan in 

C. elegans.  

From an unbiased genome-wide RNAi screen for negative regulators of the mitochondrial 

unfolded protein response (UPRmt), we found that knockdown of either of the pentose phosphate 
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pathway (PPP) enzymes transaldolase (tald-1) or transketolase (tkt-1) activates the UPRmt 

reporter hsp-6p::gfp in C. elegans [82]. These enzymes function in the non-oxidative branch of 

the PPP, generating ribose-5-P for nucleotide synthesis and interconverting three, four, five, six, 

and seven carbon sugars (Figure 3.1A). To determine if tald-1 and tkt-1 deficiencies specifically 

cause mitochondrial stress independent of the PPP, we tested if knockdown of other PPP 

enzymes not detected in the initial RNAi screen could also induce the hsp-6p::gfp reporter. 

RNAi knockdown of T25B9.9, which encodes the oxidative PPP enzyme 6-phosphogluconate 

dehydrogenase (6PGD), also caused a significant increase in hsp-6p::gfp expression (+89%), 

albeit less robustly than tald-1(RNAi) (+187%) (Figure 3.1B,C). Therefore, inhibition of the PPP 

at multiple enzymatic steps is sufficient to increase expression of a mitochondrial stress reporter. 

Next, we asked if inhibition of these enzymatic steps increases lifespan similar to other RNAi 

clones that activate the hsp-6p::gfp reporter. We found that knockdown of tald-1, tkt-1, and 

T25B9.9/6PGD all increased lifespan (Figure 3.1D). Since tald-1(RNAi) resulted in the strongest 

phenotypes among PPP enzymes tested, we chose to focus our studies on understanding the 

mechanisms by which tald-1 knockdown induces mitochondrial stress and enhances longevity.  
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Figure 3.1. Inhibition of the pentose phosphate pathway activates the UPRmt and extends 
lifespan. 

(A) Diagram of both the oxidative and non-oxidative branches of the PPP. The oxidative branch produces NADPH, 
while the non-oxidative branch produces ribose-5-P and interconverts sugar carbon backbones. The white boxes 
contain enzyme names with the human gene listed above the C. elegans homolog. (B) PPP gene knockdown 
increases hsp-6p::gfp reporter expression. (C) Mean relative fluorescence of hsp-6p::gfp animals grown on PPP 
RNAi. Fluorescence is calculated relative to EV(RNAi) controls (N = 4 independent experiments, pooled individual 
worm values, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (D) RNAi knockdown of PPP 
genes extends C. elegans lifespan. N2 fed EV(RNAi) (mean 17.4±0.1 days, n=455), N2 fed tald-1(RNAi) (mean 
19.9±0.2 days, n=391), N2 fed tkt-1(RNAi) (mean 18.4±0.1 days, n=461), N2 fed T25B9.9(RNAi) (mean 18.8±0.2 
days, n=311). Lifespans were performed at 25°C, with pooled data from four independent experiments shown. (E) 
RNAi knockdown of tald-1 extends lifespan independently of the UPRmt. N2 fed EV(RNAi) (mean 19.3±0.2 days, 
n=192), N2 fed tald-1(RNAi) (mean 22.1±0.2 days, n=251), atfs-1(tm4525) fed EV(RNAi) (mean 19.6±0.2 days, 
n=230), atfs-1(tm4525) fed tald-1(RNAi) (mean 24.5±0.3 days, n=228), atfs-1(tm4525);gcn-2(ok871) fed EV(RNAi) 
(mean 18.9±0.2 days, n=205), atfs-1(tm4525);gcn-2(ok871) fed tald-1(RNAi) (mean 23.1±0.3 days, n=220). 
Lifespans were performed at 20°C, with pooled data from two independent experiments shown. (F) RNAi 
knockdown of cco-1 extends lifespan independently of the UPRmt. N2 fed EV(RNAi) (mean 19.3±0.2 days, n=192), 
N2 fed cco-1(RNAi) (mean 32.3±0.5 days, n=187), atfs-1(tm4525) fed EV(RNAi) (mean 19.6±0.2 days, n=230), atfs-
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1(tm4525) fed cco-1(RNAi) (mean 29±0.6 days, n=194), atfs-1(tm4525);gcn-2(ok871) fed EV(RNAi) (mean 
18.9±0.2 days, n=205), atfs-1(tm4525);gcn-2(ok871) fed cco-1(RNAi) (mean 32.6±0.5 days, n=228). Lifespans were 
performed at 20°C, with pooled data from two independent experiments shown. (G) RNAi knockdown of tald-1 
extends lifespan only when knockdown occurs during development. N2 fed EV(RNAi) (mean 14.2±0.1 days, n=361), 
N2 fed tald-1(RNAi) from hatching (mean 16.4±0.2 days, n=468), N2 fed tald-1(RNAi) from L4 (mean 14.4±0.1 
days, n=330). Lifespans were performed at 25°C, with pooled data from three independent experiments shown. 
Lifespans in this figure are indicated as mean±s.e.m. and statistical analysis is provided in Supplemental Table 3.1. 
In this figure, statistics are displayed as: * p<0.05, ** p<0.01, *** p<0.001.  
 

The ATFS-1 transcription factor and the GCN-2 kinase, respectively, mediate the 

transcriptional and translational changes in response to mitochondrial stress that comprise the 

UPRmt [21, 89]. Loss of either ATFS-1 or GCN-2 does not prevent the lifespan extension from 

mitochondrial inhibition [82, 164]. These factors act in a compensatory fashion, however, and 

GCN-2 may be able to establish mitochondrial protein homeostasis in the absence of ATFS-1 or 

vice versa. Therefore, to convincingly assess whether the UPRmt regulates longevity from ETC 

or PPP inhibition, we examined if simultaneous loss of both atfs-1 and gcn-2 could prevent 

lifespan extension from RNAi knockdown of either tald-1 or the Complex IV subunit 

cytochrome c oxidase 1 gene, cco-1. Both RNAi clones significantly increased the lifespan of 

atfs-1(tm4525); gcn-2(ok871) animals comparable to their effects in wild-type nematodes 

(Figure 3.1E,F). Thus, we conclude that neither ATFS-1 nor GCN-2 are required for lifespan 

extension from mitochondrial RNAi treatment, further supporting the model that mitochondrial 

stress or ETC inhibition affect lifespan independently of the UPRmt.  

We next examined the temporal and genetic requirements for tald-1(RNAi) lifespan 

extension in the context of previously described C. elegans longevity pathways. Like RNAi 

knockdown of ETC genes [2, 126], tald-1(RNAi) only extended lifespan when knockdown 

occurred during development (feeding beginning at L1), and adult-specific knockdown (feeding 

beginning at ~L4/young adult) had no effect on longevity (Figure 3.1G). Knockdown of tald-1 

also extended lifespan in animals carrying mutations of the FOXO-transcription factor daf-16, 
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the AMP-activated protein kinase aak-2, and the germline-signaling factor glp-1 (Supplemental 

Figure 3.1A-C), consistent with the reported effects of mitochondrial RNAi treatments [2, 3, 7, 

143, 193]. Interestingly, tald-1(RNAi) resulted in a larger lifespan extension in animals lacking 

the hypoxic response transcription factor HIF-1 (Supplemental Figure 3.1D), while loss of hif-1 

attenuated the lifespan extension from cco-1(RNAi) (Supplemental Figure 3.1E), as has been 

previously reported [106]. These data are consistent with a model that inhibition of the PPP 

extends lifespan by a mechanism that is overlapping but partially distinct from ETC inhibition. 

3.3.2   Transaldolase deficiency impairs mitochondrial respiration and increases oxidative 

stress in vivo.  

Based on our findings that developmental knockdown of tald-1 induced the UPRmt, we asked 

whether other parameters of mitochondrial function are affected by tald-1(RNAi). First, we 

decided to use confocal microscopy to characterize any changes to intestinal mitochondrial 

morphology and content, since this tissue is particularly responsive to mitochondrial stress, as 

measured by the hsp-6p::gfp reporter. Using a mitochondrial-targeted GFP reporter whose 

expression is restricted to the intestine via the ges-1 promoter, we observed that tald-1(RNAi) 

caused a disruption to normal mitochondrial morphology in intestinal cells (Figure 3.2A,B). 

Mitochondria in these animals became thin and smaller in size, reflecting a potential change in 

mitochondrial dynamics. A similar change in morphology occurred following cco-1(RNAi) 

(Figure 3.2B). Interestingly, despite the smaller size of mitochondria following tald-1(RNAi) and 

cco-1(RNAi), there was increased GFP area per cell compared to controls (Figure 3.2C). This 

could indicate increased mitochondrial content; however, we did not observe any change in 

whole worm mitochondrial DNA abundance in these animals (Supplemental Figure 3.2).  
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Figure 3.2. Transaldolase deficiency alters mitochondrial morphology, decreases in vivo 
mitochondrial respiration, and causes oxidative stress.  
 
(A) Diagram depicting the posterior intestinal cells that were visualized for mitochondrial morphology. (B) 
Intestinal mitochondrial morphology is altered by tald-1(RNAi) and cco-1(RNAi). The top panel represents a single 
0.34 µm slice imaged using confocal microscopy, with a magnified area displayed in a white dotted box to highlight 
morphology differences. The bottom panel consists of a max intensity projection of five z-slices to emphasize 
mitochondrial content in these cells. Scale bar, 10 µm. (C) Quantification of percent mitochondrial area per cell. (N 
= 2 independent experiments, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (D) 
Mitochondrial morphology changes from tald-1(RNAi) are regulated by DRP-1. RNAi treatments include EV(RNAi), 
tald-1(RNAi) [50:50 with EV(RNAi)], drp-1(RNAi) [50:50 with EV(RNAi)], and tald-1(RNAi) [50:50 with drp-
1(RNAi)]. Scale bar, 10 µm. (E) Oxygen consumption rate decreases with tald-1(RNAi) and cco-1(RNAi). OCR was 
measured using the Seahorse XF Analyzer and normalized to animal number (N = 6 independent experiments, error 
bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (F) P/O ratio (the ATP produced per oxygen atom 
reduced), (G) respiratory control index (State 3:State 4 rates), (H) malate-driven respiration (Complex I-IV), (I) 
succinate-driven respiration (Complex II-IV), (J) and TMPD/ascorbate-driven respiration (Complex IV) were 
measured using the OXPHOS assay on isolated mitochondria from RNAi treated animals. Respiratory rates were 
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measured as rate of disappearance of oxygen (nmol[O2]) per minute per mg protein (N = 4 independent experiments, 
error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (K) H2O2 levels increase from RNAi 
knockdown of tald-1 or cco-1 (N = 7 independent experiments, error bars indicate s.e.m., student’s t-test with 
Bonferroni’s correction). (L) RNAi knockdown of tald-1 causes sensitivity to paraquat. Percent survival of N2 
worms grown on RNAi bacteria and 10 mM paraquat was measured over seven days. Survival analyses were 
performed at 25°C (N = 6 independent experiments, error bars indicate s.e.m., student’s t-test with Bonferroni’s 
correction). In this figure, statistics are displayed as: * p<0.05, ** p<0.01, *** p<0.001. Also, in this figure, color 
coating of bars and lines reflect the legend in (C). 
 

To better understand the effect of tald-1(RNAi) on mitochondrial morphology, we examined 

its interaction with factors known to regulate mitochondrial fusion and fission. As expected, 

knockdown of the fission factor dynamin-related GTPase drp-1 (DRP1/DNM1 homolog) caused 

intestinal mitochondria to swell and aggregate, while knockdown of the inner membrane fusion 

GTPase eat-3 (OPA1/MGM1 homolog) caused mitochondria to fragment and lack normal 

tubular structure (Supplemental Figure 3.3A). Outer membrane fusion GTPase fzo-1 

(MFN1/FZO1 homolog) knockdown also caused mitochondria to fragment, but morphology was 

remarkably similar to tald-1(RNAi) mitochondria, suggesting a mild pro-fission phenotype 

(Supplemental Figure 3.3A). Accordingly, drp-1(RNAi) prevented the shift in mitochondrial 

morphology following tald-1 knockdown (Figure 3.2D), indicating that the core fission 

machinery is required for this response. In contrast, fzo-1 and the mitophagy components pdr-1 

(PARK2 homolog) and pink-1 (PINK1 homolog) were not required for this phenotype 

(Supplemental Figure 3.3B,C). 

