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Abstract

There exists a phenomenon in aging research whereby early life stress can have positive impacts 

on longevity. The mechanisms underlying these observations suggest a robust, long-lasting 

induction of cellular defense mechanisms. These include the various unfolded protein responses of 

the ER, cytosol, and mitochondria. Indeed, ectopic induction of these pathways, in the absence of 

stress, is sufficient to increase lifespan in organisms as diverse as yeast, worms, and flies. Here, we 

provide an overview of the protein quality control mechanisms that operate in the cytosol, 

mitochondria, and ER, and discuss how they impact cellular health and viability during stress and 

aging.

Introduction

Stress is the unavoidable pressure and tension experienced by all living organisms 

throughout life. Stress can be experienced on both a macroscopic scale (e.g. heat stress 

applied to an entire organism), and a microscopic scale (e.g. a buildup of unfolded proteins 

in the cell). Because the cells of an organism encounter constant and varied stresses 

throughout life, several mechanistic stress responses and quality control mechanisms have 

evolved to deal with a variety of stresses. These include the cytosolic heat shock response 

(HSR), the mitochondrial unfolded protein response (UPRMT), the endoplasmic reticulum 

unfolded protein response (UPRER), the ubiquitin-proteasome system, and autophagy. Each 

of these molecular pathways exists both as a quality control mechanism to preserve cellular 

homeostasis, and as a response to directly and indirectly damaging stresses, such as 

exposure to heat or ultraviolet light. Many, if not all, of these stress response pathways are 

critical to cellular health and organismal survival, and their disruption or inactivation results 

in decreased lifespan and increased risk of degenerative diseases.
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During the aging process, many essential cellular processes begin to break down, and the 

cellular stress responses are no exception. For example, the HSR has been shown to 

breakdown at later age, reducing the cellular capacity to respond to heat stress (Morley and 

Morimoto, 2004). Without a functional HSR, heat-stress can cause irreparable damage to the 

cell due to an accumulation of damaged and misfolded proteins, which can result in 

proteotoxicity. A similar age-associated decline occurs in other quality control and stress 

response pathways, including UPRER, UPRMT, autophagy, and the ubiquitin proteasome 

system (Cuervo, 2008; Diot et al., 2015; Ekstrand et al., 2007; Taylor and Dillin, 2013; 

Vilchez et al., 2012). This raises a conundrum analogous to the classical chicken and egg 

problem: does aging result in a breakdown of protein quality control systems or does the 

decline of the systems lead to aging? Perhaps the continuous accumulation of damaged 

proteins and organelles during aging results in increased stress and pressure on these 

systems. As cellular damage overwhelms the capacity of the quality control mechanisms, 

they in turn break down as their core components themselves require fully functional 

organelles and proteins. Indeed, ectopic activation of many quality control mechanisms 

extends lifespan in many model organisms, suggesting that increased capacity to deal with 

stress is critical at advanced age.

Here, we attempt to tackle the circular argument of stress response and aging by providing a 

comprehensive summary of critical protein quality control mechanisms that are responsible 

for maintaining homeostasis within the cytosol, mitochondria, and ER. As cells have unique 

and relatively isolated organelles, compartmentalized quality control mechanisms are 

integral in maintaining protein homeostasis (or proteostasis), especially in the presence of 

stress and other cellular insults. However, there is increasing evidence that organelles and 

their quality control mechanisms have significant overlap and are interdependent. Thus, in 

addition to providing a detailed description of each individual stress response, we also 

comment on communication between these pathways. Moreover, we speculate how these 

processes may break down during aging and diseased states due to increased stress and 

pressure on these systems.

The cytosolic stress response

Many proteins – whether transiently or permanently – reside in the cytoplasm. The 

cytoplasm hosts a collection of chaperones designated to promote their proper folding and 

function. Protein misfolding and aggregation can be a serious threat to cellular homeostasis, 

and perturbations in cellular proteostasis are seen during aging and the pathogenesis of 

diseases, such as neurodegeneration and cancer (Balch et al., 2008; Dai and Sampson, 2016). 

To maintain a proper proteostatic landscape, the cell has evolved several cytoplasmic stress 

response pathways, including the cytoplasmic heat shock response (HSR), autophagy, and 

the ubiquitin-proteasome system, aimed at preventing and resolving protein damage, 

misfolding, and aggregation. These pathways complement other compartment specific stress 

responses, notably the unfolded protein response of the endoplasmic reticulum (UPRER) and 

unfolded protein response of the mitochondria (UPRmt), and together coordinate proteostasis 

and cell survival over the lifespan of the organism. In this section, we focus on the HSR and 

its role in maintaining cytosolic quality control, and briefly cover the roles of autophagy, 

asymmetric segregation of protein aggregates, and the ubiquitin-proteasome system in 

Higuchi-Sanabria et al. Page 2

Dev Cell. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relation to HSR, UPRER, and UPRMT (for an in-depth review on general autophagy or the 

ubiquitin-proteasome system, refer to (Murrow and Debnath, 2013; Tsakiri and Trougakos, 

2015).

HSF1 and the heat shock response

In 1962, a unique cytological phenomenon was observed in the polytene chromosomes of 

the salivary cells of the fruitfly, Drosophila busckii, when the flies were exposed to heat or 

heavy metals (Ritossa, 1962). Under these stressful conditions, massive regions of the 

genome appeared to expand relative to others. These expanded, or “puffed,” regions turned 

out to be regions of active transcription of genes, such as HSP70, required for protection 

against heat stress (Velazquez and Lindquist, 1984). Now commonly referred to as the HSR, 

these genes comprise a stress response pathway that is highly conserved from bacteria to 

humans and found in virtually all organisms examined to date. HSR activation involves 

upregulation of genes, including chaperones, that promote protein folding and subsequent 

survival under thermal stress (Tissières et al., 1974).

The transcription factors responsible for eliciting the HSR are known collectively as the heat 

shock transcription factors, or HSFs. To date, six HSFs have been identified in vertebrates 

(HSF1-4, X and Y), and up to 50 in plants (Scharf et al., 2012). Invertebrates, on the other 

hand – for example yeast, worms, and flies – have a single HSF, HSF-1 (heretofore, 

mammalian HSF1 and invertebrate HSF-1 will be referred to collectively as HSF1). The 

different HSF proteins in mammals appear to have unique and sometimes tissue-specific 

functions. HSF1 and 2 are the most broadly expressed and are responsible for activation and 

modulation of the HSR, respectively. HSF4 is neuronally expressed and plays a role in lens 

development (Fujimoto et al., 2004), while the function of the remaining paralogs, HSF3, X, 

and Y, are not as well understood. The invertebrate HSF1, as in vertebrates, serves as the 

main activator of the HSR.

In the absence of stress, HSF1 exists as an inert monomer and cycles between the cytoplasm 

and the nucleus, bound by the heat shock protein (HSP) chaperones, HSP90, HSP70, and the 

HSP70 co-chaperone, HSP40 (Fig. 1A). Upon exogenous cellular insult, HSF1 trimerizes 

and gains DNA binding activity (Fig. 1B). HSF1 has a conserved oligomerization domain, 

HR-A/B, that is responsible for promoting homo- and heterotypic intermolecular 

interactions both with other HSF1 molecules, and with HSF2 monomers, resulting in 

trimerization and subsequent activation (Alastalo et al., 2003; Sarge et al., 1993). 

Constitutive trimerization is prevented, at least partially, by a repressive domain, HR-C, that 

interacts with HR-A/B and prevents trimerization. In the nucleus, HSF1 trimers localize to 

distinct puncta, generally referred to as stress bodies or granules, which are sites of active 

transcription and correspond to loci of chaperone genes (Jolly et al., 1999; Morton and 

Lamitina, 2013; Sarge et al., 1993) (Fig. 1C). Activated HSF1 trimers recognize conserved 

pentameric sequence motifs (nGAAn), termed heat shock elements (HSEs), located near the 

promoter regions of all heat-induced genes and are necessary and sufficient for HSF1-

dependent upregulation (Amin et al., 1988). Recent evidence also supports a model in which 

HSF1 forms heterotrimers with HSF2. These heterotrimers are important for modulating 
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HSR activity and have also been implicated in development and differentiation (Östling et 

al., 2007; Sandqvist et al., 2009).

The regulation of HSF1 activity is both multi-faceted and complex, with its modulation 

ranging from intrinsic repressive domains, discussed above, to protein-protein and even 

protein-RNA interactions (for a comprehensive analysis of HSF1 regulation, refer to 

(Gomez-Pastor et al., 2017)). Under steady state conditions, HSF1 is bound by cytoplasmic 

chaperones, HSP90 and HSP70/40, keeping it in a repressed, monomeric state. Upon 

cellular insults that result in increased misfolded or unfolded proteins, the chaperones are 

titrated away, resulting in the alleviation of repression and subsequent trimerization of HSF1 

(Fig. 1). Consistent with this hypothesis, genetic or biochemical perturbations of chaperone 

levels result in an increased activation of the HSR (Guisbert et al., 2013). It is well accepted 

that HSP70/40 is a negative regulator of HSF1; indeed, overexpression negatively affects 

HSF1 transcriptional activity. HSP90 has been reported to have a similar negative regulatory 

role (Zou et al., 1998). However, purified HSP90 does not affect HSF1 trimerization or DNA 

binding activity in vitro, suggesting that regulation of HSF1 by HSP90 may be complex 

(Hentze et al., 2016). It is possible that HSP90 functions as part of a regulated negative 

feedback mechanism, and that a critical threshold of HSP90 in combination with other 

downstream targets of HSF1 is required to repress HSF1. In addition to HSP70/40 and 90 

impacting HSF1 activation, the cytoplasmic chaperonin complex (TriC/CCT) has also been 

shown to bind and repress HSF1-mediated upregulation of chaperone genes. Consistent with 

this, a small molecule inhibitor of TRiC/CCT, HSF1A, which prevents the interaction 

between HSF1 and the TRiC/CCT complex, releases HSF1 inhibition and upregulates 

HSF1-dependent gene expression (Neef et al., 2014).

Physiological Roles of Heat Shock Factor

HSF1 is the master transcriptional regulator of stress response genes, including chaperones, 

ubiquitin, and translational regulators. Perhaps most well-studied is the robust activation of 

heat-shock proteins (HSPs), which include molecular chaperones essential for protein 

refolding, such as HSP70, HSP90, DNAJ, and HSP60, and components of the ubiquitin 

proteasome system to remove damaged proteins (reviewed in (Labbadia and Morimoto, 

2015; Li et al., 2017). Since its initial discovery, HSF1 has now been implicated in many 

other forms of stress response outside of the HSR, including autophagy, actin, and innate 

immunity as described below. It is clear that HSF1 promotes general cytosolic quality 

control and protects cellular homeostasis against protein damage, misfolding, and 

aggregation through multiple pathways. Due to its multi-faceted roles in numerous cellular 

defense mechanisms, overexpression of HSF1 can delay aging. Indeed overexpression of 

HSF1 in C. elegans significantly extends lifespan (Baird et al., 2014; Hsu et al., 2013). 

Conversely, downregulation of HSF1 shortens lifespan and results in premature aging 

phenotypes (Garigan et al., 2002). Moreover, depletion of downstream targets of HSF1, such 

as HSR chaperones, Hsp70s and Hsp90s, similarly results in decreased lifespan, suggesting 

that the chaperone proteostasis network is important for the longevity conferred by HSF1 

(Morley and Morimoto, 2004). Interestingly, HSR genes are poorly induced in aged animals 

(Fargnoli et al., 1990; Fawcett et al., 1994) and several lines of evidence suggest that the 

HSR declines as a function of age (Gagliano et al., 2007; Kayani et al., 2008; Sherman and 
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Goldberg, 2001). However, the exact connection between HSR capacity and aging is 

complex. HSF1 activity is diminished in old cells, and recovery after heat-shock is largely 

attenuated (Heydari et al., 2000; Kern et al., 2010), but whether the expression of HSF1 

declines as a function of age depends on the organism and tissue type,. Furthermore, ectopic 

expression of HSF1 during development promotes lifespan extension, whereas 

overexpression of HSF1 later on in adulthood has less of an impact (Volovik et al., 2012). It 

is possible that presence of HSF1 alone is not sufficient to impact lifespan during advanced 

aging due to the lack of key regulatory elements to promote HSF1 signaling. In-depth 

analysis of the expression profile of HSF1 target genes in wildtype and HSF1 

overexpressing animals during late adulthood would provide intriguing insight to these 

unanswered questions.

