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Age-related diseases represent some of the largest unmet clinical needs of

our time. While treatment of specific disease-related signs has had some

success (for example, the effect of statin drugs on slowing progression of

atherosclerosis), slowing biological ageing itself represents a target that

could significantly increase health span and reduce the prevalence of multi-

ple age-related diseases. Mechanistic target of rapamycin complex 1

(mTORC1) is known to control fundamental processes in ageing: inhibiting

this signalling complex slows biological ageing, reduces age-related disease

pathology and increases lifespan in model organisms. How mTORC1 inhi-

bition achieves this is still subject to ongoing research. However, one mech-

anism by which mTORC1 inhibition is thought to slow ageing is by

activating the autophagy–lysosome pathway. In this review, we examine

the special bidirectional relationship between mTORC1 and the lysosome.

In cells, mTORC1 is located on lysosomes. From this advantageous posi-

tion, it directly controls the autophagy–lysosome pathway. However, the

lysosome also controls mTORC1 activity in numerous ways, creating a spe-

cial two-way relationship. We then explore specific examples of how inhibi-

tion of mTORC1 and activation of the autophagy–lysosome pathway slow

the molecular hallmarks of ageing. This body of literature demonstrates

that the autophagy–lysosome pathway represents an excellent target for

treatments that seek to slow biological ageing and increase health span in

humans.
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Age-related diseases represent a large
unmet clinical need

Many countries now have ageing populations, thereby

increasing the prevalence of age-related diseases such as

dementia [1]. It may seem obvious, but it is important to

acknowledge that ageing is the number one risk factor

for age-related disease. When we talk about ageing in

this context, we mean biological ageing, which is the

progressive deterioration of physiological function over

time. Some people age well and acquire age-related dis-

ease much later in life, whereas some people age poorly

and have a shorter health span, the period of life in

which an individual is healthy and a shorter lifespan

[2,3]. Whereas traditional approaches in science and

medicine have attempted to target the unique patholo-

gies of age-related diseases in order to slow their pro-

gression, it may make more sense to try to slow ageing

itself [4]. While it has been known for a long time that

nutrient restriction can slow ageing and age-related dis-

ease [5], we are only now beginning to understand the

mechanisms through which these interventions work.

One of the pathways that is known to mediate at least

some of the beneficial effects of nutrient restriction on

ageing is through mechanistic target of rapamycin

(mTOR) signalling and its interaction with the

autophagy–lysosome pathway. mTOR is a serine/threo-

nine kinase that was found to bind a macrolide antibi-

otic called rapamycin, in the presence of FK506-binding

protein 12 [6]. In this review, we focus on mTOR signal-

ling, its relationship with the autophagy–lysosome path-

way, and how this relationship interacts with the

fundamental processes that underpin biological ageing.

The lysosomal system: a network of
vesicles for waste recycling

Cells generate ‘waste’ in the form of unwanted or dam-

aged organelles and macromolecules that must be tar-

geted to the lysosome for destruction. In the lysosome,

the enzymatic breakdown of carbohydrates, proteins,

lipids and nucleic acids is coordinated by various hydro-

lases which function optimally in this acidic environ-

ment. Substrates that are destined for destruction are

delivered to the lysosome by endocytosis [7], phagocyto-

sis [8] and autophagy, with the latter being the best char-

acterized in relation to ageing and age-related disease

[9]. As such, we primarily focus on the autophagy–lyso-
some pathway in this review. Autophagy can be

separated into three subtypes: microautophagy,

chaperone-mediated autophagy and macroautophagy.

This review focuses on macroautophagy (hereafter

referred to as autophagy), which is potently activated by

nutrient depletion, cellular stress and infection, but it

also occurs to a lesser extent under basal conditions.

Autophagy, through the autophagy–lysosome path-

way, is directly inhibited by the nutrient sensing kinase

mTOR, within the context of the mTOR complex 1

(mTORC1) [10–12]. mTORC1 is localized to the lyso-

some and has very strong interactions with biological

ageing. However, mTOR also exists within another

complex called mTORC2.

mTORC2 can be found attached to the inner leaflet

of the plasma membrane, mitochondria, ribosomes,

endoplasmic reticulum and the endolysosomal system

[13–17]. While some data suggest that mTORC2 is reg-

ulated by phosphatidylinositol 3-phosphate kinase

(PI3K), its control is complex, nuanced and subject to

conflicting data. This topic has been reviewed well else-

where [15]. In stark contrast to mTORC1, mTORC2 is

not acutely sensitive to nutrition or rapamycin [18].

While the majority of this review focuses on mTOR’s

impact on the autophagy–lysosome pathway and bio-

logical ageing through its association with mTORC1,

it is important to note that mTORC2 also plays a role

here. mTORC2 is known to suppress autophagy [19]

and is also important for healthy ageing [20].

The lysosomal surface–the home of
mTORC1 activation

mTORC1 is a master regulator of cell growth that

promotes anabolism in many ways (e.g. 5’ cap-

dependent translation, ribosome biogenesis, nucleotide

and lipid synthesis) while also inhibiting catabolism

(autophagy). mTORC1 is composed of mTOR in com-

plex with regulatory-associated protein of mTOR

(Raptor), mammalian lethal with SEC13 protein 8

(mLST8), proline-rich Akt substrate of 40 kDa

(PRAS40) and DEP domain-containing mTOR inter-

acting protein (Deptor) and is recruited to the lyso-

some when nutrients (such as amino acids, glucose and

cholesterol) are abundant.

When amino acids are plentiful, mTORC1 interacts

with the RAG GTPases (RAGA or RAGB, and RAGC

or RAGD) and together is recruited to the lysosomal

surface by a multiprotein complex called Ragulator,

which is a guanine nucleotide exchange factor (GEF)

that regulates GTP loading of RAGA or RAGB pro-

teins [21,22] (Fig. 1). In contrast, the folliculin (FLCN)

and FLCN-interacting protein (FNIP) dimer is a

GTPase-activating protein (GAP) for RAGC or RAGD

[23]. In order to be recruited to the lysosome, mTORC1

interacts with RAGAGTP or RAGBGTP in complex with

RAGCGDP or RAGDGDP. The nutrient-regulated tar-

geting of mTORC1 to the lysosome enables the
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activation of its kinase activity by the small GTPase ras

homolog enriched in brain (RHEB). To regulate

mTORC1, amino acids require v-type ATPase activity,

which is a proton pump that acidifies the lysosome and

binds to Ragulator, a process that is thought to regulate

mTORC1 localisation [24].

The nucleotide status of the RAG proteins is regu-

lated by amino acid availability through a series of mul-

tiprotein complexes called GTPase-activating protein

activity towards Rags (GATOR)1, GATOR2 and

KICSTOR (KPTN, ITFG2, C12orf66 and SZT2 com-

plex). RAGA and RAGB are maintained in a GDP-

bound state by the GATOR1 complex, which is a GAP

that is recruited to the lysosome by KICSTOR [25].

Moreover, GATOR2 binds to and inhibits GATOR1 to

enable mTORC1 activation at lysosomes [26].

Amino acids regulate the activity of these protein com-

plexes that orchestrate mTORC1 activity at the lysosome

through sensor proteins that are specific to different

amino acids and metabolites. Cytoplasmic leucine sensor

protein Sestrin2 interacts with and inhibits GATOR2,

which in turn prevents GATOR1 recruiting mTORC1 to

the lysosome for activation. Leucine binds to Sestrin2 to

disrupt the Sestrin2-GATOR2 interaction and therefore

allows GTP loading of RAGA/B and mTORC1 activa-

tion [27]. In a similar way, leucine binds to the sensor pro-

tein, secretion associated related GTPase 1B (SAR1B),

leading to dissociation of the SAR1B-GATOR2 interac-

tion, and promotes mTORC1 activation [28]. Interest-

ingly, SAR1B and Sestrin2 recognize different parts of the

leucine molecule although the affinity of leucine for

SAR1B is superior to Sestrin2, indicating that SAR1B is a

more potent leucine sensor [28].

The mTORC1 pathway is also stimulated by arginine

that is sensed in the cytoplasm by a protein homodimer

comprised of cytosolic arginine sensor for mTORC1

(CASTOR)1, or a heterodimer comprised of CAS-

TOR1/2. Analogous to Sestrin2 and SAR1B, homo- or

hetero-dimers of CASTOR1/2 inhibit GATOR2 in a

manner that is relieved upon binding to arginine [29].

Methionine sufficiency is signalled to mTORC1

through a distinct mechanism via the protein S-

adenosylmethionine sensor upstream of mTORC1

(SAMTOR). Rather than binding to methionine

itself, SAMTOR binds to the methionine metabolite

S-adenosylmethionine. SAMTOR interacts with

Fig. 1. mTORC1 is activated on the surface of the lysosome. Amino acids from the lysosomal lumen and outside of the lysosome signal

through known proteins and protein complexes to recruit mTORC1 to the lysosome, where it is activated by insulin signalling through

RHEB. Created with BioRender.com.
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GATOR1 and KICSTOR to potentiate GAP activity

against RAGA/B to repress mTORC1 activation in

the absence of methionine. In contrast, during methio-

nine sufficiency, S-adenosylmethionine binds to SAM-

TOR resulting in its dissociation from GATOR1 and

the subsequent activation of mTORC1 [30].

Arginine within lysosomes is sensed by the lysosomal

membrane protein and amino acid transporter solute

carrier 38 A9 (SLC38A9). Arginine sensing by

SLC38A9 promotes its interaction with the Rag-

Ragulator complex on the lysosomal surface to activate

mTORC1 [31]. In an arginine-regulated fashion,

SLC38A9 transports many essential amino acids,

including leucine, from the lysosomal lumen into the

cytoplasm [31]. Independent of its arginine sensing func-

tion, but dependent on its cholesterol recognition amino

acid consensus (CRAC) motif, SLC38A9 senses choles-

terol availability within lysosomes. This activates

mTORC1 signalling in a RAG-dependent manner [32].

In the absence of amino acids, mTORC1 dissociates

from the lysosome and is inactive. This process is

dependent on ADP-ribosylation factor GTPase-

activating protein 1 (ARFGAP1). ARFGAP1 binds to

mTORC1 to stop lysosomal localisation in the absence

of amino acids; overexpression of ARFGAP1 prevents

the recruitment of mTORC1 to the lysosomal surface

and inhibits downstream signalling, whereas the loss of

ARFGAP1 promotes mTORC1 activity, even in the

absence of amino acids [33].

Glucose availability is relayed to mTORC1 by at least

two different mechanisms: (a) the 5’ adenosine

monophosphate-activated protein kinase (AMPK)-

mediated phosphorylation of Raptor and tuberous

sclerosis complex 2 (TSC2) in response to glucose depri-

vation, which inhibits mTORC1 signalling [34–36] and
(b) the glycolysis metabolite dihydroxyacetone phos-

phate which signals glucose sufficiency to mTORC1

[37]. In the absence of AMPK, glucose deprivation still

suppresses mTORC1 signalling, which fails to occur fol-

lowing dihydroxyacetone phosphate supplementation

[37]. Collectively, these mechanisms detail how the avail-

ability of specific nutrients, both cytoplasmic and within

lysosomes, cooperate with a network of regulatory pro-

teins to fine-tune the lysosomal recruitment of mTORC1

where it is activated by the small GTPase RHEB.

Growth factor cues and nutrient availability must be

integrated by mTORC1 to drive a pro-growth pro-

gramme. Pro-growth signals (e.g. insulin and growth

factors) are passed onto RHEB via the insulin

receptor-PI3K-AKT-TSC1/2/TBC1 domain-containing

7 (TBC1D7) axis [38–40] or through mitogen-activated

protein kinase (MAPK) signalling [41]. This means

that only in the presence of both nutrients and

pro-growth signals will mTORC1 become activated. It

is important to note that the lysosome is the likely site

of mTORC1 activation rather than the location from

which it signals, which is consistent with the diverse

subcellular localisations of mTORC1 substrates [42].

