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Abstract 

Mitochondria are highly dynamic and semi-autonomous organelles, essential for many fundamental 

cellular processes, including energy production, metabolite synthesis and calcium homeostasis, 

among others. Alterations in mitochondrial activity not only influence individual cell function but 

also, through non-cell autonomous mechanisms, whole body metabolism, healthspan and lifespan. 

Energy homeostasis is orchestrated by the complex interplay between mitochondrial biogenesis and 

mitochondria-selective autophagy (mitophagy). However, the cellular and molecular pathways that 

coordinate these two opposing processes remained obscure. In our recent study, we demonstrate 
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that DCT-1, the Caenorhabditis elegans homolog of the mammalian BNIP3 and BNIP3L/NIX, is a key 

mediator of mitophagy, and functions in the same genetic pathway with PINK-1 and PDR-1 (the 

nematode homologs of PINK1 and Parkin respectively) to promote longevity and prevent cell 

damage under stress conditions. Interestingly, accumulation of damaged mitochondria activates 

SKN-1 (SKiNhead-1), the nematode homologue of NRF2, which in turn initiates a compensatory 

retrograde signaling response that impinges on both mitochondrial biogenesis and removal. In this 

commentary, we discuss the implications of these new findings in the context of innate immunity 

and ageing. Unraveling the regulatory network that governs the crosstalk between mitochondrial 

biogenesis and mitophagy will enhance our understanding of the molecular mechanisms that link 

aberrant energy metabolism to ageing and disease. 
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Molecular mechanisms of mitochondrial quality control and homeostasis 

Mitochondria are organelles specialized in energy production and critically influence 

metabolism, healthspan and lifespan of living organisms. Changes in mitochondrial number, 

morphology and function affect cellular and organismal homeostasis. Mitochondrial activity is 

determined by a combination of large gene regulatory networks, cellular processes, tissue 

communication, hormonal systems and environmental factors. The complexity of controlling 

mitochondrial function is underlined by the regulated interaction between two genomes. 

Mitochondria are semi-autonomous organelles that contain their own DNA1. Mitochondrial genes 

encode thirteen essential subunits of the electron transport chain multiprotein complexes. These 

proteins are synthesized in the mitochondrial matrix and directly inserted into the inner 

mitochondrial membrane. The vast majority of mitochondrial proteins, however, is encoded by 

nuclear genes. These proteins are synthesized in the cytoplasm and are loaded on sub-mitochondrial 

compartments through a highly specialized import system2, 3. Stoichiometric imbalance between 

nuclear and mitochondrial encoded proteins can lead to proteotoxic and metabolic stress4. 

Several quality control mechanisms have evolved in eukaryotes to sustain mitochondrial 

function and prevent cellular damage. Numerous, redundant molecular pathways preserve and 

restore mitochondrial activity (Fig. 1) 5, 6. Mitochondria contain their own proteolytic system. These 

proteases are the first line of defense against mitochondrial damage and mediate the degradation of 

non-assembled, misfolded or unfolded proteins, ameliorating mitochondrial dysfunction (Fig. 1A) 7. 

In addition, the mitochondrial unfolded protein response (UPRmt) is activated under proteotoxic 

stress. Unfolded and/or non-assembled mitochondrial proteins are digested into peptides by 

mitochondrial proteases and transported to the cytoplasm through the HAF-1 transporter8. In turn, 

the bZip transcription factor ATFS-1 becomes activated. Recent studies show that ATFS-1, which 

contains both a mitochondrial translocation signal and nuclear localization sequence, shuttles 

between mitochondria and the nucleus in response to mitochondrial stress. Mitochondrial import 

efficiency is diminished upon mitochondrial dysfunction and ATFS-1 accumulates in the nucleus 
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driving the expression of mitochondrial chaperones and proteases, which in turn restore 

mitochondrial proteostasis and augment mitochondrial quality control9-11. 

