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Abstract

Unexpected activation of mTOR signaling, measured by ribosomal S6 phosphorylation or 

ribosomal S6 kinase (p70S6K) activity, has been reported in aging-related settings. Evidence of 

elevated mTOR activity has been reported in heart and muscle tissue in aged mice and humans, 

mouse models of progeria, and senescent human fibroblasts. We explore these reports and the 

possibility that activation of the mTOR/p70S6K kinase pathway may represent a ROS-mediated 

response to mitochondrial stress leading to the activation of senescence. This activation is a 

hallmark of both aged tissue and senescent human cells.

Introduction

Target of rapamycin complexes

The mechanistic target of rapamycin (mTOR) pathway is a key intracellular signaling 

pathway that integrates proliferative signals, nutrient availability, and stress (Sengupta et al., 

2010). In this review, we will discuss the pathway, it’s known cellular functions, and the 

possibility that mitochondrial dysfunction serves as an additional regulator of the mTOR 

pathway. A model of the mTOR pathway including input from the mitochondria is presented 

in Figure 1.

The mTOR signaling pathway is highly conserved in eukaryotic organisms and consists of a 

protein complex that includes the mTOR kinase itself and several accessory proteins and 

downstream mediators including the ribosomal S6 kinase (p70S6K). The pathway has been 

functionally defined as the target of the highly-specific antifungal, rapamycin. Rapamycin is 

produced by the bacterial strain Streptomyces hygroscopicus, originally isolated from the 

island of Rapa Nui. Rapamycin binds to a12 kDa FK506-binding protein (FKBP12), which 

then acts as an allosteric inhibitor of the mTOR kinase complex (Laplante and Sabatini 

2012; Loewith and Hall 2011). Consequently, rapamycin is also a potent inhibitor of the 

p70S6K. The p70S6K is a serine/threonine kinase that is a key downstream target of mTOR 

(Chung et al., 1992; Kuo et al., 1992; Price et al., 1992).
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The proteins that comprise the core mTOR complex are the Ser/Thr kinase mTOR, also 

known as the FKBP12-rapamycin associated protein (FRAP1), and mammalian lethal with 

SEC13 protein 8 (mLST8). These core components have the capability of forming either of 

two complexes, mTORC1 or mTORC2, which are distinguishable by their sensitivity to 

rapamycin. The rapamycin-sensitive mTORC1 contains the scaffolding protein regulatory-

associated protein of mTOR (RAPTOR), whereas the rapamycin-insensitive complex 

mTORC2 contains the scaffolding protein rapamycin-insensitive companion of mTOR 

(RICTOR). These scaffolding proteins function to direct mTORC1 and mTORC2 to their 

respective targets (Alessi et al., 2009). Additional components are unique to each complex. 

For example, Deptor and PRAS40 are inhibitory proteins associated with mTORC1 (Sancak 

et al., 2007; Vander Haar et al., 2007), whereas the Sin1 and proctor proteins, which are 

potential mediators of subcellular localization, are associated with mTORC2 (Frias et al., 

2006; Pearce et al., 2007; Yang et al., 2006).

The best characterized mTORC1 targets are p70S6K and the translational regulator 

eukaryotic initiation factor 4E (eIF4E)-binding protein (4E-BP). Phosphorylation of either 

target by mTORC1 promotes translation. Phosphorylation of eIF4E prevents binding to 

eIF4E mRNA cap binding protein, enabling assembly of the cap-binding complex and 

translation initiation (Sonenberg 2008), whereas the activated p70S6K phosphorylates 

multiple substrates, most notably the ribosomal protein S6, to increase translation initiation 

and elongation, promoting ribosome biogenesis as well as the translation of proteins 

regulating cell growth and division (Alessi et al., 2009). Targets of mTORC2 include AKT, 

serum glucocorticoid-induced kinase (SGK), and some members of the PKC family, which 

all contribute to cytoskeleton organization and cell survival (Zoncu et al., 2011).