Lysosomal behaviour modifies
mTORC1 signalling

It is noteworthy that the lysosome is not just a platform

for mTORC1 signalling, as lysosomal activity and loca-

lisation also impact mTORC1 activity. During starva-

tion, lysosomes crowd around the microtubule

organizing centre next to the nucleus [43]. During nutri-

ent replete conditions, lysosomes spread to the cell

periphery. Manipulation of motor proteins revealed that

this localisation changes mTORC1 activity. Peripheral

localisation of lysosomes nearer to the plasma mem-

brane increases mTORC1 activity because it is closer to

phospho-active AKT; conversely, perinuclear localisa-

tion of lysosomes decreases mTORC1 activity [43]. The

peripheral localisation of lysosomes during nutrient

replete conditions depends on the production of

phosphatidylinositol-3-phosphate on the lysosomal sur-

face by vacuolar protein sorting 34 (VPS34) and the

binding of this phospholipid by FYVE and coiled-coil

domain autophagy adaptor 1 (FYCO-1) and protrudin

[44]. Further, a recent study found lysosomal position-

ing impacted not only mTORC1, but also mTORC2

[17]. This is one example of how lysosomal behaviour

modifies mTORC1 activity.

Lysosomal activity also impacts mTORC1 signal-

ling. mTORC1 is not only sensitive to signals from the

cytosol and plasma membrane, but also to activity in

the lysosomal lumen itself. Inhibition of the v-type

ATPase inhibits stimulation of mTORC1 activity by

amino acids [24,45]. The requirement for v-type

ATPase activity lies downstream of amino acids but

upstream of RAGA/B; some studies also suggest that

mTORC1 also senses amino acids within the lysosomal

lumen [24]. Autophagy and the breakdown of protein

into amino acids are critical for reactivation of

mTORC1 during starvation. Acute nutrient restriction

stops mTORC1 from signalling; however, after pro-

longed restriction, mTORC1 activity is restored by

autophagy. In the absence of autophagy-related gene 7

(ATG7), which is required for ligation of ATG8-

dependent autophagy–see below), mTORC1 is not

reactivated following long-term leucine deprivation

[31]. Similarly, mTORC1 activity can also be inhibited

by chloroquine [45], which prevents fusion between

autophagosomes and lysosomes [46]. Another study

reported that lysosomal protease inhibitors E64D and
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pepstatin could decrease mTORC1 activity [47]. In

contrast to these results, reduction of autophagy by

beclin-1 (BECN1–a protein that is critical for the

induction of autophagy) knockdown in A549 and

HeLa cells does not reduce mTORC1 activity, nor

does inhibition of intralysosomal proteolysis by the

addition of leupeptin [45]. Although this literature con-

tains some conflicting data, it seems that mTORC1

activity is dependent on lysosomal activity, which is

blocked by v-type ATPase inhibition and some other

chemical inhibitors of cargo delivery and proteolysis.

The passage of macromolecules
through the autophagy lysosomal
pathway is controlled by mTORC1

mTORC1 activity executes a pro-growth–and thus,

anticatabolic–programme through multiple effectors.

One way in which it does this, relevant to the lysosomal

system, is to repress initiation of autophagy through

phosphorylation of Unc-51-like autophagy activating

kinase (ULK)1/2 (Fig. 2). ULK1 is a substrate of

AMPK and mTORC1 and is required for the initiation

of autophagy. It has a paralog called ULK2 with which

it shares some autophagy-related redundancy [48]. How-

ever, for the rest of this review, we focus on ULK1.

ULK1S555 is phosphorylated by AMPK and causes the

activation of ULK1 under starvation conditions [49].

Conversely, mTORC1 phosphorylates ULK1S757 during

nutrient sufficiency which occludes phosphorylation

and thus activation by AMPK [50]. Following

mTORC1 deactivation, ULK1 initiates autophagy.

Active ULK1 exists in a complex with other pro-

teins (including FAK family kinase-interacting protein

of 200 kDa (FIP200), ATG101, and ATG13 [51,52])

and initiates autophagy by interacting with down-

stream protein complexes. Autophagy itself is regu-

lated through known protein complexes. These include

ATG9 vesicles, the ATG14-containing VPS34 complex,

the ATG2–ATG18 complex, and the ATG12 and

ATG8 conjugation systems [53]. ULK1 is required for

the correct localisation of ATG9, which is required for

growth of the limiting membrane of the phagophore

[54] in conjunction with the ATG2-ATG18 complex

[55,56]. Growth of the limiting membrane occurs

through lipid transfer from the endoplasmic reticulum

through ATG2 and recruitment of ATG9-positive

vesicles from the Golgi apparatus. ULK1 also phos-

phorylates BECN1 to promote activation of the

ATG14-containing VPS34 complex [57], which local-

izes to the growing phagophore [58]. This generates

phosphatidylinositol-3-phosphate on the phagophore,

which recruits WD repeat domain phosphoinositide-

interacting 2 (WIPI2) and then the ATG12-ATG5-

ATG16L1 complex to promote the E3-like transfer of

ATG8 proteins (such as microtubule-associated protein

Fig. 2. mTORC1 controls multiple aspects of the autophagy–lysosome pathway. (A) mTORC1 inhibits the initiation of autophagy by inhibiting the

activity of ULK1. Autophagy in this figure is shown as growth of the phagophore into an autophagosome, its fusion with a lysosome and

subsequent nutrient efflux. (B) mTORC1 inhibits lysosomal biogenesis by inhibiting the activity of MITF family transcription factors such as TFEB.

(C) Efflux of nutrients generated by the lysosomal hydrolysis of autophagic cargo is dependent on mTORC1 activity. Created with BioRender.com.
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1A/1B light-chain 3B [LC3B]) to the lipid phosphati-

dylethanolamine which decorates autophagic compart-

ments [59]. ATG8 proteins that become lipidated onto

the nascent phagophore are required to capture spe-

cific cargos via autophagy receptors that contain LC3-

interacting region (LIR) motifs [60]. ATG8 proteins

are also required for efficient fusion between the

autophagosome and the lysosome [61].

Lysosomal hydrolases degrade macromolecules into

their constituent small molecules/monomers such as

amino acids, fatty acids and cholesterol. These small

molecules are exported back to the cytosol in different

ways [62–64]. Interestingly, efflux of amino acids from

the lysosome appears to depend on the proton gradi-

ent that is maintained by the v-type ATPase,

mTORC1 activity and the lysosomal arginine sensor

SLC38A9. This again demonstrates the very close rela-

tionship between mTORC1 and lysosomal activity, all

the way from initiation of autophagy to regulating the

efflux of catabolites from degradation of autophagic

cargos in the lysosome.

Autophagy–lysosome pathway gene
expression is regulated by mTORC1

Lysosomal system genes are regulated by numerous

transcription factors including but not limited to signal

transducer and activator of transcription 3 (STAT3)

[65,66]. Activating transcription factor 4 (ATF4) [67]

and microphthalmia-associated transcription factor

(MITF)-family transcription factors (including tran-

scription factor (TF)E3, TFEB and MITF) [68–70].
mTORC1 works through the MITF family transcrip-

tion factors to control lysosomal system gene expres-

sion [69,71,72]. Under nutrient replete conditions,

MITF family transcription factors are recruited to the

lysosome where they are phosphorylated by mTORC1

[69,70]. This causes binding of a 14-3-3 protein to

these transcription factors and inhibits their transloca-

tion to the nucleus. When nutrients are lacking,

mTORC1 activity is reduced, leading to TFEB activa-

tion and nuclear entry. This also requires calcium

efflux from the lysosome to enable calcineurin-

dependent dephosphorylation of TFEB [73]. TFEB

phosphorylation by mTORC1 is sensitive to amino

acid withdrawal but insensitive to growth factor with-

drawal, making it an unusual mTORC1 substrate

(other substrates require the coincidence of both nutri-

ent signalling through the RAGs and insulin signalling

through RHEB on mTORC1 to be phosphorylated by

this complex) [74]. Once in the nucleus, MITF family

transcription factors bind to coordinated lysosomal

expression and regulation (CLEAR) elements in the

promoters of autophagy and lysosomal system genes

to increase their expression. This ultimately augments

lysosome biogenesis and catabolism [75]. To prepare

for the regeneration of free amino acids generated via

catabolism during starvation, TFEB stimulates the

expression of RAGD to prime the mTORC1 pathway

for reactivation [76].

Age-related lysosomal damage–a
direct emergency signal between the
lysosome and mTORC1

Although the lysosome provides a platform for mTORC1

signalling in response to nutrition, nutrition-independent

signalling also impacts mTORC1 signalling on the lyso-

somal surface. Age-related phenomena, such as lyso-

somal membrane permeabilization, can also have a large

impact on mTORC1 signalling. Another direct route of

communication between lysosomes and mTORC1 exists

to prevent defective lysosome accumulation.

Age-related diseases can lead to the build-up of mol-

ecules that can puncture the lysosomal membrane,

which is dangerous for the cell. Lysosomal membrane

damage can result in leakage of lysosomal proteases

that cause cell death in both physiological [66,77] and

pathological situations [78]. Such age-related diseases

include atherosclerosis (through accumulation of cho-

lesterol crystals) [79], gout (through uric acid crystals)

[80] and late-onset neurodegenerative diseases (through

fibrils of amyloid proteins comprised of tau, amyloid-b
and a-synuclein, for example) (reviewed in [81]).

The hallmarks of Alzheimer’s disease include extra-

cellular amyloid plaques and intraneuronal tau tangles,

both of which comprise amyloid fibrils that are capa-

ble of puncturing the lysosome [82]. Tau, for example,

nucleates and grows via a prion-like mechanism

[83,84]. Seeding of tau aggregates requires acidified

endolysosomes [85], from which corrupted tau aggre-

gates escape and spread into the cytosol to propagate

more tau aggregates. Not only can the escape of

prion-like amyloids from the lysosome promote their

spread, but lysosomal membrane permeabilization also

promotes activation of the inflammasome and inflam-

mation [81]. However, the damaged lysosome can also

activate a danger signal that initiates its repair or its

own removal (termed lysophagy).

Lysosomal membrane damage from harmful sub-

stances may initially be repaired. Calcium release from

the lysosome, and a b-galactoside-binding lectin called

galectin 3, triggers recruitment of endosomal sorting

complex required for transport (ESCRT) proteins to

damaged lysosomal membranes [86,87]. ESCRT pro-

teins are better known for their role in sorting proteins

744 FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Lysosomes prevent ageing J. M. Carosi et al.



in the endolysosomal system; however, they also par-

ticipate in membrane repair [88]. Recruitment of

ESCRT proteins to the lysosome is necessary for

repair of lysosomal integrity and re-acidification [87].

If damage to the lysosomal membrane cannot be

repaired, the lysosome must be removed via lysophagy.

This is possible through mTORC1. Damage to lyso-

somal membranes is a powerful inducer of autophagy

and inhibits mTORC1 signalling to an extent similar to

nutrient starvation [89]. Several studies have identified

the molecular mechanisms that underpin the communi-

cation between damaged lysosomes and mTORC1.

Galectin 8 is critical for mTORC1 inactivation by lyso-

somal membrane damage. During normal conditions,

galectin 8 is in proximity to mTOR. However, upon

lysosomal membrane damage, galectin 8 shifts to be in

proximity to SLC38A9 and Ragulator components. At

the same time, mTORC1 leaves the lysosomal mem-

brane and becomes inactive. Importantly, galectin 8 is

required for silencing mTORC1 activity in response to

lysosomal membrane damage but not for reducing

mTORC1 activity during starvation [90]. The same

study demonstrated that another galectin family mem-

ber, galectin 9, is critical for activation of AMPK in

response to lysosomal damage. Galectin 3 recruits

autophagic machinery around the terminally damaged

lysosome. This process, which ends in lysophagy of the

damaged lysosome, involves recruitment of the E2

ubiquitin-conjugating enzyme, UBE2QL1 (ubiquitin-

conjugating enzyme E2 Q family-like 1) [91], E3 ubiqui-

tin ligase TRIM16 (tripartite motif-containing 16) [92],

ubiquitination of lysosomal membrane proteins [93] and

recruitment of the segregase P97 [94]. Galectin 8-

mediated mTORC1 inhibition promotes TFEB-driven

expression of lysosomal system genes to replace the

lysosomes that were destroyed [86].