Mitochondria form a dynamic network that constantly changes shape and morphology in 

response to energy demands. The processes of fission and fusion regulate expansion and shrinkage 

of the mitochondrial network, facilitating repair of mitochondrial damage through segregation or 

exchange of components and materials (Fig. 1B) 12. Mitochondrial dynamics enhance organellar 

maintenance by separation and/or dilution of toxic material, lowering its impact on mitochondrial 

physiology. 

When damage exceeds the restoration capacity of protein quality control mechanisms, 

dysfunctional mitochondria are removed by selective mitochondrial autophagy (mitophagy) (Fig. 

1C). During mitophagy mitochondria are engulfed by autophagosomes and are delivered to 

lysosomes for degradation13. Besides its pivotal role in the maintenance of energy homeostasis 

under conditions of stress, mitophagy is also stimulated in a programmed fashion during 

development14, 15. The PINK1/Parkin pathway has been implicated in the regulation of mitophagy in 

mammals. The PTEN-induced mitochondrial kinase 1 (PINK1) becomes stabilized on the outer 

mitochondrial membrane upon mitochondrial dysfunction and recruits the cytosolic E3 ubiquitin 

ligase Parkin. In turn, Parkin ubiquitylates numerous outer mitochondrial membrane proteins, 

including mitofusin 1 and 2 (MFN1and MFN2), voltage-dependent ion channel proteins (VDACs) and 

components of the mitochondrial import system (TOM70, TOM40 and TOM20) among others, 

leading to mitochondrial fragmentation and isolation of dysfunctional mitochondria from the 

healthy mitochondrial population. Subsequently, damaged mitochondria are recognized, targeted 

and eliminated by the autophagic machinery13, 15. 

In addition to the PINK1/Parkin pathway, the outer mitochondrial membrane proteins 

BINP3 and BNIP3L/NIX mediate mitophagy in mammals. BNIP3 and BNIP3L/NIX function as 

mitophagy receptors targeting mitochondria to autophagosomes via their interaction with the 

autophagosomal protein microtubule-associated protein 1 light chain 3 (MAP1LC3/LC3)16. In our 

D
ow

nl
oa

de
d 

by
 [

N
ew

 Y
or

k 
U

ni
ve

rs
ity

] 
at

 2
2:

21
 3

0 
Ju

ly
 2

01
5 



 

5 

recent study, we demonstrated that DCT-1 is the functional homolog of the mammalian BNIP3 and 

BNIP3L/NIX in C. elegans. Similar to its mammalian counterparts, DCT-1 interacts with the 

autophagosomal protein LGG-1, the homolog of MAP1LC3/LC3, under conditions of stress. Notably, 

DCT-1, PINK-1 and PDR-1 (the nematode homologs of the mammalian PINK1 and Parkin respectively) 

function in the same genetic pathway to mediate mitophagy, thereby preserving mitochondrial 

integrity and homeostasis. DCT-1 acts downstream of PINK-1 and PDR-1. DCT-1 ubiquitination is 

enhanced in a PINK-1-dependent manner in response to oxidative stress. Co-localization between 

DCT-1 and PDR-1 suggests that DCT-1 ubiquitination is likely facilitated by PDR-117. 

Mitochondrial selective autophagy and mitochondrial biogenesis promote cellular 

adaptation in response to impaired mitochondrial activity. Generation of newly synthesized, and 

elimination of damaged organelles, are highly regulated and fine-tuned processes. The tight 

coordination of mitochondrial biogenesis and mitophagy is essential for the maintenance of energy 

homeostasis. An imbalance between these two opposing processes has detrimental consequences 

for cellular and organismal survival. 

 

The interplay between mitophagy and mitochondrial biogenesis during ageing 

The capacity of cells to cope with several stress conditions, including misfolded proteins, 

damaged organelles, pathogens invasion, temperature and oxygen fluctuations, declines with age. 

Age-dependent disruption of mitochondrial homeostasis, which is characterized by accumulation of 

dysfunctional mitochondria and excessive increase in the overall mitochondrial content, contributes 

to impairment of cellular function18. 

