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Abstract

In addition to its central role in energy metabolism, the mitochondrion has many other functions 

essential for cell survival. When stressed, the multifunctional mitochondria are expected to 

engender multifaceted cell stress with complex physiological consequences. Potential extra-

mitochondrial proteostatic burdens imposed by inefficient protein import have been largely 

overlooked. Accumulating evidence suggests that a diverse range of pathogenic mitochondrial 

stressors that do not directly target the core protein import machinery, reduce cell fitness by 

disrupting the proteostatic network in the cytosol. The resulting stress, named mitochondrial 

Precursor Over-accumulation Stress (mPOS), is characterized by the toxic accumulation of 

unimported mitochondrial proteins in the cytosol. Here, we review our current understanding of 

how mitochondrial dysfunction can impact the cytosolic proteome and proteostatic signaling. We 

also discuss the intriguing possibility that the mPOS model may help untangle the cause-effect 

relationship between mitochondrial dysfunction and cytosolic protein aggregation, which are 

probably the two most prominent molecular hallmarks of neurodegenerative disease.
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Introduction

Mitochondria are dynamic, double membrane-bound organelles that have evolved a wide 

range of functions. They are responsible for oxidative phosphorylation (OXPHOS), calcium 

signaling, reactive oxygen species production, cell death, phospholipid biosynthesis, fatty 

acid catabolism, and the synthesis of various metabolic intermediates and cofactors. To 

perform these functions, mitochondria depend on a proteome of >1,100 proteins, all but 13 

of which are encoded in the nucleus, synthesized in the cytosol, and imported into the 

organelle [1–3]. Mitochondrial protein import is an intricate process, requiring several multi-

subunit protein complexes located in the outer mitochondrial membrane (OMM), the 
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intermembrane space (IMS), and the inner mitochondrial membrane (IMM) [4–6]. Import 

also requires the mitochondrial membrane potential, Δψm, which is generated by proton 

pumping from the matrix to the IMS by the respiratory chain (RC). Given the dependence of 

mitochondrial function on cytosolically synthesized proteins and the essential nature of 

mitochondrial functions, maintaining efficient mitochondrial protein import is clearly 

indispensable for cellular and organismal health.

Mitochondrial dysfunction causes many human diseases [7, 8]. Classic ‘mitochondrial 

diseases’ result from mutations in OXPHOS components encoded by both mitochondrial 

and nuclear genomes. It is generally accepted that mitochondrial diseases are caused by 

inadequate ATP production, and in many cases oxidative stress contributes as well. In 

mitochondrial DNA (mtDNA) diseases, pathologic phenotypes only develop when mutant 

mtDNA exceeds ~60% and ~90% for deletions and point mutations, respectively. This 

phenomenon is known as the “threshold effect” [9], which suggests that cells have some 

degree of tolerance to OXPHOS defects. When the threshold is exceeded, these diseases are 

typically childhood-onset and multisystem, although the neuromuscular system tends to be 

preferentially affected [10].

Mitochondrial dysfunction also causes late-onset neurodegenerative diseases, as exemplified 

by familial Parkinson’s disease[11], spinocerebellar ataxia[12], peripheral neuropathies [13], 

and several hereditary spastic paraplegias[14, 15]. In contrast to early-onset mitochondrial 

diseases, whether bioenergetic defect is the primary contributor to the pathogenesis of late-

onset neurodegenerative disorders is debatable [16]. In many cases, these neurodegenerative 

diseases are caused by mitochondrial proteins that are not directly involved in OXPHOS. 

Although a mitochondrial etiology is well accepted for these diseases, the underlying 

mechanisms are poorly understood. Mitochondrial abnormalities are also frequently 

associated with some of the most common neurodegenerative diseases (e.g., Alzheimer’s 

disease and amyotrophic lateral sclerosis) that have no apparent genetic trigger of 

mitochondrial dysfunction. The mechanism(s) of mitochondrial involvement in these 

diseases are even less clear.

Recent studies in several model organisms have shown that the physiological consequences 

of mitochondrial damage extend far beyond bioenergetics. For example, mitochondria are 

involved in stress signaling, which plays a critical role in determining cell and organismal 

fitness and survival [17]. The effect of mitochondrial dysfunction on cytosolic proteostasis is 

another intriguing development, and is the focus of the present review. Early studies showed 

that improving global proteostasis robustly suppresses mitochondria-induced cellular 

degeneration[18]. It was later found that multiple pathways of mitochondrial damage can 

compromise protein import efficiency, which leads to cell death triggered by a novel 

mechanism named mitochondrial precursor over-accumulation stress (mPOS)[19]. Here, we 

will first review the latest developments on the impact of mitochondrial functionality on 

cytosolic proteostasis and proteostatic signaling. We will then discuss the potential 

implications of these studies for mitochondrial and neurodegenerative disease mechanisms, 

with particular emphasis on neurodegeneration marked by both mitochondrial dysfunction 

and cytosolic protein aggregation.
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The discovery of mPOS

Mitochondrial protein import is the cornerstone of mitochondrial biogenesis and is essential 

for cell survival. However, OXPHOS is dispensable for many cell types (e.g., the baker’s 

yeast Saccharomyces cerevisiae) as glycolysis can compensate to maintain energy 

homeostasis. Growth inhibition in these cells by mutations directly affecting the protein 

import machineries would be expected to result from the loss of other essential cellular 

functions associated with mitochondria (e.g., the biosynthesis of iron sulfur cluster). 

Inconsistent with this expectation, recent genetic studies in yeast revealed that diverse 

mitochondrial stressors can lead to cell death due to proteostatic stress in the cytosol[18, 19]. 