Regulation of mTOR signaling

Growth factors stimulate mTORC1 activity via activation of the lipid kinase PI3K. 

Activation of PI3K occurs via direct binding to the growth factor receptors or through 

interaction with the docking proteins insulin receptor substrate (IRS) or GRB2-associated 

binder (GAB). Upon activation, PI3K generates phosphatidylinositol 3,4,5 triphosphate 

(PIP3) to produce a membrane-binding site for the protein kinase AKT and results in 

conformational changes that allow access to critical serine and threonine sites within AKT. 

Subsequent phosphorylation of AKT by 3-phosphoinositide-dependent kinase 1 (PDK1) and 

mTORC2 serves to fully activate AKT (Vanhaesebroeck and Alessi 2000). Subsequently, 

AKT phosphorylates substrates that enhance cell growth and survival. One Akt target is the 

tuberous sclerosis complex 2 (TSC2) GTPase activating protein (GAP). The 

phosphorylation of TSC2 blocks TSC2-mediated inhibition of the GTPase Ras homolog 

enriched in brain (RHEB). Consequently, active RHEB-GTP directly activates mTORC1 

(Alessi et al., 2009; Inoki et al., 2002; Manning et al., 2002).

mTORC1 modulates cell growth and cell size through the regulation of translation, 

nucleotide biosynthesis, lipogenesis, glycolysis, and autophagy (Ben-Sahra et al., 2013; 

Ganley et al., 2009; Hosokawa et al., 2009; Ma and Blenis 2009; Peterson et al., 2011; 

Robitaille et al., 2013). Input on the metabolic state of the cell required to optimally regulate 

translation and proliferation is provided by the AMP kinase, which is activated at elevated 
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AMP levels. Active AMP kinase inhibits mTORC1 through phosphorylation of both 

RAPTOR and TSC1, thereby reducing mTOR activity when the energy state is low (Gwinn 

et al., 2008; Inoki et al., 2012; Inoki et al., 2003).

Lifespan extension through reduced mTOR signaling

A reduction in mTOR signaling has been found to extend lifespan in multiple organisms. In 

yeast, a screening study for long-lived mutants identified the SCH9 gene, which was 

originally classified as an ortholog of the mammalian AKT (Sobko 2006). SCH9 was later 

identified as the functional homolog of p70S6K (Urban et al., 2007). Deletion of this gene 

conferred a 2-to-3 fold increase in lifespan and increased resistance to oxidative stress 

(Fabrizio et al., 2001). Subsequent studies in Caenorhabditis elegans using RNAi 

approaches demonstrated that targeting either mTOR (let-363) or RAPTOR (daf-15) 

extended lifespan (Jia et al., 2004; Vellai et al., 2003). Further, genetic studies in Drosophila 

melanogaster demonstrated that overproduction of TSC1 or TSC2, or the expression of 

dominant negative forms of dTOR and dS6K extend lifespan (Kapahi et al., 2004). In mice, 

deletion of the p70S6K gene resulted in reduced body size and increased lifespan (Selman 

and Withers 2011). Landmark studies involving mouse colonies at three independent sites 

demonstrated that oral delivery of rapamycin extends the lifespan of mice, even when 

administered late in life (Harrison et al., 2009; Miller et al., 2011).

Despite extensive literature, the mechanisms by which rapamycin extends mammalian 

lifespan are poorly understood. A reduction in neoplasia may contribute to lifespan 

extension in response to rapamycin. For example, rapamycin has emerged as a promising 

anti-tumor therapy in some malignancies (Dibble and Manning 2013). Moreover, a 

reduction in tumor formation has been noted in rapamycin-fed mice (Anisimov et al., 2010; 

Komarova et al., 2012; Popovich et al., 2014), which suggests that reduced tumor formation 

may underlie lifespan extension seen in normal mice (Sharp and Richardson 2011). 