Several studies have revealed a gradual accumulation of mitochondrial mass in several cell 

types of diverse organisms during ageing and in various human age-related pathologies5, 19-24. The 

molecular basis of this disruption of mitochondrial mass homeostasis remained elusive. We 

observed a progressive accumulation of mitochondria with age in several tissues of C. elegans17, 19. 

Impairment of autophagy recapitulates the effect of ageing on mitochondrial mass in young animals. 
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Similar to general autophagy deficiency, specific inhibition of mitophagy by knocking down dct-1, 

pink-1 and pdr-1 expression results in increased mitochondrial mass. Additionally, mitophagy-

deficient animals display pronounced mitochondrial dysfunction, increased sensitivity to various 

stressors and abrogation of lifespan prolonging interventions. Thus, induction of mitophagy 

mediates the elimination of dysfunctional mitochondria under stress conditions, promoting survival 

and longevity. Moreover, age-dependent attenuation of mitophagy contributes to accretion of 

mitochondria during ageing and deterioration of cellular function17. 

Accumulation of damaged mitochondria causes oxidative stress and triggers SKN-1 

activation. Indeed, we found that SKN-1 becomes activated in mitophagy-deficient animals and 

drives the expression of several mitochondrial biogenesis genes. Surprisingly, dct-1 is among the 

transcriptional targets SKN-1 (Fig. 2). In addition to SKN-1, DAF-16 also regulates the expression of 

dct-1. Consistently, we found that DCT-1, DAF-16 and SKN-1 function non-redundantly to regulate 

mitophagy and sustain mitochondrial function in response to oxidative stress17. SKN-1 is tethered to 

mitochondria through its association with the outer mitochondrial protein PGAM-525. Thus, SKN-1 

could function as a barometer of mitochondrial homeostasis, sensing mitochondrial damage to 

promote detoxification and cell survival. 

In parallel, mitochondrial stress stimulates ATFS-1, which orchestrates induction of UPRmt. 

Under physiological conditions, ATFS-1 is constitutively imported into mitochondria and degraded by 

mitochondrial proteases. By contrast, mitochondrial dysfunction results in nuclearization of ATFS-1, 

which then drives the expression of numerous genes encoding mitochondrial proteases, chaperones, 

and components of mitochondrial fission and import machinery among others, in a compensatory 

effort to restore mitochondrial activity11. Accumulating evidence indicates a tight crosstalk between 

mitophagy and UPRmt. Mitochondrial proteins expressed upon ATFS-1 activation should be imported 

in mitochondria. However, mitochondrial import efficiency is diminished under conditions of 

mitochondrial dysfunction. ATFS-1 activation also promotes mitochondrial fission, which is a 

prerequisite for mitophagy11. In turn, mitophagy eliminates damaged mitochondria and enriches the 
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healthy mitochondrial pool. Additionally, ATFS-1 likely enhances mitophagy and mitochondrial 

biogenesis indirectly through the transcriptional upregulation of the skn-1 gene11 (Fig. 2). It would be 

interesting to further investigate how these distinct quality control pathways integrate to optimize 

their complementary effects on the maintenance of energy metabolism. 

Interestingly, in this context, a recent study has revealed a nuclear role for the CLK-1 

protein. CLK-1 is a mitochondrial enzyme participating in the biosynthesis of ubiquinone, an 

essential co-factor of the electron transport chain (ETC)26, 27. CLK-1 deficiency results in SKN-1 

activation, induction of UPRmt and lifespan extension28. Notably, mitophagy is also required for the 

enhanced longevity of clk-1 mutants17. Nuclear CLK-1 affects longevity independently of its role in 

energy production, acting as biosensor of reactive oxygen species (ROS) to regulate basal levels of 

ROS and maintain mitochondrial homeostasis. Reduced ROS promotes CLK-1 localization to 

mitochondria. By contrast ROS elevation leads to nuclearization of CLK-1, which then associates with 

chromatin to regulate gene expression. Nuclear CLK-1 diminishes UPRmt activity and prevents 

elevation of skn-1 expression, upon mitochondrial stress. These findings indicate that nuclear CLK-1 

prevents stimulation of UPRmt under non-stress conditions28. Additionally, nuclear CLK-1 might 

inhibit mitophagy and mitochondrial biogenesis indirectly by suppressing the expression of skn-1. 