This system, which senses and responds to lysosomal

system damage, inspired Jia and colleagues [90] to

speculate that surveillance of endomembrane damage

through the galectins could explain why mTORC1

localizes to the lysosome. The lysosomal localisation

of mTORC1 acts as a defence against lysosomal dam-

age from pathogenic molecular species such as aggre-

gated tau [85] as well as invading microbes such as

Mycobacterium tuberculosis that also translocate into

the cytosol from the lysosomal compartment [95]. The

same argument can be made about mTORC1 activa-

tion, its need for nutrient sensing and amino acids that

originate from lysosomal hydrolysis.

Collectively, these studies show that mTORC1 is

highly sensitive to lysosomal damage. This provides

another example of how lysosomal behaviour influ-

ences mTORC1 activity (Fig. 3). mTORC1 inhibition

can then orchestrate an appropriate response to lyso-

somal membrane damage induced by age-related dis-

eases in the form of crystals and amyloids. The role of

mTORC1 inhibition on the autophagy–lysosome path-

way and maintenance of the lysosomal system in the

face of damage from age-related pathologies is entirely

consistent with its role in ageing in animal models.

Living longer and healthier through
inhibition of mTORC1

Inhibition of mTORC1 activity has long been known to

increase both health- and lifespan and to slow biological

ageing [96]. Experiments from the 1930s showed that

rats exposed to calorie restriction lived for longer com-

pared with rats that consumed an ad libitum diet [97].

This effect has widely been replicated in diverse organ-

isms from yeast and worms through to mammals [98].

More recently, two studies assessed the impact of calorie

restriction on lifespan in Rhesus monkeys: while one

study showed beneficial effects of calorie restriction on

lifespan [99,100] and the other did not [101], in aggre-

gate they appeared to support the idea that calorie

restriction could produce health benefits in primates

[102]. More recently, increases in health- and lifespan

have also been observed in both humans and animal

models with reduction of protein intake to within

healthy ranges [103,104].

Both calorie restriction and protein restriction are

known to inhibit mTORC1 signalling [105,106]. How-

ever, other pathways, including AMPK, forkhead box

O-3 (FOXO3), sirtuin, nicotinamide adenine dinucleo-

tide (NAD+) and fibroblast growth factor 21

(FGF21)-signalling, also have important effects down-

stream of nutrient restriction [107]. Further, the direct

role that mTORC1 inhibition plays in mediating the

effects of caloric restriction is subject to conflicting

data [107]. Research has shown that target of rapamy-

cin (TOR) inhibition was not additive with calorie

restriction in yeast [108] and C. elegans [109], but it

was in drosophila [110]. What this means is that TOR

inhibition was revealed to be an effector of calorie

restriction in yeast and C. elegans but not in the study

that used drosophila. That said, pharmacological

mTORC1 inhibition with rapamycin is sufficient to

slow biological ageing as it extends lifespan in a wide

range of organisms, including mammals [111]. In sum-

mary, although mTORC1 inhibition may not account

for all longevity benefits of calorie restriction, it is suf-

ficient to promote longevity itself.

Inhibition of mTORC1 is thought to extend lifespan

by increasing translational accuracy [112,113] and by

augmenting autophagy and lysosomal biogenesis. The
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notion that the autophagy–lysosome pathway is a

direct effector of TOR inhibition for the extension of

lifespan was shown in model organisms including dro-

sophila [110] and C. elegans [114].

Further evidence for a role of the autophagic–lyso-
somal pathway in controlling lifespan in mice comes

from experiments in which autophagy was genetically

disabled. Whereas body-wide deletion of core autop-

hagy machinery genes (e.g. ATG5) results in death

within a few months from generalized tissue degenera-

tion, other experiments have employed more subtle

approaches. Heterozygous deletion of Becn1 reduces

lifespan and increases tumour prevalence [115]. Induc-

ible depletion of ATG5, even for a period of only four

months, resulted in the increased prevalence of

tumours. Conversely, a Becn1 knock-in mutation

(F121A), which reduced BECN1’s association with

anti-apoptotic protein B-cell lymphoma 2 (BCL2) and

constitutively increased autophagy throughout the

lifetime of the mouse, increased health and lifespan.

Further, inhibition of autophagy exacerbates disease-

specific signs in a wide range of age-related disease

models. This topic has been reviewed extensively else-

where [9,116]. Although age-related diseases such as

Alzheimer’s disease, atherosclerosis and cancer mani-

fest in different ways, common age-related mechanisms

can be found between them that are known as the

hallmarks of ageing [117]. In the following section, we

review specific examples of how the autophagy–lyso-
some pathway could lead to a longer life through

attacking molecular drivers of ageing. Here, we review

specific examples of how mTOR and the autophagy–
lysosome system interact with genetic instability,

telomere attrition, epigenetic alterations, loss of proteos-

tasis, cellular senescence and stem cell exhaustion [117].

Genetic instability is suppressed by
the autophagy–lysosome system

mTORC1 inhibition and the autophagy–lysosome

pathway has long been known to modify diseases that

are characterized by genetic instability [118], including

cancer [119]. The autophagy–lysosome pathway has a

complex relationship with cancer: decreased autophagy

Fig. 3. Lysosomal behaviour modifies mTORC1 activity. (A) Generation of nutrients inside the lysosome from hydrolysis of autophagic cargo

promotes mTORC1 activity through nutrient sensing. (B) Rupture of the lysosomal membrane suppresses mTORC1 activity through Galectin 8. (C)

Movement of the lysosome to the periphery of the cell promotes mTORC1 activity through active AKT signalling. Created with BioRender.com.
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before onset of cancer is known to result in increased

accumulation of DNA damage and increases the risk

of cancer development [115,120]. However, once a can-

cer is established, this relationship becomes signifi-

cantly more complex [121,122] and has been reviewed

elsewhere [123].

The autophagy–lysosome pathway supports genetic

stability at different levels. One of these is suppressing

the generation of reactive oxygen species (ROS) that

would otherwise damage DNA [124]. This occurs by

mitophagy, the selective uptake of damaged mitochon-

dria. For example, knockdown of ATG5 using a

doxycycline-inducible shRNA-expressing mouse (which

produces a decrease in ATG8-dependent autophagy)

increased the abundance of mitochondrial content and

the incidence of telomere-associated c-H2AX foci,

which represent DNA damage that associates with

ageing [120]. A similar relationship has been shown

using genetic manipulation of multiple core autophagy

genes [120,125,126], although ROS may not be the

only mechanism through which autophagy deficiency

promotes the accumulation of DNA damage [127].

The autophagy–lysosome pathway also opposes

DNA damage by capturing and digesting nuclear

material via nucleophagy [128]. The lysosome degrades

nuclear material with a range of hydrolases including

deoxyribonuclease 2 (DNASE2). DNASE2 deficiency

promotes inflammation and autoimmunity via the

cyclic GMP–AMP synthase (cGAS)–stimulator of

interferon genes (STING) pathway [129]. The cGAS-

STING pathway is activated by foreign DNA in the

cytoplasm (e.g. during bacterial infection) and coordi-

nates the gene expression of innate immune system

effectors; it also activates autophagy (i.e. to counteract

pathogen invasion). The loss of DNASE2 promotes

autoimmunity and inflammation because nuclear DNA

is not efficiently cleared by the autophagy–lysosome

axis and accumulates in the cytoplasm. Together, these

data demonstrate multiple ways that the autophagy–
lysosome pathway counteracts DNA damage.

Telomere attrition has a complex
relationship with mTORC1

Telomeres are repetitive DNA sequences that exist at

the ends of eukaryotic chromosomes. At each somatic

cell division cycle, telomeres shorten through incomplete

synthesis of the lagging strand during DNA replication.

This is due to the inability of DNA polymerase to

completely replicate the 30 end of the DNA strand [130].

However, telomeres can be stabilized by telomerase, a

reverse transcriptase enzyme responsible for adding

DNA to the ends of chromosomes, thus maintaining

chromosome length. Telomerase is a specialized reverse

transcriptase RNP composed of two main components,

a telomerase reverse transcriptase (TERT) protein and a

noncoding RNA component (TER, telomerase RNA),

which is an integral and essential part of the enzyme

[131]. Attrition of telomere length has been associated

with DNA damage response, which can lead to cellular

senescence or apoptosis and genome instability. Fur-

ther, decreased telomere length has been shown to asso-

ciate with increased mortality in large human cohort

studies [132].

Telomere maintenance is biologically linked to

autophagy through TERT. TERT increases expression

of autophagy protein LC3 and may increase autop-

hagy in an mTORC1-dependent manner [133–136].
However, how augmentation of the autophagy–lyso-
some pathway interacts with telomere length awaits

further research. Although the effect of modulation of

autophagy and the lysosomal system on telomere

length has not been well explored, the links between

nutrient restriction, mTORC1 and telomeres have.

The relationship between mTORC1 and telomeres

has been examined in cell models where rapamycin

shortens telomeres by decreasing human TERT

(hTERT) expression [137,138]. In a more recent mouse

study, mTORC1 inhibition in animals genetically mod-

ified to have shorter telomeres actually decreased life-

span. The same study showed that while rapamycin

likely increased autophagy in control mice, the same

increase was not observed in mice with short telomeres

[139]. Further, rapamycin treatment that extended life-

span in wild-type mice did not change telomere length

in the same animals. This research shows that autop-

hagy is unlikely to impact telomere length.

Epigenetic changes have a
bidirectional relationship with
mTORC1 and the autophagy–lysosome
pathway

Epigenetic control of gene expression can occur through

DNA methylation and histone methylation and acetyla-

tion, both of which are known to regulate expression of

autophagic and lysosomal genes [140]. For example, an

E3 ubiquitin ligase S-phase kinase-associated protein 2

(SKP2) ubiquitinates the methyltransferase coactivator-

associated arginine methyltransferase 1 (CARM1) to ear-

mark it for degradation in the proteasome (a protein

complex that degrades proteins) under nutrient replete

conditions. However, during starvation, AMPK activates

FOXO3 via phosphorylation, which downregulates

SKP2 expression and promotes CARM1-dependent

histone dimethylation (H3R17Me2) to promote the
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expression of autophagy and lysosomal genes in conjunc-

tion with TFEB [141]. While the epigenetic regulation of

autophagy is well understood, the interaction between

autophagy and age-related epigenetic changes awaits

exploration. However, we can learn from research that

has examined the relationship between epigenetic modifi-

cation and mTORC1.

Apart from histone methylation, DNA itself can be

methylated at cytosine bases to form 5-methylcytosine.

DNA methylation can change with various cell activi-

ties such as silencing retroviral elements, regulation of

gene expression, genomic imprinting, cellular prolifera-

tion and X chromosome inactivation [142,143]. During

ageing, patterns of DNA methylation change in a pre-

dictable way. Methylation at a specific subset of CpG

islands can be used to predict chronological age at a

very high accuracy, much more so than for telomere

shortening [144].

Interestingly, and contrary to intuition, DNA meth-

ylation age (DNAm age) does not correlate well with

cellular proliferation, cellular senescence or DNA dam-

age [145]. Despite this, rapamycin does slow biological

ageing, measured as the DNAm age [145]. The ability

of rapamycin to slow DNAm age could work through

autophagy. However, experiments that test this idea

have not yet been conducted and this remains a gap in

the literature.

The autophagy–lysosome pathway is
critical for suppressing accumulation
of damaged proteins with age

During ageing, the autophagy–lysosome pathway is crit-

ical for maintaining proteostasis in tissues. Proteostasis

includes protein synthesis, which is directly regulated by

mTORC1 [112], and protein degradation, which is per-

formed by the proteasome and the lysosomal system.

The autophagy–lysosome pathway is particularly

important for clearance of insoluble and aggregated

proteins that cannot be cleared by the proteasome [146].

The role of the autophagy–lysosome pathway in the

maintenance of proteostasis is most evident in late-onset

neurodegenerative diseases which are often referred to

as proteinopathies. As an organism ages, the

autophagy–lysosome pathway is thought to become less

efficient, although this has not been directly tested in

humans [147,148]. This reduction in cellular clearance

results in the accumulation of misfolded and aggregated

proteins, with some of these entering an ‘amyloid state’.