Since mitochondrial stress and mitochondrial fragmentation are associated with decreased 

mitochondrial function, we sought to directly measure metabolic activity in whole animals. The 

Seahorse XF24 Analyzer allows measurements of basal and real time changes in O2 consumption 

in C. elegans [194]. We found that knockdown of tald-1 caused an approximately 41% reduction 

in oxygen consumption, while knockdown of cco-1 caused a 67% reduction (Figure 3.2E). The 

reduction in oxygen consumption could not be fully explained by changes to worm length or 
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density (Supplemental Figure 3.4A,B), arguing that tald-1(RNAi) decreases basal mitochondrial 

respiration in whole animals.  

To determine whether tald-1(RNAi) causes decreased mitochondrial respiration by altering 

ETC function or stability, mitochondria were isolated from animals and oxygen consumption of 

intact mitochondria was measured using malate, succinate, and TMPD/ascorbate as electron 

donors to drive complex I-, complex II-, and complex IV-dependent respirations, respectively. 

The mitochondria isolated in all trials retained normal coupling (P/O ratios) and a normal 

respiratory control index (State 3:State 4), indicating purification of healthy mitochondria 

(Figure 3.2F,G). As expected with Complex IV RNAi [195], cco-1(RNAi) decreased Complex I- 

and Complex IV-dependent respiration (Figure 3.2H-J). In contrast to cco-1(RNAi), tald-

1(RNAi) did not cause a change in any rates measured (Figure 3.2H-J). Therefore, tald-1(RNAi) 

decreases whole animal respiration without altering maximal ETC capacity, potentially by 

decreasing reducing equivalents to the ETC in vivo. 

Mitochondrial dysfunction has been proposed to extend lifespan in C. elegans through 

increased production of ROS and altered redox signaling [106, 108, 123, 129]. To specifically 

observe in vivo changes in redox environment, we utilized a transgenic strain expressing the 

ratiometric H2O2-specific biosensor HyPer, which is comprised of the regulatory domain of the 

bacterial transcription factor OxyR (OxyR-RD) fused to circularly permuted yellow fluorescent 

protein [196]. The OxyR-RD of HyPer is selectively oxidized by H2O2, generating a disulphide 

bridge that consequently alters the fluorescent properties of cpYFP. RNAi knockdown of either 

tald-1 or cco-1 significantly increased the oxidation of HyPer, indicating elevated cytoplasmic 

H2O2 levels in these animals (Figure 3.2K). In accordance with higher endogenous levels of 

oxidative stress, tald-1(RNAi) animals were sensitive to 10mM paraquat treatment, which leads 
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to the production of mitochondrial superoxide (Figure 3.2L). Thus, the presence of a functional 

PPP is required for normal resistance to exogenous oxidative stress.  

3.3.3   MAPKs mediate lifespan extension from transaldolase deficiency.  

Transaldolase deficiency in mammals causes a shift towards a more oxidative cellular redox 

status and compensatory activation of JNK MAPK signaling [186, 197, 198], prompting us to 

explore whether a similar response occurs in nematodes to regulate stress resistance and 

longevity. Remarkably, deletion of either jnk-1 or kgb-1, which encode C. elegans JNK MAPKs, 

fully prevented the lifespan extension from tald-1(RNAi) and significantly attenuated the lifespan 

extension from cco-1(RNAi) (Figure 3.3A-D). This effect was specific to mitochondrial 

longevity, since daf-2(RNAi) robustly extended the lifespan of jnk-1(gk7) and kgb-1(um3) 

animals (Supplemental Figure 3.5A,B). Although deletion of either jnk-1 or kgb-1 prevented 

lifespan extension in response to either tald-1(RNAi) or cco-1(RNAi), these mutations did not 

prevent the effects on mitochondrial respiration or UPRmt induction (Supplemental Figure 

3.5C-E). 
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Figure 3.3. Lifespan extension from tald-1(RNAi) or cco-1(RNAi) requires stress-activated 
MAPKs.  
 
(A) RNAi knockdown of tald-1 extends lifespan through the JNK MAPK JNK-1. N2 fed EV(RNAi) (mean 17.2±0.1 
days, n=506), N2 fed tald-1(RNAi) (mean 20.4±0.1 days, n=500), jnk-1(gk7) fed EV(RNAi) (mean 17±0.1 days, 
n=582), jnk-1(gk7) fed tald-1(RNAi) (mean 18.1±0.1 days, n=488). Lifespans were performed at 25°C, with pooled 
data from five independent experiments shown. (B) RNAi knockdown of cco-1 extends lifespan partially through 
the JNK MAPK JNK-1. N2 fed EV(RNAi) (mean 16.9±0.1 days, n=494), N2 fed cco-1(RNAi) (mean 22.7±0.2 days, 
n=431), jnk-1(gk7) fed EV(RNAi) (mean 16.1±0.1 days, n=594), jnk-1(gk7) fed cco-1(RNAi) (mean 19.9±0.2 days, 
n=408). Lifespans were performed at 25°C, with pooled data from four independent experiments shown. (C) RNAi 
knockdown of tald-1 extends lifespan through the JNK MAPK KGB-1. N2 fed EV(RNAi) (mean 15±0.1 days, 
n=630), N2 fed tald-1(RNAi) (mean 18.7±0.1 days, n=657), kgb-1(um3) fed EV(RNAi) (mean 13.1±0.1 days, 
n=580), kgb-1 fed tald-1(RNAi) (mean 11.9±0.1 days, n=600). Lifespans were performed at 25°C, with pooled data 
from four independent experiments shown. (D) RNAi knockdown of cco-1 extends lifespan partially through the 
JNK MAPK KGB-1. N2 fed EV(RNAi) (mean 15±0.1 days, n=630), N2 fed cco-1(RNAi) (mean 23.2±0.2 days, 
n=511), kgb-1(um3) fed EV(RNAi) (mean 13.1±0.1 days, n=580), kgb-1 fed cco-1(RNAi) (mean 15.8±0.2 days, 
n=501). Lifespans were performed at 25°C, with pooled data from four independent experiments shown. (E) RNAi 
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knockdown of tald-1 extends lifespan through the p38 MAPK PMK-1. N2 fed EV(RNAi) (mean 16.8±0.1 days, 
n=494), N2 fed tald-1(RNAi) (mean 19.3±0.1 days, n=460), pmk-1(km25) fed EV(RNAi) (mean 14.3±0.1 days, 
n=514), pmk-1(km25) fed tald-1(RNAi) (mean 14±0.1 days, n=525). Lifespans were performed at 25°C, with pooled 
data from four independent experiments shown. (F) RNAi knockdown of cco-1 does not require the p38 MAPK 
PMK-1 for lifespan extension. N2 fed EV(RNAi) (mean 16±0.1 days, n=575), N2 fed cco-1(RNAi) (mean 22.3±0.2 
days, n=448), pmk-1(km25) fed EV(RNAi) (mean 13.8±0.1 days, n=609), pmk-1(km25) fed cco-1(RNAi) (mean 
18.7±0.1 days, n=535). Lifespans were performed at 25°C, with pooled data from four independent experiments 
shown. (G) RNAi knockdown of tald-1 extends lifespan through the MAP3K NSY-1. N2 fed EV(RNAi) (mean 
14.6±0.1 days, n=542), N2 fed tald-1(RNAi) (mean 17.2±0.1 days, n=599), nsy-1(ag3) fed EV(RNAi) (mean 
14.9±0.1 days, n=473), nsy-1(ag3) fed tald-1(RNAi) (mean 14.4±0.1 days, n=508). Lifespans were performed at 
25°C, with pooled data from four independent experiments shown. (H) RNAi knockdown of cco-1 extends lifespan 
partially through the MAP3K NSY-1. N2 fed EV(RNAi) (mean 14.6±0.1 days, n=542), N2 fed cco-1(RNAi) (mean 
22.5±0.2 days, n=454), nsy-1(ag3) fed EV(RNAi) (mean 14.9±0.1 days, n=473), nsy-1(ag3) fed cco-1(RNAi) (mean 
18.5±0.2 days, n=458). Lifespans were performed at 25°C, with pooled data from four independent experiments 
shown. Lifespans in this figure are indicated as mean±s.e.m. and statistical analysis is provided in Supplemental 
Table 3.1. 
 

The p38 MAPK PMK-1 has been implicated in mitohormesis-induced lifespan extension in 

response to reduced insulin/IGF-1-like signaling, metformin treatment, or glycolysis inhibition 

[123, 124, 129]. Interestingly, PMK-1 was also required for lifespan extension from tald-

1(RNAi), but not from cco-1(RNAi) (Figure 3.3E,F). Therefore, despite some similar 

mitochondrial phenotypes and interactions with MAPK signaling, PPP inhibition and 

mitochondrial ETC RNAi longevity require both overlapping and distinct pathways. In addition, 

as previously reported [124], we also found that PMK-1 regulates daf-2(RNAi) lifespan extension 

(Supplemental Figure 3.5F) and is not specific to PPP inhibition.  

The MAP3K ASK1 is a well-established factor upstream of p38 and JNK MAPKs that 

responds to oxidative stress via interactions with redox proteins [139, 140, 199]. In C. elegans, 

the ASK1 homolog NSY-1 was found to act upstream of PMK-1, JNK-1, and KGB-1 in various 

contexts [200-205]. Accordingly, we found that loss of NSY-1 attenuated the lifespan extension 

from tald-1(RNAi) or cco-1(RNAi), suggesting this factor responds to oxidative stress in both of 

these instances to promote longevity (Figure 3.3G,H). In agreement with NSY-1 regulating 

PMK-1 activity, we found that NSY-1 attenuated the lifespan extension from daf-2(RNAi) 

(Supplemental Figure 3.5G). Therefore, NSY-1 is an essential MAP3K for the activation of 
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multiple longevity mechanisms, highlighting the importance of redox sensing in C. elegans 

longevity.  

3.3.4   Loss of transaldolase alters lipid metabolism and initiates a fasting-like response.  

In addition to reducing in vivo respiration rates, we noted that tald-1(RNAi) and cco-1(RNAi) also 

caused dramatic reductions in intestinal fat levels, as assessed by Oil Red O (ORO) staining 

(Figure 3.4A,B). Such a response could reflect decreased lipid synthesis, increased fatty acid 

oxidation (associated with starvation), or decreased fatty acid absorption. Because C. elegans 

acquire the majority of lipid species from their bacterial diet and not from de novo fatty acid 

synthesis, with the exception of monomethyl branched-chain fatty acids [206], we focused on 

determining whether there were changes in expression of metabolic genes regulated by starvation 

including lipases, β-oxidation, monounsaturated fatty acid synthesis, and glyoxylate pathway 

genes [207]. 
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Figure 3.4. Transaldolase deficiency causes a starvation-like response that decreases animal 
fat content and rewires lipid metabolism gene expression.  
 
(A) Intestinal fat staining decreases from RNAi knockdown of tald-1 or cco-1. Oil Red O (ORO) staining was 
performed on day 3 from hatching animals propagated at 20°C. Scale bar, 50 µm. (B) Quantification of ORO 
staining within anterior intestine (N = 2 independent experiments, pooled individual worm values, error bars 
indicate s.e.m., student’s t-test with Bonferroni’s correction). (C) RNAi knockdown of tald-1 causes an increase in 
adipose triglyceride lipase ATGL-1 protein levels. Scale bar, 200 µm. (D) Mean relative fluorescence of ATGL-
1::GFP signal in animals grown on tald-1(RNAi) or cco-1(RNAi). Fluorescence is calculated relative to EV(RNAi) 
controls (N = 4 independent experiments, pooled individual worm values, error bars indicate s.e.m., student’s t-test 
with Bonferroni’s correction). (E) RNAi knockdown of tald-1 or cco-1 causes a decrease in stearoyl-CoA desaturase 
fat-7p::gfp reporter expression. Scale bar, 200 µm. (F) Mean relative fluorescence of fat-7p::gfp reporter animals 
grown on tald-1(RNAi) or cco-1(RNAi). Fluorescence is calculated relative to EV(RNAi) controls (N = 3 independent 
experiments, pooled individual worm values, error bars indicate s.e.m., student’s t-test with Bonferroni’s 
correction). (G) Gene expression of starvation-responsive lipid metabolism genes is altered in tald-1(RNAi) animals. 
Log2 fold change calculated to emphasize the increases and decreases in gene expression levels from RNAi 
treatments (N = 6-8 independent experiments, error bars indicate s.e.m., paired student’s t-tests with Bonferroni’s 
correction). (H) RNAi knockdown of tald-1 does not require NHR-49 for lifespan extension. N2 fed EV(RNAi) 
(mean 17.5±0.1 days, n=366), N2 fed tald-1(RNAi) (mean 20.1±0.1 days, n=397), nhr-49(nr2041) fed EV(RNAi) 
(mean 11.5±0.1 days, n=310), nhr-49(nr2041) fed tald-1(RNAi) (mean 12.9±0.1 days, n=333). Lifespans were 
performed at 25°C, with pooled data from three independent experiments shown. (I) RNAi knockdown of cco-1 
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does not require NHR-49 for lifespan extension. N2 fed EV(RNAi) (mean 17±0.1 days, n=532), N2 fed cco-1(RNAi) 
(mean 22.6±0.2 days, n=344), nhr-49(nr2041) fed EV(RNAi) (mean 11.1±0.1 days, n=495), nhr-49(nr2041) fed cco-
1(RNAi) (mean 15±0.1 days, n=489). Lifespans were performed at 25°C, with pooled data from four independent 
experiments shown. Lifespans in this figure are indicated as mean±s.e.m. and statistical analysis is provided in 
Supplemental Table 3.1. In this figure, statistics are displayed as: * p<0.05, ** p<0.01, *** p<0.001. 
 