 

Mitochondrial quality control and mitophagy: An intricate crosstalk during bacterial infection 

As a soil-dwelling nematode, C. elegans encounters, grows on and defends itself against 

many microorganisms in its natural habitat. Animals detect the presence of pathogens not only 

through physical interaction, but also through sensing pathogen-mediated perturbations in essential 

cellular processes. Pathogens exploit an extensive arsenal of virulence factors to attack and invade 

host barriers. Bacterial toxins and secreted proteins, alter host mitochondrial function to promote 

pathogen proliferation and progression of infection29-32. As a consequence, mitochondria have 

developed protective mechanisms against pathogen invasion, including ROS generation33, 

inflammasome induction34, autophagy31 and UPRmt activation35 among others. 
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In addition to pronounced mitochondrial dysfunction, several bacterial species are known 

to induce UPRmt in nematodes, in the absence of other stressors32, 35-37. ATFS-1, the master regulator 

of UPRmt, is nuclearized in response to Pseudomonas aeruginosa infection and drives expression of 

several immune-response genes, including anti-microbial peptides and secreted lysozyme, similar to 

those induced by impairment of mitochondria function35. These findings suggest a link between 

bacterial infection, mitochondrial activity and UPRmt. 

Besides UPRmt, accumulating evidence indicates an essential role for autophagy in the 

defense against bacterial infection. Autophagy-depleted animals display increased accumulation of 

Salmonella enterica in intestinal cells, suggesting that autophagy blocks invasion and/or replication 

of the pathogen38, 39. Furthermore, autophagy impairment leads to decreased survival upon S. 

enterica and Nematocida parisii infection40. HLH-30, the homolog of the mammalian transcription 

factor EB (TFEB), is the master regulator of lysososomal biogenesis and autophagy, as well as a 

critical component of the innate immune host defense system41, 42. HLH-30 is activated and rapidly 

translocated from the cytoplasm to the nucleus upon exposure to Staphylococcus aureus. HLH-30 

regulates expression of several host genes in response ti infection, including anti-microbial and 

autophagy genes, to promote tolerance and cell survival43. Furthermore, mitochondrial-selective 

autophagy has been implicated in the defense against pathogens. PINK-1- and PDR-1-depleted 

animals are less resistant to P. aeruginosa31. P. aeruginosa infection impairs mitochondrial function 

by chelating iron, which is pivotal for ETC activity. Iron depletion triggers mitophagy to eliminate 

damaged organelles and preserve energy homeostasis44. These findings, in their totality, indicate 

that induction of autophagy enhances resistance against pathogenic bacteria by simultaneously 

promoting two distinct, selective types of autophagy: xenophagy, that targets and eliminates entire 

intracellular pathogens, and mitophagy, which promotes degradation of dysfunctional mitochondria 

(Fig. 3). 

Bacterial infection also triggers the activation of SKN-1 and DAF-16 transcription factors31, 

45. SKN-1 is induced in a TIR-1- and PMK-1-depedent manner (the nematode homologs of the 
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mammalian Toll/IL-1 receptor and p38 MAPK kinase respectively) to promote survival upon P. 

aeruginosa and Enterecoccus faecalis45. In addition, DAF-16 is activated during P. aeruginosa 

infection to ensure host defense31. As mentioned above, SKN-1 and DAF-16 modulate mitophagy 

through transcriptional regulation of the mitophagy receptor DCT-1. Moreover, SKN-1 orchestrates 

the expression of several nuclear genes encoding mitochondrial related factors, thereby regulating 

mitochondrial biogenesis17. Thus, SKN-1 maintains energy homeostasis by coordination of mitophagy 

and the generation of new mitochondria during bacterial infection. 