This is true for Alzheimer’s and Parkinson’s diseases

where amyloid-b peptide [149], tau [150] and a-
synuclein [151] accumulate and spread in a strain-

specific [151] prion-like manner. In Alzheimer’s disease,

accumulation of amyloid-b starts 20 years before the

diagnosis of dementia [152]. Although late-onset neuro-

degenerative diseases are complex and multifactorial,

protein aggregation and prion-like spread are thought

to drive at least some decline in cognition and function

with disease progression.

mTORC1 inhibition with drugs such as rapamycin

represses this accumulation and the prion-like spread

of toxic proteins [153]. The autophagy–lysosome path-

way is critical for suppression of these corrupted pro-

tein species. Whereas tau monomer is a long-lived

protein, with a half-life of over six days in vitro and

three weeks in the human central nervous system [154],

tau aggregates respond acutely to autophagic inhibi-

tion [154]. Lysosomal inhibition with chloroquine pro-

motes the accumulation of tau aggregates in vivo. The

process whereby protein aggregates are selectively cap-

tured by autophagy is referred to as aggrephagy [155].

Aggrephagy may occur through ubiquitin-dependent

and ubiquitin-independent recognition of protein

aggregates by autophagy-cargo receptors such as

sequestosome 1 (SQSTM1)/p62 and neighbour of

BRCA1 (NBR1). Autophagy cargo receptors tether

the aggregate to the growing phagophore via binding

to ATG8 family proteins and conclude with the

destruction of aggregates in the lysosome [156]. There-

fore, the autophagy–lysosome pathway suppresses pro-

tein aggregation and is likely to be a key vulnerability

factor in proteinopathies such as Alzheimer’s disease.

As mentioned above, it is thought that the activity

of the autophagy–lysosome pathway deteriorates with

age. Research on protein ageing has provided a possi-

ble mechanism for deterioration of protein degradative

capability within the lysosome. Nonenzymatic modifi-

cations of amino acids can yield peptides that cannot

be cleaved by lysosomal proteases. These modifications

include the deamidation of L-asparagine or the isomer-

isation of L-aspartic acid. Through known intermedi-

ates, this process proceeds spontaneously under

physiological conditions and results in the generation

of modified amino acids such as D-aspartic acid, D-

isoaspartic acid and L-isoaspartic acid [157]. Impor-

tantly, the amyloid-b peptide is susceptible to this kind

of modification on its own aspartic acid residues [158],

making these modified peptides resistant to lysosomal

proteases [159]. Such resistance to proteolysis will pro-

mote the accumulation of these peptides in the lyso-

some and may explain why the lysosomal system is

compromised in brains containing amyloid plaques

[160,161]. Spontaneous amino acid isomerisation

within peptides is therefore a phenomenon that con-

tributes to the deterioration of the role of the lysosome

in proteostasis during ageing.
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Cellular senescence is suppressed by
the autophagy–lysosome pathway

During ageing, tissues accumulate senescent cells that

contribute to inflammation and tissue degeneration.

Cellular senescence is characterized by withdrawal

from the cell cycle, dysregulated metabolism, macro-

molecular damage and a defined secretory phenotype

(called the senescence-associated secretory phenotype,

or SASP) [162]. mTORC1 inhibition suppresses cellu-

lar senescence. Rapamycin reduces cellular senescence,

despite not being senolytic–instead it allows cells to re-

enter the cell cycle [163–165]. Further, autophagy sup-

presses the accumulation of senescent cells in mouse

tissues [120]. However, the relationship between autop-

hagy and age-related senescence is complex because

the autophagy–lysosome pathway supports the synthe-

sis of the SASP, which also requires mTORC1. There-

fore, the autophagy–lysosome pathway itself may be

responsible for generation of the SASP through the

provision of amino acids for synthesis of this senes-

cence hallmark [166,167].

Senescent cells also depend on the lysosomal system

in other ways. They display increased lysosomal mass

and this accounts for an increase in b-galactosidase
(expressed by the lysosomal gene, galactosidase beta 1

(GLB1)), which is often used as a marker of senescent

cells [168,169]. Further, total histone content decreases

in senescent cells which extrude chromatin that is

cleared by autophagy [170]. This process may be

linked to tumour suppression. Together, these studies

show that inhibition of mTORC1 and activation of

the autophagy–lysosome pathway may be clinically

useful for the repression of senescence before large

numbers of cells have already become senescent.

Stem cell exhaustion is repressed by
autophagy

Another important hallmark of ageing is stem cell

exhaustion. During ageing, stem cells lose their ability

to respond to tissue damage, lose control over prolifer-

ative activity and experience functional decline. This

loss of function reduces their ability to support tissue

repair and replacement [171].

A relationship between autophagy and stem cell

maintenance has recently emerged whereby an active

autophagy–lysosome pathway maintains their ability

to proliferate. This relationship has been characterized

for neuronal stem cells, in which autophagy appears to

decrease during ageing [172]. Autophagy in neuronal

stem cells is driven, at least in part, by the transcrip-

tion factor FOXO3 [173]. Loss of FOXO3 in these

cells promotes the accumulation of protein aggregates,

consistent with reduced autophagy. Rapamycin can

reverse this phenotype, consistent with the role of

mTORC1 in suppressing autophagy. Similarly, autop-

hagy inhibition in glial fibrillary acidic protein

(GFAP)-expressing neuronal progenitors via FIP200

deletion also results in accumulation of autophagic

proteins, higher cellular content of mitochondria that

appear more heterogeneous than in controls and

increased amounts of reactive oxygen species [174].

Mice that are deficient for autophagy in neuronal stem

cells also had fewer neurons in the dentate gyrus of

the hippocampus, which relies on neurogenesis

throughout adult life from nearby stem cells. This

effect was rescued using antioxidant treatment, show-

ing oxidative damage was likely causing this deficiency

in neurogenesis [174].

In support of data showing that a decrease in autop-

hagy reduces neuronal stem cell proliferation,

autophagy–lysosome pathway activation can increase

the ability of stem cells to proliferate. This is true of

quiescent neuronal stem cells that are exposed to nutri-

ent deprivation, rapamycin or overexpression of TFEB

[175]. Genetically increasing autophagy via Becn1

F121A knock-in also increases the number of neuronal

stem cells in the brain in old, but not young mice

[172], indicating that autophagy delays stem cell

exhaustion [172]. This is consistent with hematopoietic

stem cells where increased autophagy in old age main-

tains mitochondrial health and long-term regeneration

potential [176]. These studies show that efficient

autophagy–lysosome pathway function is critical to

slow stem cell exhaustion and promote efficient tissue

regeneration into old age.

Interventions that increase activity of
the autophagy–lysosome pathway

Activation of the autophagy–lysosome axis is possible,

at least in cell and animal models. It is very important

to make a clear distinction here between two potential

therapeutic strategies–induction of autophagy and

enhancing lysosomal activity. Induction of autophagy

here refers to an intervention that increases autophagy

initiation, sequestration of autophagic cargo and its

delivery to the lysosome. Inducers of autophagy have

been reviewed elsewhere [177] but include a wide vari-

ety of mTOR- and mTORC1-inhibiting drugs such as

rapamycin and AZD2014 [178]. In addition to these

pharmaceutical compounds, some natural products

can also modify mTOR activity such as curcumin and

resveratrol [179,180]. Other drugs, such as lithium,

metformin, spermidine and a peptide that interacts
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directly with autophagy machinery–TAT-BECN1

[177,181], can also promote autophagy via mTORC1-

independent mechanisms. Similarly, as mentioned pre-

viously in this review, caloric or protein restriction has

also been shown to inhibit mTOR activity.

Enhancing lysosomal activity refers to interventions

that enhance the acidification and/or the hydrolytic

capability of the lysosome. This distinction is important

because during age-related diseases such as Alzheimer’s

disease, lysosomal activity is significantly impaired [161]

and inducing autophagy in this situation could cause

more harm than good [153]. The reason for this is

because increasing the generation of autophagic cargo

in the absence of efficient lysosomal disposal can cause

autophagic stress, which is known to cause cell dysfunc-

tion and death. Reports of lysosomal activity inducers

are fewer in number than for autophagy inducers; how-

ever, some have been developed.

The small molecule EN6 that binds to the v-type

ATPase promotes lysosomal acidification while inter-

fering with Rag-dependent mTORC1 recruitment and

activation at the lysosome. Therefore, EN6 is unique

in its ability to simultaneously activate autophagy

while directly boosting lysosomal function [182].

mTORC1 inhibition will also enhance lysosomal sys-

tem function indirectly, via TFEB/MITF-mediated

expression of important lysosomal genes such as sub-

units of the v-type ATPase. The MITF family of tran-

scription factors are known to increase lysosomal

function, although other transcription factors can per-

form analogous tasks. STAT3 is an important tran-

scription factor that can dramatically increase

lysosomal function through expression of lysosomal

genes [65,66]. Importantly, STAT3-dependent induc-

tion of lysosomal gene expression may be possible via

inhibition of a lysosomal protease called asparagine

endopeptidase (or legumain) [65]. Another interesting

avenue for research into restoration of lysosomal func-

tion is delivery of acidic nanoparticles, which appear

to rescue compromised lysosomal function [183,184].

There is clearly much promise for autophagy–lysosome

pathway intervention, and while the mTORC1 and

related pathways look like good candidates for devel-

opment of therapies, autophagy–lysosome-modifying

strategies clearly extend well beyond mTORC1.

Conclusions and perspectives

Autophagy-based interventions, including via mTORC1

inhibition, hold great promise for slowing biological

ageing and delaying age-related disease. Much has been

learned about the basic mechanisms that drive autop-

hagy, its effects on the hallmarks of ageing, and how it

can be targeted using both pharmacological and dietary

interventions. Even though the lysosome–autophagy
pathway is now at a place where it is attracting attention

from many research laboratories and even the private

sector [185,186], translation of this knowledge to pro-

mote healthy ageing has not yet been realized.

Research must now focus clearly on questions that

will allow translation of interventions that enhance the

activity of the autophagy–lysosome pathway. A particu-

lar emphasis should be put towards measuring the activ-

ity of the autophagy–lysosome pathway in humans. Our

knowledge about how this pathway operates in healthy

human ageing and age-related disease is very limited

and this is holding translation back [187,188]. Although

little is currently known, research has now demonstrated

that measurement of the activity of the autophagy–lyso-
some pathway is possible in humans [189].

Another vital question that we need to answer

before interventions targeting the autophagy–lysosome

pathway can be applied to people is at which stage(s)

in human health and disease will augmenting the activ-

ity of this pathway be helpful for slowing the accumu-

lation of the hallmarks of ageing? One study provided

great insight with regard to proteostasis. In mouse

models of Alzheimer’s disease, rapamycin treatment

applied before the accumulation of tau protein tangles

prevented their accumulation. However, when applied

after the emergence of tau tangles, rapamycin had no

effect [190]. Examination of the relationship between

the autophagy–lysosome pathway and other hallmarks

of ageing raises similar questions. This pathway

appears to suppress the emergence of senescent cells in

tissues [120] but is also required to support key ele-

ments of the senescent phenotype [166,167]. The

autophagy–lysosome pathway appears important for

suppressing genetic damage but once autophagy is sup-

pressed and this genetic damage appears, it is irrevers-

ible [120]. This leads us to speculate that augmenting

the activity of the autophagy–lysosome pathway may

only be useful before the onset of age-related diseases,

not after. However, the answer to whether this is true

will only ultimately come from further research on the

autophagy–lysosome pathway in humans.

Conflict of interest

TJS and JB are listed as inventors on a related patent,

PCT/AU2020/050908.

Author contributions

TJS conceived and wrote the manuscript. JMC, CF,

and JB drafted and edited the manuscript.

750 FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Lysosomes prevent ageing J. M. Carosi et al.



References

1 Livingston G, Huntley J, Sommerlad A, Ames D,

Ballard C, Banerjee S, et al. Dementia prevention,

intervention, and care: 2020 report of the Lancet

Commission. Lancet. 2020;396:413–46.
2 Lowsky DJ, Olshansky SJ, Bhattacharya J, Goldman

DP. Heterogeneity in healthy aging. J Gerontol.