First, we examined if decreased ORO staining might reflect degradation of cytoplasmic lipid 

droplets. The adipose triglyceride lipase ATGL-1 is an important lipase that is stabilized and 

localized to lipid droplets during fasting to mediate lipolysis [208]. Using the atgl-1p::atgl-

1::gfp translational reporter, we found that tald-1(RNAi) dramatically increased ATGL-1::GFP 

levels, suggesting enhanced breakdown of lipid droplets in these animals (Figure 3.4C,D). The 

stearoyl-CoA desaturase fat-7 controls the relative abundance of saturated and mono-unsaturated 

fatty acids by converting stearic acid (18:0) to oleic acid (18:1). Expression of fat-7 is positively 

regulated by NHR-49 in fed conditions but is repressed during starvation, independent of NHR-

49, to preserve saturated fatty acid levels [207, 209]. Using the fat-7p::gfp reporter we found that 

fat-7 expression was dramatically repressed in tald-1(RNAi) or cco-1(RNAi) animals (Figure 

3.4E,F). This observation was also confirmed by qRT-PCR (Figure 3.4G). In a similar fashion, 

other metabolic genes known to be regulated by starvation [200, 207], such as genes involved in 

β-oxidation and the glyoxylate pathway, also change in tald-1(RNAi) animals and cco-1(RNAi) 

animals (Figure 3.4G). For example, we observed increased expression of carnitine 

palmitoyltransferases following tald-1(RNAi) or cco-1(RNAi), suggesting increased import of 

long-chain fatty acids into the mitochondria (Figure 3.4G). In addition, we observed increased 

expression of the bifunctional glyoxylate gene icl-1 with tald-1(RNAi) or cco-1(RNAi), indicating 

increased metabolism of fatty acids to promote gluconeogenesis and generation of succinate 

without concomitant NAD+ consumption and carbon loss (Figure 3.4G).  

To explore if the starvation-like metabolic response underlies the pro-longevity effects of 
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tald-1(RNAi) or cco-1(RNAi), we performed epistasis analyses with starvation responsive 

transcription factors NHR-49 and HLH-30. NHR-49 is a master regulator of gene expression 

changes that enable the mobilization of fat for energy metabolism, and HLH-30 regulates 

autophagy, fat storage, and has been previously implicated in lifespan extension downstream of 

dietary restriction and insulin/IGF-1-like signaling [210-212]. Interestingly, NHR-49 is not 

required for the lifespan effect of either tald-1(RNAi) or cco-1(RNAi) (Figure 3.4H,I). This 

agrees with a previous study that found reduced complex I, III, and IV activity caused NHR-49 

dependent gene expression changes and increased lifespan independent of NHR-49 [213]. In 

contrast, tald-1(RNAi) caused nuclear localization of HLH-30 similar to starvation (Figure 

3.5A,B), and also required HLH-30 for lifespan extension (Figure 3.5C). Importantly, tald-

1(RNAi) did not affect food consumption, as measured by pharyngeal pumping rate 

(Supplemental Figure 3.6A). In contrast to tald-1, cco-1(RNAi) did not induce HLH-30 nuclear 

localization and the lifespan extension in this case was independent of HLH-30 (Figure 3.5A-

B,D). Thus, transaldolase deficiency induces a starvation-like response and requires the 

autophagy regulator TFEB/HLH-30 for lifespan extension.  
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Figure 3.5. HLH-30 mediates the lifespan extension and autophagy gene expression from 
tald-1(RNAi).  
 
(A) RNAi knockdown of tald-1 increases nuclear localization of HLH-30 similarly to starvation. BD animals were 
starved for 8 hours on FUDR plates prior to imaging. Scale bar, 200 µm. (B) Percent of animals displaying HLH-30 
nuclear localization. (N = 8 independent experiments, error bars indicate s.e.m., student’s t-test with Bonferroni’s 
correction). (C) HLH-30 is required for the lifespan extension from tald-1(RNAi). N2 fed EV(RNAi) (mean 16±0.1 
days, n=476), N2 fed tald-1(RNAi) (mean 19.2±0.1 days, n=455), hlh-30(tm1978) fed EV(RNAi) (mean 12.9±0.1 
days, n=510), hlh-30(tm1978) fed tald-1(RNAi) (mean 12.9±0.1 days, n=514). Lifespans were performed at 25°C, 
with pooled data from four independent experiments shown. (D) HLH-30 is not required for the lifespan extension 
from cco-1(RNAi). N2 fed EV(RNAi) (mean 16±0.1 days, n=476), N2 fed cco-1(RNAi) (mean 24.3±0.2 days, 
n=362), hlh-30(tm1978) fed EV(RNAi) (mean 12.9±0.1 days, n=510), hlh-30(tm1978) fed cco-1(RNAi) (mean 
19.2±0.1 days, n=533). Lifespans were performed at 25°C, with pooled data from four independent experiments 
shown. (E) Gene expression of autophagy genes is upregulated in tald-1(RNAi) animals (N = 6 biological replicates, 
error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (F) HLH-30 is required for the upregulation 
of autophagy genes by tald-1(RNAi). qRT-PCR was performed on RNA isolated from hlh-30(tm1978) animals (N = 
3 biological replicates, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (G) Autophagic flux 
increases from RNAi knockdown of tald-1 or cco-1. Western blot analysis was performed on protein lysates from 
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eft-3p::dFP::lgg-1 animals using an anti-GFP antibody to detect full-length dFP-LGG-1 and monomeric FP. An 
anti-α-tubulin antibody was used as a loading control. Three biological replicates for each RNAi treatment are 
presented. (H) Quantification of the dFP::LGG-1 ratiometric reporter. The intensity of monomeric FP to full-length 
dFP::LGG-1 was measured to determine autophagic flux (N = 5 independent experiments, error bars indicate s.e.m., 
student’s t-test with Bonferroni’s correction). Lifespans in this figure are indicated as mean±s.e.m. and statistical 
analysis is provided in Supplemental Table 3.1. In this figure, statistics are displayed as: * p<0.05, ** p<0.01, *** 
p<0.001. 
 

3.3.5   HLH-30 activates autophagy and flavin-containing monooxygenase 2 in response to 

transaldolase deficiency 

One major function of TFEB/HLH-30 is to promote autophagy [210, 211, 214], and this activity 

of HLH-30 is necessary for lifespan extension in response to dietary restriction and reduced 

insulin/IGF-1-like signaling [210]. Consistent with our observation that tald-1(RNAi) induces 

nuclear localization of HLH-30, we found that components of the autophagy pathway [210] were 

upregulated in a HLH-30-dependent fashion, including lgg-1 (LC3 homolog), sqst-1 

(p62/SQSTM1 homolog), lmp-1 (LAMP1 homolog), and lysosomal subunit vha-17 (Figure 

3.5E,F). In addition, autophagic flux is increased by tald-1(RNAi) (Figure 3.5G,H), as measured 

by a recently described LGG-1 reporter of lysosomal protease activity [215].  

Another important target of HLH-30 recently implicated in longevity control is the flavin-

containing monooxygenase FMO-2. FMO-2 is induced by both hypoxic signaling and starvation, 

and its induction by starvation is dependent on HLH-30 [118]. Utilizing an fmo-2p::mCherry 

transcriptional reporter, we found that tald-1(RNAi) also robustly induced fmo-2 expression, 

although not to the same extent as complete removal of the bacterial food source (bacterial 

deprivation, BD) (Figure 3.6A-C). Unexpectedly, whereas, tald-1(RNAi) or starvation causes 

intestinal fmo-2 expression, cco-1(RNAi) causes fmo-2 expression in the pharynx and cells 

proximal to the anterior bulb (Supplemental Figure 3.7A). The increased expression of fmo-2 

indicated by the reporter was confirmed by qRT-PCR (Figure 3.6D).  
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Figure 3.6. The flavin-containing monooxygenase FMO-2 is upregulated in a HLH-30 and 
PMK-1 dependent fashion and regulates the lifespan extension from tald-1(RNAi).  
 
(A) fmo-2p::mCherry reporter expression is increased by tald-1(RNAi) or BD in a HLH-30 and PMK-1 dependent 
fashion. BD animals were starved for 24 hours on FUDR plates prior to imaging. Scale bar, 200 µm. (B) Mean 
relative fluorescence of fmo-2p::mCherry reporter animals in the context of the hlh-30(tm1978) mutation. 
Fluorescence is calculated relative to N2 EV(RNAi) controls (N = 3 independent experiments, pooled individual 
worm values, error bars indicate s.e.m., ANOVA with Bonferroni’s post-hoc). (C) Mean relative fluorescence of 
fmo-2p::mCherry reporter animals in the context of the pmk-1(km25) mutation. Fluorescence is calculated relative to 
N2 EV(RNAi) controls (N = 5 independent experiments, pooled individual worm values, error bars indicate s.e.m., 
ANOVA with Bonferroni’s post-hoc). (D) Gene expression of fmo-2 is upregulated by tald-1(RNAi) or cco-1(RNAi) 
(N = 11 biological replicates, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (E) Gene 
expression of fmo-2 is upregulated by tald-1(RNAi) in a HLH-30 and PMK-1 dependent fashion (N = 3-6 biological 
replicates, error bars indicate s.e.m., ANOVA with Bonferroni’s post-hoc). (F) Percent of animals displaying HLH-
30 nuclear localization. BD animals were starved for 8 hours on FUDR plates prior to imaging (N = 5 independent 
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experiments, error bars indicate s.e.m., ANOVA with Bonferroni’s post-hoc). (G) FMO-2 is required for the lifespan 
extension from tald-1(RNAi). N2 fed EV(RNAi) (mean 15.3±0.1 days, n=341), N2 fed tald-1(RNAi) (mean 17.8±0.1 
days, n=353), fmo-2(ok2147) fed EV(RNAi) (mean 18±0.2 days, n=314), fmo-2(ok2147) fed tald-1(RNAi) (mean 
17.4±0.2 days, n=382). Lifespans were performed at 25°C, with pooled data from three independent experiments 
shown. (H) FMO-2 is partially required for the lifespan extension from cco-1(RNAi). N2 fed EV(RNAi) (mean 
15.7±0.1 days, n=562), N2 fed cco-1(RNAi) (mean 23.3±0.2 days, n=616), fmo-2(ok2147) fed EV(RNAi) (mean 
18.3±0.1 days, n=474), fmo-2(ok2147) fed cco-1(RNAi) (mean 20.5±0.2 days, n=473). Lifespans were performed at 
25°C, with pooled data from five independent experiments shown. (I) Lifespan extension from fmo-2 
overexpression is not additive with tald-1(RNAi). N2 fed EV(RNAi) (mean 16.5±0.1 days, n=453), N2 fed tald-
1(RNAi) (mean 20.6±0.1 days, n=421), eft-3p::fmo-2 fed EV(RNAi) (mean 18.2±0.1 days, n=439), eft-3p::fmo-2 fed 
tald-1(RNAi) (mean 19.1±0.1 days, n=435). Lifespans were performed at 25°C, with pooled data from three 
independent experiments shown. (J) Lifespan extension from fmo-2 overexpression is additive with cco-1(RNAi). 
N2 fed EV(RNAi) (mean 16.5±0.1 days, n=453), N2 fed cco-1(RNAi) (mean 23.3±0.2 days, n=259), eft-3p::fmo-2 
fed EV(RNAi) (mean 18.2±0.1 days, n=439), eft-3p::fmo-2 fed cco-1(RNAi) (mean 25.5±0.2 days, n=352). Lifespans 
were performed at 25°C, with pooled data from three independent experiments shown. Lifespans in this figure are 
indicated as mean±s.e.m. and statistical analysis is provided in Supplemental Table 3.1. In this figure, statistics are 
displayed as: * p<0.05, ** p<0.01, *** p<0.001. 
 