Suppression of cytosolic proteostatic stress is sufficient to maintain viability in these cells. It 

appears that before mitochondrial damage reaches the threshold to severely affect essential 

mitochondrial functions, reduced protein import is a significant trigger of cell death due to 

increased proteostatic stress in the cytosol.

In early studies, the Chen group modeled mitochondrial stress in yeast by expressing a 

mutant allele of AAC2, aac2A128P [18, 20]. AAC2 encodes the major isoform of adenine 

nucleotide translocase that is involved in ATP/ADP exchange across the IMM. A128P is 

equivalent to the A114P allele in the human ANT1 gene that causes autosomal dominant 

Progressive External Ophthalmoplagia (adPEO) [21]. It first came as a surprise that 

expression of aac2A128P dominantly inhibited cell growth on a fermentable carbon source, a 

condition where mitochondrial ATP synthesis is dispensable [20]. It was subsequently found 

that Aac2A128P-induced cell death is suppressed by mutations that downregulate cytosolic 

protein synthesis [18]. This observation suggested that readjusting cytosolic proteostasis is 

important for accommodating mitochondrial damage.

Like several other clinically relevant variants of Aac2, the Aac2A128P protein is misfolded 

on the inner membrane and prone to aggregation [22]. Genetic and biochemical studies 

suggest that misfolded Aac2 causes significant proteostatic stress on the IMM [18]. Yeast 

cells expressing a misfolded Aac2 cannot tolerate the loss of proteins involved in IMM 

protein quality control including Yme1 and subunits of prohibitin[18, 23]. In addition, the 

biogenesis/stability of multiple IMM protein complexes is compromised in cells expressing 

aac2A128P [22]. Affected complexes include the respiratory complexes, and TIM22 and 

TIM23 protein translocases. TIM22 is required for the insertion of polytopic membrane 

proteins into the IMM and TIM23 promotes the transport of precursors across the IMM into 

the matrix. These deleterious effects may synergistically disrupt IMM integrity and reduce 

Δψm [20], which together are likely to diminish protein import.

To understand how Aac2A128P-induced IMM proteostatic stress kills cells, Wang and Chen 

screened for genes that suppress cell lethality when overexpressed [19]. Intriguingly, of the 

40 suppressor clones characterized, none of them primarily functions in mitochondria. 

Instead, these genes are involved in proteostasis in the cytosol by participating in TOR 

signaling, ribosomal biogenesis, mRNA decay/silencing, tRNA modification, translational 

control, and protein folding/degradation. This finding led to the proposal that Aac2A128P 

does not kill cells by loss of a mitochondrial process critical for cell survival, but rather, by 

the loss of protein homeostasis in the cytosol. It was speculated that Aac2A128P-induced 
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IMM damage reduces protein import efficiency. This results in a cytosolic stress, named 

mitochondrial Precursor Overaccumulation Stress (mPOS), characterized by the toxic 

accumulation and aggregation of unimported mitochondrial proteins (Fig. 1). The suppressor 

genes likely alleviate mPOS by globally reducing protein synthesis, preventing protein 

misfolding, increasing protein turnover, and stimulating the selective translation of potential 

stress-resistant proteins. Strong support for the mPOS model came from the analysis of the 

cytosolic proteome showing that many mitochondrial precursor proteins accumulate in the 

cytosol of cells expressing aac2A128P. The presence of these unimported mitochondrial 

proteins apparently represents a significant proteostatic burden for the cytosol. When it 

exceeds cell’s capacity to stabilize, sequestrate and remove these proteins, mPOS ensues and 

cell viability is compromised. These studies firmly established that mitochondrial damage 

that do not directly target the core protein import machinery and the OXPHOS apparatus is 

sufficient to compromise protein import into mitochondria and to cause cell death.

Conditions inducing mPOS

The physiological implications of the mPOS model are broad. The model entails that any 

condition that tips the balance between mitochondrial protein import and the cytosolic 

capacity to handle unimported proteins can compromise cell viability. Genetic studies in 

yeast showed that defects in many pathways can induce mPOS, albeit to variable degrees. 

These pathways include (1) mutations in the core mitochondrial protein import machinery, 

(2) IMM protein misfolding, (3) reduced IMM protein quality control, (4) mitochondrial 

DNA mutations, (5) Δψm dissipation, (6) mutations affecting precursor delivery, and (7) 

defects in stabilizing pre-imported or degrading unimported mitochondrial proteins (Fig. 2). 

In addition, (8) proteostatic stress from the cytosolic proteome can synergize with mPOS to 

further reduce cell viability. These studies are highlighted and discussed below.

There are many examples in the literature showing that defects in the core protein import 

machinery cause the cytosolic accumulation of unimported proteins (Fig. 2, pathway 1). For 

instance, defect in the mitochondrial intermembrane space import and assembly machinery 

(MIA) leads to the cytosolic accumulation of various unprocessed mitochondrial precursors 

[24]. Clearly, the cytosol has a limited capacity to degrade precursor proteins when there is a 

delay or block in protein import, and exceeding this capacity causes cell stress.

The prototypical trigger of mPOS is the misfolding of IMM proteins such as Aac2, as 

discussed above (Fig. 2, pathway 2) [19]. The mechanism by which IMM protein misfolding 

causes mPOS is not completely understood. The effects could be multiple. For example, the 

misfolded Aac2A128P could ectopically interact with other proteins to disrupt the assembly 

and reduce the stability of protein complexes in the IMM. The biogenesis and/or stability of 

the TIM22 and TIM23 complexes are clearly reduced in cells expressing misfolded variants 

of Aac2 [19]. Aac2A128P could also have increased retention time in the TIM22 channel 

thereby reducing the import of other substrate proteins. Lastly, it is also possible that the 

misfolded and aggregated Aac2A128P partially permeabilises the IMM, which would reduce 

Δψm and therefore protein import efficiency.