2013;69:640–9.
3 Jylh€av€a J, Pedersen NL, H€agg S. Biological age

predictors. EBioMedicine. 2017;21:29–36.
4 Seals DR, Justice JN, LaRocca TJ. Physiological

geroscience: targeting function to increase healthspan

and achieve optimal longevity. J Physiol.

2016;594:2001–24.
5 Weindruch R, Sohal RS. Seminars in medicine of the

Beth Israel Deaconess Medical Center. Caloric intake

and aging. N Engl J Med. 1997;337:986–94.
6 Sabatini DM. Twenty-five years of mTOR: Uncovering

the link from nutrients to growth. Proc Natl Acad Sci

USA. 2017;114:11818–25.
7 Doherty GJ, McMahon HT. Mechanisms of

endocytosis. Annu Rev Biochem. 2009;78:857–902.
8 Green DR, Oguin TH, Martinez J. The clearance of

dying cells: table for two. Cell Death Differ.

2016;23:915–26.
9 Aman Y, Schmauck-Medina T, Hansen M, Morimoto

RI, Simon AK, Bjedov I, et al. Autophagy in healthy

aging and disease. Nature Aging. 2021;1:634–50.
10 Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR,

Erdjument-Bromage H, et al. mTOR interacts with

raptor to form a nutrient-sensitive complex that signals

to the cell growth machinery. Cell. 2002;110:163–75.
11 Kamada Y, Funakoshi T, Shintani T, Nagano K,

Ohsumi M, Ohsumi Y. Tor-mediated induction of

autophagy via an Apg1 protein kinase complex. J Cell

Biol. 2000;150:1507–13.
12 Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase

homologue, controls autophagy in yeast. J Biol Chem.

1998;273:3963–6.
13 Zinzalla V, Stracka D, Oppliger W, Hall MN.

Activation of mTORC2 by association with the

ribosome. Cell. 2011;144:757–68.
14 Ebner M, Sinkovics B, Szczygieł M, Ribeiro DW,

Yudushkin I. Localization of mTORC2 activity inside

cells. J Cell Biol. 2017;216:343–53.
15 Xie J, Wang X, Proud CG. Who does TORC2 talk to?

Biochem J. 2018;475:1721–38.
16 Arias E, Koga H, Diaz A, Mocholi E, Patel B, Cuervo

AM. Lysosomal mTORC2/PHLPP1/Akt regulate

chaperone-mediated autophagy. Mol Cell.

2015;59:270–84.
17 Jia R, Bonifacino JS. Lysosome positioning influences

mTORC2 and AKT signaling. Mol Cell. 2019;75:26–
38.e3.

18 Sarbassov DD, Ali SM, Kim DH, Guertin DA, Latek

RR, Erdjument-Bromage H, et al. Rictor, a novel

binding partner of mTOR, defines a rapamycin-

insensitive and raptor-independent pathway that

regulates the cytoskeleton. Current Biol. 2004;14:1296–
302.

19 Ballesteros-�Alvarez J, Andersen JK. mTORC2: The

other mTOR in autophagy regulation. Aging Cell.

2021;20:e13431.

20 Chellappa K, Brinkman JA, Mukherjee S, Morrison

M, Alotaibi MI, Carbajal KA, et al. Hypothalamic

mTORC2 is essential for metabolic health and

longevity. Aging Cell. 2019;18:e13014.

21 Bar-Peled L, Schweitzer LD, Zoncu R, Sabatini DM.

Ragulator is a GEF for the rag GTPases that signal

amino acid levels to mTORC1. Cell. 2012;150:1196–
208.

22 Sancak Y, Peterson TR, Shaul YD, Lindquist RA,

Thoreen CC, Bar-Peled L, et al. The Rag GTPases

bind raptor and mediate amino acid signaling to

mTORC1. Science. 2008;320:1496–501.
23 Tsun ZY, Bar-Peled L, Chantranupong L, Zoncu R,

Wang T, Kim C, et al. The folliculin tumor suppressor

is a GAP for the RagC/D GTPases that signal amino

acid levels to mTORC1. Mol Cell. 2013;52:495–505.
24 Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y,

Sabatini DM. mTORC1 senses lysosomal amino acids

through an inside-out mechanism that requires the

vacuolar H(+)-ATPase. Science. 2011;334:678–83.
25 Wolfson RL, Chantranupong L, Wyant GA, Gu X,

Orozco JM, Shen K, et al. KICSTOR recruits

GATOR1 to the lysosome and is necessary for

nutrients to regulate mTORC1. Nature. 2017;543:438–
42.

26 Bar-Peled L, Chantranupong L, Cherniack AD, Chen

WW, Ottina KA, Grabiner BC, et al. A Tumor

suppressor complex with GAP activity for the Rag

GTPases that signal amino acid sufficiency to

mTORC1. Science. 2013;340:1100–6.
27 Chantranupong L, Wolfson RL, Orozco JM, Saxton

RA, Scaria SM, Bar-Peled L, et al. The Sestrins

Interact with GATOR2 to Negatively Regulate the

Amino-Acid-Sensing Pathway Upstream of mTORC1.

Cell Rep. 2014;9:1–8.
28 Chen J, Ou Y, Luo R, Wang J, Wang D, Guan J, et

al. SAR1B senses leucine levels to regulate mTORC1

signalling. Nature. 2021;596:281–4.
29 Chantranupong L, Scaria SM, Saxton RA, Gygi MP,

Shen K, Wyant GA, et al. The CASTOR proteins are

arginine sensors for the mTORC1 pathway. Cell.

2016;165:153–64.
30 Gu X, Orozco JM, Saxton RA, Condon KJ, Liu GY,

Krawczyk PA, et al. SAMTOR is an S-

adenosylmethionine sensor for the mTORC1 pathway.

Science. 2017;358:813–8.

751FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. M. Carosi et al. Lysosomes prevent ageing



31 Wyant GA, Abu-Remaileh M, Wolfson RL, Chen

WW, Freinkman E, Danai LV, et al. mTORC1

activator SLC38A9 is required to efflux essential

amino acids from lysosomes and use protein as a

nutrient. Cell. 2017;171:642–654.e12.
32 Castellano BM, Thelen AM, Moldavski O, Feltes M,

van der Welle RE, Mydock-McGrane L, et al.

Lysosomal cholesterol activates mTORC1 via an

SLC38A9-Niemann-Pick C1 signaling complex.

Science. 2017;355:1306–11.
33 Meng D, Yang Q, Melick CH, Park BC, Hsieh TS,

Curukovic A, et al. ArfGAP1 inhibits mTORC1

lysosomal localization and activation. EMBO J.

2021;40:e106412.

34 Gwinn DM, Shackelford DB, Egan DF, Mihaylova

MM, Mery A, Vasquez DS, et al. AMPK

phosphorylation of raptor mediates a metabolic

checkpoint. Mol Cell. 2008;30:214–26.
35 Corradetti MN, Inoki K, Bardeesy N, DePinho RA,

Guan KL. Regulation of the TSC pathway by LKB1:

evidence of a molecular link between tuberous sclerosis

complex and Peutz-Jeghers syndrome. Genes Dev.

2004;18:1533–8.
36 Inoki K, Zhu T, Guan K-L. TSC2 mediates cellular

energy response to control cell growth and survival.

Cell. 2003;115:577–90.
37 Orozco JM, Krawczyk PA, Scaria SM, Cangelosi AL,

Chan SH, Kunchok T, et al. Dihydroxyacetone

phosphate signals glucose availability to mTORC1.

Nat Meta. 2020;2:893–901.
38 Garami A, Zwartkruis FJT, Nobukuni T, Joaquin

M, Roccio M, Stocker H, et al. Insulin activation

of Rheb, a mediator of mTOR/S6K/4E-BP signaling,

is inhibited by TSC1 and 2. Mol Cell. 2003;11:1457–
66.

39 Inoki K, Li Y, Zhu T, Wu J, Guan KL. TSC2 is

phosphorylated and inhibited by Akt and suppresses

mTOR signalling. Nat Cell Biol. 2002;4:648–57.
40 Manning BD, Tee AR, Logsdon MN, Blenis J,

Cantley LC. Identification of the tuberous sclerosis

complex-2 tumor suppressor gene product tuberin as a

target of the phosphoinositide 3-Kinase/Akt pathway.

Mol Cell. 2002;10:151–62.
41 Ma L, Chen Z, Erdjument-Bromage H, Tempst P,

Pandolfi PP. Phosphorylation and functional

inactivation of TSC2 by Erk implications for tuberous

sclerosis and cancer pathogenesis. Cell. 2005;121:179–
93.

42 Manifava M, Smith M, Rotondo S, Walker S,

Niewczas I, Zoncu R, et al. Dynamics of mTORC1

activation in response to amino acids. Elife. 2016;5.

43 Korolchuk VI, Saiki S, Lichtenberg M, Siddiqi FH,

Roberts EA, Imarisio S, et al. Lysosomal positioning

coordinates cellular nutrient responses. Nat Cell Biol.

2011;13:453–60.

44 Hong Z, Pedersen NM, Wang L, Torgersen ML,

Stenmark H, Raiborg C. PtdIns3P controls mTORC1

signaling through lysosomal positioning. J Cell Biol.

2017;216:4217–33.
45 Fedele AO, Proud CG. Chloroquine and bafilomycin

A mimic lysosomal storage disorders and impair

mTORC1 signalling. Biosci Rep. 2020;40:5.

46 Mauthe M, Orhon I, Rocchi C, Zhou X, Luhr M,

Hijlkema KJ, et al. Chloroquine inhibits autophagic

flux by decreasing autophagosome-lysosome fusion.

Autophagy. 2018;14:1435–55.
47 Li M, Khambu B, Zhang H, Kang JH, Chen X, Chen

D, et al. Suppression of lysosome function induces

autophagy via a feedback down-regulation of MTOR

complex 1 (MTORC1) activity. J Biol Chem.

2013;288:35769–80.
48 Demeter A, Romero-Mulero MC, Csabai L, €Olbei M,

Sudhakar P, Haerty W, et al. ULK1 and ULK2 are

less redundant than previously thought: computational

analysis uncovers distinct regulation and functions of

these autophagy induction proteins. Sci Rep.

2020;10:10940.

49 Egan DF, Shackelford DB, Mihaylova MM, Gelino S,

Kohnz RA, Mair W, et al. Phosphorylation of ULK1

(hATG1) by AMP-activated protein kinase connects

energy sensing to mitophagy. Science. 2011;331:456–61.
50 Kim J, Kundu M, Viollet B, Guan KL. AMPK and

mTOR regulate autophagy through direct

phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132–
41.

51 Hosokawa N, Hara T, Kaizuka T, Kishi C, Takamura

A, Miura Y, et al. Nutrient-dependent mTORC1

association with the ULK1-Atg13-FIP200 complex

required for autophagy. Mol Biol Cell. 2009;20:1981–
91.

52 Mercer CA, Kaliappan A, Dennis PB. A novel, human

Atg13 binding protein, Atg101, interacts with ULK1

and is essential for macroautophagy. Autophagy.

2009;5:649–62.
53 Mizushima N. The ATG conjugation systems in

autophagy. Curr Opin Cell Biol. 2020;63:1–10.
54 Zhou C, Ma K, Gao R, Mu C, Chen L, Liu Q, et al.

Regulation of mATG9 trafficking by Src- and ULK1-

mediated phosphorylation in basal and starvation-

induced autophagy. Cell Res. 2017;27:184–201.
55 Matoba K, Kotani T, Tsutsumi A, Tsuji T, Mori T,

Noshiro D, et al. Atg9 is a lipid scramblase that

mediates autophagosomal membrane expansion. Nat

Struct Mol Biol. 2020;27:1185–93.
56 Osawa T, Kotani T, Kawaoka T, Hirata E, Suzuki K,

Nakatogawa H, et al. Atg2 mediates direct lipid

transfer between membranes for autophagosome

formation. Nat Struct Mol Biol. 2019;26:281–8.
57 Park JM, Seo M, Jung CH, Grunwald D, Stone M,

Otto NM, et al. ULK1 phosphorylates Ser30 of

752 FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Lysosomes prevent ageing J. M. Carosi et al.



BECN1 in association with ATG14 to stimulate

autophagy induction. Autophagy. 2018;14:584–97.
58 Matsunaga K, Saitoh T, Tabata K, Omori H, Satoh

T, Kurotori N, et al. Two Beclin 1-binding proteins,

Atg14L and Rubicon, reciprocally regulate autophagy

at different stages. Nat Cell Biol. 2009;11:385–96.
59 Dooley HC, Razi M, Polson HE, Girardin SE, Wilson

MI, Tooze SA. WIPI2 links LC3 conjugation with

PI3P, autophagosome formation, and pathogen

clearance by recruiting Atg12-5-16L1. Mol Cell.