HSF1 dysregulation is not unique to aging given its role in human diseases, such as 

metabolic syndrome, cancer, and neurodegeneration. For example, downregulating HSF1 

can result in neurodegeneration due to accumulation of toxic misfolded species (Garigan et 

al., 2002; Morley et al., 2002; Wang et al., 2009), whereas activating HSF1 can prevent 

PolyQ-mediated neurodegeneration in mouse, worm, and fly models (Fujikake et al., 2008; 

Fujimoto et al., 2005; Neef et al., 2010). The protective effects of HSF1 hyperactivation is 

thought to be mediated primarily through upregulation of HSPs, as overexpression of HSPs 

or pharmacological activation of HSPs is sufficient to suppress proteinopathic 

neurodegeneration (Bonini, 2002; Fujikake et al., 2008). However, HSF1 can also have 

protective effects in neurons that are not experiencing protein misfolding stress (Verma et 

al., 2014), suggesting a regulation of lifespan independent of the presence of misfolded 

proteins. Indeed, HSF1 is essential for lifespan extension in several lifespan extension 

paradigms, including inhibition of insulin/IGF-1 and mTOR signaling pathways. 

Specifically, HSF1 knockdown – or knockdown of downstream targets of HSF1 – eliminate 

the lifespan extension caused by daf-2 (insulin/IGF-1 receptor) and rsks-1 (S6K) mutations 

in C. elegans (Hsu et al., 2003; Seo et al., 2013). Interestingly, overexpression of HSF-1 in 

neurons alone is sufficient to extend lifespan in C. elegans. Known as the non-autonomous 

HSR, activation of HSR in neurons – either in the presence or absence of stress – results in 

an organism-wide activation of HSF1 (Prahlad et al., 2008). Specifically, neuronal 

overexpression of HSF1 results in generation of a transcellular signal dependent on 

serotonergic neurons (Tatum et al., 2015), which activates both DAF-16 (FOXO 

transcription factor) and HSF-1 in the intestine (Douglas et al., 2015).

The above discussion underlines HSF1’s broad roles in proteome stability and lifespan, and 

may be taken to suggest that activation of HSF1 may be therapeutically beneficial. Studies 

suggest, however, that hyperactivation of HSF1 may not be an ideal therapeutic approach 

due to its proteostatic roles, and potentially also HSP-independent roles. Although it is not 

classified as an oncogene, several cancers nevertheless rely on HSF1 activity for growth – a 

state referred to as non-oncogenic addiction (for a thorough review, refer to (Dai and 

Sampson, 2016)). For example, genetic deletion of HSF1 in mice attenuates chemically and 

genetically-induced lymphomagenesis (Dai et al., 2007; Min et al., 2007). Moreover, HSF1 

knockdown by RNAi is sufficient to decrease the growth and invasion of hepatocellular 

carcinomas (Chen et al., 2013; Fang et al., 2012) and melanomas (Fujimoto et al., 2012; 

Nakamura et al., 2014). Conversely, overexpression of HSF1 promotes growth and 
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metastasis of melanoma cells (Scott et al., 2011; Toma-Jonik et al., 2015). While the exact 

mechanism underlying the role of HSF1 in cancer progression is still under investigation, it 

is widely recognized that the HSPs are critical for protecting the cancer proteome. HSF1-

regulated chaperones play an important role in promoting the stability of oncoproteins, such 

as BCR-ABL (common in patients with leukemia) and mutant TP53 (oncogenic P53), and 

HSF1 suppression can result in depletion of oncoproteins and a decrease in cancer cell 

survival (Dai et al., 2012; Li et al., 2014; Miyajima et al., 2013; Workman and van Montfort, 

2014). Additionally, HSF1 mediates a transcriptional program distinct from the HSR to 

promote tumor malignancy that is associated with decreased survival in patients with breast 

cancer (Mendillo et al., 2012). Due to the growing number of studies implicating HSF1 in 

cancer progression, antagonizing HSF1 signaling is quickly becoming an attractive 

therapeutic intervention. However, since HSF1 signaling is critical for maintaining the 

cellular proteome, particularly under conditions of thermal stress, broad inhibition of HSF1 

may have some detrimental effects. Thus, defining the role of HSF1 in cancer and 

elucidating how this role may be harnessed or targeted therapeutically will require further 

work. Would HSF1 inhibition result in loss of protein homeostasis and premature cell death 

in non-cancer cells? Would HSF1 inhibition alone be sufficient to kill cancer cells, and 

would they eventually become resistant to HSF1 inhibition? These and many other questions 

must first be addressed before moving forward with HSF1-targeting drugs as therapies for 

human disease.

Non-canonical roles of HSF1

Aside from the clear role in HSR modulation, HSF1 affects aging via modulation of 

additional processes such as autophagy, the immune response, and maintenance of the actin 

cytoskeleton. Intriguingly, some studies suggest that chaperones are not responsible for 

HSF1-mediated thermotolerance and longevity. In C. elegans, neither hypomorphic 

mutations of HSF1 nor perturbations of chaperones had an impact on thermotolerance 

(Kourtis et al., 2012; McColl et al., 2010). Moreover, overexpression of HSF1 harboring a 

C-terminal truncation showed dramatic increase in lifespan, despite being incapable of 

upregulating canonical heat-shock proteins and chaperones involved in HSR, suggesting that 

HSF1 acts via an alternative pathway in this case (Baird et al., 2014). Proteomic analysis 

comparing transgenic animals overexpressing the truncated version of HSF1 and the full 

length protein identified genes involved in cytoskeletal organization. Further analysis 

suggested a role for HSF1 in mediating actin cytoskeletal maintenance through the troponin-

like calcium-binding protein, PAT-10. Specifically, HSF1 promotes PAT-10 expression, 

which improves actin cytoskeletal integrity, thermotolerance, cellular trafficking, and 

ultimately extends lifespan independent of chaperone induction through canonical HSR 

(Baird et al., 2014). Understanding this and other non-canonical functions of HSF1 may 

have significant therapeutic implications. As discussed above, HSF1 has oncogenic 

properties that may counteract its beneficial effects. However, targeting of downstream 

effectors of HSF1 signaling, independent of chaperones, may provide alternative avenues for 

therapeutic intervention.

Higuchi-Sanabria et al. Page 6

Dev Cell. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HSF1 and autophagy

HSF1 may act both alongside and as a regulator of autophagy. Under heat stress, proteins are 

denatured, translation is altered, and cellular homeostasis as a whole is disrupted. Ramping 

up the HSR as described above upregulates expression of chaperones and other molecular 

players important in remodeling the protein architecture of the cell by promoting protein 

refolding and removal of irreparable, damaged proteins. However, damaged proteins can 

also aggregate, or localize to organelles and compartments inaccessible to chaperones. 

Moreover, organelles themselves may be functionally impaired under heat stress. Autophagy 

acts as the primary means for a cell to clear these larger debris that are inaccessible to more 

focal proteolytic systems (Klionsky and Codogno, 2013). Therefore, HSR and autophagy 

represent functionally distinct, yet complementary, systems of protein quality control with 

the similar goal of preserving protein homeostasis under stress. Indeed, a recent study has 

identified that activation of autophagy is essential for the lifespan extension of C. elegans 
under early exposure to heat shock or through HSF1 overexpression (Kumsta et al., 2017). 

Similarly, autophagy is upregulated under conditions of heat stress in many in vitro and in 

vivo mammalian studies (Chao et al., 2014; Han et al., 2013b; Nivon et al., 2009; Oberley et 

al., 2008). These studies highlight the importance of the interplay between HSR and 

autophagy in stress resistance and lifespan regulation. However, how HSF1 modulates 

autophagy and the cross-talk between HSR and autophagy is poorly understood.

Direct mechanistic insight on the role of HSF1 in autophagy is lacking, and molecular 

models are currently controversial at best. A limited number of studies have implicated 

HSF1 in direct regulation of autophagy. In mammalian cell lines, knockdown or deletion of 

HSF1 results in increased basal autophagy (Dokladny et al., 2013), while constitutive 

activation of HSF1 results in decreased autophagy (Zhao et al., 2009). HSF1 may prevent 

induction of autophagy by promoting the expression of HSP70, whose overexpression 

similarly inhibits autophagy. It is also possible that HSF1 can preferentially activate HSR 

over autophagy (Dokladny et al., 2013). In contrast, overexpression of HSF-1 in C. elegans 
increases autophagosome formation in muscle, neurons, and intestine. Several genes 

involved in autophagy are also necessary for HSF-1-mediated lifespan extension (Kumsta et 

al., 2017). These apparently contradictory results may reflect a difference between acute and 

chronic stress responses. It is possible that in an acute stress response, HSF1 induces HSR 

and preferentially promotes damage repair by protein remodeling. However, under chronic 

stress when damage has exceeded repair capacity or when HSR has failed, autophagy 

becomes the primary means by which cells promote proteostasis. Indeed, in human 

peripheral blood mononuclear cells, cells obtained from older patients had compromised 

ability to upregulate HSP70 and an increase in markers for autophagy (Lanphere et al., 

2013). While there is evidence that both HSR and autophagy decline with age (Del Roso et 

al., 2003; Hsu et al., 2013; Kurapati et al., 2000; Rubinsztein et al., 2011), it would be 

interesting to investigate whether autophagy can partially compensate for defects in HSR 

under specific stress conditions, such as advanced aging.

HSF1 and the immune response

High temperature and fever is a principle response to pathogenic infection in metazoans: 

Homeotherms are capable of increasing their own body temperatures, whereas poikilotherms 
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migrate to warmer temperatures to increase body temperatures during infection. Febrile 

temperatures can benefit the organism l by promoting expression of HSPs in an HSF1-

dependent manner (Hasday et al., 2014; Ostberg et al., 2002). Many of the chaperones 

induced by heat-stress are also expressed in inflammatory diseases (van Eden et al., 2005), 

making it clear that the HSR and immunity are tightly linked. For example, during 

pathogenic infection in C. elegans, expression of HSP-16 and HSP-90 are essential for 

survival. Moreover, overexpression of HSF1 increases resistance to Pseudomonas aeruginosa 
infection (Singh and Aballay, 2006). The role of HSF1 in immunity is not limited to HSPs: 

HSF1 can also induce chemokine CXCL8 (IL-8) activation in models of acute lung 

inflammation to promote recruitment of neutrophils under conditions of hyperthermia 

(Singh et al., 2008; Tulapurkar et al., 2012). Other inflammatory chemokines that recruit 

natural killer cells, T cells, and monocytes (CXCL9, CXCL10, CXCL11, and CXCL12) 

have also been shown to contain putative HSF1-binding sites (Hasday et al., 2014). These 

data support the hypothesis that HSF1 can promote immunity under specific stress 

conditions, such as heat-shock.

In contrast to those studies arguing a positive role for HSF1 in immunity, a study in mouse 

models showed that HSF1 can be a negative regulator of the inflammatory genes, TNF-α 
and IL-1β (Cahill et al., 1996). In addition, other studies report that HSP70 can act as a 

negative regulator of inflammatory responses during systemic infection by preventing the 

activation of pro-inflammatory cytokines (Aneja et al., 2006; Singleton and Wischmeyer, 

2006) and by down-regulating the production of TNF-α and Toll-like receptors in an HSF1-

dependent manner (Ferat-Osorio et al., 2014). While the interactions between HSF1 

signaling and the immune response are complex, it makes sense that the HSPs involved in 

proteostasis would be crucial in the highly stressed environment of pathogenic infection. 