Since the regulation of fmo-2 is not well understood, we decided to test if HLH-30 is an 

essential regulatory factor of fmo-2 in multiple contexts. In support of this, we found that HLH-

30 mediates fmo-2 expression from both BD and tald-1(RNAi) (Figure 3.6A,B). This 

observation was supported by qRT-PCR (Figure 3.6E). Thus, we decided to use the fmo-2 

transcriptional reporter as a proxy for HLH-30 activity to determine genetic relationships 

between HLH-30 and the MAPKs that mediate tald-1(RNAi) lifespan extension. JNK-1 and 

KGB-1 were not required for fmo-2p::mCherry induction from tald-1(RNAi) or BD 

(Supplemental Figure 3.7B), arguing that these MAPKs are not upstream of HLH-30. However, 

the p38 MAPK PMK-1 was required for induction of fmo-2p::mCherry from BD and there was a 

similar trend for tald-1(RNAi) (Figure 3.6A,C). Supporting this, fmo-2 induction by tald-

1(RNAi) was attenuated in pmk-1(km25) animals by qRT-PCR (Figure 3.6E). Since loss of 

function in hlh-30 and pmk-1 cause similar effects with respect to fmo-2 expression and lifespan 

epistasis with tald-1(RNAi) and cco-1(RNAi), we tested if PMK-1 is upstream of HLH-30. 

Surprisingly, we found that pmk-1(km25) mutation did not alter HLH-30 nuclear localization 

from tald-1(RNAi) or BD (Figure 3.6F). Therefore, the simplest model is that PMK-1 functions 
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in parallel with HLH-30 to activate fmo-2 expression.  

To determine if FMO-2 activation contributes to the lifespan extension from transaldolase 

deficiency, we treated fmo-2(ok2147) mutants with tald-1(RNAi). We found that tald-1(RNAi) 

did not extend the lifespan of fmo-2(ok2147) animals (Figure 3.6G). In addition, cco-1(RNAi) 

longevity partially required fmo-2 (Figure 3.6H). In neither case did deletion of fmo-2 affect 

induction of the UPRmt reporter (Supplemental Figure 3.7C). Consistent with the model that 

FMO-2 acts downstream of tald-1(RNAi) to promote longevity, tald-1(RNAi) did not further 

extend the lifespan of long-lived eft-3p::fmo-2 animals ubiquitously overexpressing fmo-2 

(Figure 3.6I).  

3.4   DISCUSSION 

In this study, we found that the inhibition of the PPP enzyme transaldolase impairs mitochondrial 

respiration, induces a starvation-like metabolic response, and activates MAPK signaling 

pathways that together promote longevity in C. elegans. These observations define unexpected 

new connections between the cytosolic PPP, mitochondrial metabolism, and aging. Although our 

interest in transaldolase stemmed from the observation that tald-1(RNAi) induces the UPRmt, 

activation of this mitochondrial stress response does not appear to be involved in mediating the 

longevity phenotype. Instead, lifespan extension from tald-1(RNAi) likely involves at least two 

outputs previously associated with longevity: induction of autophagy and activation of the flavin-

containing monooxygenase 2 (Figure 3.7). 
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Figure 3.7. Model of transaldolase deficiency mediated longevity.  
 
Reduced activity of the pentose phosphate pathway enzyme transaldolase has several consequences, including 
inhibition of mitochondrial respiration, induction of a mitochondrial stress response, alterations in redox 
homeostasis, and activation of a starvation-like metabolic response. Lifespan extension in response to transaldolase 
deficiency appears to be mediated by both MAPK signaling and HLH-30 mediated induction of autophagy and 
activation of FMO-2. 
 

The relationship between PPP activity and mitochondrial function is particularly intriguing. Our 

studies indicate that inhibition of the PPP is sufficient to reduce respiration rates in vivo and 

remodel the mitochondrial network by activating mitochondrial fission, but importantly, this is 

accomplished without apparent functional changes to the ETC itself, as evidenced by the normal 

in vitro activity of purified mitochondria. This mechanistically differentiates tald-1(RNAi) from 

the well-characterized long-lived ETC-deficient animals such as cco-1(RNAi) and isp-1(qm150), 

which directly impair ETC structure and function [195, 216]. Our findings also support 

mammalian literature where mitochondrial function is altered by transaldolase deficiency. For 

example, lymphoblasts isolated from transaldolase deficient patients exhibit decreased 

mitochondrial membrane potential, increased mitochondrial mass, and increased H2O2 levels, 

while transaldolase deficient mice are infertile due to mitochondrial defects in spermatozoa [186, 

197]. Although the UPRmt is apparently not involved in mediating the lifespan effects, its 

activation clearly indicates mitochondrial stress in vivo in the tald-1(RNAi) animals. One 
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potential source of this mitochondrial stress could be increased levels of ROS, as indicated by the 

HyPer reporter and the enhanced sensitivity of tald-1(RNAi) animals to paraquat.  

These findings highlight the importance of the PPP not only as a key pathway involved in 

central carbon metabolism, but also as a signaling hub. This close monitoring of PPP activity is 

logical, as it lies at the intersection of nucleotide metabolism, fatty acid/sterol synthesis, redox 

regulation, and glycolysis. In this light, the starvation like-response to tald-1(RNAi) is of 

particular interest, since it suggests that decreased PPP flux is monitored by the cell and results 

in diminished growth signaling. We speculate this occurs at least partially through decreased 

mTORC1 signaling, as we observed increased autophagic flux and activation of HLH-30, which 

is negatively regulated by mTORC1 [211, 217-220]. Furthermore, this starvation-like response 

caused a metabolic shift that depleted intestinal fat stores and rewired lipid metabolism to 

downregulate the stearoyl-CoA desaturase (Δ-9-desaturase, SCD) fat-7, upregulate 

mitochondrial fatty acid import genes, and the glyoxylate gene icl-1, among others. A reduction 

in fat-7 expression limits monounsaturated fatty acid synthesis, which maintains saturated fatty 

acid levels, but could also alter cellular and membrane lipid composition, including that of the 

mitochondria [221]. Alternatively, decreased fat-7 levels may indicate one arm of a concerted 

effort to breakdown fats through gene expression changes, as fat-7 negatively regulates ß-

oxidation [209, 222]. We suspect this gene expression program promotes the mobilization and 

breakdown of fatty acids for both energy metabolism and gluconeogenesis through the 

mitochondrial glyoxylate pathway [223].  

In this study, we implicated stress-activated MAPKs as one class of sensors that respond to 

reduced PPP activity and appear to be independent of HLH-30 activity. NADPH produced by the 

PPP not only maintains a reduced cytosolic redox environment, but also affects antioxidant 
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systems such as thioredoxin, glutaredoxin, and peroxiredoxin that respond to oxidative stress via 

thiol-based chemistry to initiate downstream signaling events. For example, activity of the 

MAP3K ASK1/NSY-1 is fine-tuned via thiol-disulphide exchange reactions mediated by these 

redox proteins [136, 138, 224-226]. Thus, a shift to a more oxidative cytosolic redox is coupled 

to activation of ASK1/NSY-1 and downstream p38 and JNK MAPK signaling. Accordingly, in a 

context dependent fashion, C. elegans p38 and JNK MAPKs regulate stress resistance from 

various oxidative insults and longevity from dietary restriction interventions such as intermittent 

fasting and metformin treatment [129, 200]. Our data further confirms that elevated cytosolic 

H2O2 correlates with MAPK mediated lifespan extension in novel and distinct contexts: RNAi 

knockdown of a PPP enzyme and an ETC Complex IV subunit. Interestingly, the MAP3K NSY-

1 was required for the full lifespan extension from both interventions, but differences existed for 

downstream MAPK requirements. For example, tald-1(RNAi) required both the p38 MAPK 

PMK-1 and the JNK MAPKs JNK-1 and KGB-1 for lifespan extension, while cco-1(RNAi) only 

required the JNK MAPK branch. Furthermore, our discovery of an unreported role for the JNK 

MAPK pathway in mediating ETC RNAi longevity is intriguing, as no other genes outside hif-1 

and the p38 MAPK pmk-3 have been reported to mediate these effects in C. elegans [106].  

The simplest model for enhanced longevity downstream of tald-1(RNAi) is through 

activation of HLH-30, which has been previously shown to promote longevity downstream of 

dietary restriction, mTOR signaling, and insulin/IGF-1-like signaling [210]. Prior studies have 

focused primarily on activation of autophagy and lipophagy by HLH-30 [210, 211], but we 

recently reported that FMO-2 is another important pro-longevity HLH-30 target that is activated 

by both dietary restriction and the hypoxic response [118]. The exact role of FMO enzymes 

outside xenobiotic metabolism is not well understood, but they are induced by various redox 
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stressors and are important for resistance to reductive stress, which affects endoplasmic 

reticulum protein homeostasis [118, 227, 228]. Hence, one function of FMOs may be to 

counterbalance GSH-mediated redox buffering to promote an oxidative redox environment 

through O2- and NADPH-dependent oxidation of biological thiols [227-229].  

One intriguing twist to this simple model is that, unlike either dietary restriction [230, 231] 

or activation of the hypoxic response [114], tald-1(RNAi) must occur during development in 

order to promote longevity. This is similar to the mitochondrial longevity mutants, which have 

previously been thought to be largely mechanistically distinct from these other longevity 

pathways. HIF-1 is known to be activated in some long-lived mitochondrial mutants in response 

to ROS and to mediate part of their lifespan extension [106]; however, HIF-1 is not required for 

lifespan extension from tald-1(RNAi). Thus, our data suggest that the PPP mediates a complex 

interaction between several portions of the overall longevity network in worms that have 

previously been studied as genetically distinct “pathways”. These interactions will be of interest 

for future studies of longevity and aging in C. elegans.  

Given the highly conserved nature of the PPP and its interactions with cellular metabolism, 

redox balance, and stress resistance, it is interesting to consider the extent to which the 

observations reported here will translate to mammals. As previously mentioned, there is good 

reason to believe that transaldolase deficiency can similarly impact mitochondrial function, 

metabolism, and oxidative stress resistance in mammals. To the best of our knowledge, there are 

no reports of PPP or transaldolase inhibition extending lifespan in a mammal; however, the 

downstream effectors of tald-1(RNAi) in worms are likely to play a conserved role in aging, as 

numerous studies have implicated autophagy in mammalian aging [232] and FMO-2 orthologs 
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are among the most consistently induced enzymes in numerous long-lived mouse models [233, 

234]. 

In summary, we uncovered a novel role of the PPP not only as a central metabolic pathway, 

but also as a signaling hub that connects the UPRmt, p38 and JNK MAPK signaling, and a 

starvation response mediated by HLH-30 and FMO-2 to promote cellular homeostasis and 

organismal longevity.  

3.5   MATERIALS AND METHODS 

Strains 

RB967 (gcn-2(ok871)), ZG31 (hif-1(ia4)), CF1038 (daf-16(mu86)), CB4037 (glp-1(e2141)), 

VC8 (jnk-1(gk7)), KB3 (kgb-1(um3)), KU25 (pmk-1(km25)), VC1668 (fmo-2(ok2147)), STE68 

(nhr-49(nr2041)), VC1024 (pdr-1(gk448)), SJ4100 (zcIs13[hsp-6p::gfp]), SJ4143 (zcIs17[ges-

1p::gfpmt]), BX113 (waEx15 [fat-7p::gfp + lin-15(+)]), MAH235 (sqIs19 [hlh-30p::hlh-30::gfp 

+ rol-6(su1006)]), KAE9 (eft-3p::fmo-2 + h2b::gfp + Cbr-unc-119(+)), and VS20 (hjIs67 [atgl-

1p::atgl-1::gfp + mec-7::rfp]) were obtained from the Caenorhabditis Genetics Center 

(Minneapolis, MN). The atfs-1(tm4525) and hlh-30(tm1978) strains were obtained from the 

National BioResource Project (Tokyo, Japan).  