2014;55:238–52.
60 Zellner S, Schifferer M, Behrends C. Systematically

defining selective autophagy receptor-specific cargo

using autophagosome content profiling. Mol Cell.

2021;81:1337–1354.e8.
61 Nguyen TN, Padman BS, Usher J, Oorschot V, Ramm

G, Lazarou M. Atg8 family LC3/GABARAP proteins

are crucial for autophagosome-lysosome fusion but not

autophagosome formation during PINK1/Parkin

mitophagy and starvation. J Cell Biol. 2016;215:857–
74.

62 Chu BB, Liao YC, Qi W, Xie C, Du X, Wang J, et al.

Cholesterol transport through lysosome-peroxisome

membrane contacts. Cell. 2015;161:291–306.
63 Mancini GM, Beerens CE, Aula PP, Verheijen FW.

Sialic acid storage diseases. A multiple lysosomal

transport defect for acidic monosaccharides. J Clin

Invest. 1991;87:1329–35.
64 Abu-Remaileh M, Wyant GA, Kim C, Laqtom NN,

Abbasi M, Chan SH, et al. Lysosomal metabolomics

reveals V-ATPase- and mTOR-dependent regulation of

amino acid efflux from lysosomes. Science.

2017;358:807–13.
65 Mart�ınez-F�abregas J, Prescott A, van Kasteren S,

Pedrioli DL, McLean I, Moles A, et al. Lysosomal

protease deficiency or substrate overload induces an

oxidative-stress mediated STAT3-dependent pathway

of lysosomal homeostasis. Nat Commun. 2018;9:5343.

66 Kreuzaler PA, Staniszewska AD, Li W, Omidvar N,

Kedjouar B, Turkson J, et al. Stat3 controls

lysosomal-mediated cell death in vivo. Nat Cell Biol.

2011;13:303–9.
67 Rzymski T, Milani M, Pike L, Buffa F, Mellor HR,

Winchester L, et al. Regulation of autophagy by ATF4

in response to severe hypoxia. Oncogene.

2010;29:4424–35.
68 Settembre C, Di Malta C, Polito VA, Garcia

Arencibia M, Vetrini F, Erdin S, et al. TFEB links

autophagy to lysosomal biogenesis. Science.

2011;332:1429–33.
69 Martina JA, Diab HI, Lishu L, Jeong AL, Patange S,

Raben N, et al. The nutrient-responsive transcription

factor TFE3 promotes autophagy, lysosomal

biogenesis, and clearance of cellular debris. Sci Signal.

2014;7:ra9.

70 Martina JA, Puertollano R. Rag GTPases mediate

amino acid-dependent recruitment of TFEB and MITF

to lysosomes. J Cell Biol. 2013;200:475–91.
71 Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin

S, Erdin S, et al. A lysosome-to-nucleus signalling

mechanism senses and regulates the lysosome via

mTOR and TFEB. EMBO J. 2012;31:1095–108.
72 Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S,

Ky J, Angarola B, et al. The transcription factor

TFEB links mTORC1 signaling to transcriptional

control of lysosome homeostasis. Sci Signal. 2012;5:

ra42.

73 Medina DL, Di Paola S, Peluso I, Armani A, De

Stefani D, Venditti R, et al. Lysosomal calcium

signalling regulates autophagy through calcineurin and

TFEB. Nat Cell Biol. 2015;17:288–99.
74 Napolitano G, Di Malta C, Esposito A, de Araujo

MEG, Pece S, Bertalot G, et al. A substrate-specific

mTORC1 pathway underlies Birt–Hogg–Dub�e

syndrome. Nature. 2020;585:597–602.
75 Sardiello M, Palmieri M, di Ronza A, Medina DL,

Valenza M, Gennarino VA, et al. A gene network

regulating lysosomal biogenesis and function. Science.

2009;325:473–7.
76 Di Malta C, Siciliano D, Calcagni A, Monfregola J,

Punzi S, Pastore N, et al. Transcriptional activation of

RagD GTPase controls mTORC1 and promotes

cancer growth. Science. 2017;356:1188–92.
77 Sargeant TJ, Lloyd-Lewis B, Resemann HK, Ramos-

Montoya A, Skepper J, Watson CJ. Stat3 controls

cell death during mammary gland involution by

regulating uptake of milk fat globules and lysosomal

membrane permeabilization. Nat Cell Biol.

2014;16:1057–68.
78 Bourdenx M, Bezard E, Dehay B. Lysosomes and a-

synuclein form a dangerous duet leading to neuronal

cell death. Front Neuroanat. 2014;8:83.

79 Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer

G, Bauernfeind FG, et al. NLRP3 inflammasomes are

required for atherogenesis and activated by cholesterol

crystals. Nature. 2010;464:1357–61.
80 Shirahama T, Cohen AS. Ultrastructural evidence for

leakage of lysosomal contents after phagocytosis of

monosodium urate crystals. A mechanism of gouty

inflammation. Am J Pathol. 1974;76:501–20.
81 Rashidi M, Wicks IP, Vince JE. Inflammasomes and

cell death: common pathways in microparticle diseases.

Trends Mol Med. 2020;26:1003–20.
82 Halle A, Hornung V, Petzold GC, Stewart CR, Monks

BG, Reinheckel T, et al. The NALP3 inflammasome is

involved in the innate immune response to amyloid-b.
Nat Immunol. 2008;9:857–65.

83 Kaufman SK, Sanders DW, Thomas TL, Ruchinskas

AJ, Vaquer-Alicea J, Sharma AM, et al. Tau prion

strains dictate patterns of cell pathology, progression

753FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. M. Carosi et al. Lysosomes prevent ageing



rate, and regional vulnerability in vivo. Neuron.

2016;92:796–812.
84 Sanders DW, Kaufman SK, DeVos SL, Sharma AM,

Mirbaha H, Li A, et al. Distinct tau prion strains

propagate in cells and mice and define different

tauopathies. Neuron. 2014;82:1271–88.
85 Polanco JC, Hand GR, Briner A, Li C, G€otz J.

Exosomes induce endolysosomal permeabilization as a

gateway by which exosomal tau seeds escape into the

cytosol. Acta Neuropathol. 2021;141:235–56.
86 Jia J, Claude-Taupin A, Gu Y, Choi SW, Peters R,

Bissa B, et al. Galectin-3 coordinates a cellular system

for lysosomal repair and removal. Dev Cell.

2020;52:69–87.e8.
87 Skowyra ML, Schlesinger PH, Naismith TV, Hanson

PI. Triggered recruitment of ESCRT machinery

promotes endolysosomal repair. Science. 2018;360.

88 Hurley JH. ESCRTs are everywhere. EMBO J.

2015;34:2398–407.
89 Jia J, Abudu YP, Claude-Taupin A, Gu Y, Kumar S,

Choi SW, et al. Galectins control MTOR and AMPK

in response to lysosomal damage to induce autophagy.

Autophagy. 2019;15:169–71.
90 Jia J, Abudu YP, Claude-Taupin A, Gu Y, Kumar S,

Choi SW, et al. Galectins control mTOR in response

to endomembrane damage. Mol Cell. 2018;70:120–
135.e8.

91 Koerver L, Papadopoulos C, Liu B, Kravic B, Rota

G, Brecht L, et al. The ubiquitin-conjugating enzyme

UBE2QL1 coordinates lysophagy in response to

endolysosomal damage. EMBO Rep. 2019;20:e48014.

92 Chauhan S, Kumar S, Jain A, Ponpuak M, Mudd

MH, Kimura T, et al. TRIMs and galectins globally

cooperate and TRIM16 and galectin-3 co-direct

autophagy in endomembrane damage homeostasis. Dev

Cell. 2016;39:13–27.
93 Fujita N, Morita E, Itoh T, Tanaka A, Nakaoka M,

Osada Y, et al. Recruitment of the autophagic

machinery to endosomes during infection is mediated

by ubiquitin. J Cell Biol. 2013;203:115–28.
94 Papadopoulos C, Kirchner P, Bug M, Grum D,

Koerver L, Schulze N, et al. VCP/p97 cooperates with

YOD1, UBXD1 and PLAA to drive clearance of

ruptured lysosomes by autophagy. EMBO J.

2017;36:135–50.
95 van der Wel N, Hava D, Houben D, Fluitsma D, van

Zon M, Pierson J, et al. M. tuberculosis and M. leprae

translocate from the phagolysosome to the cytosol in

myeloid cells. Cell. 2007;129:1287–98.
96 Chrienova Z, Nepovimova E, Kuca K. The role of

mTOR in age-related diseases. J Enzyme Inhib Med

Chem. 2021;36:1679–93.
97 McCay CM, Crowell MF, Maynard LA. The effect of

retarded growth upon the length of life span and upon

the ultimate body size: one figure. J Nutr. 1935;10:63–
79.

98 Kennedy BK, Steffen KK, Kaeberlein M. Ruminations

on dietary restriction and aging. Cell Mol Life Sci.

2007;64:1323–8.
99 Colman RJ, Anderson RM, Johnson SC, Kastman

EK, Kosmatka KJ, Beasley TM, et al. Caloric

restriction delays disease onset and mortality in rhesus

monkeys. Science. 2009;325:201–4.
100 Colman RJ, Beasley TM, Kemnitz JW, Johnson SC,

Weindruch R, Anderson RM. Caloric restriction

reduces age-related and all-cause mortality in rhesus

monkeys. Nat Commun. 2014;5:3557.

101 Mattison JA, Roth GS, Beasley TM, Tilmont EM,

Handy AM, Herbert RL, et al. Impact of caloric

restriction on health and survival in rhesus monkeys

from the NIA study. Nature. 2012;489:318–21.
102 Mattison JA, Colman RJ, Beasley TM, Allison DB,

Kemnitz JW, Roth GS, et al. Caloric restriction

improves health and survival of rhesus monkeys. Nat

Commun. 2017;8:14063.

103 Solon-Biet SM, McMahon AC, Ballard JW,

Ruohonen K, Wu LE, Cogger VC, et al. The ratio of

macronutrients, not caloric intake, dictates

cardiometabolic health, aging, and longevity in ad

libitum-fed mice. Cell Metab. 2014;19:418–30.
104 Levine ME, Suarez JA, Brandhorst S,

Balasubramanian P, Cheng CW, Madia F, et al. Low

protein intake is associated with a major reduction in

IGF-1, cancer, and overall mortality in the 65 and

younger but not older population. Cell Metab.

2014;19:407–17.
105 Lamming DW, Cummings NE, Rastelli AL, Gao F,

Cava E, Bertozzi B, et al. Restriction of dietary

protein decreases mTORC1 in tumors and somatic

tissues of a tumor-bearing mouse xenograft model.

Oncotarget. 2015;6:31233–40.
106 Margolis LM, Rivas DA, Berrone M, Ezzyat Y,

Young AJ, McClung JP, et al. Prolonged calorie

restriction downregulates skeletal muscle mTORC1

signaling independent of dietary protein intake and

associated microRNA expression. Front Physiol.

2016;7:81.

107 Green CL, Lamming DW, Fontana L. Molecular

mechanisms of dietary restriction promoting health

and longevity. Nat Rev Mol Cell Biol. 2021;4:341.

108 Kaeberlein M, Powers RW, Steffen KK, Westman

EA, Hu D, Dang N, et al. Regulation of yeast

replicative life span by TOR and Sch9 in response to

nutrients. Science. 2005;310:1193–6.
109 Hansen M, Taubert S, Crawford D, Libina N, Lee SJ,

Kenyon C. Lifespan extension by conditions that

inhibit translation in Caenorhabditis elegans. Aging

Cell. 2007;6:95–110.