Coyne and Chen Page 4

FEBS Lett. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A contribution of mtDNA mutations and several other mitochondrial processes to mPOS 

was established through the study of cells depleted of mtDNA, known as ρ° cells. ρ° cells 

have nonfunctional RCs and low Δψm [25]. The remaining Δψm is maintained in the 

absence of RC by reversed ATP4−
(cytosol)/ADP3− (matrix) exchange, as long as a robust free 

F1-ATPase is present in the matrix to convert the imported ATP into ADP [26]. It has been 

long believed that a low level of Δψm is sufficient to drive protein import, given that ρ° cells 

are viable in some cell types. However, genetic studies suggest that in other cell types, the ρ° 

condition can be lethal due to reduced Δψm and protein import. The first indication of this 

came from studies of the aerobic yeast, Kluyveromyces lactis, published more than two 

decades ago [27–29]. In this yeast, elimination of mtDNA is lethal. However, specific 

mutations in the free F1-ATPase that facilitate the conversion of ATP to ADP in the matrix 

can sustain the viability of ρ° cells by stimulating the electrogenic ATP4− (cytosol)/ADP3− 

(matrix) exchange [30]. The critical role of F1-ATPase-dependent Δψm maintenance in the 

survival of ρ° cells were then recapitulated in cultured human cells [31, 32]. Thus, a Δψm-

dependent but OXPHOS-independent mechanism of cell survival is evolutionarily conserved 

upon mutation of mtDNA.

Subsequent studies in S. cerevisiae supported the idea that protein import in vivo is sensitive 

to Δψm reduction, based on the synthetic lethality between defective import machinery and 

the ρ° condition that reduces Δψm. In contrast to K. lactis and most higher eukaryotes, S. 
cerevisiae can naturally survive the ρ° condition, due to an intrinsically robust ATP 

hydrolyzing activity associated with the wild-type free F1-ATPase in this yeast [33]. Several 

studies showed that cells with decreased protein import cannot tolerate the ρ°-condition. As 

such, mutants defective in Tim9 and Tim10, components of an intermembrane chaperone 

complexe in the TIM22 protein import pathway, are ρ°-lethal [34]. Mutants of TIM12, 

TIM18, TIM54 and TOM70, encoding components of the TIM22 and TOM complexes, are 

also ρ°-lethal [34–36]. These genetic data support the idea that reduced Δψm diminishes 

protein import in vivo to kill cells.

A formal connection between ρ°-lethality and mPOS was established in a study showing that 

manipulation of the cytosolic proteostatic network suppresses ρ°-lethality triggered by 

various mitochondrial stressors[19]. S. cerevisiae cells expressing misfolded Aac2 are ρ°-

lethal [23]. Loss of protein homeostasis on the IMM by disrupting IMM protein quality 

control genes such as YME1, and PHB1 and PHB2 encoding subunits of the prohibitin 

complex, also leads to ρ°-lethality [36, 37]. As mentioned above, null mutant of TOM70 is ρ
°-lethal [35]. It was found that many genes involved in cytosolic proteostasis that suppress 

aac2A128P-induced mPOS also suppress the ρ°-lethal phenotype of yme1Δ, phb1Δ, phb2Δ 
and tom70Δ [18, 19]. Several of these genes have been previously known to suppress the ρ°-

lethal phenotype of a tim18 mutant[35]. These observations strongly support the idea that 

mtDNA damage (Fig. 2, pathway 4), low Δψm (Fig. 2, pathway 5), mutations in the core 

protein import machinery (Fig. 2, pathway 1), IMM protein misfolding (Fig. 2, pathway 2) 

and reduced protein quality control (Fig. 2, pathway 3) can converge to induce mPOS and 

ultimately, cell death.

Extra-mitochondrial processes can also cause mPOS. Efficient targeting of precursor 

proteins to mitochondria is critical for preventing mPOS. In yeast, nuclear-encoded 
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mitochondrial proteins modified to impair targeting to mitochondria accumulate in the 

cytosol and confer significant toxicity when proteasome activity was sub-optimal for their 

degradation (Fig. 2, pathway 6) [24]. In addition, mPOS may also be caused by failure of 

cytosolic chaperones to hold and deliver nascent precursors to the import machinery (Fig. 2, 

pathway 7). The cytosolic Hsp70, Hsp90 and their cochaperones participate in the 

stabilization and delivery of precursors onto the OMM for import [38]. Interestingly, the 

ribosome–associated chaperones, Ssb1, Ssb2 and Zuo1, were found to suppress ρ°-lethality 

and mPOS-induced cell death in tim18Δ, yme1Δ, tom70Δ, atp1Δ and aac2A128P cells, and 

loss of these chaperones renders the cells ρ°-lethal[19, 35]. One possible explanation for 

these findings is that these proteins play a “holdase” function to prevent the folding of the 

mitochondrial precursor proteins in the cytosol. In human cells, recent studies showed that 

ubiquitin-like proteins (ubiquilins) play roles in handling pre-imported mitochondrial 

membrane proteins, preventing their aggregation and targeting them to proteasome for 

degradation [39]. Membrane proteins may be particularly susceptible to cytosolic 

aggregation due to high hydrophobicity. Indeed, genetic ablation of specific ubiquilins, 

including ubiquilin-2, results in cytosolic accumulation and aggregation of mitochondrial 

membrane proteins[39, 40].