The fmo-2p::mCherry reporter strain, a transcriptional reporter, was created by 

microinjecting RBW6699 worms with a solution of 50ng/µL of the BSP190 construct containing 

2076 bp of genomic sequence preceding the ATG of the fmo-2 coding sequence followed by the 

mCherry coding sequence and the unc-54 3’ UTR. A single copy insertion was generated at the 

chromosome II ttTi5605 locus using the Mos1 mediated Single Copy transgene Insertion 

(MosSCI) protocol [235]. 
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Fluorescence and Confocal Microscopy 

Fluorescence microscopy was performed using Zeiss SteREO Lumar.V12 and Nikon Eclipse 

E600 microscopes. Worms were immobilized using sodium azide, mounted onto 3% agarose 

pads, and imaged within a few minutes for reporter experiments. Levamisole was avoided for 

imaging hlh-30p::hlh-30::gfp animals, since it caused rapid HLH-30 nuclear localization. For 

reporter assays worms were developed on RNAi bacteria at 20°C and imaged on day 1 of 

adulthood, except for fmo-2 reporter experiments, where day 2 adults were imaged. At least three 

independent experiments with approximately 10 animals per condition per experiment were 

performed for each reporter with similar results. Statistical analysis for quantification of 

reporters was performed using student’s t-test with Bonferroni’s correction or ANOVA with 

Bonferroni’s post-hoc, * p<0.05, ** p<0.01, *** p<0.001. 

Confocal microscopy was performed using the Zeiss 510 META Confocal. For imaging 

intestinal mitochondrial morphology, animals were immobilized using levamisole and mounted 

on 10% agarose pads to prevent movement during image acquisition. Mitochondria were imaged 

with a 100X oil objective and Z-stacks of the posterior intestinal cells were taken at 0.34 µm 

increments. Gain settings for each image were maximized without over-saturation to emphasize 

mitochondrial content regardless of GFP expression, import, and folding levels. For imaging 

processing, Z-stacks were deconvoluted using the Iterative Deconvolve 3D plugin in Fiji and 5 

image slices were projected using max intensity projection. Mitochondrial content was analyzed 

by thresholding the 5 image slice projections of different animals for each condition and 

quantifying the % area of signal within cell boundaries. For quantification, multiple animals for 

each condition in at least 2 independent experiments were analyzed.  

Lifespan Analyses 
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Synchronized eggs or L1 larvae were grown on NGM plates containing 4 mM IPTG, 25 µg/ml 

carbenicillin and seeded with RNAi bacteria. At the L4/young adult stage, worms were 

transferred to plates with 50 µM FUDR to prevent hatching of progeny. When necessary, worms 

were transferred to new plates with fresh bacteria. Lifespans were performed at 25°C for the 

majority of experiments, unless otherwise noted in the text and figures. Cohorts were examined 

every 1–3 days using tactile stimulation to verify viability of animals. Animals that displayed 

vulval rupture were included in analysis, since it is an age-related phenotype [176, 236]. Animals 

lost due to foraging or bagging were not included in the analysis. All lifespan analyses were 

replicated using independent cohorts on different dates with replicate statistics provided in 

Supplemental Table 3.1. p-values were calculated using the Wilcoxon rank-sum test.  

Seahorse Bioscience Respiration Assay  

To measure in vivo oxygen consumption in C. elegans, we utilized the Seahorse X24 

Bioanalyzer (Seahorse Biosciences) as previously described [194]. Worms were grown on 

concentrated RNAi bacteria (0.15 g/ml) for 3 days at 20°C starting from the L1 stage, washed 

from plates, and rinsed from bacteria with M9 buffer 4+ times, before being placed in Seahorse 

XF24 Cell Culture Microplates for analysis. Basal respiration for each condition was analyzed 

using the average respiration of 5 well replicates over the course of one hour. Respiration for 

each genotype was measured in at least 4 independent experiments.  

Mitochondrial Isolation and Clark Electrode Assays 

To measure activity of the ETC, mitochondria were isolated from C. elegans treated with RNAi 

bacteria as previously described [154, 237]. To ensure sufficient material for mitochondrial 

isolations, worm populations were grown for three generations at 20°C. Initially, animals were 

grown on concentrated RNAi bacteria for two generations and then transferred into 4-6 250 ml 
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liquid cultures. Liquid cultures were propagated for 4-5 days depending on condition and 

monitored for developmental progression of animals and bacterial density (maintained at ~2 x 

1010 cells/ml) to avoid starvation. Animals treated with cco-1(RNAi) were grown for two 

generations on EV(RNAi) bacteria and then transferred to liquid cultures containing cco-1(RNAi), 

due to developmental and fecundity issues associated with multiple generations of cco-1(RNAi). 

Respiration of isolated mitochondria was measured in 4 independent experiments for each 

condition.  

H2O2 Assay 

Measurement of in vivo H2O2 levels was performed using the transgenic HyPer reporter as 

previously described [196]. Worms were grown on concentrated RNAi bacteria for 4 days 

starting from L1 (due to growth delay of this strain), washed from plates, and rinsed from 

bacteria with M9 buffer. At least 3 replicates of 1,000 worms for each condition were pipetted 

into a black flat bottom 96-well plate. N2 animals grown on EV(RNAi) were used as a 

background control. Fluorescence measurements were made using a BioTek Synergy H1M plate 

reader.  

Fat Staining 

Oil Red O staining and analysis was performed as previously described [238]. To quantify fat 

staining for each condition photos were converted to RGB color, a pseudo flat field correction 

was applied, images were separated into their respective RGB channels, and fat staining was 

thresholded in the green channel consistently across all images for a particular experiment. Fat 

content for each worm was quantified using the integrated density (limited to thresholded signal) 

of a 40 pixel diameter circle placed below the pharynx (i.e. over the anterior intestinal cells). 

Two independent experiments were obtained for quantification. 
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qRT–PCR 

RNA was isolated from young adult worms using a TRIzol (Life Technologies) chloroform 

extraction and cDNA was prepared using iScript™ Reverse Transcription Supermix for qRT-

PCR (Bio-Rad). qRT-PCR was used to measure the expression levels of target genes (iTaq™ 

Universal SYBR® Green Supermix, Bio-Rad) and normalization controls pmp-3 and cdc-42 

(TaqMan® Gene Expression Assays, Life Technologies). The relative standard curve method 

was used to calculate gene expression. Primers of target genes are listed in Supplemental Table 

3.2. 

Western blotting  

Protein was isolated from adult day 1 worms by flash freezing worm pellets in liquid nitrogen 

followed by extraction in lysis buffer [20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 

mM EGTA, 1% (v/v) Triton X-100, and 1x Pierce™ Protease Inhibitor Mini Tablets, EDTA 

Free (88666, ThermoFisher Scientific)]. Proteins of interest were detected by immunoblot using 

anti-GFP (sc-9996; Santa Cruz Biotechnology) and anti-alpha-tubulin (Clone: DM1A, MS-581-

P0, Neomarkers) antibodies both at a 1:1000 dilution in 5% BSA TBST.  
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3.7   SUPPLEMENTAL FIGURES AND TABLES 

 
Supplemental Figure 3.1. RNAi knockdown of tald-1(RNAi) extends lifespan independent 
of daf-16, aak-2, glp-1, and hif-1.  
 
(A) N2 fed EV(RNAi) (mean 15.4±0.2 days, n=261), N2 fed tald-1(RNAi) (mean 18.2±0.2 days, n=267), daf-
16(mu86) fed EV(RNAi) (mean 12.9±0.1 days, n=255), daf-16(mu86) fed tald-1(RNAi) (mean 14.6±0.1 days, 
n=263). Lifespans were performed at 25°C, with pooled data from three independent experiments shown. (B) N2 fed 
EV(RNAi) (mean 16.3±0.2 days, n=283), N2 fed tald-1(RNAi) (mean 19.6±0.2 days, n=293), aak-2(ok524) fed 
EV(RNAi) (mean 14.3±0.1 days, n=358), aak-2(ok524) fed tald-1(RNAi) (mean 16.7±0.1 days, n=293). Lifespans 
were performed at 25°C, with pooled data from three independent experiments shown. (C) N2 fed EV(RNAi) (mean 
16±0.1 days, n=331), N2 fed tald-1(RNAi) (mean 18.2±0.2 days, n=433), glp-1(e2141) fed EV(RNAi) (mean 
18.1±0.1 days, n=385), glp-1(e2141) fed tald-1(RNAi) (mean 22.3±0.1 days, n=359). Lifespans were performed at 
25°C, with pooled data from three independent experiments shown. (D) N2 fed EV(RNAi) (mean 16.5±0.1 days, 
n=303), N2 fed tald-1(RNAi) (mean 18.9±0.2 days, n=317), hif-1(ia4) fed EV(RNAi) (mean 17.1±0.2 days, n=335), 
hif-1(ia4) fed tald-1(RNAi) (mean 20.4±0.2 days, n=328). Lifespans were performed at 25°C, with pooled data from 
three independent experiments shown. (E) N2 fed EV(RNAi) (mean 15.5±0.1 days, n=328), N2 fed cco-1(RNAi) 
(mean 22±0.2 days, n=359), hif-1(ia4) fed EV(RNAi) (mean 16.2±0.1 days, n=330), hif-1(ia4) fed cco-1(RNAi) 
(mean 18.6±0.2 days, n=352). Lifespans were performed at 25°C, with pooled data from three independent 
experiments shown. Lifespans in this figure are indicated as mean±s.e.m. and statistical analysis is provided in 
Supplemental Table 3.1. 
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Supplemental Figure 3.2. Transaldolase deficiency does not alter whole-animal mtDNA 
content.  
 
(A) mtDNA content (nd-1/act-3 DNA) in L4 tald-1(RNAi) or cco-1(RNAi) animals does not change (n = 15 animals, 
error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (B) mtDNA content (nd-1/act-3 DNA) in 
adult day 1 tald-1(RNAi) or cco-1(RNAi) animals does not change (n = 16 animals, error bars indicate s.e.m., 
student’s t-test with Bonferroni’s correction). 
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Supplemental Figure 3.3. Transaldolase deficiency causes a mitochondrial morphology 
shift independent of pdr-1, pink-1, and fzo-1.  
 
(A) RNAi knockdown of mitochondrial fusion and fission factors alters intestinal mitochondrial morphology. ges-
1p::gfpmt reporter animals were imaged and max intensity projections of five z-slices are presented. RNAi 
knockdown of tald-1 alters mitochondrial morphology independent of (B) pdr-1, (C) fzo-1, and pink-1. For (B), pdr-
1(gk448) mutants were used. ges-1p::gfpmt reporter animals were imaged and max intensity projections of five z-
slices are presented. Scale bar, 10 µm. 
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Supplemental Figure 3.4. Length and density of tald-1(RNAi) and cco-1(RNAi) animals.  
 
RNAi knockdown of cco-1, but not tald-1 reduces the (A) extinction coefficient and (B) time of flight of C. elegans. 
N2 animals were grown on RNAi bacteria for 3 days from hatching, washed off plates, and analyzed using the 
COPAS BIOSORT. In this figure, statistics are displayed as: * p<0.05, ** p<0.01, *** p<0.001. 
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Supplemental Figure 3.5. JNK MAPKs do not alter mitochondrial dysfunction from tald-
1(RNAi) or cco-1(RNAi) and are not required for daf-2(RNAi) longevity; NSY-1/PMK-1 is 
required for daf-2(RNAi) longevity.  
 