Further studies, with particular focus on immune responses under acute and chronic stress, 

may help to resolve some of the apparent contradictions in the effects of HSF1 on immunity. 

For example, it is possible that under acute stress, HSF1 first promotes activation of the 

inflammatory response. However, as downstream targets of HSF1 accumulate, they 

themselves can act in a negative feedback loop to dampen the immune response, reminiscent 

of the negative feedback loop mediated by HSP70 in regulation of HSF1 (Abravaya et al., 

1992).

Like the age-dependent decline in many quality control and stress response pathways, 

advanced age is also associated with a decline in immune function, a process known as 

immunosenescence (Pawelec and Solana, 1997). Aging is also accompanied by a decline in 

the capacity to recruit macrophages and other immune cells upon infection (Aprahamian et 

al., 2008; Ashcroft et al., 1998). It would be interesting to determine whether the 

perturbations in regulation of the immune response are due to defects in HSF1 signaling and 

HSR at advanced age. For example, would overexpression of HSF1 or ectopic activation of 

HSR promote a viable immune response at old age, similar to its effects on lifespan?

Asymmetric segregation of protein aggregates during cell division

As cells age, damaged proteins will begin to accumulate, and will eventually surpass the 

capacity of existing quality control mechanisms. This is exacerbated even further as quality 
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control mechanisms begin to collapse during advance age. In actively dividing cells, 

damaged cellular components that cannot be repaired or eliminated within the cell can be 

partitioned off into one cell, leaving the other cell free of this “cellular debris.” For example, 

in budding yeast, damaged protein aggregates are preferentially retained in the original 

mother cell, producing a new daughter cell that is clear of damaged proteins (Aguilaniu et 

al., 2003; Liu et al., 2010). While the exact mechanism is controversial, it is clear that 

protein aggregates are preferentially retained in the mother cell. While a comprehensive 

overview of the field is beyond the scope of this review (refer to (Higuchi-Sanabria et al., 

2014; Hill et al., 2017) for more detailed reviews), one model proposes that this process 

involves two complementary mechanisms: an actin-dependent physical retention of protein 

aggregates in the mother cell (Hill et al., 2016, 2017; Liu et al., 2010), and clearance of 

protein aggregates in the daughter cell (Hill et al., 2014). Several chaperones are involved in 

recognition and clearance of protein aggregates, some of which are direct targets of HSF1, 

including Hsp70.

Asymmetric segregation and damage retention are conserved in higher eukaryotes. For 

example, damaged proteins are sequestered in what are called “aggresomes,” which are 

asymmetrically apportioned in mammalian cells in a vimentin and tubulin-dependent 

manner (Ogrodnik et al., 2014; Rujano et al., 2006). In mammalian systems, cells destined 

to have longer longevity are rejuvenated, whereas those with shorter chronological lifespan, 

such as differentiating progeny of intestinal stem cells, retain damaged proteins (Bufalino et 

al., 2013). Beyond cell division, there exist evidence that post-mitotic cells also apportion 

damaged proteins into isolated environments to preserve cellular function. In C. elegans, 

misfolded proteins and organelles can be exuded out of the cell in membrane-bound vesicles 

termed “exophers,” which decrease proteotoxicity and promote health and function in 

neurons (Melentijevic et al., 2017). Analogous processes may promote cellular health in 

mammalian cells. Indeed there exist some evidence that aggregated poly-Q proteins can 

transfer between neurons, although the direct physiological consequence of these transfers is 

unclear (Costanzo et al., 2013).

Mitochondrial quality control and the UPRMT

While cytosolic quality control mechanisms, such as those mediated by HSF1, can have 

indirect beneficial effects on organelles, such as mitochondria (see below), these distinct 

environments have dedicated mechanisms to preserve their quality and function. The 

mitochondrion is an essential, membrane-bound organelle that serves as the primary source 

of energy production in the cell. Beyond its well-known function in metabolism, it also 

serves as a key regulator of other important processes, such as calcium signaling and 

apoptosis. As the central hub of energy production and housing a plethora of redox 

reactions, mitochondria are under constant oxidative stress. Accumulation of oxidative 

damage during cellular life is thus inevitable. Indeed, mitochondrial damage and loss of 

organelle function are hallmarks of advanced aging, implicated in age-related diseases, such 

as neurodegeneration and muscle myopathies (Letessier et al., 2007; Ramadasan-Nair et al., 

2014; Stauch et al., 2014). Not surprisingly, the cell has evolved numerous molecular 

pathways aimed at preserving the quality and function of this significant organelle. These 

protective mechanisms range from protein quality control (including UPRMT and 
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mitochondria-associated degradation), mitochondrial fusion and fission, mitophagy, and 

mitochondrial biogenesis. As all of these mechanisms rely on nuclear-encoded proteins, it is 

imperative for the mitochondria to be in continuous communication with the nucleus. This 

cross-talk is achieved via mitochondrial-nuclear signaling. In this section we discuss the 

UPRMT and other quality control mechanisms, which preserve the mitochondria both basally 

and under conditions of stress.

The mitochondrial unfolded protein response

Mitochondrial fitness and function is inarguably significant to cell viability, and, as 

mentioned above, its dysfunction is linked to aging and diseased states. However, 

counterintuitively, a growing number of studies have shown that a decline in or perturbations 

of mitochondrial function can lead to lifespan extension (Dillin et al., 2002; Liu et al., 2005; 

Owusu-Ansah et al., 2013; Yee et al., 2014). The reason for these apparently contradictory 

observations may have to do with the fact that impairment of mitochondrial fitness and 

function triggers the UPRMT, which results in beneficial effects on organismal health and 

lifespan (Durieux et al., 2011). In this section, we describe this response.

The UPRMT was originally identified in mammalian cells in which loss of the mitochondrial 

genome led to upregulation of mitochondrial chaperones, and was so named due to 

presumed effects on protein folding within mitochondria (Martinus et al., 1996). In the 

ensuing years, it has been shown that this stress response pathway can be activated upon 

mitochondrial insult and that it promotes nuclear transcription of genes involved in protein 

folding, as well as ROS defense, metabolism, and the innate immune response (Nargund et 

al., 2015; Schulz and Haynes, 2015). The UPRMT is activated under a variety of conditions 

including loss of mitochondrial proteostasis, mitonuclear imbalance, impaired mitochondrial 

physiology (for example, decreased electron transport chain function, perturbed redox 

environment, and so on), and oxidative damage, many of which are characteristic of 

advanced age (Dillin et al., 2002; Owusu-Ansah et al., 2013; Yoneda et al., 2004).

While mitochondria have their own genome, it encodes only a few genes, and they do not 

include stress-response genes. Therefore, just as stress within the ER or cytosol has to be 

efficiently communicated to the nucleus to activate a broad program of gene expression for 

recovery, mitochondrial stress must also be communicated to the nucleus. This process has 

been studied most extensively in C. elegans, where UPRMT is regulated at least in part by a 

transcription factor, ATFS-1, which can shuttle between mitochondria and nucleus (Fig. 2A). 

ATFS-1 contains both a nuclear localization sequence and mitochondrial signal sequence. 

Under basal conditions, ATFS-1 is imported into mitochondria where it is degraded by the 

Lon protease. When mitochondrial import is compromised, for example under conditions of 

mitochondrial stress, ATFS-1 import is reduced, resulting in accumulation and nuclear 

translocation of ATFS-1, and transcriptional activation of stress response genes (Nargund et 

al., 2012). ATFS-1 transcriptional activity is further regulated by the ubiquitin-like protein, 

UBL-5, and the homeobox protein, DVE-1. During conditions of mitochondrial stress, 

UBL-5 and DVE-1 dimerize, and together with ATFS-1 promote global transcription of 

genes required to regain mitochondrial homeostasis, including the mitochondrial 
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chaperones, hsp-6 and hsp-60 (Benedetti et al., 2006; Durieux et al., 2011; Haynes et al., 

2007; Houtkooper et al., 2013).

Recent studies have also shown that mitochondrial stress results in widespread changes to 

chromatin structure, which can be maintained throughout organismal lifespan. Upon 

exposure to stress, the histone methyltransferase, MET-2, interacts with the nuclear co-

factor, LIN-65, to promote H3K9-dimethylation, which promotes recruitment of DVE-1 to 

specific gene loci, ultimately activating transcription of UPRMT target genes (Tian et al., 

2016). It is possible that these epigenetic changes can be carried into adulthood, and that 

they extend lifespan in organisms experiencing stress during early life. Indeed, an 

independent study has shown that overexpression of two histone lysine demethylases, PFH8 

and JMJD3, is sufficient to activate UPRMT in the absence of stress and extend lifespan, 

providing further evidence that epigenetic changes under mitochondrial stress can have long-

lasting effects throughout lifespan (Merkwirth et al., 2016).

The UPRMT signaling network has not yet been fully characterized in mammals, though it 

has been proposed that the CHOP-C/EBPβ heterodimer acts to transcriptionally activate 

mitochondrial chaperones and proteases (Aldridge et al., 2007; Horibe and Hoogenraad, 

2007; Zhao et al., 2002). Unfolded proteins in the mitochondrial matrix stimulate the 

phosphorylation of JNK2, resulting in transcriptional activation of CHOP and activation of 

UPRMT (Aldridge et al., 2007; Zhao et al., 2002). In addition, the mammalian transcription 

factor, ATF5, which is induced in response to stressed conditions, such as defects in mtDNA 

replication (Tyynismaa et al., 2010), has been shown to mediate mammalian UPRMT 

(Fiorese et al., 2016). Specifically, shRNA knockdown of ATF5 in HEK293T cells 

suppressed induction of UPRMT target genes, including HSP70, LONP1, and HD-5, when 

cells were treated with paraquat, a drug that induces ROS production in the mitochondria. 

Moreover, loss of mitochondrial membrane potential was sufficient to induce ATF5-

mediated upregulation of these genes, suggesting that its molecular mechanism was similar 

to that of ATFS-1. Perhaps most interesting is that ATF5 can rescue defects in UPRMT and 

promote mitochondrial function in C. elegans lacking ATFS-1. Taken together these data 

support a role for ATF5 in mediating UPRMT in mammalian cells similar to ATFS-1 

function in C. elegans.

The activation of UPRMT is accompanied by a broad transcriptional response with 

pleiotropic effects on organismal health. UPRMT genes affect NAD+, TOR, ROS, and 

insulin signaling pathways, all of which have been implicated in lifespan regulation (Gomes 

et al., 2013; Haynes et al., 2007; Jensen and Jasper, 2014; Zarse et al., 2012). Furthermore, a 

seminal study in human cells using pharmacological inhibitors of mitochondrial matrix 

chaperones HSP90/TRAP1 and mitochondrial LON protease to activate UPRMT has 

identified downstream targets of UPRMT, including factors involved in pre-RNA processing, 

translation, and protein folding (Münch and Harper, 2016). While an in-depth review of 

these individual pathways is beyond the scope of this review, in combination these studies 

provide clear evidence that perturbations in mitochondrial function, such as ETC 

dysfunction, impact longevity (Dillin et al., 2002).
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Interestingly, activation of UPRMT under stress exposure is not limited to the confines of a 

single cell. Rather, when one cell experiences mitochondrial stress, it can send a signal to 

distal tissues, promoting further UPRMT in a non-autonomous manner. In C. elegans, ETC 

disruption or expression of toxic PolyQ aggregates in neurons results in massive induction of 

UPRMT in the intestine, measured by induction of hsp-6, a mitochondrial chaperone 

downstream of UPRMT (Berendzen et al., 2016; Durieux et al., 2011). As neurons do not 

innervate the intestine in C. elegans, the authors of these studies have hypothesized that a 

specific chemokine (or “mitokine”) must be responsible for this non-autonomous signaling 

from neurons to intestines. Consistent with this idea, the neuronal transmission of UPRMT to 

the intestine requires the release of dense core vesicles and the neurotransmitter serotonin. In 

addition, UPRMT components are required in peripheral tissues to respond to neuronal cues 

as RNAi knockdown of dve-1, atfs-1, ubl-5, and clpp-1 suppressed UPRMT activation in 

peripheral tissues under polyQ40-induced mitochondrial stress in neurons (Berendzen et al., 

2016). Beyond this, an elaborate neuron-specific CRISPR screen has identified six 

neuropeptides required for UPRMT across tissues. Only one of these six neuropeptides, 

FLP-2, was sufficient to induce non-autonomous UPRMT, such that its deletion blocks non-

autonomous UPRMT signaling, while its expression solely in neurons is sufficient to induce 

UPRMT in the intestine (Shao et al., 2016). Evidence of non-autonomous UPRMT signaling 

is also present in mammals. Human patients with mitochondrial myopathies secrete elevated 

levels of FGF-21 from muscles, which can promote ketogenesis in the liver and general lipid 

metabolism, both direct physiological consequences of UPRMT activation (Suomalainen et 

al., 2011). Similarly, mice with mitochondrial impairment in muscle cells due to defects in 

autophagy also show increased expression of Fgf21. These mice have a significant decline in 

fat mass and improved insulin sensitivity (Kim et al., 2013).