There is strong evidence suggesting that the proteasome is critical for degrading unimported 

mitochondrial proteins. Early studies showed that proteasome inhibition results in cytosolic 

accumulation of mitochondrial proteins in neuronal cells [41, 42]. This is corroborated by 

the observation in yeast that loss of proteasomal chaperones (e.g., Blm10 and Poc4) and 

reduced expression of proteasomal genes in rpn4Δ cells are synthetically lethal with 

mitochondrial stress induced by yme1Δ [19]. Loss of the proteasomal chaperones, Poc3 and 

Poc4, leads to hypersensitivity to the cytosolic accumulation of mitochondrial 

precursors[24]. As previously proposed, there may exist a basal, innocuous level of 

mitochondrial protein import failure [43]. mPOS may develop when there is a shift in the 

balance between mitochondrial precursor import efficiency, precursor handling and delivery, 

and proteasome activity (Fig. 2, pathway 7).

Finally, cytosolic proteome stress and mPOS can synergize to kill cells (Fig. 2, pathway 8). 

As described above, defective proteasomal function synergizes with mitochondrial damage 

to induced cell death[19]. This may be at least partially explained by its effect on the 

stability of the cytosolic proteome in addition to its role in processing unimported 

mitochondrial proteins. Similarly, the Dunn group found that a dot6Δ tod6Δ double mutant 

is ρ°-lethal [44]. DOT6 and TOD6 are transcriptional repressors of genes required for 

ribosomal biogenesis and protein synthesis in the TOR-signaling pathway. Disruption of 

these two genes likely upregulates global protein synthesis and increase the proteostatic 

burden in the cytosol, which synergizes with the ρ° condition to enhance mPOS. The role of 

DOT6 and TOD6 in modulation of mPOS is also highlighted by their ability to suppress 

mPOS in aac2A128P, yme1Δ and tom70Δ cells when overexpressed [19].

Interplay between mPOS, UPRam, UPRmt and ISR

The cellular response to mitochondria-induced proteostatic stress is an emerging field. 

mPOS is defined as a mitochondria-induced cytosolic stress, which triggers multiple 
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adaptive stress response pathways in yeast including reduction of global protein synthesis 

[19, 24]. mPOS also upregulates the levels of Nog2 and Gis2, two highly conserved proteins 

involved in ribosomal reconfiguration and cap-independent protein translation, respectively 

[19]. How these proteostatic activities suppress mPOS and ameliorate cell survival are yet to 

be worked out.

Additional response pathways triggered by mutations in the protein import machinery were 

discovered by the Chacinska group. Particularly interesting is the activation of proteasomal 

function, as part of a process named the unfolded protein response activated by mistargeting 

of proteins (UPRam) [24] (Fig. 1). It would be expected that mPOS and UPRam are 

intimately related. Failure to import mitochondrial proteins causes precursor 

overaccumulation stress (i.e. mPOS), and the mistargeted precursors then activate the 

proteasome to alleviate that stress (i.e. the UPRam). A closer look at these two yeast studies 

solidifies this relationship. Poc4 is part of a proteasome assembly chaperone complex[45], 

and was identified as a potent mPOS suppressor by Wang and Chen[19]. The Chacinska 

group found that Poc4 is upregulated when protein import is compromised, and that it is 

required for proteasomal activation in these settings [24]. These data suggest that, at least in 

yeast, mPOS may activate the UPRam, and that the UPRam is directed to alleviate mPOS. 

How Poc4 is upregulated in response to mPOS is yet to be investigated.

mPOS may also interact with UPRmt (Fig. 1). The UPRmt is a mitochondrial retrograde 

signaling pathway that transcriptionally regulates a set of genes designed to restore 

mitochondrial proteostasis (e.g., Hsp60, mtDNAJ and ClpP) [17, 46]. It is interesting that 

the UPRmt can be experimentally induced in Caenorhabditis elegans and cultured human 

cells by some of the same conditions that cause mPOS including mitochondrial protein 

misfolding, mtDNA depletion and OXPHOS disruption [47–51]. Additionally, the best-

characterized UPRmt activation pathway depends on inefficient mitochondrial protein import 

of the transcription factor ATFS-1 in worms (or ATF5 in humans), resulting in its cytosolic 

accumulation and nuclear translocation. Is some level of mPOS required for the activation of 

the UPRmt, or is there a distinct mechanism to specifically reduce ATFS-1/ATF5 import in 
vivo? It is important to note that the UPRmt directs upregulation of nuclear-encoded 

mitochondrial proteins. As such, its activation would be predicted to exacerbate mPOS. An 

important area of research moving forward will be to understand the interactions between 

mPOS and the UPRmt under various stress conditions.

Finally, mPOS may intersect with the integrated stress response (ISR). A key player in ISR 

is eIF2α. When phosphorylated, eIF2α increases the translation of stress-activated 

transcription factors including ATF4, while inhibiting cap-dependent translation and global 

protein synthesis. Pharmacological inhibition of protein import in human cells (i.e. mPOS) 

induces phosphorylation of eIF2α and increases ATF4 expression [52]. Studies from 

multiple model systems demonstrate that diverse mitochondrial stress activates the ISR [53–

58]. Interestingly, ISR activation precedes bioenergetic defects in human neurons treated 

with a RC inhibitor [59]. We propose that mPOS activates the ISR, an idea that requires 

further exploration.
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Implications of mPOS for human diseases

The induction of mPOS by the clinically relevant aac2A128P mutation raises the possibility 

that mitochondrially induced cytosolic proteostatic stress may occur under 

pathophysiological conditions. A priori, defects in any step listed in Fig. 2 would trigger 

mPOS and potentially contribute to disease. On the other hand, reduced cytosolic anti-mPOS 

activity could also predispose to cell death and disease development. Wang and Chen 

showed that mPOS can be suppressed by manipulating cytosolic processes [19]. The 

mechanisms by which some of these pathways exert their anti-mPOS function are unclear. 