However, rapamycin also has ameliorative effects on degenerative disease states that are 

clearly not associated with enhanced proliferation. For example, treatment of mice with 

rapamycin, either through intraperitoneal injection or via oral delivery through compounding 

in rodent diet, can ameliorate age-related pathologies in models of Alzheimer’s Disease, 

Parkinson’s Disease, and cardiomyopathy (Harrison et al., 2009; Johnson et al., 2013a; 

Powers et al., 2006; Robida-Stubbs et al., 2012).

At the cellular level, inhibition of mTORC1 has multiple consequences that may be 

important to lifespan extension. Two critical cellular processes affected by mTORC1 are 

translation and autophagy. As previously noted, regulation of translation occurs at the 

initiation step, through phosphorylation of 4E-BP to prevent association with eIF4E 

(Thoreen 2013). However, the influence of mTORC1 on translation appears to be greater on 

some subsets of mRNA. For example, mRNAs that contain a 5’ polypyrimidine sequence 

are highly sensitive to mTORC1 inhibition (Thoreen 2013). Additionally, it has been 

suggested that the structure of the 5’ untranslated region of the mRNA may contribute to 

differential expression under conditions of mTORC1 inhibition. (Kapahi 2010). In yeast, the 

Gcn4 mRNA is such a target. Gcn4 regulates several genes involved in enhanced stress 

resistance, and translation of Gcn4 is more effective under conditions of TOR inhibition 
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(Steffen et al., 2008; Thoreen 2013). In C. elegans and D. melanogaster, TOR inhibition 

leads to preferential expression of a subset of mRNAs related to stress response and 

mitochondrial activity (Rogers et al., 2011; Zid et al., 2009). This enhanced stress resistance 

may contribute to lifespan extension.

Autophagy is a critical intracellular pathway for the removal of misfolded proteins and 

dysfunctional organelles such as mitochondria, and for the recycling of amino acids during 

starvation (Mizushima et al., 2008). Autophagy decreases with age, potentially contributing 

to the accumulation of protein aggregates and mitochondrial dysfunction (Cuervo 2008). 

Rapamycin is known to increase autophagy by inhibiting mTOR-mediated phosphorylation 

of Ulk-1, a key regulator of autophagosome formation (Egan et al., 2011; Kim et al., 2011).

The induction of autophagy is required for lifespan extension in response to dietary 

restriction in yeast and C. elegans (Alvers et al., 2009; Hansen et al., 2008). In simple terms, 

increasing autophagy should serve to enhance mitochondrial clearance and rapamycin 

provides protection against mitochondrial dysfunction in both a mouse model of Leigh 

Syndrome (Johnson et al., 2013b) and in response to direct mitochondrial DNA depletion in 

human cells (Nacarelli et al., 2014). However, the effects of rapamycin on mitochondrial 

homeostasis appear to be more complex than a simple increase in clearance. For example, 

transcriptional profiling of mice fed rapamycin revealed significant changes in genes 

associated with mitochondrial function (Fok et al., 2014a; Fok et al., 2014b; Fok et al., 

2014c). Additionally, acute treatment with rapamycin induces a rapid shift in metabolism, 

reducing metabolic intermediates of mitochondrial function (Ramanathan and Schreiber 

2009) and acute treatment of myoblast cells with rapamycin inhibits mitochondrial 

biogenesis (Cunningham et al., 2007). These acute changes in mTORC1 and mTORC2 

signaling have been found to influence the balance between mitochondrial and non-

mitochondrial ATP generation (Schieke et al., 2006). In contrast to the acute effects, chronic 

treatment of human cells with nanomolar concentrations of rapamycin enhances 

mitochondrial biogenesis, perhaps as a compensatory response (Lerner et al., 2013). 

Similarly, results in Drosophila indicate that increased expression of 4E-BP increases 

expression of mitochondrial electron transport chain proteins (Zid et al., 2009). Rapamycin 

also increases the lifespan of dendritic cells by preserving mitochondrial function (Amiel et 

al., 2014; Haidinger et al., 2010).