 

Concluding remarks 

Our findings unravel a key regulatory mechanism that coordinates mitochondrial biogenesis 

and degradation of dysfunctional mitochondria through mitophagy. The mitophagy receptor DCT-1 

is a nodal element of the pathway integrating extracellular and intracellular signals to promote 

mitophagy. Pronounced mitochondrial defects and runaway accumulation of damaged mitochondria 

trigger SKN-1 activation. In turn, SKN-1 orchestrates a bipartite retrograde signaling response, 

facilitating the coordinated expression of both mitochondrial biogenesis and mitophagy genes. 

Bacterial toxins and secreted proteins impair mitochondrial physiology leading to pathogen 

propagation. In response, quality control mechanisms become activated, including UPRmt, 

mitophagy, HLH-30 and SKN-1 among others, to promote tolerance and resistance against 

pathogens, and to repair or eliminate damaged mitochondria. Mitochondrial stress promotes ATFS-1 

nuclearization, which in turn induces expression of several genes to maintain mitochondrial 

homeostasis. Interestingly, ATFS-1 also regulates skn-1 expression establishing an intimate link 

between UPRmt, mitophagy and mitochondrial biogenesis. Thus, SKN-1 serves a central rheostat 

function for mitochondrial homeostasis, sensing mitochondrial damage to promote healthspan, 

stress resistance and survival in response to diverse intracellular and environmental stimuli, 

including nutrient availability, growth factors and hormones, pathogens, toxins, temperature and 

oxygen fluctuations, among others. Unraveling the regulatory network that couples mitochondrial 
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biogenesis and mitochondrial quality control mechanisms during ageing or upon bacterial infections 

will provide new insights into therapeutic interventions promoting organismal longevity and 

resistance to pathogens. 
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Figure 1. Mitochondrial quality control mechanisms. (A) Mitochondrial unfolded protein response 

(UPRmt) is activated under proteotoxic and metabolic stress. Misfolded and non-functional 

mitochondrial proteins are digested into peptides by mitochondrial proteases and are transferred to 

the cytoplasm through the HAF-1 transporter. In turn, ATFS-1 is activated and translocates to the 

nucleus to regulate transcription of nuclear genes encoding mitochondrial proteins, thus restoring 

and enhancing proteostasis and mitochondrial activity. (B) Mitochondrial dynamics facilitate quality 

control by segregating or exchanging damaged proteins and mutated mitochondrial DNA (mtDNA). 

(C) Severe damage triggers mitochondria-selective autophagy. Entire defective organelles are 

recognized, engulfed by autophagosomes and delivered to lysosomes for destruction. 
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Figure 2. Coordination of UPRmt, mitophagy and mitochondrial biogenesis during ageing. Proteotoxic 

and metabolic stress impair mitochondrial homeostasis and induce ATFS-1 nuclearization. In turn, 

ATFS-1 orchestrates the mitochondrial unfolded protein response (UPRmt), which restores 

mitochondrial function. Excessive mitochondrial damage causes oxidative stress and initiates a 

bipartite retrograde response, mediated by SKN-1, to preserve mitochondrial homeostasis. SKN-1 

coordinates expression of both mitochondrial biogenesis and mitophagy genes. Mitophagy is 

stimulated to eliminate entire damaged mitochondria. DCT-1, PINK-1 and PDR-1 act in the same 

pathway to mediate mitophagy. SKN-1 transcriptionally regulates expression of the DCT-1 mitophagy 

receptor. Notably, the skn-1 gene is among ATFS-1 transcriptional targets during activation of UPRmt, 

thus, establishing a complex interplay between UPRmt, mitophagy and mitochondrial biogenesis. 
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Figure 3. An intricate crosstalk between mitochondrial quality control pathways during bacterial 

infection. Bacterial toxins and secreted proteins impair mitochondrial function to enhance pathogen 

propagation. Mitochondrial damaged triggers activation of the ATFS-1, SKN-1, DAF-16 and HLH-30 

transcription factors to augment mitochondrial quality control mechanisms (UPRmt, detoxification 

system, mitophagy and mitochondrial biogenesis) and pathogen elimination via xenophagy. This 

sophisticated crosstalk between mitochondrial quality control pathways upholds energy 

homeostasis and organismal survival during bacterial infection. 
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