While many studies have shown that activation of UPRMT promotes mitochondrial quality 

and lifespan, other studies suggest that prolonged exposure to a hyperactive stress response 

pathway can be deleterious. For example, a recent study in C. elegans has shown a role for 

UPRMT in preserving mutant mitochondrial DNA (mtDNA) harboring a 3.1-kb deletion of 

four OXPHOS subunits. In these strains, hyperactivation of UPRMT, by expression of a 

constitutively active ATFS-1, results in enhanced propagation of mutant mtDNA and 

subsequent loss of efficiency in respiration (Lin et al., 2016). Similarly, there is evidence that 

UPRMT can promote cancer cell survival. Using superoxide dismutase 2 (SOD2) as a marker 

for UPRMT, Kenny et al. found that aggressive and metastatic primary breast cancers have 

elevated UPRMT activity and hence propose a model for UPRMT as a means to maintain 

mitochondrial fitness and integrity throughout metastasis (Kenny et al., 2017). Furthermore, 

key UPRMT components, such as ATF5, have been shown to be essential for the progression 

of glioblastomas (Arias et al., 2012). These data point to UPRMT as a potential candidate for 

therapeutic intervention against cancer, but it remains unclear whether the repression of 

UPRMT would be detrimental to human health. A better understanding of the mechanistic 

pathways involved in both the positive and negative consequences of UPRMT is essential 

before it can be considered as a target for any human disease.
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Mitochondrial housekeeping: maintaining mitochondrial quality control

As described above, the cell can mount the UPRMT to upregulate chaperones to respond to 

unfolded protein stress and repair protein damage. Housing the electron transport chain and 

its many redox reactions, the mitochondrion is subject to oxidative damage through 

production and accumulation of ROS, which can damage proteins, lipids, and DNA (Tal et 

al., 2009). In addition to UPRMT, damaged mitochondrial proteins can also be removed via 

mitochondria-associated degradation (MAD), which involves the physical removal of 

damaged proteins and their degradation through the ubiquitin-proteasome quality control 

pathway (Tanaka et al., 2010) (Fig. 2B). Briefly, damaged or unnecessary proteins are 

retrotranslocated to the outer mitochondrial membrane, where they are targeted for MAD by 

ubiquitination through multiple E3 ubiquitin ligases. These ubiquitinated proteins recruit 

p97 (Cdc48p in yeast), which extracts the ubiquitinated proteins from the mitochondria and 

presents them to the proteasome for degradation, reminiscent of the process of ER-

associated degradation (ERAD) described below (Chatenay-Lapointe and Shadel, 2010; Xu 

et al., 2011). Although the exact mechanism of MAD is not fully understood, it is known 

that in yeast, Vms1p (homologue of mammalian valosin-containing protein, VCP) and/or 

Doa1p recruit Cdc48p to the mitochondria through specific cofactors, some of which include 

Ufd2p (Heo et al., 2010; Wu et al., 2016).

As a dedicated mechanism to preserving the mitochondria, modulation of MAD is likely to 

have repercussions in aging and disease pathology. For example, mutations in critical 

components of MAD, such as Cdc48p and VCP result in decreased membrane potential and 

cell death, both of which are hallmarks of aging and disease (Bartolome et al., 2013; Braun 

et al., 2006). Moreover, Vms1p overexpression and ectopic activation of MAD can 

counteract mitochondrial dysfunction and cell death in yeast expressing a variant of 

ubiquitin B associated with Alzheimer’s disease (Braun et al., 2015). Several lines of 

evidence suggest that the efficiency of the ubiquitin proteasome system declines as a 

function of age and in age-related diseases, and that its ectopic activation can alleviate 

proteotoxic stress and have beneficial effects on lifespan (Ekstrand et al., 2007; Kujoth et al., 

2005; Vilchez et al., 2012). These changes are likely to have direct effects on MAD. It 

remains unclear whether other critical components of MAD also become dysfunctional with 

age, and whether they may be targeted to correct age-related deficiencies in protein 

homeostasis and mitochondrial deficiencies.

Beyond protein repair, mitochondria can also undergo dramatic alterations in structure and 

function via fusion and fission of the compartment, which reorganize the organelle under 

conditions of stress. The first discovery that alteration of fusion and fission dynamics can 

alter lifespan came from a study in two fungi models, which showed that a push towards 

mitochondrial fusion can extend lifespan by perturbing apoptosis (Scheckhuber et al., 2007). 

Since then, a number of studies have linked the beneficial effects of both fusion and fission 

to lifespan and disease (Chaudhari and Kipreos, 2017; Higuchi-Sanabria et al., 2016a; Rana 

et al., 2017; Weir et al., 2017). While a comprehensive analysis of fusion and fission is 

beyond the scope of this review, below we highlight the impact of mitochondrial dynamics 

on some quality control pathways, including complementation, mitophagy, and asymmetric 
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cell division (refer to the following reviews for comprehensive analysis of mitochondrial 

fusion and fission (Trotta and Chipuk, 2017; Westermann, 2010, 2012).

Mitochondrial fusion can promote complementation between damaged mitochondria, while 

mitochondrial fission can compartmentalize damage to a single area of the organelle (Fig. 

2C–F). The mitochondrial genome encodes subunits of ATP synthase, electron transport 

chain, and tRNAs/rRNAs, and these genes can collect mutations over time. However, 

mitochondria containing mutant DNA can fuse with healthy mitochondria within a single 

cell to complement the mutated genes (Nakada et al., 2001; Yoneda et al., 1994). 

Complementation is not unique to DNA, and mitochondrial fusion can promote cross-

complementation of lipids and proteins to mitigate damage (Huang and Frohman, 2012; 

Westermann, 2002).

Damage beyond repair: poorest quality mitochondria are eliminated from the cell

When mitochondrial damage exceeds the repair capacity of the cell, it can have deleterious 

effects. To prevent cellular damage, dysfunctional mitochondria are subject to autophagy 

(also known as mitophagy) (Fig. 2E). Current models suggest that mitochondrial fission can 

segregate regions of mitochondria harboring excessive damage and partition it from an 

otherwise healthy organelle for mitophagy. Mitophagy can preferentially eliminate damaged 

mitochondria through the activity of PINK1 and Parkin. Similar to the ATFS-1 mechanism 

described above, PINK1 is imported into healthy mitochondria via the translocases of the 

outer and inner membrane (TOM/TIM), where it is subsequently cleaved by mitochondrial 

proteases and ultimately degraded by the cytosolic proteasome or directly in the matrix 

(Lazarou et al., 2012; Yamano and Youle, 2013). In damaged, depolarized mitochondria, 

PINK1 import is perturbed, leading to its accumulation on the outer surface of the 

mitochondria, where it phosphorylates ubiquitin to activate the E3 ubiquitin ligase Parkin 

(Koyano et al., 2014). Parkin then ubiquitylates the surface of the mitochondrion, marking 

the it for autophagic elimination (Narendra et al., 2008). Because mitophagy eliminates only 

the lowest quality (i.e. lowest membrane potential, accumulation of damaged proteins and 

lipids, etc.) mitochondria, this process is intimately tied to mitochondrial fission, and defects 

in fission prevent mitophagy (Twig et al., 2008).

Similar to other mechanisms of mitochondrial quality control, mitochondrial fusion, fission 

and mitophagy are also linked to aging and lifespan regulation, and their efficiency declines 

as a function of age (Diot et al., 2015; García-Prat et al., 2016). This loss of efficiency may 

underlie some age-related diseases, such as cancer, neurodegeneration, and metabolic 

syndrome (Kitada et al., 1998; Valente et al., 2004). A significant decline in mitophagy 

activity is found in brain tissues of aged mice, which results in compromised stress 

resistance and increased mitochondrial dysfunction (Sun et al., 2015). Moreover, a 

suppression of mitophagy decreases lifespan in Drosophila and C. elegans (Palikaras et al., 

2015; Park et al., 2006), whereas simultaneous loss of mitochondrial fusion and fission 

decreases lifespan in S. cerevisiae due to defects in mitophagy (Bernhardt et al., 2015). In 

contrast, pharmacological activation of mitophagy by treatment with urolithin A (Ryu et al., 

2016) or by tomatidine (Fang et al., 2017) prolongs lifespan and healthspan in C. elegans. 

Urolithin A also increases muscle function in rodents. Defects in mitophagy are also 
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observed in neurodegenerative disorders, such as Parkinson’s disease, Alzheimer’s disease, 

and Huntington’s disease. Both PINK1 and Parkin mutations are associated with hereditary 

Parkinson’s disease (Kitada et al., 1998; Valente et al., 2004) as loss of PINK1 or Parkin 

function results in degeneration of dopaminergic neurons due to mitochondrial dysfunction 

(Greene et al., 2003; Park et al., 2006).

The link between mitophagy and cancer is complex as both defects and augmentation of 

autophagy have been identified in specific cancers. For example, Parkin, a key player in 

mitophagy, is a potential tumor suppressor that is commonly deleted in multiple cancers, and 

its deficiency promotes the progression and aggressiveness of breast, colon, and liver 

cancers (Cesari et al., 2003; Letessier et al., 2007; Poulogiannis et al., 2010; Veeriah et al., 

2010). More specifically, knockout of Parkin in mice increases spontaneous liver tumor 

formation (Zhang et al., 2011). PINK1 has also been linked to the survival and prognosis of 

adrenocortical tumors (Fragoso et al., 2012; de Reyniès et al., 2009). By contrast, an 

increase in mitophagy in some solid tumors promotes oxygen homeostasis, lower ROS 

generation, and ultimately the survival of cancer cells in hypoxic conditions (Sowter et al., 

2001; Zhang et al., 2008). In addition, ectopic activation of mitophagy regulatory genes 

leads to proliferation and tumor growth in nude mice.