Aberrant activation of mTOR during aging

A number of years ago, our laboratory reported that p70S6K was activated during cellular 

senescence in the absence of growth factor stimulation (Zhang et al., 2000). These studies 

were performed by placing cells under serum-free conditions in the presence of nutrients and 

amino acids while using a medium specifically designed for the maintenance of human 

fibroblasts (McKeehan et al., 1977). In normal (ie. untransformed) cells these conditions 

abrogate the multiple mTOR inputs described above and lead to dephosphorylation of 

p70S6K as cells enter a stable G0 state. Stimulation with growth factors rapidly induces 

p70S6K activation through phosphorylation by mTORC1, which is activated via the PI3K 

pathway (Ming et al., 1994). Surprisingly, senescent cells maintain p70S6K phosphorylation 

in the G0 state independent of growth factors. Members of the Ras/mitogen activated protein 
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kinase (MAPK) pathway appear to be responsible for the continued activation of p70S6K in 

the absence of growth factors, as inhibitors of MEK1/2 block the phosphorylation of 

p70S6K (Zhang et al., 2000). However, growth factor signaling in the senescent cells was 

blocked by specific inhibitors of PI3K and mTORC1, but not the MEK1/2 inhibitor. This 

confirms that the Ras/MAPK contribution to p70S6K phosphorylation in senescent cells is 

independent of the canonical growth-factor-triggered signaling pathways (see Figure 2). 

Importantly for this discussion, the PI3K pathway was defined as a pathway distinct from 

the Ras/MAPK pathway, and these 2 pathways appear to bifurcate at the level of growth 

factor receptor activation (Ming et al., 1994).

More recently, there have been a growing number of reports of aberrant activation of mTOR 

signaling in senescence and aging. For example, a multi-center study originally intended to 

examine components of the IGF-1 axis during aging, identified increased ribosomal S6 

phosphorylation as the most consistent finding in both mouse and human muscle (Sandri et 

al., 2013). Similarly, in a mouse model of progeria, mTORC1 activity based on ribosomal 

S6 and 4E-BP phosphorylation increased relative to control animals (Ramos et al., 2012). 

Interestingly, an increase in mTOR, RAPTOR, and ribosomal S6 phosphorylation has been 

reported in brain tissue of patients with severe Alzheimer’s Disease relative to those with 

mild or moderate disease (Sun et al., 2014).

Increased mTOR activity has recently been linked to senescence. Work by two groups 

demonstrated that rapamycin treatment can delay replicative senescence (Kolesnichenko et 

al., 2012; Lerner et al., 2013) and that rapamycin reduces senescence induced by DNA 

damage (Demidenko and Blagosklonny 2008). Rapamycin also delays or reduces 

senescence in several cancer cell lines exposed to chemotherapeutics (Xu et al., 2014) and it 

has been proposed that mTORC1 signaling dictates whether cells enter quiescence or 

senescence, a geroconversion (Leontieva et al., 2014).

Rapamycin: protection from mitochondrial stress?

In an effort to understand the negative consequences of insulin-like growth factor 1 (IGF-1) 

signaling on non-transformed cells, our laboratory has demonstrated that exposure of cells to 

IGF-1 in the absence of co-stimulatory molecules such as epidermal growth factor leads to 

mitochondrial dysfunction and the induction of senescence (Bitto et al., 2010). Rapamycin 

was able to both reduce mitochondrial dysfunction and delay replicative senescence in 

normal human fibroblasts (Bitto et al., 2010; Lerner et al., 2013). Interestingly, we observed 

a progressive increase in the percentage of cells harboring dysfunctional mitochondria 

during replicative senescence (Lerner et al., 2013). It has been suggested that mitochondrial 

dysfunction may account for the stochastic nature of senescence in cultured cells (Passos et 

al., 2007). This raises the possibility that aberrant activation of mTOR, that we and others 

have noted, may be due to mitochondrial stress. As outlined in Figure 1, we put forward the 

hypothesis that mTORC1 activation by mitochondrial-generated ROS contributes to 

senescence. Although it is clear that high levels of stress or DNA damage can serve to 

inhibit mTOR (Sengupta et al., 2010), redox regulation of mTOR has been observed in 

HEK293 cells following direct application of cellular oxidizing agents (Sarbassov and 

Sabatini 2005). In this case, activation was independent of nutrient signaling, and although 
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the stimulus was a known oxidant, the concept that mTOR activates p70S6K in response to 

oxidation (oxidative stress) is consistent with our model.