(A) JNK-1 is not required for daf-2(RNAi) lifespan extension. N2 fed EV(RNAi) (mean 17.4±0.1 days, n=313), N2 
fed daf-2 (RNAi) (mean 26.1±0.2 days, n=272), jnk-1(gk7) fed EV(RNAi) (mean 17.6±0.1 days, n=363), jnk-1(gk7) 
fed daf-2(RNAi) (mean 26±0.2 days, n=332). Lifespans were performed at 25°C, with pooled data from three 
independent experiments shown. (B) KGB-1 is not required for daf-2(RNAi) lifespan extension. N2 fed EV(RNAi) 
(mean 15±0.1 days, n=630), N2 fed daf-2 (RNAi) (mean 23.4±0.2 days, n=633), kgb-1(um3) fed EV(RNAi) (mean 
13.1±0.1 days, n=580), kgb-1(um3) fed daf-2(RNAi) (mean 25.5±0.2 days, n=563). Lifespans were performed at 
25°C, with pooled data from four independent experiments shown. (C) hsp-6p::gfp reporter induction in tald-
1(RNAi) or cco-1(RNAi) animals is not prevented from jnk-1(gk7) and kgb-1(um3) mutations. Scale bar, 200 µm. 
(D) Mean relative fluorescence of hsp-6p::gfp reporter animals. Fluorescence is calculated relative to N2 EV(RNAi) 
controls (N = 2 independent experiments, pooled individual worm values, error bars indicate s.e.m., student’s t-test 
with Bonferroni’s correction). (E) Oxygen consumption rate decreases independent of JNK-1 and KGB-1 from tald-
1(RNAi) or cco-1(RNAi). OCR was measured using the Seahorse XF Analyzer and normalized to animal number (N 
= 6 independent experiments for N2 animals, N = 4 independent experiments for jnk-1(gk7) and kgb-1(um3) 
animals, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). (F) PMK-1 is partially required for 
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daf-2(RNAi) lifespan extension. N2 fed EV(RNAi) (mean 16.7±0.1 days, n=423), N2 fed daf-2 (RNAi) (mean 
26.3±0.3 days, n=325), pmk-1(km25) fed EV(RNAi) (mean 14.6±0.1 days, n=385), pmk-1(km25) fed daf-2(RNAi) 
(mean 19.8±0.3 days, n=295). Lifespans were performed at 25°C, with pooled data from three independent 
experiments shown. (G) NSY-1 is partially required for daf-2(RNAi) lifespan extension. N2 fed EV(RNAi) (mean 
14.6±0.1 days, n=542), N2 fed daf-2 (RNAi) (mean 23.1±0.2 days, n=544), nsy-1(ag3) fed EV(RNAi) (mean 
14.9±0.1 days, n=473), nsy-1(ag3) fed daf-2(RNAi) (mean 20.7±0.3 days, n=480). Lifespans were performed at 
25°C, with pooled data from four independent experiments shown. Lifespans in this figure are indicated as 
mean±s.e.m. and statistical analysis is provided in Supplemental Table 3.1. In this figure, statistics are displayed 
as: * p<0.05, ** p<0.01, *** p<0.001. 
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Supplemental Figure 3.6. RNAi knockdown of cco-1, but not tald-1 reduces pharyngeal 
pumping rate in young animals.  
 
(A) Pumping rate per minute was measured for individual animals, with each dot representing an individual (N=3 
independent experiments, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). In this figure, 
statistics are displayed as: * p<0.05, ** p<0.01, *** p<0.001. 
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Supplemental Figure 3.7. JNK-1 and KGB-1 are not required for fmo-2 reporter induction 
and FMO-2 is not required for hsp-6 reporter induction.  
 
(A) RNAi knockdown of cco-1 increases fmo-2p::mCherry reporter induction in cells proximal to the anterior bulb. 
fmo-2p::mCherry reporter animals were grown on RNAi bacteria from hatching and imaged 4 days later using 
fluorescent microscopy. (B) Mean relative fluorescence of fmo-2p::mCherry reporter animals in the context of jnk-
1(gk7) and kgb-1(um3) mutations. Fluorescence is calculated relative to N2 EV(RNAi) controls (N = 3 independent 
experiments, pooled individual worm values, error bars indicate s.e.m., ANOVA with Bonferroni’s post-hoc). (C) 
Mean relative fluorescence of hsp-6p::gfp reporter animals in the context of the fmo-2(ok2147) mutation. 
Fluorescence is calculated relative to N2 EV(RNAi) controls (N = 3 independent experiments, pooled individual 
worm values, error bars indicate s.e.m., student’s t-test with Bonferroni’s correction). In this figure, statistics are 
displayed as: * p<0.05, ** p<0.01, *** p<0.001. 
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Supplemental Table 3.1. Lifespan data and statistical analyses.  
 
This table is attached to the thesis as Supplemental File 1. P-values are shown for condition comparison* or 

genotype to N2 comparison** and calculated using Wilcoxon Rank-Sum test.  

 

Supplemental Table 3.2. qRT-PCR primer list 

Sequence Name Gene Name Forward sequence Reverse sequence 
Y48G9A.10 cpt-3 GTTGGCGAAAATCGTCTCCG AGGAAGAATTTCCGGCGGTT 
K11D12.4 cpt-4 CGCACCTCCACAGCTATCTT TGAATGCTTCGTCCCTCGTT 
F28F8.2 acs-2 TGTGAAGGGTGGTGAGAACG GCGCAGATGTTCTCTCCGTA 
F41C3.3 acs-11 TCCGATCCTTCGAAGCTCCT GAGCAGCTGTATCGGTCGTT 
C55B7.4 acdh-1 GGAATCCGAGCTTCATCCACT ATCGAAACAACCCTGAGCCA 
C17C3.12 acdh-2 TTGATCCGGCGATTGCATTG CAACTTCCGAAAGTGCGAAGG 
R09B5.6 hacd-1 CAATGGCGATTGAGGCTGTG CGAATAGTGCCGGGTTCTGA 
F10D2.9 fat-7 CGCAGCCATTGGACTTTACG GCTCCAGCTGTGATACCGAA 
C05E4.9 icl-1 GAAATCCTTTCGCTCACCGC GGAAGCGAAGAGCATCTGGT 
C32D5.9 lgg-1 ACCATGACCACAATGGGACAA TTCGTCACTGTAGGCGATGT 
T12G3.1 sqst-1 AGAACTGTTCCCATCGGCTG GTAGGGCTGTTGGACGAAGG 
C03B1.12 lmp-1 CAACGGAGTCCGCAACAATC CGTAACGGGCAGATTGTCCT 
F49C12.13 vha-17 CCGCCTTCTGGGCTATCATT TGAAGGAACACCATGATCCAGA 
K08C7.5 fmo-2 TTTCTGGCACCGTTCCAAGT TGTTCCCAGTGGCTACTTCC 
MTCE.11 nd-1/nduo-1 AGCGTCATTTATTGGGAAGAA AAGCTTGTGCTAATCCCATAA 
T04C12.4 act-3 TGCGACATTGATATCCGTAAGG GGTGGTTCTCCGGAAAGAA 
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Chapter 4.  PERSPECTIVES AND CONCLUSIONS 

The aging field has grown tremendously over the past two decades spurring novel 

discoveries at unprecedented rates. This has led to a greater understanding of the genetic 

pathways that influence longevity and an increased appreciation for mitochondria. These 

organelles are increasingly linked to numerous ailments from cancer to neurodegenerative 

disease, and their dysfunction is correlated with the aging process. Mitochondrial homeostasis is 

essential for cellular health since mitochondria regulate energy metabolism and biosynthesis of 

various metabolites including iron-sulfur clusters, phospholipids, nucleotides, and even acetyl 

groups for chromatin dynamics. Perhaps just as notable is their impact on various signaling 

pathways that control stress resistance, cell growth, cell survival, and apoptosis. Due to this and 

the beneficial effects of low-levels of mitochondrial stress on longevity, the aging field has been 

focused on examining mitochondrial-signaling networks.  

In this thesis, I uncovered additional regulatory mechanisms of the UPRmt through two 

genome-wide RNAi screens (Chapter 2, Appendix A). I established that the UPRmt is activated 

by multiple mitochondrial insults, several that are pro-longevity, but surprisingly, is not required 

or sufficient for lifespan extension in C. elegans. Furthermore, I find that inhibition of the 

pentose phosphate pathway, by RNAi knockdown of the enzyme transaldolase, causes induction 

of the UPRmt, decreases mitochondrial respiration, and increases lifespan through non-UPRmt 

dependent mechanisms involving the JNK MAPK and TFEB/HLH-30 pathways. Some of the 

current questions in the mitochondrial and aging fields are 1) how is the UPRmt regulated and 2) 

if not the UPRmt, what genetic pathways control mitochondrial longevity in C. elegans and other 

organisms? In this section I will speculate on how findings in this thesis address these 

fundamental questions.  
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4.1   THE UPRMT IS ACTIVATED BY DISTINCT PERTURBATIONS 

The types of mitochondrial insults that cause UPRmt induction are distinct from other 

mitochondrial quality control pathways. Mitochondrial uncouplers that are often used to induce 

mitophagy, for example, do not activate the UPRmt in worms [67]. Similarly, in mammalian cells 

decreased membrane potential is not required for UPRmt induction even though many treatments 

(i.e. respiratory chain inhibitors) which activate the response also lower membrane potential 

[77]. The role of mitochondrial ROS in UPRmt induction is also not unambiguous. The free-

radical generator paraquat activates the UPRmt in a manner dependent on ROS (the antioxidant 

N-acetyl cysteine blunts this effect) [83]. Mitochondrial ROS is therefore sufficient for UPRmt 

induction. However, antioxidant treatment does not prevent UPRmt chaperone induction from 

clk-1 or isp-1 mutations in worms, but instead exacerbates it due to inhibition of GCN-2 [89]. 

Thus, the UPRmt is intertwined with functional parameters of mitochondria such as membrane 

potential and ROS production, but its signaling is not dependent on these parameters.  

The UPRmt responds to a distinct type of folding stress within the mitochondria that results 

from a buildup of unassembled hetero-oligomeric complex subunits or mismatched 

stoichiometry. Supporting this, knockdown of mitochondrial genes that assemble into hetero-

oligomeric complexes activates the UPRmt, whereas knockdown of genes that form homo-

oligomeric complexes does not [67]. The genome-wide RNAi screen discussed in Chapter 2 also 

favors this model. I identify numerous negative regulators of the UPRmt including subunits of the 

ETC and proteins involved in mitochondrial translation that function to synthesize 

mitochondrial-encoded ETC subunits. This screen also uncovers multiple factors that either 

assemble into hetero-oligomeric complexes or impact the stability of the ETC. One class of 

positive hits was metabolic enzymes that function in hetero-oligomeric complexes such as a 
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subunit of pyruvate dehydrogenase (C04C3.3), a subunit of 2-oxoglutarate dehydrogenase 

(W02F12.5), an enoyl-CoA hydratase (ech-6) that forms the trifunctional β-oxidation protein 

complex, and a subunit in the 3-methylcrotonyl-CoA carboxylase, a biotin-requiring enzyme that 

functions in branched-chain amino acid degradation. Another class of hits were factors that 

directly influence ETC subunit synthesis, assembly, or stability such as the SUV3 helicase 

(C08F8.2) that facilitates processing of polycistronic mitochondrial transcripts, the 

pentatricopeptide repeat domain protein 3 (PTCD3/Y110A7A.19) that associates with the small 

subunit of the mitochondrial ribosome, the holocytochrome c synthase (cchl-1) that attaches 

heme to cytochrome c, a cytochrome c oxidase assembly protein (sco-1), and the apoptosis-

inducing factor (wah-1) and evolutionarily-conserved signaling intermediate in toll pathway 

(ECSIT/Y17G9B.5) that both regulate Complex I levels. Understanding how these factors, and 

others – there was a subset of hits that lack clear homology - affect ETC function will be of 

interest to the mitochondrial field.  

Findings from my screen (Chapter 2) and from Yoneda et al. [67] reinforce the model that 

the UPRmt is induced by specific genetic perturbations that target mitochondrial proteins that are 

either 1) subunits of the ETC, 2) assembly factors of the ETC, 3) components of the 

mitochondrial translation machinery, 4) components of hetero-oligomeric protein complexes, or 

5) proteins that regulate mitochondrial RNA processing, stability, or translation. Conceivably, 

targeting any of these factors or processes should affect ETC formation and increase the 

unfolded protein load within the mitochondria. Furthermore, the buildup of unstable 

polypeptides appears to be the initial event that triggers the UPRmt since ROS and lowered 

membrane potential are not required for the response. Certain proteins such as CLPP-1 (required 

for UPRmt induction in worms) that interact with unfolded polypeptides are candidate sensor 
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molecules that relay information regarding the protein-folding environment in the mitochondria 

to the rest of the cell. Further characterization of these sensor mechanisms will be of particular 

importance since it will help clarify how mitochondria sense protein-folding stress and also 

could provide an avenue for therapeutic targeting of mitochondrial responses.  

4.2   THE UPRMT DOES NOT REGULATE LONGEVITY IN C. ELEGANS 

The view in the aging field for years has been that the UPRmt is causal for longevity downstream 

of mitochondrial dysfunction. Recent publications continue to propagate this model without 

strong experimental evidence. The UPRmt is a conserved response that is critical for the 

maintenance of mitochondrial function in the face of proteotoxic stress. However, this does not 

warrant its role in mitochondrial longevity. Robust genetic evidence is necessary to convincingly 

argue this. In this section, I will discuss the current evidence for UPRmt longevity and summarize 

my findings that contradict this model. 