Leaving the worst behind: asymmetric segregation of mitochondria in dividing cells

For dividing cells, such as yeast, quality control can be accomplished by asymmetric cell 

division – that is, by partitioning damaged, dysfunctional mitochondria to one cell to ensure 

the survival of the other. In S. cerevisiae, mitochondria undergo asymmetric inheritance 

based on their functional state, such that mitochondria inherited by the daughter (the newly 

forming cell) is highly functional with higher membrane potential and redox state (Higuchi 

et al., 2013; Higuchi-Sanabria et al., 2014; McFaline-Figueroa et al., 2011). This asymmetric 

segregation is, in part, accomplished by the actin cytoskeleton. During cell division, 

mitochondria traffic along dynamic actin cables, which constantly undergo a retrograde flux 

in the bud to mother direction (i.e. from the polar end of the newly budding daughter cell to 

the opposite polar end of the original cell). Mitochondria being inherited by the daughter cell 

must overcome this retrograde flow. Therefore, damaged, dysfunctional mitochondria are 

incapable of overcoming the retrograde flow of actin cables cannot be inherited by the 

daughter cell and are ultimately sequestered in the mother cell (Higuchi et al., 2013). Recent 

evidence also suggests that mitochondrial fusion and fission contribute to asymmetric cell 

division by modulating the shape and size of the “mitochondrial unit” that is transported 

between cells (Böckler et al., 2017). Asymmetric mitochondrial division is not unique to 

budding yeast: human mammary stem-like cells also asymmetrically apportion their 

mitochondria, in such a way that the daughter cell destined to differentiate inherits aged 

mitochondria, while the cell maintaining stemness inherits the younger mitochondrial pool 

(Katajisto et al., 2015). It is not known whether these pathways decline with age. There is 

evidence that short-lived mutant cells exhibit perturbations in asymmetric segregation of 

mitochondria due to collapse of the cytoskeletal networks involved in maintaining this 

segregation, whereas the opposite is true for long-lived mutants (Higuchi et al., 2013; 

Higuchi-Sanabria et al., 2016b). Moreover, daughter cells of older mothers have a shorter 

lifespan than those from younger mothers, suggesting the capacity of the mother cell to 
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produce healthy offspring declines with age (McFaline-Figueroa et al., 2011). It would be 

interesting to understand whether the process of asymmetric cell division as a whole 

declines with age.

These studies bring to question whether non-dividing, post-mitotic cells can benefit from 

similar mechanistic pathways, or whether they rely solely on other mitochondrial quality 

control pathways. Indeed, mitochondria are found to accumulate at the immunological 

synapse that forms between T-cells and antigen-presenting cells during T-cell activation 

(Quintana et al., 2007) and at neurological synapses during neuronal transmission (Guo et 

al., 2005; Stowers et al., 2002; Verstreken et al., 2005), but it is yet unknown whether these 

populations of mitochondria exhibit differences in quality compared to other populations. 

However, in both dividing and non-diving cells, mitochondrial fusion and fission have been 

tightly linked to mitophagy, as described above.

Maintenance of the endoplasmic reticulum and UPRER

Similar to the mitochondria, the ER is a membrane-bound organelle with a distinct 

environment and has its own dedicated stress response pathways. As the site for the 

synthesis and folding for the vast majority of transmembrane and secreted proteins, the 

endoplasmic reticulum (ER) has evolved mechanisms for sensing and communicating 

protein misfolding stress. The best understood of these is the unfolded protein response 

(UPRER), in which transmembrane proteins sense the accumulation of misfolded proteins 

leading to signaling events that activate transcription of genes to mitigate the stress, such as 

chaperones or redox factors. Terminally misfolded proteins in the ER are extracted by ATP-

driven motors and polyubiquitylated to promote their degradation by the proteasome by a 

process called ER-associated degradation (ERAD). When damage has exceeded repair, parts 

of the ER can be targeted for large-scale degradation through ERphagy (also known as 

reticulophagy). Here we focus on recent findings and emerging themes in ER quality 

control, touching upon their impacts on aging and disease pathology with particular attention 

to UPRER, ERAD, ERphagy, and ER diffusion barriers.

The unfolded protein response of the endoplasmic reticulum

In metazoans, the UPRER consists of three distinct signaling pathways that ultimately 

coordinate gene expression at the level of transcription and translation to mitigate protein 

folding stress in the ER. Each arm of the UPRER consists of a luminal facing sensor, which 

induces a signal to the nucleus upon detection of protein misfolding (Fig. 3A). IRE1 is the 

most ancient of the sensors (conserved throughout eukaryota). It exists as a monomer until 

its luminal domain directly interacts with unfolded proteins to trigger homodimerization, 

followed by autophosphorylation by its cytosolic kinase domain. A third domain in IRE1, 

with RNase activity, executes an unconventional splicing reaction, removing an intron from 

the mRNA encoding the transcription factor, XBP1. The spliced mRNA is then translated 

into XBP1s, which subsequently translocates to the nucleus to activate transcription of 

chaperones, ERAD factors, and enzymes in the lipid biosynthetic pathway (reviewed by 

(Frakes and Dillin, 2017; Walter and Ron, 2011)). Similarly, another transmembrane UPR 

component, PERK also undergoes homodimerization and phosphorylation in response to 
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unfolded proteins in the lumen. PERK then phosphorylates translation initiation factor 

eIF2α, leading to global downregulation of translation by limiting eIF2. At the same time, 

specific translation of activating transcription factor 4 (ATF4) occurs, which similarly 

induces a transcriptional program to cope with ER stress (reviewed in (Hetz, 2012)). A third 

arm of the UPR involves ATF6, an ER transmembrane protein that is activated by unknown 

mechanisms. Once activated, it translocates to the Golgi, where it is cleaved to create an N-

terminal fragment that functions as a transcription factor (Haze et al., 1999; Schindler and 

Schekman, 2009; Ye et al., 2000).

Similar to the findings in C. elegans, that perturbations to neuronal mitochondria can trigger 

stress to distal tissues of an organism, the UPRER possesses cell-nonautonomous properties 

(Taylor and Dillin, 2013). Neuronal UPRER plays a critical role in this process, leading to a 

hypothesis that neurons are particularly sensitive to stress and efficient at communicating 

stress to the rest of an organism. For example, the UPRER controls innate immunity in C. 
elegans dependent on a G-protein coupled receptor, OCTR-1, in sensory neurons that signals 

upregulation of non-canonical UPR genes beneficial against infection in distal tissues (Sun 

et al., 2011, 2012). Moreover, ectopic activation of UPRER in neurons by overexpression of 

XBP1s extends overall lifespan and ER-stress resistance in C. elegans through a still 

unidentified signaling molecule released in small clear vesicles from neurons to receiving 

cells (e.g. intestine) (Taylor and Dillin, 2011). Remarkably, these neuronal functions of the 

UPRER appear to be conserved across metazoans, as XBP1s overexpression in a region 

within the hypothalamus upregulates metabolic activity in the liver and improves insulin 

sensitivity in rodents (Williams et al., 2014).

These findings suggest a link between one of the most well conserved stress signaling 

pathways to the health of an organism. What aspects of multicellularity necessitate the 

evolution of this phenomenon? Do other, more recently evolved arms of the UPRER also 

contribute to its cell non-autonomous properties? Additionally, given that the microbiota 

secretes neurotransmitters and may play a role in brain function, could intestinal signals 

affect neuronal UPRER to trigger UPR activation in other tissues or the intestine itself? 

Elucidating this unexpected feature of the UPRER will provide insight into the networks of 

signals that control homeostasis at the organismal level.

Generally, the ability of an organism to respond to environmental stress decreases with age. 

It is not surprising, then, that many age-related diseases such as neurodegeneration, 

metabolic disease, and cancer all share common features of perturbed UPRER. In C. elegans, 

the ability to activate UPRER in response to stress declines sharply during aging, which has 

direct implications for lifespan regulation (Taylor and Dillin, 2013). Similarly, mammals 

also experience a breakdown of ER protein homeostasis as a function of age. Expression of 

genes involved in ER quality control, such as the chaperones BiP and calnexin decline in 

aged mouse cerebral cortex and hippocampus, respectively (Naidoo et al., 2008; Nuss et al., 

2008). Moreover, aging results in accumulation of oxidative and nitrosative stress, which 

damages and decreases enzymatic activity of key ER chaperones, including BiP and protein 

disulfide isomerase (PDI) (Rabek et al., 2003; Yang et al., 2015). The loss of key ER 

chaperones results in increased accumulation of immature and denatured proteins, and 

ultimately proteotoxicity and cell death. ER stress and accumulation of damaged proteins are 

Higuchi-Sanabria et al. Page 17

Dev Cell. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a prominent feature in neurodegenerative disorders (Hu et al., 2000), and upregulation of ER 

chaperones can actually protect neuronal cells during stress (Ko et al., 2002; Tanaka et al., 

2000). Therefore, hyperactivation of specific branches of UPRER can have beneficial effects 

on lifespan and healthspan: ectopic expression of the IRE1 branch of UPRER by 

overexpression of the spliced XBP1s results in extended lifespan and stress resistance in C. 
elegans (Taylor and Dillin, 2013), and PERK-eIF2 α signaling provides neuroprotection by 

decreasing global translation and protecting the ER from accumulation of damaging 

misfolded and mutant proteins (Das et al., 2015; Saxena et al., 2009).

Despite these studies providing evidence for a beneficial role in UPRER, chronic or 

irreversible UPRER can shift from being protective to pro-apoptotic. For example, sustained 

activation of PERK can promote upregulation of the transcription factor CHOP, which can 

promote ER-stress induced apoptosis through ATF4 and ATF6 (Cao and Kaufman, 2012). 

CHOP inhibits the survival protein, BCL-2, and can promote apoptosis by enhancing BAX- 

and BAK-dependent apoptosis through the mitochondrial caspase cascade (Hetz and 

Mollereau, 2014; Soo et al., 2009). Beyond apoptosis, over-activation of the PERK arm of 

UPRER can result in sustained translational repression through eIF2α, which can promote 

synaptic failure and neuronal death, effects observed in prion-disease mouse models. In this 

context, decreasing UPRER activity was proposed as a therapeutic intervention. Indeed, 

reduction of PERK activity using a PERK inhibitor restored protein synthesis in neurons and 

prevented neurodegeneration and behavior impairment caused by prion-disease in mice 

(Moreno et al., 2013). In another study, the IRE1-XBP1 arm of UPRER was considered as a 

therapeutic target for breast cancer. XBP1 is activated in triple negative breast cancer, and its 

inhibition prevented tumor growth and relapse (Chen et al., 2014). However, it is important 

to remember that UPRER is an indispensable quality control mechanism, and chronic PERK 

inhibition can result in pancreatic toxicity and loss of B cell function (Harding et al., 2001; 

Moreno et al., 2013). Taken together, these studies highlight the complexity of UPRER 

signaling and show that it can have both positive and negative effects on aging and diseases 

pathology. Thus an important question is which branches of UPRER, if any, can be 

reasonably targeted for therapeutic intervention. Perhaps more realistic would be to dissect 

the downstream targets of UPRER, and target specific chaperones and molecular pathways, 

rather than inhibiting or activating master transcriptional regulators.

Keeping the factory clean: concerted efforts of ERAD and autophagy in ER quality control

Despite the highly coordinated ER quality control machinery described above, some proteins 

synthesized in the ER or native to the ER may still become terminally misfolded, unable to 

be repaired by ER-resident or UPRER-induced chaperones. These damaged proteins need to 

be degraded. However, given its major role in protein synthesis, the number of proteases in 

the ER is limited, and thus misfolded proteins must be translocated out of the ER to be 

degraded by the cytosolic ubiquitin-proteasome system through ERAD (Brodsky, 2012) 

(Fig. 3B). The machinery of ERAD and its substrate recognition mechanism are complex 

and under many levels of control (reviewed in (Brodsky, 2012)) and the precise mechanism 

by which proteins exit the ER during ERAD remains unknown, although a model involving 

formation of a channel involving multiple molecular players has been proposed (reviewed 

thoroughly in (Zattas and Hochstrasser, 2015)). Luminal and transmembrane unfolded 
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proteins are recognized by a large transmembrane protein complex centered around the 

RING ubiquitin ligases, Hrd1p and Doa10p (Ast et al., 2014; Habeck et al., 2015). This 

complex also includes the transmembrane proteins Hrd3p, Usa1p, and Der1p and the 

luminal protein Yos9p (Carvalho et al., 2006). A recently solved Cryo-EM structure of the 

ERAD machinery revealed that Hrd1p dimers form a protein conducting channel in complex 

with Hrd3p to retro-translocate misfolded proteins after ubiquitylation (Schoebel et al., 

2017). Upon poly-ubiquitylation of the unfolded substrate by this complex, the AAA+ 

ATPase Cdc48 (p97 or VCP in Homo sapiens) drives its extraction from the ER membrane 

into the cytosol where it is subjected to proteasomal degradation (Xia et al., 2016). Recently, 

the mechanism by which Cdc48p unfolds and translocates its targets was described using an 

elegant in vitro system, revealing that Cdc48p pulls polyubiquitylated substrates through its 

central pore and requires a deubiquitylase for release of substrate (Bodnar and Rapoport, 

2017). Study of the mechanism of protein translocation of p97/VCP has also revealed that 

multisystem proteinopathy-causing mutations in the gene (Johnson et al., 2010; Watts et al., 

2004) might increase it unfoldase activity in in vitro assays (Blythe et al., 2017), suggesting 

a gain-of-function might underlie proteostasis perturbation in multisystem proteinopathy.