Nonetheless, several genes in the pathways are clinically relevant. For example, the Pbp1 

protein is a ortholog of human ATXN2, a RNA-processing protein associated with 

Spinocerebellar Ataxia Type 2, amyotrophic lateral sclerosis, fronto-temporal lobar 

dementia, and levodopa-responsive Parkinson’s disease [60]. The potential implication of 

the mPOS model for mitochondria-induced pathologies could be broad. As hypothesized by 

Wang and Chen[19], the mPOS model may provide a conceptual framework to understand 

the enigmatic association between mitochondrial dysfunction and cytosolic proteostatic 

stress in mitochondria-induced diseases. Here, we will focus on classic mitochondrial 

diseases and ageing-related neurodegenerative disorders.

mPOS and mitochondrial disease

Classic mitochondrial diseases are primarily caused by energy deficiency and are often 

accompanied by oxidative stress. However, potential non-bioenergetic factors in the 

pathogenesis of these diseases are understudied. Here we discuss tissue culture, mouse and 

human patient data that suggest a possible involvement of mPOS in mitochondrial diseases.

It appears that OXPHOS defects triggers proteostatic stress in cultured human cells. 

Pharmacological RC inhibition causes cytosolic protein aggregation in cell lines [61], 

cultured primary neurons[62], and in mouse and human neurons in vivo [63–65]. Increased 

expression of a cytosolic chaperone (HSP70) that participates in the stabilization and 

targeting of mitochondrial precursors robustly suppresses aggregate formation and cell death 

caused by RC-inhibition [66]. Other studies showed that a wide range of OXPHOS stressors 

trigger cellular responses to improve cytosolic proteostasis [52, 67–69]. This may be 

interpreted as a response to mPOS.

More direct evidence for mPOS in mitochondrial disease came from studies in mice [70, 

71]. For example, Johnson et al. showed that the neurological symptoms in a mouse model 

for Leigh Syndrome, which is deficient in complex I subunit Ndufs4 (NADH dehydrogenase 

(ubiquinone) Fe-S protein 4), were partially alleviated by rapamycin treatment [70]. 

Rapamycin binds and inhibits mammalian TOR (mTOR), thereby partially inhibiting protein 

synthesis. Interestingly, brain lesions in the complex I-deficient mice were prevented and 

neurological symptoms and premature death were delayed by rapamycin treatment in the 

absence of a corresponding rescue in mitochondrial respiration. This suggests that at least a 

portion of the pathomechanism is cytosolic and independent of respiratory deficiency.

Studies from humans also implicate mPOS in mitochondrial diseases. A recent 

transcriptome analysis of skeletal muscle from a heterogeneous group of 12 mitochondrial 
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disease patients with confirmed RC deficiencies revealed upregulation of the proteasome 

and RNA processing proteins, and the downregulation of cytosolic ribosomal proteins [72]. 

Alterations to these pathways have been shown to suppress mPOS in yeast [18, 19, 24]. It is 

important to note that cytosolic aggregates are not typically detected in mitochondrial 

disease patients. This suggests that if mPOS occurs, either it is effectively contained in vivo, 

or it contributes to disease without the formation of detectable aggregates.

How mtDNA mutations affect cytosolic proteostasis is not well understood. It is 

conventionally thought that ATP depletion and oxidative stress decrease ATP-dependent 

protein degradation and increase protein damage in the cytosol, respectively. The mPOS 

model would provide a direct link between mitochondrial dysfunction and cytosolic 

proteostasis. It can be speculated that blocking the electron transport chain may reduce Δψm 

and potentialize mPOS, consistent with the observation that inhibition of the electron 

transport chain synergizes with misfolded Aac2 to kill yeast cells [22]. In addition, deletion 

of genes encoding OXPHOS components affects the assembly of respiratory complexes. 

This may lead to the accumulation and misfolding of their unassembled partner subunits, 

including those that are nuclear-encoded. For example, knockout of individual accessory 

subunits of complex I decreases the stability of other complex I subunits [73]. Excessive 

protein misfolding may collapse the proteostatic network on the IMM to affect the 

biogenesis, stability and functionality of protein complexes including those required for 

protein import. In summary, accumulating evidence suggests that mPOS is present in human 

cells with mtDNA mutations and respiratory deficiency. Its potential implications for 

pathogenesis in mitochondrial diseases need further investigation.

Neurodegeneration caused by mutations in the core mitochondrial protein import 
machinery

Studies in yeast strongly suggest that mutations in mitochondrial protein import complex 

subunits cause ρ°-lethality via mPOS [34–36]. It is therefore reasonable to speculate that 

mPOS may contribute to diseases caused by mutations affecting the core protein import 

machinery. The TIM23 complex transports precursor proteins across the IMM into the 

matrix. Heterozygous TIM23 knockout mice develop neurodegenerative symptoms and have 

a shortened lifespan [74], supporting a link between diminished protein import and 

neurodegeneration. In humans, defective assembly of the DDP1/TIMM8a-TIMM13 

complex, which facilitates the transport of TIM22 substrates [75], causes deafness dystonia 

syndrome [76, 77]. It remains to be investigated whether mPOS contributes to the 

pathogenesis of this disease.

Neurodegenerative diseases affecting IMM proteostasis

IMM stress is a significant inducer of mPOS in yeast (Fig. 2). A hypersusceptibility of the 

nervous system to IMM stress is strongly supported by the discoveries of several 

neuropathogenic mutations affecting protein quality control on the membrane. IMM protein 

quality is maintained by a network of chaperones and proteases that hold, fold, and degrade 

misfolded proteins to prevent their toxic accumulation [78, 79]. Mutations in IMM quality 

control chaperones and proteases cause or are implicated in many neurodegenerative 

diseases, including Parkinson’s disease [80], amyotrophic lateral sclerosis [81], spastic 
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ataxia-neuropathy syndrome [82], spastic paraplegia 7 [83], and spinocerebellar ataxia [12]. 