The initial publication by Durieux et al. [142] demonstrated that knockdown of the UPRmt 

factor ubl-5 reduces the long lifespan of isp-1(qm150) worms. However, it was not shown 

whether ubl-5(RNAi) attenuates UPRmt induction in isp-1(qm150) worms, complicating 

interpretation. In fact, I observe that ubl-5(RNAi) fails to affect hsp-6p::gfp reporter induction in 

isp-1(qm150) worms, indicating that their experimental approach is flawed. In another 

publication Houtkooper et al. [143] find that ubl-5(RNAi) or haf-1(RNAi) partially suppress the 

lifespan extension and hsp-6p::gfp induction from mrps-5(RNAi) or cco-1(RNAi). However, this 

result is slightly convoluted since a 10-fold+ induction of the hsp-6p::gfp reporter occurs in the 

context of ubl-5(RNAi) or haf-1(RNAi), suggesting these RNAi clones may limit lifespan 

independent of UPRmt induction. Notably both of these studies hinge on ubl-5 or haf-1 being 



 145 

critical for UPRmt induction, which is not the case [21, 82]. In a similar approach, my 

experiments employ atfs-1, a canonical UPRmt gene that is essential for the response in C. 

elegans. I find that loss of function in atfs-1 does not prevent the lifespan extension from ETC 

RNAi or mutation, despite abrogating induction of the hsp-6p::gfp reporter and other UPRmt 

target genes. I also find that constitutive active alleles of atfs-1 that cause UPRmt induction fail to 

extend lifespan. These results complicate the UPRmt longevity model, but important points and 

criticisms can be applied to my work as well. Firstly, I utilize the atfs-1(tm4525) mutant to 

perform the majority of lifespan epistasis analysis. This allele causes a frame shift in atfs-1 and is 

frequently used since it prevents UPRmt induction and does not produce ATFS-1 protein [21]. 

However, atfs-1(tm4525) worms appear phenotypically wild-type, whereas the atfs-1(tm4919) 

and atfs-1(gk3094) deletion alleles are slow growing. The reasons for this are unclear, but one 

possibility is the atfs-1(tm4525) allele does not prevent expression of short isoforms of atfs-1 

(atfs-1d.1, atfs-1d.2) that lack a mitochondrial targeting sequence but still contain a basic leucine 

zipper domain. In contrast, the larger atfs-1(gk3094) mutation affects the 5’ UTR of atfs-1 d 

isoforms and perhaps their expression. Regardless, in my hands cco-1(RNAi) extends the lifespan 

of both atfs-1(tm4919) and atfs-1(gk3094) mutants. This also agrees with Ren et al. [164] who 

published that the atfs-1(gk3094) allele does not affect mitochondrial longevity. Double RNAi 

experiments recently published by the Dillin lab also acknowledge that atfs-1 is not fully 

required for mitochondrial longevity [158]. Furthermore, I find that atfs-1(RNAi), which should 

target all isoforms of atfs-1 (RNAi clone expresses complete atfs-1 ORF), fully blocks UPRmt 

induction in isp-1(qm150) animals, but does not prevent lifespan extension. Thus, multiple points 

of evidence firmly establish that ATFS-1-mediated chaperone induction is not required for 

mitochondrial longevity. Secondly, I use atfs-1 constitutive active alleles to demonstrate that the 
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UPRmt is not sufficient for lifespan extension. One could argue that preventing ATFS-1 

localization to the mitochondria (through point mutations in the MTS) causes mitochondrial 

defects that mask the positive effects of chaperone induction. Accordingly, loss of the 

mitochondrial ATFS-1 does decrease levels of assembled ETC complexes and mitochondrial 

respiration in the context of mitochondrial stress [70]. To address this criticism one could 

express the constitutive nuclear atfs-1 allele in the background of wild-type atfs-1, but this too 

may cause excessive negative regulation of nuclear-encoded ETC subunits that could lead to 

stoichiometric imbalances and mitochondrial dysfunction.  

In conclusion, this thesis and work by others [164] determine that ATFS-1 is not required or 

sufficient for mitochondrial longevity, uncoupling mitochondrial chaperone induction from 

lifespan extension. To date, this is the cleanest attempt to address whether the UPRmt is 

important for longevity in C. elegans. Other studies arguing UPRmt longevity do not use proper 

genetic tools to test the model, complicating interpretation. In addition, the discovery of non-

UPRmt mechanisms that regulate mitochondrial longevity such as HIF-1 [106] and the MAPK 

pathways described in Chapter 3 and by Munkácsy et al. [162] are intriguing and confirm that 

the UPRmt is not the be-all end-all in mitochondrial longevity. 

4.3   GENETIC PATHWAYS THAT FUNCTION INDEPENDENTLY OF THE UPRMT 

REGULATE MITOCHONDRIAL LONGEVITY 

One major question facing the aging field is “how does mitochondrial inhibition extend 

lifespan?” The UPRmt was one of the first attractive mechanisms since the temporal requirements 

necessary for UPRmt induction are identical to that of longevity: mitochondrial stress must occur 

during development [142]. Unfortunately the UPRmt model of longevity is complicated by the 
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recent finding that ATFS-1 is not required for lifespan extension following mitochondrial stress 

[82, 164]. The aging field is currently shifting thinking towards other genetic mechanisms 

(discussed in Section 1.4). For example, HIF-1 is a factor that is required for all mitochondrial 

longevity interventions [106]. The p38 MAPK PMK-3 also acts in a compensatory manner to the 

UPRmt and regulates longevity from mitochondrial stress in multiple contexts [162]. This 

response possibly clarifies the association between the UPRmt and longevity that has plagued the 

literature.  

In this thesis, I uncover additional pathways that regulate mitochondrial longevity through 

the study of the PPP gene transaldolase, a negative regulator of the UPRmt (Chapter 3). 

Transaldolase deficiency in mice causes hypersensitivity to oxidative stress and consequent JNK 

MAPK activation. I find that tald-1(RNAi) in C. elegans elevates cytosolic H2O2 and extends 

lifespan through JNK MAPKs JNK-1 and KGB-1. In a similar fashion, cco-1(RNAi) animals also 

require these JNK MAPKs for long-life, implicating JNK MAPKs in mitochondrial longevity for 

the first time. This is especially intriguing since tald-1(RNAi) and cco-1(RNAi) are distinct 

cellular perturbations and presumably elicit specific cellular responses, despite both causing 

mitochondrial stress. JNK-1 and KGB-1 appear to function independently of known 

mitochondrial stress pathways since they are not required for activation of the UPRmt (however, 

KGB-1 is proposed to negatively regulate the UPRmt) nor the PMK-3 pathway [162]. The 

regulation of C. elegans JNK MAPKs from mitochondrial stress is largely unknown, as are the 

downstream targets, complicating the study of this pathway. However, the putative upstream 

MAP3K, NSY-1, is required for both tald-1(RNAi) and cco-1(RNAi) lifespan extension. This is 

fascinating as ASK1/NSY-1 activity is fine-tuned by the redox environment in the cytoplasm. A 

shift towards a more oxidative redox environment stimulates ASK1/NSY-1 to phosphorylate 
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downstream components of both the p38 and JNK MAPKs. If other MAP3Ks affect JNK-1 and 

KGB-1 activity during oxidative stress, and which MAP2Ks do, is not known and an important 

area of future research.  

Other genetic experiments in the context of tald-1(RNAi) led to my discovery that the TFEB 

homolog HLH-30 is important for lifespan extension. HLH-30 regulates expression of autophagy 

genes in addition to the flavin-containing monooxygenase fmo-2, which is activated by multiple 

stressors such as starvation or hypoxia [118]. Interestingly, I find that HLH-30 specifically 

regulates the lifespan extension from tald-1(RNAi) and not cco-1(RNAi). Expression of fmo-2 is 

induced in the intestine by tald-1(RNAi) (this overlaps with HLH-30 nuclear localization in this 

tissue); however, cco-1(RNAi) specifically activates fmo-2 expression in cells proximal to the 

anterior bulb. Thus, intestinal induction of FMO-2 appears to be critical for longevity. From a 

small-scale screen for fmo-2 regulators, I find that the p38 MAPK PMK-1 is also required for 

tald-1(RNAi)-mediated fmo-2 induction and lifespan extension. PMK-1 appears to do this 

independently of HLH-30 since pmk-1 deletion does not affect HLH-30 nuclear localization. 

Thus, multiple longevity pathways appear to impinge on FMO-2. The identification of FMO-2’s 

endogenous substrates and mechanism of longevity control will be important area of future 

research. In conclusion, I find that JNK MAPKs, PMK-1, HLH-30, and FMO-2 are longevity 

factors downstream of transaldolase deficiency and mitochondrial stress. 
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Chapter 5.  FUTURE DIRECTIONS 

5.1   CHARACTERIZATION OF UPRMT REGULATORY FACTORS AND THEIR ROLES IN 

LONGEVITY 

In Appendix A, I identify 44 novel UPRmt factors that regulate UPRmt induction in the context of 

a Complex III mutation. Other labs recently identified a large list of UPRmt signaling factors as 

well, but with limited follow-up. To fully understand UPRmt regulation there needs to be a 

serious effort to characterize these hits. Positive hits from these screens fall into at least three 

categories: 1) signaling factors of the UPRmt (such as a transcription factors or sensor molecules), 

2) modulators of mitochondrial stress (such as ribosomal proteins), 3) or non-specific hits that 

affect fluorescent reporter splicing, transcription, or translation in general. Placing putative 

UPRmt regulators in these categories will establish those that are signaling factors from those that 

modulate mitochondrial stress. I would predict that genes in the first category will not influence 

lifespan (similar to atfs-1), but those in the second could. One approach is to test specificity of 

positive hits to mitochondrial function by assaying mitochondrial morphology or respiration in 

the context of mitochondrial stress. Another approach is to analyze effects of hits on isp-1 or clk-

1 mutant development; knockdown of factors important for mitochondrial health should delay 

the development or fecundity of mitochondrial mutants. Also, it will be important to know 

whether positive hits impact other stress responses or are specific to the UPRmt. Either finding is 

interesting since cross talk between stress responses is a relatively unexplored area of research 

and could yield information more pertinent to longevity. Lastly, clarifying the epistatic 

relationships between positive hits and canonical signaling factors such as ATFS-1, DVE-1, or 

CLPP-1 will help generate a complete picture of the UPRmt signaling cascade. 
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5.2   IDENTIFICATION OF TARGETS DOWNSTREAM OF JNK MAPKS 

In Chapter 3 I define the role of JNK MAPKs in regulation of mitochondrial longevity in two 

different contexts: tald-1(RNAi) and cco-1(RNAi). A logical area of further investigation is the 

determination of factors that lie downstream of JNK MAPKs to regulate lifespan. JNK MAPKs 

phosphorylate a range of substrates in mammalian cells, modulating their activity in positive or 

negative manners [239]. One class of substrates is transcription factors of the Jun family, which 

heterodimerize with other bZip transcription factors such as Fos and ATF2 family members 

generating activator protein 1 (AP-1) [239]. AP-1 controls various cellular processes including 

cell growth, differentiation, and apoptosis, and in C. elegans, controls longevity from 

intermittent fasting [200]. Preliminary data (Figure A. 3) suggests that JUN-1 is required for 

tald-1(RNAi) but not cco-1(RNAi) lifespan extension, obscuring any clear model. It is possible 

that different JNK MAPK substrates are required for either tald-1(RNAi) or cco-1(RNAi) lifespan 

extension. Screening additional AP-1 factors for lifespan effects could be helpful to elucidate 

mechanisms downstream of JNK-1 and KGB-1. Other possible JNK targets (non AP-1 proteins) 

associated with longevity in C. elegans include p53/cep-1, HSF1/hsf-1, the apoptotic machinery 

on the mitochondria, and HIF1/hif-1, which is positively regulated by JNK MAPKs in 

mammalian cells [240]. Genetic studies such as these could yield answers to what lies 

downstream of JNK-1 and KGB-1 in the context of mitochondrial stress, but unbiased 

approaches may be more productive. Proteomics methods, for example, that measure the 

abundance of phosphorylated and total proteins (since JNK MAPKs can modulate activity of E3 

ligases and thus the levels of numerous proteins) could directly elucidate JNK MAPK targets in 

C. elegans. Defining a mitochondrial stress specific phospho-proteome map would also help 
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reveal the signaling pathways (MAPK dependent and independent) that are engaged during 

mitochondrial dysfunction.  
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APPENDIX A 
 

Identification of positive regulators of the UPRmt in C. elegans 

Numerous screens have been performed over the years to elucidate signaling factors that regulate 

the UPRmt in C. elegans [46, 81, 83, 84, 86]. This has extended our understanding of UPRmt 

regulation in worms and also in some cases, mammalian cells. The Ron/Haynes lab identified the 

first list of canonical UPRmt factors. Using the temperature-sensitive mutation (zc32), which 

conditionally activates the response at 25°C, they identified the mitochondrial protease ClpXP, 

mitochondrial ABC transporter HAF-1, basic leucine zipper protein ATFS-1, homeobox domain 

protein DVE-1, and ubiquitin-like protein UBL-5 [46, 80, 81]. Similar RNAi screens were 

performed by Runkel et al. [83] and Shore et al. [84] using paraquat and antimycin A, 

respectively, identifying dozens of other factors. However, whether the majority of these factors 

directly sense and relay information about mitochondrial protein-folding stress is not clear. It is 

possible that a number of hits non-specifically regulate multi-copy array reporter expression or 

perhaps attenuate the effects of the mitochondrial insults in these screens, thereby reducing 

UPRmt signaling. In other words, any mechanistic details underlying these factors’ role in UPRmt 

signaling have not been explored.  