Beyond its role in protein quality control in the ER, ERAD also maintains protein quantity 

control by regulating protein turnover (Kreft, 2015). ERAD is essential for maintaining 

proper levels of ER-resident proteins, and of proteins that function as part of stoichiometric 

multi-protein complexes (reviewed in (Printsev et al., 2016)). In both cases, ERAD 

efficiency depends on tagging of proteins and their targeting to the cytosolic ubiquitin-

proteasome system.

Misfolded proteins that are resistant to ERAD can be shunted from ERAD to quality control 

autophagy via a Vps34/beclin-1 initiation machinery (Houck et al., 2014). Other ER 

components, such as lipids, which cannot be cleared through ERAD and conventional 

proteostasis mechanisms, are also under quality control surveillance via autophagy. Under 

ER stress induced by chronic phospholipid imbalance, the ER and mitochondrial membranes 

undergo dramatic perturbations in morphology and function. This activates the UPRER, 

promoting Hsp104p recruitment to the ER, as well as lipid droplet formation at ER 

aggregates. It is likely that excess lipids and damaged proteins are removed from the 

organelle into lipid droplets, which can be shuttled to the vacuole for degradation in a 

selective degradation machinery, known as microlipophagy (Vevea et al., 2015). Lastly, the 

ER itself can be degraded by selective autophagy via ER-phagy (Fig. 3C). Recent 

observations suggest that ER-phagy occurs via interactions of ER-bound autophagy 

receptors with cleaved LC3, LC3-I. LC3-I is conjugated onto phospholipids of the 

phagophore membrane (also called the isolation membrane, which initiates 

macroautophagy) by ubiquitylation-like chemistry and becomes LC3B–II. This interaction 

leads to engulfment of the ER by the tethered phagophore. There are three ER-bound 

receptors for LC3-II including FAM134B, SEC62 (Khaminets et al., 2015), and RTN3 

(Grumati et al., 2017). In yeast, ER stress causes massive ER expansion and formation of 

“ER whorls,” which are subject to autophagy (Bernales et al., 2006). The ER whorls are 

degraded through the vacuole in a distinct form of ER-phagy independent of known core 

autophagy machinery, providing a means for the cell to control organelle size by degrading 

excess ER membranes (Schuck et al., 2014).
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Analogous to MAD and mitophagy, it is expected that when the function of the cytosolic 

ubiquitin-proteasome system or lyososomes are compromised during aging and diseased 

states, ERAD/ER-phagy efficiency would also decline. However, the direct impact of aging 

or disease pathology on ERAD/ER-phagy, and conversely, the impact of ERAD and ER-

phagy on aging and disease, are still unclear. Circumstantial evidence links ERAD 

deficiency with age-related diseases. For example, a study in mice fed alcohol or high fat 

diets for prolonged periods of time found distinct alterations in expression of ERAD genes 

due to a significant decline in DNA methylation of promoter regions of major ERAD genes 

(Han et al., 2013a). Moreover, yeast cells and cultured neuron-like PC12 cells expressing 

poly-Q huntingtin protein had dramatic dysfunction in ERAD. In these cells, overexpression 

of major ERAD players, such as Npl4p and Ufd1p, ameliorated polyQ-mediated 

proteotoxicity (Duennwald and Lindquist, 2008). Finally, reduced expression of ERAD 

components significantly shorten lifespan in C. elegans. The link between ER-phagy and 

aging or disease is even less clear. Future work should examine whether ERAD/ER-phagy 

components decline with age, and whether ectopic activation can rescue loss of proteostasis 

at advanced age. In addition, it would be important to determine whether selective activation 

of ERAD/ER-phagy components represents a therapeutic avenue for protein-folding 

diseases, such as Alzheimer’s and Huntington’s disease.

Diffusion barriers in quality control of the endoplasmic reticulum

Like mitochondria, the ER also segregates asymmetrically on the basis of function and 

quality during cell division. As an interconnected organelle that generally remains 

topologically connected between the two dividing cells until cytokinesis, it is surprising that 

the ER can maintain two functionally distinct environments. Fluorescence loss in 

photobleaching (FLIP) experiments where fluorescent proteins were targeted to the ER 

revealed that a single ER reticulum can maintain two functionally distinct regions by 

formation of a diffusion barrier at the ER membranes. This phenomenon was originally 

identified in yeast, where a diffusion barrier forms at the ER membranes at the bud neck. 

The barrier divides the ER into two distinct compartments, such that the daughter cell 

contains higher quality ER with correctly folded proteins, while the mother cell retains 

damaged, misfolded proteins and protein deposits within the ER (Chao et al., 2014; Clay et 

al., 2014; Luedeke et al., 2005; Saarikangas et al., 2017). This functional segregation also 

extends to the Golgi and plasma membrane (Clay et al., 2014; Shepard et al., 2003; 

Takizawa et al., 2000). Production and maintenance of the diffusion barrier is dependent on 

many factors. Briefly, a septin ring is formed and recruits polarity proteins, including Bud1p 

and Bud5p. These proteins can activate essential polarisome (the machinery required for 

sequestration of protein aggregates to the mother cell during yeast cell division (Liu et al., 

2010)) proteins, such as Pea2p and Bud6p, which promote actin cable assembly, providing 

the foundation and scaffold for sphingolipid accumulation at the bud neck (Chao et al., 

2014). Mutations that disrupt many of the components essential for maintaining the 

diffusion barrier in the ER result in free diffusion of damaged proteins from the mother into 

the daughter cell, and ultimately, decreased lifespan of the daughter cell (Clay et al., 2014).

Mammalian cells also show an overlap between sub-cellular localization of septins and 

regions of restrictive diffusion. For example, septin localization is found at the dendritic 
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spines of neurons where diffusion of ER proteins is relatively restricted (Cui-Wang et al., 

2012; Tada et al., 2007). Thus, it is possible that diffusion barriers mediated by septins are 

also functionally significant in the ER of higher eukaryotes. Similar FLIP studies have found 

that diffusion barriers exist in the ER membranes of both C. elegans embryos and of mouse 

neural stem cells (Lee et al., 2016; Moore et al., 2015). In mouse neural stem cells 

undergoing mitosis, damaged, ubiquitinated proteins and other unfavorable components, 

such as ectopically expressed progerin, asymmetrically segregate into non-stem progeny to 

maintain a “pristine” state in the stem cell lineage (Moore et al., 2015). Perhaps most 

intriguing, the efficiency of the diffusion barrier diminishes with age, and older neural stem 

cells lose the capacity to partition damaged proteins into a single daughter cell. As the cell 

ages, critical cellular components, such as the actin cytoskeleton and lipid homeostasis, 

collapse, and it is possible that the collapse of these units – essential for ER diffusion barrier 

maintenance – leads to the loss of asymmetric cell division at advanced age. Still to be 

determined is whether similar diffusion barriers exist in post-mitotic cells to 

compartmentalize specific regions of the ER, and if they have implications in aging or 

disease pathology.

Cross-talk among stress response pathways

The cell is compartmentalized into specific organelles and subregions that are seemingly 

isolated, each equipped with its own specific stress response pathway to preserve 

homeostasis during times of stress. However, it is becoming clearer that the fitness, 

functions, and stress responses of cellular sub-compartments are interconnected and 

interdependent (Dillin et al., 2014). A steadily increasing number of studies highlights the 

importance of each organelle upon every other organelle in the cell. For example, proper 

mitochondrial function is dependent on a functionally acidic vacuole (Hughes and 

Gottschling, 2012), mito-nuclear balance of proteins encoded in both the mitochondrial and 

nuclear genome (Houtkooper et al., 2013), and on organelle restructuring through ER-

dependent mitochondrial fission (Friedman et al., 2011). Here, we focus on cross 

communication between the cytosol, ER, and mitochondria and speculate on their 

significance in aging and disease pathology.

The inseparable duo: mitochondria and ER communication

The mitochondria and ER are two distinct organelles that do not share intra-organelle 

environments. However, they are highly intertwined and linked via strong contact sites. 

These sites are tethered by a protein complex consisting of Mmm1p, Mdm10p, Mdm12p, 

and Mdm34p (ERMES: the ER-mitochondria encounter structure) in yeast (Kornmann et al., 

2009), and IP3 receptors and Mfn2 in mammals (de Brito and Scorrano, 2008; Szabadkai et 

al., 2006). These contact sites, termed mitochondria-ER associated membranes (MAMs) are 

essential for cellular physiology, as their disruption results in defects in calcium signaling in 

both yeast and mammals, and defects in energy metabolism, synaptic transmission, ROS 

generation in mammals (Hayashi et al., 2009; Vance, 2003; Voelker, 2009; Wiedemann et 

al., 2009). MAMs are essential for both micro- and macro-molecular exchange. For 

example, Ca2+ cycling occurs between mitochondria and ER, where the sarcoplasmic 

reticulum acts as a consistent source of Ca+ essential for maintaining mitochondrial Ca2+ 
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levels. Changes in the distance of then mitochondria-ER interface, even on the order of 

several nanometers can cause dynamic shifts in Ca2+ cycling between the two organelles, as 

well as Ca2+ efflux into the cytosol (Csordás et al., 2010). Abnormalities in Ca2+ 

homeostasis within the ER and mitochondria can have major consequences, such as protein 

folding dysfunction in the ER or mitochondrial permeability transition pore opening (the 

process which promotes apoptosis by release of pro-apoptotic components from the 

mitochondria), ultimately leading to excitotoxicity of neurons in ALS (Grosskreutz et al., 

2010; Lautenschläger et al., 2013). In addition to Ca2+ cycling, MAMs are a site of lipid 

exchange, required for the synthesis of phospholipids. For example, mitochondria act as a 

site for phosphatidylethanolamine synthesis, which is an essential step in the 

phosphatidylethanolamine N-methyltransferase (PEMT) pathway to synthesize 

phosphatidylcholine, and requires lipid exchange between the ER and mitochondria (Gaigg 

et al., 1995; Vance, 2003; Voelker, 2009). Perturbations in these pathways result in 

phospholipid imbalance, which can have dramatic effects on ER and mitochondrial 

morphology, fitness, and function (Testerink et al., 2009; Vevea et al., 2015), and ultimately 

result in the progression of major diseases, including muscular dystrophy (Mitsuhashi et al., 

2011) and steatohepatitis (Li et al., 2006).

As organelles with such close proximity and constant communication, it is logical that 

quality control mechanisms of the ER or mitochondria would affect the quality and function 

of the other. Indeed, some components of the UPRER and UPRMT are shared: GCN2 

activation during mitochondrial stress and PERK activation during ER stress both lead to 

phosphorylation of eIF2α and to a decrease in global translation (reviewed in (Arnould et 

al., 2015)). Moreover, GCN2 and PERK can both activate ATF4, which acts as a 

transcription factor to upregulate genes involved in mitochondrial and ER quality control, 

including Parkin and CHOP, respectively (Bernales et al., 2012; Bouman et al., 2011). 