Does mPOS contribute to neurodegeneration in these diseases? Altered cytosolic 

proteostasis as a result of IMM stress is not unprecedented. The Langer group has shown 

that neuron-specific depletion of prohibitin, a chaperone complex on the IMM, leads to 

severe neurodegeneration [84]. Interestingly, prohibitin depletion in these mice also causes 

hyperphosphorylation and cytosolic aggregation of the microtubule-associated protein tau in 

neurons, a hallmark of Alzheimer’s disease. The mutant mice exhibit behavioral impairment, 

cognitive deficiencies, and death usually by 5 months old. Histopathologically, cytosolic tau 

aggregates appear concurrently with neuronal damage at 6 weeks old. Both pathological 

markers occur long before OXPHOS defects and oxidative stress can be detected [84]. These 

observations suggest that mitochondrial damage can cause neurodegeneration independent 

of OXPHOS deficiency and oxidative stress. In a more recent study, Kondadi and coworkers 

showed that depletion of AFG3L2, which codes for a subunit in the IMM quality control m-

AAA protease, also leads to tau hyperphosphorylation and cytosolic aggregation in 

mice[85]. Mutations in AFG3L2 cause spinocerebellar ataxia 28[12]. This study thus 

provides a clinically relevant example for a causative role of IMM stress in affecting 

cytosolic proteostasis.

Numerous neuropathogenic mutations have been found in IMM proteins that have no 

apparent link with membrane proteostasis. For instance, missense mutations in CHCHD2, 

CHCHD10, and ATAD3A cause or associate with Parkinson’s disease [86], frontotemporal 

dementia/amyotrophic lateral sclerosis [87, 88], and dominant hereditary spastic 

paraplegia[14], respectively. While there is no evidence that these mutant proteins are 

misfolded or directly affect protein homeostasis on the IMM, the detection of cytosolic 

stress and/or a cytosolic stress response suggests that mPOS may occur. For example, 

CHCHD2 mutations are associated with neuronal cytosolic protein aggregation in 

Parkinson’s disease patients [89]. Pathogenic CHCHD10 mutations cause cytosolic protein 

aggregation in multiple model organisms (discussed in detail below) [90]. Furthermore, 

fibroblasts from ATAD3A-induced hereditary spastic paraplegia patients exhibit reduced 

mTOR signaling, possibly indicating a response to increased proteostatic stress in the 

cytosol [14]. Further work is required to evaluate whether mPOS plays a role in the 

pathogenesis of these diseases.

Common ageing-associated neurodegenerative diseases

Despite obvious differences in pathology, many ageing-related neurodegenerative diseases 

share two key hallmarks: dysfunctional mitochondria and cytosolic protein aggregation [91, 

92]. Both hallmarks are widely believed to contribute to neurodegeneration, but whether and 

how these two seemingly unrelated pathways interact remain unclear. Often these two 

pathogenic pathways have been investigated independently. Given the consistency of their 

concurrence within and across neurodegenerative diseases, there is the possibility that 

mitochondrial dysfunction and cytosolic protein aggregation are related by a single 

pathogenic mechanism. There is significant evidence to suggest that protein aggregates can 

cause mitochondrial dysfunction [93–98]. For example, mouse models expressing 

pathogenic aggregate-prone proteins, including mutant SOD1, TDP-43, α-synuclein and 
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Huntingtin, tend to develop dysfunctional mitochondria [95, 99–101]. Here, we offer mPOS 

as a novel mechanism for the interaction between the two neurodegeneration pathways.

We propose that there are at least two feasible routes by which mPOS may contribute to 

pathological protein aggregation in the cytosol of neurons. First, protein aggregates of non-

mitochondrial proteins may precede mitochondrial dysfunction, and unimported 

mitochondrial precursors add to the proteostatic burden once mitochondrial degeneration 

ensues during ageing (Fig. 3A). mPOS would therefore contribute to disease progression, 

not onset. Second, unimported precursors may serve as ‘seeding structures’ that challenge 

the proteostatic network and induce secondary aggregation of cytosolic proteins (Fig. 3B). 

Importantly, this model may not require severe defects in mitochondrial protein import. A 

basal level of precursor accumulation that would normally be tolerated in young cells may 

be amplified during ageing to seed cytosolic aggregates in neurons “preconditioned” by the 

presence (or increased concentration) of aggregation-prone proteins. Here, mPOS would be 

implicated in disease onset and progression. Neither of these models are mutually exclusive 

with aggregate-induced mitochondrial dysfunction. If aggregates cause mitochondrial 

dysfunction, then both models would portend a feed-forward loop that would cause protein 

aggregation and mitochondrial dysfunction to accelerate, presumably until neuronal death.