Subcellular localization of mTOR

The mTOR complex has been localized to several intracellular organelles, including the 

lysosome, endoplasmic reticulum, nucleus, and mitochondria (Betz and Hall 2013). 

Mitochondrial localization of mTOR has been described using subcellular fraction and 

immunoprecipitation techniques (Desai et al., 2002; Ramanathan and Schreiber 2009; 

Schieke et al., 2006). In one specific experimental model of osmotic stress, mTOR was 

linked to mitochondrial function. mTOR activity was suppressed by mitochondrial 

dysfunction in response to acute osmotic stress induced by high levels of sorbitol, (Desai et 

al., 2002). The results suggested that a complex including mTOR formed at the permeability 

transition pore (PTP) to modulate mTOR activity in response to shifts in mitochondrial 

function (Desai et al., 2002). It is highly likely that such a complex would alter mTOR 

activity in a positive or negative manner depending on the cellular context.

Concluding remarks

It is clear that the activation of mTOR/p70S6K occurs during aging and in senescent cells. 

The source of this activation is likely to provide insight into the aging process and shed light 

on additional aspects of the senescent arrest. While metabolic inputs certainly can impact 

this pathway, we suggest that stress signaling from mitochondrial ROS activates mTOR/

p70S6K during aging. Our laboratory is working toward an understanding of the molecular 

events involved in this activation.
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Highlights

• Markers of enhanced mTORC1 activity have been detected in aged tissue.

• mTORC1 activation occurs in senescent human cells independent of growth 

factor signaling.

• Mitochondrial dysfunction increases in senescent cells.

• Mitochondrial dysfunction may be linked to mTORC1 activation.

• Rapamycin alleviates mitochondrial stress and preserves mitochondrial 

integrity.
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Figure 1. Possible links between mitochondrial ROS and mTOR
A model is presented invoking a mitochondrial ROS mediated impact on mTOR signaling 

during aging and senescence. The mTOR complex is impacted by mitochondrial dysfunction 

to drive senescence rather than proliferation. This impact would be alleviated by rapamycin 

producing a reduction in stress signaling in addition to changes which enhance 

mitochondrial homeostasis such as an increase in autophagy.
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Figure 2. Activation of the p70 S6 kinase in senescent human fibroblasts
WI-38 normal human fibroblasts were serum deprived for 72 h (SF) and treated for 40 min 

with the mTOR inhibitor, rapamycin (1 ng/ml), the PI 3-kinase inhibitor, LY294002 (50 

mM), or the MEK1/2 inhibitor, PD98059 (50 mM). Cultures were then stimulated with 10% 

fetal bovine serum for 15 min, 30 min, or 1 h and total cellular proteins isolated. The p70 

S6K1 protein was visualized by Western blot analysis using a polyclonal antibody (Santa 

CruzBiotechnology, Santa Cruz, CA). The mobility of p70 S6K indicates that the 

phosphorylation status of the enzyme. In early passage cells, the addition of serum to serum-

deprived cultures decreased the mobility of p70 S6K indicative of phosphorylation. For 

illustration, a Western blot of the p70 S6K in serum-deprived (SF) and serum-stimulated 

early passage cells is included on the right side. Note that the MEK 1/2 inhibitor induces 

dephosphorylation of p70 S6K (evidences by a lower band) and that growth factor 

stimulation induces phosphorylation in the presence of this inhibitor. In contrast, growth 

factors are unable to phosphorylate the enzyme in the presence or either rapamycin or 

LY294002, which inhibit known growth factor signaling pathways linked to p70 S6K 

activation. Figure recreated from Zhang et al. (Zhang et al., 2000).
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