754 FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Lysosomes prevent ageing J. M. Carosi et al.



110 Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J,

Foley A, et al. Mechanisms of life span extension by

rapamycin in the fruit fly drosophila melanogaster.

Cell Metab. 2010;11:35–46.
111 Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle

CM, Flurkey K, et al. Rapamycin fed late in life

extends lifespan in genetically heterogeneous mice.

Nature. 2009;460:392–5.
112 Xie J, de Souza Alves V, von der Haar T, O’Keefe L,

Lenchine RV, Jensen KB, et al. Regulation of the

elongation phase of protein synthesis enhances

translation accuracy and modulates lifespan. Curr Biol.

2019;29:737–749.e5.
113 Martinez-Miguel VE, Lujan C, Espie-Caullet T,

Martinez-Martinez D, Moore S, Backes C, et al.

Increased fidelity of protein synthesis extends lifespan.

Cell Metab. 2021;33:2288–300.
114 Lapierre LR, De Magalhaes Filho CD, McQuary PR,

Chu CC, Visvikis O, Chang JT, et al. The TFEB

orthologue HLH-30 regulates autophagy and

modulates longevity in Caenorhabditis elegans. Nat

Commun. 2013;4:2267.

115 Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H,

Troxel A, et al. Promotion of tumorigenesis by

heterozygous disruption of the beclin 1 autophagy

gene. J Clin Invest. 2003;112:1809–20.
116 Klionsky DJ, Petroni G, Amaravadi RK, Baehrecke

EH, Ballabio A, Boya P, et al. Autophagy in major

human diseases. EMBO J. 2021;40:81.

117 L�opez-Ot�ın C, Blasco MA, Partridge L, Serrano M,

Kroemer G. The hallmarks of aging. Cell.

2013;153:1194–217.
118 Saha B, Cypro A, Martin GM, Oshima J. Rapamycin

decreases DNA damage accumulation and enhances

cell growth of WRN-deficient human fibroblasts.

Aging Cell. 2014;13:573–5.
119 Anisimov VN, Zabezhinski MA, Popovich IG,

Piskunova TS, Semenchenko AV, Tyndyk ML, et al.

Rapamycin extends maximal lifespan in cancer-prone

mice. Am J Pathol. 2010;176:2092–7.
120 Cassidy LD, Young ARJ, Young CNJ, Soilleux EJ,

Fielder E, Weigand BM, et al. Temporal inhibition of

autophagy reveals segmental reversal of ageing with

increased cancer risk. Nat Commun. 2020;11:307.

121 Karantza-Wadsworth V, Patel S, Kravchuk O, Chen

G, Mathew R, Jin S, et al. Autophagy mitigates

metabolic stress and genome damage in mammary

tumorigenesis. Genes Dev. 2007;21:1621–35.
122 Mathew R, Kongara S, Beaudoin B, Karp CM, Bray

K, Degenhardt K, et al. Autophagy suppresses tumor

progression by limiting chromosomal instability. Genes

Dev. 2007;21:1367–81.
123 Poillet-Perez L, White E. Role of tumor and host

autophagy in cancer metabolism. Genes Dev.

2019;33:610–9.

124 Filomeni G, De Zio D, Cecconi F. Oxidative stress

and autophagy: the clash between damage and

metabolic needs. Cell Death Differ. 2015;22:377–88.
125 Takamura A, Komatsu M, Hara T, Sakamoto A,

Kishi C, Waguri S, et al. Autophagy-deficient mice

develop multiple liver tumors. Genes Dev. 2011;25:795–
800.

126 Liu F, Lee JY, Wei H, Tanabe O, Engel JD, Morrison

SJ, et al. FIP200 is required for the cell-autonomous

maintenance of fetal hematopoietic stem cells. Blood.

2010;116:4806–14.
127 Bae H, Guan JL. Suppression of autophagy by

FIP200 deletion impairs DNA damage repair and

increases cell death upon treatments with anticancer

agents. Mol Cancer Res. 2011;9:1232–41.
128 Papandreou ME, Tavernarakis N. Nucleophagy: from

homeostasis to disease. Cell Death Differ. 2019;26:630–
9.

129 Ahn J, Gutman D, Saijo S, Barber GN. STING

manifests self DNA-dependent inflammatory disease.

Proc Natl Acad Sci USA. 2012;109:19386–91.
130 de Lange T. How telomeres solve the end-protection

problem. Science. 2009;326:948–52.
131 Stern JL, Bryan TM. Telomerase recruitment to

telomeres. Cytogenet Genome Res. 2008;122:243–54.
132 Rode L, Nordestgaard BG, Bojesen SE. Peripheral

blood leukocyte telomere length and mortality among

64,637 individuals from the general population. J Natl

Cancer Inst. 2015;107:djv074.

133 Cheng H, Fan X, Lawson WE, Paueksakon P, Harris

RC. Telomerase deficiency delays renal recovery in

mice after ischemia-reperfusion injury by impairing

autophagy. Kidney Int. 2015;88:85–94.
134 Ali M, Devkota S, Roh JI, Lee J, Lee HW.

Telomerase reverse transcriptase induces basal and

amino acid starvation-induced autophagy through

mTORC1. Biochem Biophys Res Commun.

2016;478:1198–204.
135 Roh JI, Kim Y, Oh J, Kim Y, Lee J, Lee J, et al.

Hexokinase 2 is a molecular bridge linking telomerase

and autophagy. PLoS One. 2018;13:e0193182.

136 Shin WH, Chung KC. Human telomerase reverse

transcriptase positively regulates mitophagy by

inhibiting the processing and cytoplasmic release of

mitochondrial PINK1. Cell Death Dis. 2020;11:425.

137 Zhou C, Gehrig PA, Whang YE, Boggess JF.

Rapamycin inhibits telomerase activity by decreasing

the hTERT mRNA level in endometrial cancer cells.

Mol Cancer Ther. 2003;2:789–95.
138 Bae-Jump VL, Zhou C, Gehrig PA, Whang YE,

Boggess JF. Rapamycin inhibits hTERT telomerase

mRNA expression, independent of cell cycle arrest.

Gynecol Oncol. 2006;100:487–94.
139 Ferrara-Romeo I, Martinez P, Saraswati S,

Whittemore K, Gra~na-Castro O, Thelma Poluha L, et

755FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. M. Carosi et al. Lysosomes prevent ageing



al. The mTOR pathway is necessary for survival of

mice with short telomeres. Nat Commun. 2020;11:1168.

140 Baek SH, Kim KI. Epigenetic control of autophagy:

nuclear events gain more attention. Mol Cell.

2017;65:781–5.
141 Shin H-JR, Kim H, Oh S, Lee J-G, Kee M, Ko H-J,

et al. AMPK–SKP2–CARM1 signalling cascade in

transcriptional regulation of autophagy. Nature.

2016;534:553–7.
142 Moore LD, Le T, Fan G. DNA Methylation and Its

Basic Function. Neuropsychopharmacology.

2013;38:23–38.
143 Yang Z, Wong A, Kuh D, Paul DS, Rakyan VK,

Leslie RD, et al. Correlation of an epigenetic mitotic

clock with cancer risk. Genome Biol. 2016;17:205.

144 Horvath S, Raj K. DNA methylation-based

biomarkers and the epigenetic clock theory of ageing.

Nat Rev Genet. 2018;19:371–84.
145 Horvath S, Lu AT, Cohen H, Raj K. Rapamycin

retards epigenetic ageing of keratinocytes

independently of its effects on replicative senescence,

proliferation and differentiation. Aging. 2019;11:3238–
49.

146 Wirawan E, Berghe TV, Lippens S, Agostinis P,

Vandenabeele P. Autophagy: for better or for worse.

Cell Res. 2012;22:43–61.
147 Escobar KA, Cole NH, Mermier CM, VanDusseldorp

TA. Autophagy and aging: Maintaining the proteome

through exercise and caloric restriction. Aging Cell.

2019;18:e12876.

148 Leidal AM, Levine B, Debnath J. Autophagy and the

cell biology of age-related disease. Nat Cell Biol.

2018;20:1338–48.
149 Ruiz-Riquelme A, Lau HHC, Stuart E, Goczi AN,

Wang Z, Schmitt-Ulms G, et al. Prion-like

propagation of b-amyloid aggregates in the absence of

APP overexpression. Acta Neuro Commun. 2018;6:26.

150 Aoyagi A, Condello C, St€ohr J, Yue W, Rivera BM,

Lee JC, et al. Ab and tau prion-like activities decline

with longevity in the Alzheimer’s disease human brain.

Sci Translat Med. 2019;11:462.

151 Masuda-Suzukake M, Nonaka T, Hosokawa M,

Oikawa T, Arai T, Akiyama H, et al. Prion-like

spreading of pathological a-synuclein in brain. Brain.

2013;136:1128–38.
152 Roberts BR, Lind M, Wagen AZ, Rembach A,

Frugier T, Li Q-X, et al. Biochemically-defined pools

of amyloid-b in sporadic Alzheimer’s disease:

correlation with amyloid PET. Brain. 2017;140:1486–
98.

153 Carosi JM, Sargeant TJ. Rapamycin and Alzheimer

disease: a double-edged sword? Autophagy.

2019;15:1460–2.
154 Carosi JM, Hein LK, van den Hurk M, Adams R,

Milky B, Singh S, et al. Retromer regulates the

lysosomal clearance of MAPT/tau. Autophagy.

2020;1:21.

155 Tan S, Wong E. Chapter fifteen - kinetics of protein

aggregates disposal by aggrephagy. In Galluzzi L,

Bravo-San Pedro JM, Kroemer G, eds. Methods in

enzymology. 2017; pp. 245-81, Academic Press.

156 Quinn JP, Corbett NJ, Kellett KAB, Hooper NM.

Tau proteolysis in the pathogenesis of tauopathies:

neurotoxic fragments and novel biomarkers. J

Alzheimers Dis. 2018;63:13–33.
157 Shimizu T, Matsuoka Y, Shirasawa T. Biological

significance of isoaspartate and its repair system. Biol

Pharm Bull. 2005;28:1590–6.
158 Shimizu T, Watanabe A, Ogawara M, Mori H,

Shirasawa T. Isoaspartate formation and

neurodegeneration in Alzheimer’s disease. Arch

Biochem Biophys. 2000;381:225–34.
159 Lambeth TR, Riggs DL, Talbert LE, Tang J, Coburn

E, Kang AS, et al. Spontaneous isomerization of long-

lived proteins provides a molecular mechanism for the

lysosomal failure observed in alzheimer’s disease. ACS

Central Sci. 2019;5:1387–95.
160 Whyte LS, Hassiotis S, Hattersley KJ, Hemsley KM,

Hopwood JJ, Lau AA, et al. Lysosomal

dysregulation in the murine App(NL-G-F/NL-G-F)

model of Alzheimer’s Disease. Neuroscience.

2020;429:143–55.
161 Hassiotis S, Manavis J, Blumbergs PC, Hattersley KJ,

Carosi JM, Kamei M, et al. Lysosomal LAMP1

immunoreactivity exists in both diffuse and neuritic

amyloid plaques in the human hippocampus. Eur J

Neurosci. 2018;47:1043–53.
162 Gorgoulis V, Adams PD, Alimonti A, Bennett DC,

Bischof O, Bishop C, et al. Cellular senescence:

defining a path forward. Cell. 2019;179:813–27.
163 Demidenko ZN, Zubova SG, Bukreeva EI, Pospelov

VA, Pospelova TV, Blagosklonny MV. Rapamycin

decelerates cellular senescence. Cell Cycle.

2009;8:1888–95.
164 Cao K, Graziotto JJ, Blair CD, Mazzulli JR, Erdos

MR, Krainc D, et al. Rapamycin reverses cellular

phenotypes and enhances mutant protein clearance in

Hutchinson-Gilford progeria syndrome cells. Sci

Transl Med. 2011;3:89ra58.