An mPOS contribution to neurodegenerative diseases co-hallmarked by mitochondrial 

dysfunction and cytosolic protein aggregation is supported by numerous studies. Several 

mitochondrial proteins co-aggregate with synthetic amyloidogenic proteins expressed in 

human cells in the absence of apparent mitochondrial stress [102]. These same 

mitochondrial proteins, as well as many OXPHOS components, are inherently 

supersaturated in the cellular environment; that is, they are expressed at concentrations 

higher than their solubility[103]. Such proteins are referred to as ‘metastable’, and the 

metastable proteome is thought to drive protein aggregation in neurodegenerative diseases 

[104]. Therefore, mitochondrial proteins are implicated in cytosolic aggregate formation in a 

disease-non-specific manner. Below is a description of additional evidence that potentially 

implicates mPOS in three neurodegenerative diseases co-hallmarked by mitochondrial 

dysfunction and cytosolic protein aggregation: Parkinson’s disease (PD), Alzheimer’s 

disease (AD), and amyotrophic lateral sclerosis (ALS). These diseases share other key 

characteristics that make the prospect of a pathogenic mPOS contribution more likely and 

more exciting: the etiology of the majority of patients is unknown and there is a disease 

dependence on ageing

A causative contribution of mitochondrial dysfunction has been established in PD [105], as 

evidenced by two main observations: (1) mutations in mitochondrial proteins cause familial 

PD [80, 106, 107], and (2) environmental toxins that inhibit complex I can cause PD [64, 65, 

108]. These familial and environment-induced PD patients often share a key pathological 

hallmark with sporadic PD patients: intraneuronal cytosolic α-synuclein protein aggregates 

known as Lewy bodies (LBs). LBs are also thought to cause PD[109], but consideration of 

mitochondria-induced PD with concurrent LB pathology suggests mitochondrial dysfunction 

can cause cytosolic protein aggregation in these patients. One possible way mitochondrial 

dysfunction could cause cytosolic protein aggregation is through mPOS. Consistent with 

this, the two mutant mitochondrial proteins that cause familial PD, PTEN-induced putative 
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kinase 1 (PINK1) [106] and Htra2 [80, 107], can reasonably be expected to induce mPOS. 

PINK1 plays a role in mitophagy important for mitochondrial quality control [11]. Reduced 

mitochondrial quality (e.g., membrane depolarization) in the absence of PINK function may 

decrease protein import. Loss of PINK1 in mice has been clearly shown to cause a 

progressive reduction in mitochondrial protein import [110]. In addition, Htra2 is an IMM-

associated protease, and its deletion in mice results in Parkinsonism and accumulation of 

misfolded IMM proteins [58], a known inducer of mPOS. Consistently, transcriptome 

analysis from Htra2 knockout mice indicated a general response to rescue cytosolic 

proteostasis, including an upregulation of HSPs and activation of the ISR, which is an 

adaptive responses to cytosolic proteostatic stresses like mPOS.

There is accumulating evidence that mPOS may also contribute to sporadic PD. Reduced 

activity of complex I is consistently observed in sporadic PD brains [111], consistent with 

complex I inhibition-induced PD noted above. Furthermore, it is well established that 

complex I inhibition induces cytosolic α-synuclein aggregation [61–63], which we propose 

may occur through mPOS (see above for a discussion of possible mechanisms). Support for 

a potential involvement of mPOS in PD comes from the detection of mitochondrial proteins 

in LBs isolated from the brains of PD patients. Using immunohistochemistry, mitochondrial 

proteins have been shown to colocalize with α-synuclein in intraneuronal cytoplasmic 

inclusions in sporadic PD patient brains [112–114]. A proteomic analysis of laser capture 

microdissected LBs from human brains identified additional mitochondrial proteins[115]. 

This set of mitochondrial components had a clear bias towards IMM proteins, and some of 

which overlap with the aggregation-prone metastable proteome [102, 103]. It should be 

noted that one of these studies showed an association of LBs with whole mitochondria 

[112]. The reason for such an association is unknown. Nevertheless, whether mitochondrial 

dysfunction contributes to cytosolic α-synuclein aggregation in PD via the mPOS 

mechanism warrants further investigation.

The link between mitochondrial dysfunction and AD is less understood compared with PD. 

The neuropathological hallmarks of AD include neuron loss, extracellular deposits of 

amyloid beta and neurofibrillary tangles (NFTs). NFTs are intraneuronal cytosolic protein 

aggregates marked by the presence of hyperphosphorylated, microtubule-associated protein, 

tau. Mitochondrial dysfunction is also observed in AD, which occurs early in disease 

progression [16, 116–119]. Both mitochondrial dysfunction and NFTs are thought to 

contribute to AD pathogenesis, but the relationship between the two is unclear. Multiple 

lines of evidence suggest that dysfunctional mitochondria may contribute to NFTs, possibly 

via mPOS. First, mPOS-related mitochondrial dysfunction can induce tau 

hyperphosphorylation and cytosolic aggregation (i.e. NFTs). We present three examples of 

this: (1) as discussed above, IMM proteostatic stress induced by defective IMM protein 

quality control can induce intraneuronal tau aggregation in two different mouse models [84, 

85]; (2) inhibition of complex I induces cytosolic tau hyperphosphorylation and aggregation 

in rats and cultured neurons [120, 121]; and (3) the mitochondrial membrane uncoupler 

CCCP, which dissipates Δψm, also causes tau pathology in cultured neurons [121]. Second, 

genetic variants in the core protein import machinery, specifically in the TOMM40 gene, 

predict AD age of onset [122]. This suggests that protein import efficiency contributes to 

disease onset, possibly through mPOS. Third, the metastable mitochondrial proteins 
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discussed above, specifically IMM OXPHOS proteins, are downregulated in AD patient 

brains [123]. Ciryam et al. interpreted this result as a compensatory response to prevent 

aggregation of these susceptible metastable mitochondrial proteins, which would be 

consistent with mPOS occurring in AD neurons. Fourth, mitochondrial proteins are found in 

NFTs. An early study raised antibodies against NFTs and found that the anti-NFT antibodies 

were specific for the α-subunit of the F1Fo-ATP synthase [124]. Proteomic analysis of laser 

capture microdissected NFTs confirmed the presence of the α-subunit of ATP synthase, and 

detected other ATP synthase subunits, several IMM carrier proteins, a complex IV subunit 

and a metabolic matrix protein [125]. Taken together, the evidence warrants the study of 

mPOS as a potential neuronal stressor in AD.