Parkin itself can also directly affect UPRER by enhancing XBP1s signaling. Parkin promotes 

XBP1s signaling by alleviating the transcriptional, translational, and post-translational 

repression of XBP1s by p53, which has direct implications in Parkinson’s Disease (Duplan 

et al., 2013). ERAD and MAD also share critical components: Vms1p and Ufd1p work 

together with Cdc48p to recruit ubiquitin-marked substrates within the ER and mitochondria 

for proteasomal degradation (Heo et al., 2010; Wu et al., 2016). Under general stress, 

Vms1p and Cdc48p promote degradation of nuclear and ER substrates (Baek et al., 2012; 

Tran et al., 2011), but upon mitochondrial stress, Doa1p and/or Vms1p bind to Cdc48p to 

mediate clearance of damaged mitochondrial substrates (Wu et al., 2016). Beyond sharing 

critical components, it would be interesting to determine whether there is direct 

communication between ERAD and MAD, and whether they have implications in aging and 

disease.

Although numerous studies have characterized these ER-mitochondria interactions, the 

direct contributions and implications of these interactions to aging are yet to be determined. 

It is known, however, that ER-mitochondria interactions are disrupted in Alzheimer’s 

disease, Parkinson’s disease, ALS, and other neurodegenerative and age-related diseases. 

Several aggregation-prone proteins, including Aβ, TDP43, and α-synuclein all alter ER-

mitochondria associations, often perturbing their critical functions, for example in CA2+ 

exchange (Area-Gomez et al., 2009; Calì et al., 2012; Tsao et al., 2012). However, there are 

Higuchi-Sanabria et al. Page 22

Dev Cell. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



some inconsistencies in these data, and current research is limited to disease models. 

Moving forward, it would be interesting to determine what happens to ER-mitochondria 

contacts during aging. Do they, like other organelles and quality control mechanisms, break 

down and become dysfunctional with age? What mechanisms are involved in protecting 

MAMs during stress and aging, and could their ectopic activation have implications for 

lifespan? These and many other questions concerning ER-mitochondria communication 

could open up new avenues for therapeutic intervention.

Influencing the environment: communication between mitochondrial and cytosolic stress 
responses

Given its role as a hub for energy metabolism, it is intuitive that the health and function of 

the mitochondria directly impacts the health of the entire cell. It turns out, however, that 

energy generation is not the only way by which mitochondria can affect the function of other 

organelles; quality control mechanisms originally considered specific to the mitochondria 

are now known to have direct effects on extra-mitochondrial compartments as well. For 

example, the MAD machinery that is localized to the outer mitochondrial membrane is 

exposed to the cytosol and can potentially contribute to cytosolic quality control. Damaged 

cytosolic proteins and cytosolic protein aggregates are generally cleared by cytosolic 

chaperones regulated by HSF1. However, protein aggregates can also be associated with 

mitochondria and take advantage of the MAD machinery. For example, pathogenic variants 

of ataxin-3, which form cytosolic aggregates and can cause neurodegenerative phenotypes, 

have been shown to localize to mitochondrial surfaces (Pozzi et al., 2008). Moreover, 

knockdown of the mitochondrial E3 ubiquitin ligase results in accumulation of the 

aggregates and subsequent cell death (Sugiura et al., 2011). Protein aggregates also attach to 

mitochondria in dividing yeast to promote retention of protein aggregates in the mother cell 

(Zhou et al., 2014). While these aggregates can be cleared by cytosolic chaperones, 

disaggregases, and metacaspases, such as Hsp104p and Mca1p (Hill et al., 2014; Parsell et 

al., 1994), they can also be imported into the mitochondria for degradation by mitochondrial 

proteases (Ruan et al., 2017). More specifically, Hsp104p promotes disaggregation of 

damaged proteins from mitochondria-associated aggregates, allowing their import into the 

mitochondria through mitochondrial import proteins, Tom70p and Tom40p. Once inside the 

mitochondria, these proteins can be cleared by mitochondrial proteases, such as Pim1p. 

Ruan et al. also showed that unstable, aggregation-prone cytosolic proteins are imported into 

mitochondria of mammalian RPE1 cells (Ruan et al., 2017). An exciting avenue of research 

would be to determine whether mitochondria have the capacity to resolve age-associated 

protein aggregates and whether this mechanistic pathway has implications in lifespan and 

age-related diseases.

Beyond these studies, direct damage to mitochondria or perturbation of mitochondrial 

function have been shown to upregulate the cytosolic HSR in an HSF1-dependent manner 

(Ho et al., 2006; Kim et al., 2016). Specifically, knockdown of the mitochondrial chaperone, 

hsp-6 (mtHSP70 in mammals), which activates UPRMT, was sufficient to also induce the 

HSR as measured by induction of the cytosolic chaperone, HSP-16.2. This mitochondrial-to-

cytosolic stress response (MCSR) is dependent on the UPRMT and HSR transcription 

factors, DVE-1 and HSF-1, respectively, which coordinate global changes in fat metabolism. 
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Together, DVE-1 and HSF-1 promote fatty acid synthesis (mainly cardiolipin), while 

inhibiting ceramide synthesis. This change in lipid architecture is essential for activation of 

MCSR, and pharmacological manipulation of lipid levels (such as perhexiline treatment to 

inhibit fatty acid oxidation) is sufficient to induce MCSR. In both C. elegans and human 

primary fibroblasts, the activation of MCSR via hsp-6/mtHSP70 knockdown or perhexiline 

treatment decreased sensitivity to polyQ-induced proteoxicity, suggesting this 

interconnected stress response between the mitochondria and the cytosol has implications in 

age-related disease (Kim et al., 2016). Could fatty acid metabolism be a target for 

therapeutic intervention of protein-misfolding diseases by promoting both mitochondrial and 

cytosolic stress responses? What happens to MCSR activity during aging, and are any 

components of the MCSR critical for lifespan regulation?

Whether direct communication from the HSR to mitochondria exists is less clear. Intuitively, 

it makes sense that cytosolic quality control pathways would have direct impact on 

mitochondrial quality. The ubiquitin proteasome system is certainly essential for MAD 

(Azzu and Brand, 2010; Maharjan et al., 2014), induction of general autophagy is critical for 

the efficiency of mitophagy (Ding and Yin, 2012), cytosolic chaperones and disaggregases 

can aid in the proper folding and refolding of proteins destined for mitochondrial import 

(Ruan et al., 2017), and HSF1-mediated regulation of the oxidative stress response likely 

preserves mitochondrial membrane potential and promotes redox control of the organelle 

(Douglas et al., 2015). What remains unclear is whether HSF1 or other players involved in 

HSR can directly signal to the mitochondria to activate mitochondrial quality control 

pathways. A recent study has found that two mitochondrial folding proteins, Hsp78p and 

Mdj1p, are the direct targets of HSF1 in yeast, but whether this activation has direct impacts 

on mitochondrial quality and function has not been investigated (Solís et al., 2016). Still to 

be answered is if activation of mitochondrial quality control under heat stress is simply a 

secondary effect due to mitochondrial damage caused by heat. Or does the activation of HSR 

actually drive induction of critical players in mitochondrial regulation? Interestingly, gene 

ablation or knockdown of HSF1 caused mitochondrial damage due to impaired fission rates 

in mouse livers. Qiao et al. found that HSF1 deficiency led to a sharp decline in NAD+ 

levels, and the authors speculated that this decline in NAD+ is responsible for mitochondrial 

dysfunction and decreased ATP production (Qiao et al., 2017). Thus, it is likely that HSF1 

has a much more direct contribution to mitochondrial quality control mechanisms than is 

currently appreciated.

The environmental influence: cross-talk between the cytoplasmic and ER stress responses

Similarly to mitochondria, the ER also shares some resources with the cytoplasmic HSR, 

most notably the proteasome. In addition, nine stress response genes are induced by both 

HSR and UPRER ((Liu and Chang, 2008a)), including the ER molecular chaperone, 

Kar2/BiP (Kohno et al., 1993), and the COPII cargo receptor, Erv29 (Caldwell et al., 2001). 

Heat-shock can also directly promote UPRER activation, for instance the splicing of XBP1 

(Adachi et al., 2009). Thus, there appears to be significant cross-talk between ER and 

cytoplasmic quality control. Indeed, overexpression of HSF1 can promote ER proteostasis 

via ERAD by the induction of cytoplasmic chaperones and the ubiquitin/proteasome system 

(Han et al., 2007). Moreover, yeast cells deficient in UPRER can be rescued by expression of 
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a constitutively active form of HSF1. Specifically, overexpression of hyperactive HSF1 

rescues the survival of IRE1 mutant cells under tunicamycin-induced ER stress. HSR 

relieved ER stress by promoting translocation of damaged proteins out of the ER, inducing 

clearance of damaged proteins through ERAD, and promoting protein translocation both 

into and out of the ER (Hou et al., 2014; Liu and Chang, 2008b). Interestingly, induction of 

UPRER via heat-shock in mammalian cells can promote activation of typical ER stress 

markers, such as the splicing of XBP1 and synthesis of ATF4, but traditional transcription 

factors responsible for UPRER are not essential for heat-induced activation of downstream 

UPRER genes such as DNAJB9 and HSPA5 (Heldens et al., 2011).

These findings are provocative, and suggest that it would be worth investigating whether 

HSR and UPRER communicate directly to coordinate stress responses. On a broader scale, 

despite known interactions of the ER with many general signaling pathways, how changes in 

the ability of the ER to communicate with other organelles during a stress response may help 

coordinate cellular processes is not well understood,. For example, the UPRER interacts with 

the Akt/mTORC signaling axis to affect cell survival during ER stress (Appenzeller-Herzog 

and Hall, 2012). A major output of active Akt/mTOR signaling is increased cell growth by 

virtue of globally increased levels of anabolism and protein synthesis, and decreasing 

autophagy, including reticulophagy (Saxton and Sabatini, 2017). Thus, constitutive 

activation of the Akt/mTOR pathway could lead to ER stress by overloading its chaperone 

machinery. Furthermore, given that the ER interacts with multiple organelles around the cell, 

including late endosomes, it is possible that the ER also physically interacts with lysosomes, 

the central site of the mTORC1 pathway. Exploring the signaling logic underlying the 

interactions between UPRER and growth pathways during ER stress will reveal factors that 

promote survival or stimulate cell death.

Pharmacological modulation of protein quality control during aging

Given the wide involvement of protein quality control pathway in age-related disease, their 

components are attractive therapeutic targets. One hypothesis is that boosting protein quality 

control systems may be beneficial for ameliorating age-related diseases such as 

neurodegeneration or diabetes, where these systems are thought to break down with age. In 

turn, antagonizing protein quality control systems in human cancers might be viable 

therapeutic option, considering that protein quality control machinery is often hijacked by 

cancer cells to facilitate increased proliferation. These seemingly contradictory aims 

complicate the therapeutic targeting of protein quality control. Here, we briefly highlight 

some of the most recent pharmacological modulations of protein quality control (refer to 

(Pilla et al., 2017) and book chapter (Fujikake et al. 2016 Heat Shock Factor, Springer) for a 

comprehensive review).

Boosting HSF1-mediated chaperone activation to combat misfolded proteins in a variety of 

age-related disease contexts has been an intense area of interest (Neef et al., 2011). The 

rationale for this approach stems from the dissection of the chaperone networks induced by 

HSF1 transactivation which includes a wide range of chaperones such as Hsp40s, Hsp70s, 

Hsp90s, Hsp110s, TRiC, and small Hsps. Additionally, chaperone expression is thought to 

decline with age and in neurodegenerative conditions. In line with this hypothesis, inhibitors 
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of HSP90, an HSF1 inhibitor, such as geldanamycin protect metazoans across phyla from 

neurodegeneration induced by misfolded proteins (Luo et al., 2010). Another drug, riluzole, 

which is thought to extend lifespan in ALS patients, inhibits degradation of HSF1 in 

cultured cells (Liu et al., 2011). Several other strategies to increase HSF1 activity and 

function in disease have been employed but with little success in disease models. Despite 

these promising findings, HSF1 activation aimed at increasing cells’ protein folding capacity 

might be detrimental if administered at an organism-wide level by sensitizing cells to 

oncogenesis (Dai and Sampson, 2016). Future research might emphasize the identification 

of cell-type specific regulators (e.g. neuronal) of HSF1 or pathways acting in parallel with 

HSF1 to promote proteostasis in age-related disease without promoting oncogenic HSF1 

properties.