To further define the UPRmt pathway, I performed a genome-wide RNAi screen using the 

long-lived Complex III mutant isp-1(qm150) in the hsp-6p::gfp reporter background. I chose this 

strategy since it is specific to a mitochondrial ETC mutation rather than uncharacterized 

mutations (zc32) or exogenous agents that undoubtedly alter bacterial metabolism. Furthermore, 

since the screen is performed in a long-lived mutant, identified factors could potentially regulate 

mitochondrial longevity. It is worth noting that when the screen began, a limited number of 
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UPRmt factors were known (ubl-5, dve-1, clpp-1, haf-1, and atfs-1). Initially, I identified a total of 

145 putative gene knockdowns within the Vidal ORFeome RNAi library (11,511 clones) that 

attenuated hsp-6p::gfp reporter expression in isp-1(qm150) animals. To confirm the 

reproducibility of these observations, RNAi clones were sequence-validated and re-tested across 

three independent experiments on solid agar plates. If a positive hit was significant in 3/3 

experiments, it was considered a validated hit. If a positive hit was significant in 2/3 

experiments, it was re-tested and considered genuine if it was significant 3/4 times. In all, 50 

hits, 44 which are novel, were confirmed to be bona fide regulators of hsp-6p::gfp expression 

(Table A. 1, Figure A. 1). These gene targets function in various cellular processes including 

cell cycle regulation, pre-mRNA splicing, protein translation, nuclear protein import/export, and 

vesicle transport (Table A. 1).  

 
Table A. 1. 50 positive hits from isp-1(qm150); hsp-6p::gfp screen 
 
Information for RNAi hits that attenuated isp-1(qm150); hsp-6p::gfp expression including gene name, KOG info, 
and self-annotated functional category. 
 
Gene KOG Info Functional Group 
cdk-9 [KOG0669] Cyclin T-dependent kinase CDK9 Cell cycle 
cul-1 [KOG2166] Cullins Cell cycle 

mat-1 [KOG1126] DNA-binding cell division cycle 
control protein Cell cycle 

mag-1 [KOG3392] Exon-exon junction complex, 
Magoh component EJC complex; nonsense-mediated decay 

rnp-4 [KOG0130] RNA-binding protein 
RBM8/Tsunagi (RRM superfamily) EJC complex; nonsense-mediated decay 

F32H2.6 [KOG1202] Animal-type fatty acid synthase and 
related proteins Fatty acid metabolism 

cel-1 [KOG2386] mRNA capping enzyme, 
guanylyltransferase (alpha) subunit mRNA capping 

F54C8.4 [KOG2386] mRNA capping enzyme, 
guanylyltransferase (alpha) subunit mRNA capping 

C23G10.8 [LSE1050] Unnamed protein; Serine/arginine 
repetitive matrix protein 5 mRNA splicing 

mfap-1 [KOG1425] Microfibrillar-associated protein 
MFAP1 mRNA splicing 

C30B5.4 [KOG0126] Predicted RNA-binding protein 
(RRM superfamily) mRNA splicing; hnRNP; RNA binding protein 
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T08G11.4 [KOG2730] Methylase mRNA splicing; methylase of snRNAs & 
snoRNAs 

D1054.14 [KOG2889] Predicted PRP38-like splicing 
factor mRNA splicing; miscellaneous splicing factor 

icln-1 [KOG3238] Chloride ion current inducer protein mRNA splicing; negative regulator of snRNP 
biogenesis; putative ion channel 

R08D7.1 [KOG2654] Uncharacterized conserved protein mRNA splicing; nuclear pre-mRNA retention 

dnj-22 [KOG0691] Molecular chaperone (DnaJ 
superfamily) 

mRNA splicing; RNA binding protein; 
chaperone 

R11A8.2 [KOG4315] G-patch nucleic acid binding 
protein 

mRNA splicing; RNA binding protein; MOS2 
homolog 

rnp-6 [KOG0124] Polypyrimidine tract-binding 
protein PUF60 (RRM superfamily) mRNA splicing; RNA binding proteins 

sna-2  mRNA splicing; snRNP-binding protein 
stip-1  mRNA splicing; spliceosome disassembly 

xpo-2 [KOG1992] Nuclear export receptor CSE1/CAS 
(importin beta superfamily) Nuclear protein import/export 

imb-3 [KOG2171] Karyopherin (importin) beta 3 Nuclear protein import/export 

C53H9.2  
Protein translation; 60S ribosomal subunit 
biogenesis 

F55B12.4 [KOG2159] tRNA 
nucleotidyltransferase/poly(A) polymerase 

Protein translation; CCA tRNA 
nucleotidyltransferase 1, mitochondrial 

eef-1A.2 [KOG0052] Translation elongation factor EF-1 
alpha/Tu Protein translation; elongation factor 

C37C3.2 [KOG2767] Translation initiation factor 5 (eIF-
5) Protein translation; initiation factor 

rpl-43 [KOG0402] 60S ribosomal protein L37 Protein translation; ribosomal protein 
rps-29 [KOG3506] 40S ribosomal protein S29 Protein translation; ribosomal protein 
rps-14 [KOG0407] 40S ribosomal protein S14 Protein translation; ribosomal protein 
rps-6 [KOG1646] 40S ribosomal protein S6 Protein translation; ribosomal protein 
rps-12 [KOG3406] 40S ribosomal protein S12 Protein translation; ribosomal protein 
rps-7 [KOG3320] 40S ribosomal protein S7 Protein translation; ribosomal protein 
pars-1 [KOG4163] Prolyl-tRNA synthetase Protein translation; tRNA synthetase 

fars-1 [KOG2784] Phenylalanyl-tRNA synthetase, beta 
subunit Protein translation; tRNA synthetase 

nrd-1 
[KOG0132] RNA polymerase II C-terminal 
domain-binding protein RA4, contains RPR and 
RRM domains 

Transcription 

rpb-5 [KOG3218] RNA polymerase, 25-kDa subunit 
(common to polymerases I, II and III) Transcription 

spt-5 [KOG1999] RNA polymerase II transcription 
elongation factor DSIF/SUPT5H/SPT5 Transcription 

cir-1 [KOG3794] CBF1-interacting corepressor CIR 
and related proteins Transcription; Chromatin modifier 

egl-18 [KOG1601] GATA-4/5/6 transcription factors Transcription; GATA transcription factor 
nhr-19 [KOG3575] Hormone receptors Transcription; Hormone receptor 

gei-11 [KOG0049] Transcription factor, Myb 
superfamily Transcription; snRNA transcription 

snrp-200 Activating signal cointegrator 1 complex subunit 
3 Transcription; Transcriptional coactivator 



 155 

F37C4.4  Unknown 

T04D3.1 [LSE0192] Uncharacterized coiled-coil 
containing protein Unknown 

F01F1.1 [KOG1861] Leucine permease transcriptional 
regulator Unknown; LENG8 homolog 

Y57G11C.31 [LSE0512] Uncharacterized protein Unknown; Putative Nucleotide-diphospho-
sugar transferase 

B0336.3 [KOG2135] Proteins containing the RNA 
recognition motif Unknown; RNA binding protein 

apg-1 [KOG1062] Vesicle coat complex AP-1, gamma 
subunit Vesicle transport 

npp-20 [KOG1332] Vesicle coat complex COPII, 
subunit SEC13 Vesicle transport 

sec-24.1 [KOG1984] Vesicle coat complex COPII, 
subunit SFB3 Vesicle transport 

 

 

 
Figure A. 1. RNAi hits that reduce hsp-6p::gfp induction in isp-1(qm150) animals 
 
hsp-6p::gfp induction was quantified for the 50 RNAi clones hits. Validation included sequencing each RNAi clone 
and GFP quantification of individual animals grown at 20°C. GFP fluorescence is the % change in mean 
fluorescence compared to EV(RNAi) (N=3-4 independent experiments for each RNAi clone, error bars indicate 
s.e.m. of pooled worm data).  

 

Surprisingly, I did not detect any of the canonical UPRmt factors as hits such as atfs-1, 

despite using atfs-1(RNAi) as a control. Thus, it is safe to assume that multiple false negatives 

occurred in this screen. This is probably due to the inherent initial screening of fluorescent 

images that was biased towards RNAi treatments that do not greatly affect growth. Reporter 
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animals express hsp-6p::gfp at the highest levels towards L4/adulthood. Treatments that greatly 

slow development can appear dim compared to EV(RNAi) controls and in this screen were noted 

(for future reference), but excluded from subsequent validation. Also, slight variability in 

experimental setup over time could have lead to different thresholds of detection and scoring for 

a particular experiment, leading to additional false negatives.  

 In all, this screen was successful and uncovered many novel inducers of the UPRmt. Many 

of the positive hits also fall into functional categories reported by Runkel et al. [83]. Particular 

categories of interest include vesicle transport (ER-golgi, plasma membrane), nuclear factors 

such as cir-1 or egl-18, and RNA binding proteins such as the chaperone dnj-22, which is 

predicted to be mitochondrial [241], or R11A8.2/MOS2 homolog, which is important in the 

innate immune response of Arabidopsis thaliana [242]. Understanding how these genes control 

hsp-6p::gfp induction and whether they affect expression of other UPRmt targets will be of 

particular significance. Determining whether they affect hsp-6p::gfp expression from multiple 

forms of mitochondrial stress will also be important.  
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APPENDIX B 
 

Lifespan epistasis with MAPK pathway factors  

In screening for mutants that regulate tald-1(RNAi) or cco-1(RNAi) longevity, there were cases 

where a gene mutant did not prevent lifespan extension or did for only one treatment. In this 

appendix, I report on these factors. The other JNK MAPK in C. elegans (aside from JNK-1 and 

KGB-1) KGB-2 does not prevent lifespan extension from tald-1(RNAi) or cco-1(RNAi) (tested 

via kgb-2(gk361) mutation) (Figure A. 2). There appears to be a small attenuation of lifespan in 

this background, but more experimental replicates are needed to convincingly argue this. In a 

search for factors downstream of JNK MAPKs, I tested the effects of jun-1(gk577) on lifespan 

extension from tald-1(RNAi) or cco-1(RNAi). Interestingly, JUN-1 is required for tald-1(RNAi) 

but not cco-1(RNAi) lifespan extension, complicating interpretation (both treatments require 

upstream JNK MAPKs) (Figure A. 3). The peroxiredoxin PRDX-2 has been implicated in 

metformin lifespan extension proposed to act through NSY-1/PMK-1 signaling [129]. However, 

in the case of tald-1(RNAi) or cco-1(RNAi), PRDX-2 is not required for lifespan extension 

(tested via prdx-2(gk169) mutation) (Figure A. 4). Thus, NSY-1-mediated longevity possibly 

occurs through other redox sensors such as other peroxiredoxins, thioredoxins, or glutaredoxins.  
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Figure A. 2. KGB-2 is not required for tald-1(RNAi) or cco-1(RNAi) lifespan extension. 

 

 
Figure A. 3. JUN-1 is required for tald-1(RNAi), but not cco-1(RNAi) lifespan extension. 

 

 
Figure A. 4. PRDX-2 is not required for tald-1(RNAi) or cco-1(RNAi) lifespan extension. 
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