Finally, it is possible that mPOS contributes to ALS as well, although the evidence for this is 

also less strong than for PD. ALS is marked by coincident mitochondrial dysfunction and 

cytosolic protein aggregation, both of which are thought to be causative [126, 127]. These 

two hallmarks are observed in both familial and sporadic ALS. Two genes linked to familial 

ALS may be related to mPOS. (1) CHCHD10 is an IMM protein involved in cristae 

morphology maintenance, and mutations in the gene cause familial ALS [87, 88]. 

Interestingly, ALS-linked mutations in CHCHD10 were shown to induce cytosolic protein 

aggregation of TDP-43 in multiple model systems [90]. TDP-43 is a nuclear transcription 

factor that commonly mislocalizes to and aggregates in the cytosol of sporadic and familial 

ALS neurons [127]. It is tempting to speculate that CHCHD10 mutations induce mPOS and 

the resulting unimported mitochondrial precursors seed TDP-43 aggregation in these 

patients. (2) Mutations in ubiquilin-2 cause ALS [128]. Ubiquilin-2, along with ubiquilin-1 

and -4, functions as a chaperone to keep mitochondrial membrane proteins unfolded and 

soluble before import [39]. When pre-imported membrane proteins linger in the cytosol too 

long, these ubiquilins deliver the precursor proteins to the proteasome for degradation. If 

pathogenic ubiquilin-2 mutations cause mitochondrial membrane precursor proteins to be 

unchaperoned in the cytosol and unable to be delivered to the proteasome, this would likely 

cause mPOS.

There is little evidence so far to suggest that mPOS contributes to sporadic ALS, other than 

concurrent mitochondrial dysfunction and cytosolic protein aggregation. However, this could 

be a fruitful avenue of exploration, especially considering the connection between mPOS 

and familial ALS subtypes.

Concluding remarks

The present review demonstrates that the mPOS model can rationalize many observations 

that suggest a causative link of mitochondrial dysfunction to cytosolic proteostatic stress. 

Although some evidence suggests that mPOS occurs in the classic mitochondrial diseases, 

its contribution to pathogenesis needs to be investigated. It appears that strong evidence 

exists to support a role of mPOS in contributing to the development of ageing-dependent 

neurodegenerative diseases. Wang et al. captured an ageing-dependent trait that accelerates 

mPOS-induced cell degeneration in yeast [18]. In mice, ageing-dependent deficiency in 

mitochondrial protein import has been clearly documented [129]. The interplay between 

ageing and mPOS adds another dimension for investigating the pathogenic mechanism of 
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neurodegenerative diseases. Further studies are certainly warranted. Looking forward, these 

studies may help to identify key drivers of neurodegeneration during ageing. Study of anti-

mPOS pathways will also be an important field of investigation. Elucidation of these 

pathways may offer novel mechanisms of disease and new therapeutic targets for treating 

neurodegeneration.
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Fig. 1. Mitochondrial Precursor Over-accumulation Stress (mPOS) and its relationship to 
UPRam, UPRmt and ISR
In unstressed cells, mitochondrial protein import is efficient and precursor proteins in the 

cytosol are kept to a minimum. Protein import can be reduced by intra- and extra-

mitochondrial stressors (listed in Fig. 2) to cause mPOS. Unimported mitochondrial proteins 

can then activate the unfolded protein response activated by mistargeting of proteins 

(UPRam), which includes upregulation of proteasome activity. mPOS also activates the 

integrated stress response, characterized by the phosphorylation of eIF2α. This increases the 

translation of select transcriptional factors including ATF4 that in turn upregulates stress 

response genes. OXPHOS defect, mtDNA depletion and defective mitochondrial protein 

quality control (PQC) can cause mitochondrial proteotoxic stress. This triggers the 

mitochondrial unfolded protein response (UPRmt), driven by failure to import of ATFS-1 in 

worms and ATF5 in humans into mitochondria. ATFS-1/ATF5 translocates to the nucleus 

and drives transcription of mitochondria-destined stress response genes such as HSP60, 

mtDNAJ, and ClpP.
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Fig. 2. Schematic of pathways inducing mPOS
(1) Mutations in the core mitochondrial protein import machinery (TIM, translocase of the 

inner membrane; TOM, translocase of the outer membrane). (2) IMM protein misfolding. 

(3) Reduced IMM protein quality control, which can be caused by mutant IMM proteases. 

(4) mtDNA mutations, which disrupts the respiratory chain to reduce Δψm and increases 

protein misfolding through imbalanced mitochondrially and nuclear-encoded respiratory 

complex subunits. (5) Δψm dissipation by factors such as reduced respiration and increased 

proton leak. (6) Defects in precursor delivery to the OMM including mutations in the 

mitochondrial targeting sequences. (7) Defects in stabilizing (e.g., by mutant ubiquilin 

(UBL) or heat shock protein 70 kDa (HSP70)), or degrading (e.g., reduced proteasome 

function) unimported proteins. (8) Increased protein burden in the cytosol. OMM, outer 

mitochondrial membrane; IMS, intermembrane space; IMM, inner mitochondrial membrane.
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Fig. 3. Models by which mPOS may reconcile mitochondrial dysfunction and cytosolic protein 
aggregation in neurodegeneration
(A) Model 1, cytosolic aggregates precede mitochondrial damage and mPOS during ageing. 

(B) Model 2, unimported proteins induced by mPOS provide a seeding structure with which 

cytosolic proteins co-aggregate during ageing. Blue, mitochondrial precursor proteins; red, 

cytosol-derived protein aggregates; orange, ribosomes.
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