Beyond HSF1, therapeutic targeting of the integrated stress response has emerged as another 

potential area of translational interest. Specifically, inhibitors of the PERK-eukaryotic 

translation initiation factor 2 (eIF2) axis have garnered recent interest. Inhibition of eIF2α, 

regulator of eIF2B dimerization and activation, rescues multiple models of 

neurodegenerative disease from death, potentially by releasing the block on general 

translation mediated by eIF2α phosphorylation by PERK. Genetic or chemical inhibition of 

eIF2α phosphorylation has been shown to ameliorate deleterious effects of protein 

misfolding in ALS, tauopathy, prion disease, and traumatic brain injury (Halliday et al., 

2017; Kim et al., 2013; Ma et al., 2013; Moreno et al., 2013; 2012; Sidrauski et al., 2013). 

Of particular pharmacologic interest is a small molecule, ISRIB, which was initially 

discovered in a chemical screen for drugs to regulate ATF4 expression (Sidrauski et al., 

2015). ISRIB binds to and promotes dimerization of eIF2B, thereby bypassing eIF2α. In 

mice, ISRIB-mediated inhibition of the ISR conferred increased cognitive recovery from 

traumatic brain injury (Chou et al., 2017), suggesting that its therapeutic benefit in mammals 

should be a focus of future studies in other conditions where the ISR is implicated. While 

these studies suggest an important role for the ISR in multiple age-related disease states, 

other kinases such as GCN2, protein kinase R, and Heme-regulated eIF2α kinase, may also 

participate in phosphorylation of eIF2α.

There are several therapeutic avenues under investigation to regulate proteostasis in cancer, 

where protein quality control machinery is often hijacked to allow for cell proliferation. The 

majority of these treatments aim to inhibit stress response pathways and the protein 

clearance machinery that they induce, including inhibition of IRE1/XBP1 signaling axis, as 

well as decreasing Cdc48p/p97/VCP or proteasome activity (reviewed by (Hetz and Saxena, 

2017)). However, a major caveat to these approaches is that, unless specifically targeted to 

cancerous cells, the treatment could perturb the proteostasis network in other tissues, 

perhaps making them more vulnerable to perturbations that might underlie other age-related 

disease. Collectively, these are promising approaches to treat some of the most devastating 

age-related diseases in humans, but entail major trade-offs as far as deleterious off-target 

effects.

Similar to targeting HSR and ISR, targeting mitochondrial quality and fitness is a hot topic 

in therapeutic studies (refer to (Andreux et al., 2013) for a comprehensive review). 

Perturbations in mitochondrial fitness and dynamics lead to a myriad of diseases, and point 
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to several potential pharmacological targets. For example, muscle degenerative disorders, 

like Charcot-Marie-Tooth (Alexander et al., 2000; Züchner et al., 2004) are caused by 

defects in the mitochondrial fusion machinery, which makes mitochondrial dynamics an 

attractive target for therapeutic intervention. Chemical compounds that either promote fusion 

(M1 hydrazone (Wang et al., 2012)) or inhibit fission (MDIVI-1 (Cassidy-Stone et al., 

2008)) can have beneficial effects on neurodegenerative disease by balancing mitochondrial 

fusion and fission dynamics towards beneficial fusion (Lackner and Nunnari, 2010; Wang et 

al., 2012). As described above, shifts towards fusion can also have beneficial effects on 

lifespan in several model organisms, making it of particular interest to determine whether 

promoting fusion can be a viable therapeutic option.

In addition to direct modulation of mitochondrial dynamics, activation of the UPRMT is an 

attractive target for therapeutic intervention as UPRMT can have several positive effects on 

cellular health and lifespan as described above. For example, promoting UPRMT by 

nicotinamide riboside, a precursor of NAD(+) biosynthesis, reverses the effects of high-fat, 

high-sucrose diets on hepatic steatosis, offering a potential therapeutic method to prevent – 

or even reverse –nonalcoholic fatty liver disease (Gariani et al., 2016). In another study, 

UPRMT activation is manipulated in cancer cells using an inhibitor of mitochondrial Hsp90 

by Gamitrinib. Gamitrinib-induced UPRMT resulted in suppression of NF-kB activation, 

sensitizing cancer cells to pro-apoptotic anticancer drugs, such as TRAIL (a death receptor 

agonist) (Siegelin et al., 2011). These studies demonstrate the potential of promoting 

UPRMT as a viable therapeutic approach. However, as described above, chronic activation of 

UPRMT can also have detrimental effects, and thus further study is essential to determine 

whether specific downstream components of UPRMT can be activated to promote beneficial 

effects of UPRMT without activating detrimental or damaging components.

Concluding remarks

Maintenance of cellular homeostasis involves a complex interplay of many critical stress 

response pathways, which have implications in lifespan regulation. Each organelle has a 

collection of dedicated quality control pathways to maintain its function both basally and 

under various stresses. Yet to be determined is whether bonafide stress response pathways 

exist in other organelles. There is some limited evidence of a lysosomal stress response 

mediated by TFEB, which induces genes essential for macroautophagy (Martina et al., 2016; 

Santaguida and Amon, 2015). In addition, organelle autoregulation, defined as an 

organelle’s capacity to respond to cellular demands and alter its form and function, has been 

described in several organelles, including the Golgi (Sasaki and Yoshida, 2015; Taniguchi 

and Yoshida, 2017). These findings raise the question of whether protein quality control 

pathways, similar to UPRER or UPRMT exist in these and other organelles, such as the 

nucleus and peroxisome. Even more interesting would be to determine whether master 

regulators for quality control pathways in these organelles can be identified, and whether 

they impact lifespan regulation.

Beyond dedicated, organelle-specific quality control mechanisms, current research has made 

it clear that communication between these pathways is not only common, but is a key feature 

of restoring and preserving cellular homeostasis. Thus the notion that proper function of one 
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organelle is critical for the function of another is increasingly better appreciated. For 

example, the energy produced by the mitochondria is essential for proper protein folding in 

the ER, while the mitochondria is dependent on proper protein manufacturing in the ER. 

Moreover, the available pool of cellular machinery essential to respond to stress, is limiting. 

Thus, different organelle quality control pathways must communicate and cooperate to avoid 

competitive inhibition and inefficient stress response. This interconnected stress signaling 

response raises a very interesting question: under conditions of general stress where several 

cellular compartments are simultaneously damaged, which stress response pathways are 

preferentially upregulated? For example, when every organelle sustains damage, does the 

cell preferentially allocate its resources to UPRER, UPRMT, or HSR? Does the cell attempt 

to repair a specific compartment first? Are some cellular compartments ignored to preserve 

the quality of “more important” cellular structures? If so, how does the cell communicate the 

preferential activation of one stress response over the other?

Perhaps even more interesting would be to gain a better understanding of the cross-talk 

among stress response pathways during the process of aging. As the cell ages, resources are 

consumed, cellular damage increases, and stress response pathways become less efficient 

overall. As these compounding effects take place, how is the cross-communication between 

stress response pathways affected? Is it possible that the breakdown of crucial 

communication between these pathways is what results in their independent dysfunction? 

For example, does a young cell have a sequential and highly ordered activation of stress 

response pathways, prioritizing one over the other to ensure the fastest and most efficient 

return to cellular homeostasis? Does this structured prioritization breakdown during aging, 

such that aged cells attempt to activate all stress response pathways at once, resulting in 

failure to repair damage? Is the cross-communication between stress response pathways 

essential for healthy lifespan? We believe that moving forward, studies on the role of quality 

control mechanisms in aging will have to focus on this complex interplay and 

interconnectedness of quality control pathways rather than isolating them into discrete 

mechanisms.
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Fig. 1. Role of HSF1 in the heat shock response
In normal, steady-state conditions, HSF1 exists as an inactive monomer bound by HSP 

chaperones, including Hsp70 and Hsp90 (A). Under conditions of stress, HSF1 is released 

from Hsp70 and Hsp90, allowing it to trimerize, become phosphorylated, and gain DNA 

binding activity (B). In the nucleus, HSF1 trimers localize to conserved pentameric sequence 

motifs (nGAAn), called HSEs, to promote the expression of HSR genes that are necessary 

for protein repair and cell survival under heat stress (C).

Higuchi-Sanabria et al. Page 45

Dev Cell. Author manuscript; available in PMC 2019 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Mitochondrial quality control is maintained by a series of protective mechanisms
The mitochondria has several dedicated quality control mechanisms, which repair and 

preserve the organelle both in the presence and absence of stress. UPRMT is regulated by 

ATFS-1, which is imported into the mitochondria and subsequently degraded by Lon 

protease under steady-state conditions (A). When the mitochondria is damaged and 

membrane potential is insufficient to drive import of ATFS-1 into the matrix, ATFS-1 

shuttles to the nucleus to act as a transcription factor to promote expression of mitochondrial 

chaperones and other genes important in repairing damaged mitochondrial proteins and 

other organelle components (B). Damaged proteins in the mitochondria can also be 

selectively removed through mitochondria-associated degradation (C). Here, damaged 

proteins are presented to the outer surface of the mitochondria, ubiquitinated by substrate-

specific E3 ubiquitin ligases, then pulled out of the mitochondria by the concerted efforts of 

Vms1p/Doa1p and Cdc48p. Once outside of the mitochondria, damaged proteins can be 

degraded by the cytosolic proteasome. On a larger scale, regions of damaged mitochondria 

can be teased apart from the rest of the mitochondria via fission (D). This damaged 

mitochondrial unit is subsequently targeted for degradation by the lysosome in a process 

known as mitophagy (E). Less critical damage, such as minor mutations in mtDNA or 
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damage to specific mitochondrial proteins, can be complemented by fusion to mitochondria 

harboring fully functional mitochondrial components (F). Here, minor damage is 

demarcated with an asterisk (*). A mitochondrion harboring a damaged protein B*, but a 

fully functional protein A, can complement and itself be complemented via fusion to another 

mitochondrion harboring a fully functional protein B, but a damaged protein A*.
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Fig. 3. Multi-faceted quality control of the endoplasmic reticulum
Like the mitochondria, the ER also has a collection of unique quality control mechanisms to 

maintain ER function. There are three branches of UPRER, each consisting of a 

transmembrane protein with a luminal facing sensor for unfolded proteins, which signals 

damage to the nucleus through a unique transcription factor. Here, the IRE1-XBP1 arm of 

UPRER serves as a general representation of UPRER (A). When IRE-1 senses ER stress (e.g. 

presence of misfolded proteins), it produces homodimers, is phosphorylated, and promotes 

splicing of XBP1u mRNA localized at the ER. The resulting splice variant of XBP1 is 

capable of producing functional protein, XBP1s, which can shuttle to the nucleus, acting as a 

transcription factor to upregulate UPRER genes. Some proteins of downstream UPRER 

genes, such as chaperones, will shuttle back to the ER to repair damaged components. 

Damaged proteins in the ER can also be marked by ubiquitination, removed from the ER by 

the protein VCP, and targeted for degradation by the cytosolic proteasome in a process 

known as ERAD (B). Larger regions of ER damage can be resolved by sequestering the 

damage to a specific region of the ER. This damaged unit can then be specifically targeted 
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for degradation upon binding of ER-phagy receptors (C). After this region of the ER buds 

into a vesicle, it fuses with a lysosome to destroy and recycle its contents.
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