165 Iglesias-Bartolome R, Patel V, Cotrim A,

Leelahavanichkul K, Molinolo AA, Mitchell JB, et al.

mTOR inhibition prevents epithelial stem cell

senescence and protects from radiation-induced

mucositis. Cell Stem Cell. 2012;11:401–14.
166 Narita M, Young AR, Arakawa S, Samarajiwa SA,

Nakashima T, Yoshida S, et al. Spatial coupling of

mTOR and autophagy augments secretory phenotypes.

Science. 2011;332:966–70.
167 Young AR, Narita M, Ferreira M, Kirschner K,

Sadaie M, Darot JF, et al. Autophagy mediates the

756 FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Lysosomes prevent ageing J. M. Carosi et al.



mitotic senescence transition. Genes Dev. 2009;23:798–
803.

168 Hernandez-Segura A, Nehme J, Demaria M.

Hallmarks of Cellular Senescence. Trends Cell Biol.

2018;28:436–53.
169 Lee BY, Han JA, Im JS, Morrone A, Johung K,

Goodwin EC, et al. Senescence-associated beta-

galactosidase is lysosomal beta-galactosidase. Aging

Cell. 2006;5:187–95.
170 Ivanov A, Pawlikowski J, Manoharan I, van Tuyn J,

Nelson DM, Rai TS, et al. Lysosome-mediated

processing of chromatin in senescence. J Cell Biol.

2013;202:129–43.
171 Oh J, Lee YD, Wagers AJ. Stem cell aging:

mechanisms, regulators and therapeutic opportunities.

Nat Med. 2014;20:870–80.
172 Wang C, Haas M, Yeo SK, Sebti S, Fern�andez �A,

Zou Z, et al. Enhanced autophagy in Becn1(F121A/

F121A) knockin mice counteracts aging-related neural

stem cell exhaustion and dysfunction. Autophagy.

2021;15:1–14.
173 Audesse AJ, Dhakal S, Hassell LA, Gardell Z,

Nemtsova Y, Webb AE. FOXO3 directly regulates an

autophagy network to functionally regulate

proteostasis in adult neural stem cells. PLoS Genet.

2019;15:e1008097.

174 Wang C, Liang CC, Bian ZC, Zhu Y, Guan JL.

FIP200 is required for maintenance and differentiation

of postnatal neural stem cells. Nat Neurosci.

2013;16:532–42.
175 Leeman DS, Hebestreit K, Ruetz T, Webb AE, McKay

A, Pollina EA, et al. Lysosome activation clears

aggregates and enhances quiescent neural stem cell

activation during aging. Science. 2018;359:1277–83.
176 Ho TT, Warr MR, Adelman ER, Lansinger OM,

Flach J, Verovskaya EV, et al. Autophagy maintains

the metabolism and function of young and old stem

cells. Nature. 2017;543:205–10.
177 Boland B, Yu WH, Corti O, Mollereau B, Henriques

A, Bezard E, et al. Promoting the clearance of

neurotoxic proteins in neurodegenerative disorders of

ageing. Nat Rev Drug Discovery. 2018;17:660–88.
178 Bensalem J, Fourrier C, Hein LK, Hassiotis S, Proud

CG, Sargeant TJ. Inhibiting mTOR activity using

AZD2014 increases autophagy in the mouse cerebral

cortex. Neuropharmacology. 2021;108541.

179 Liu M, Wilk SA, Wang A, Zhou L, Wang RH,

Ogawa W, et al. Resveratrol inhibits mTOR signaling

by promoting the interaction between mTOR and

DEPTOR. J Biol Chem. 2010;285:36387–94.
180 Beevers CS, Chen L, Liu L, Luo Y, Webster NJ,

Huang S. Curcumin disrupts the Mammalian target of

rapamycin-raptor complex. Cancer Res. 2009;69:1000–
8.

181 Shoji-Kawata S, Sumpter R, Leveno M, Campbell

GR, Zou Z, Kinch L, et al. Identification of a

candidate therapeutic autophagy-inducing peptide.

Nature. 2013;494:201–6.
182 Chung CY, Shin HR, Berdan CA, Ford B, Ward CC,

Olzmann JA, et al. Covalent targeting of the vacuolar

H(+)-ATPase activates autophagy via mTORC1

inhibition. Nat Chem Biol. 2019;15:776–85.
183 Bourdenx M, Daniel J, Genin E, Soria FN,

Blanchard-Desce M, Bezard E, et al. Nanoparticles

restore lysosomal acidification defects: Implications for

Parkinson and other lysosomal-related diseases.

Autophagy. 2016;12:472–83.
184 Trudeau KM, Colby AH, Zeng J, Las G, Feng JH,

Grinstaff MW, et al. Lysosome acidification by

photoactivated nanoparticles restores autophagy under

lipotoxicity. J Cell Biol. 2016;214:25–34.
185 Kraft C, Boya P, Codogno P, Elazar Z, Eskelinen EL,

Farr�es J, et al. Driving next-generation autophagy

researchers towards translation (DRIVE), an

international PhD training program on autophagy.

Autophagy. 2019;15:347–51.
186 Kocak M, Ezazi Erdi S, Jorba G, Maestro I, Farr�es J,

Kirkin V, et al. Targeting autophagy in disease:

established and new strategies. Autophagy. 2021;59:1–
23.

187 Mizushima N, White E, Rubinsztein DC.

Breakthroughs and bottlenecks in autophagy research.

Trends Mol Med. 2021;27:835–8.
188 Sargeant TJ, Bensalem J. Human autophagy

measurement: an underappreciated barrier to

translation. Trends Mol Med. 2021;27:1091–4.
189 Bensalem J, Hattersley KJ, Hein LK, Tong Teong X,

Carosi JM, Hassiotis S, et al. Measurement of

autophagic flux in humans: an optimized method for

blood samples. Autophagy. 2021;17:3238–55.
190 Majumder S, Richardson A, Strong R, Oddo S.

Inducing autophagy by rapamycin before, but not

after, the formation of plaques and tangles ameliorates

cognitive deficits. PLoS One. 2011;6:e25416.

757FEBS Open Bio 12 (2022) 739–757 ª 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

J. M. Carosi et al. Lysosomes prevent ageing


	Outline placeholder
	feb413347-aff-0001

	 Age-related diseases represent a large unmet clinical need
	 The lysosomal system: a network of vesicles for waste recycling
	 The lysosomal surface-the home of mTORC1 activation
	feb413347-fig-0001

	 Lysosomal behaviour modifies mTORC1 signalling
	 The passage of macromolecules through the autophagy lysosomal pathway is controlled by mTORC1
	feb413347-fig-0002

	 Autophagy-lysosome pathway gene expression is regulated by mTORC1
	 Age-related lysosomal damage-a direct emergency signal between the lysosome and mTORC1
	 Living longer and healthier through inhibition of mTORC1
	 Genetic instability is suppressed by the autophagy-lysosome system
	feb413347-fig-0003

	 Telomere attrition has a complex relationship with mTORC1
	 Epigenetic changes have a bidirectional relationship with mTORC1 and the autophagy-lysosome pathway
	 The autophagy-lysosome pathway is critical for suppressing accumulation of damaged proteins with age
	 Cellular senescence is suppressed by the autophagy-lysosome pathway
	 Stem cell exhaustion is repressed by autophagy
	 Interventions that increase activity of the autophagy-lysosome pathway
	 Conclusions and perspectives
	 Conflict of interest
	 Author contributions
	feb413347-bib-0001
	feb413347-bib-0002
	feb413347-bib-0003
	feb413347-bib-0004
	feb413347-bib-0005
	feb413347-bib-0006
	feb413347-bib-0007
	feb413347-bib-0008
	feb413347-bib-0009
	feb413347-bib-0010
	feb413347-bib-0011
	feb413347-bib-0012
	feb413347-bib-0013
	feb413347-bib-0014
	feb413347-bib-0015
	feb413347-bib-0016
	feb413347-bib-0017
	feb413347-bib-0018
	feb413347-bib-0019
	feb413347-bib-0020
	feb413347-bib-0021
	feb413347-bib-0022
	feb413347-bib-0023
	feb413347-bib-0024
	feb413347-bib-0025
	feb413347-bib-0026
	feb413347-bib-0027
	feb413347-bib-0028
	feb413347-bib-0029
	feb413347-bib-0030
	feb413347-bib-0031
	feb413347-bib-0032
	feb413347-bib-0033
	feb413347-bib-0034
	feb413347-bib-0035
	feb413347-bib-0036
	feb413347-bib-0037
	feb413347-bib-0038
	feb413347-bib-0039
	feb413347-bib-0040
	feb413347-bib-0041
	feb413347-bib-0042
	feb413347-bib-0043
	feb413347-bib-0044
	feb413347-bib-0045
	feb413347-bib-0046
	feb413347-bib-0047
	feb413347-bib-0048
	feb413347-bib-0049
	feb413347-bib-0050
	feb413347-bib-0051
	feb413347-bib-0052
	feb413347-bib-0053
	feb413347-bib-0054
	feb413347-bib-0055
	feb413347-bib-0056
	feb413347-bib-0057
	feb413347-bib-0058
	feb413347-bib-0059
	feb413347-bib-0060
	feb413347-bib-0061
	feb413347-bib-0062
	feb413347-bib-0063
	feb413347-bib-0064
	feb413347-bib-0065
	feb413347-bib-0066
	feb413347-bib-0067
	feb413347-bib-0068
	feb413347-bib-0069
	feb413347-bib-0070
	feb413347-bib-0071
	feb413347-bib-0072
	feb413347-bib-0073
	feb413347-bib-0074
	feb413347-bib-0075
	feb413347-bib-0076
	feb413347-bib-0077
	feb413347-bib-0078
	feb413347-bib-0079
	feb413347-bib-0080
	feb413347-bib-0081
	feb413347-bib-0082
	feb413347-bib-0083
	feb413347-bib-0084
	feb413347-bib-0085
	feb413347-bib-0086
	feb413347-bib-0087
	feb413347-bib-0088
	feb413347-bib-0089
	feb413347-bib-0090
	feb413347-bib-0091
	feb413347-bib-0092
	feb413347-bib-0093
	feb413347-bib-0094
	feb413347-bib-0095
	feb413347-bib-0096
	feb413347-bib-0097
	feb413347-bib-0098
	feb413347-bib-0099
	feb413347-bib-0100
	feb413347-bib-0101
	feb413347-bib-0102
	feb413347-bib-0103
	feb413347-bib-0104
	feb413347-bib-0105
	feb413347-bib-0106
	feb413347-bib-0107
	feb413347-bib-0108
	feb413347-bib-0109
	feb413347-bib-0110
	feb413347-bib-0111
	feb413347-bib-0112
	feb413347-bib-0113
	feb413347-bib-0114
	feb413347-bib-0115
	feb413347-bib-0116
	feb413347-bib-0117
	feb413347-bib-0118
	feb413347-bib-0119
	feb413347-bib-0120
	feb413347-bib-0121
	feb413347-bib-0122
	feb413347-bib-0123
	feb413347-bib-0124
	feb413347-bib-0125
	feb413347-bib-0126
	feb413347-bib-0127
	feb413347-bib-0128
	feb413347-bib-0129
	feb413347-bib-0130
	feb413347-bib-0131
	feb413347-bib-0132
	feb413347-bib-0133
	feb413347-bib-0134
	feb413347-bib-0135
	feb413347-bib-0136
	feb413347-bib-0137
	feb413347-bib-0138
	feb413347-bib-0139
	feb413347-bib-0140
	feb413347-bib-0141
	feb413347-bib-0142
	feb413347-bib-0143
	feb413347-bib-0144
	feb413347-bib-0145
	feb413347-bib-0146
	feb413347-bib-0147
	feb413347-bib-0148
	feb413347-bib-0149
	feb413347-bib-0150
	feb413347-bib-0151
	feb413347-bib-0152
	feb413347-bib-0153
	feb413347-bib-0154
	feb413347-bib-0155
	feb413347-bib-0156
	feb413347-bib-0157
	feb413347-bib-0158
	feb413347-bib-0159
	feb413347-bib-0160
	feb413347-bib-0161
	feb413347-bib-0162
	feb413347-bib-0163
	feb413347-bib-0164
	feb413347-bib-0165
	feb413347-bib-0166
	feb413347-bib-0167
	feb413347-bib-0168
	feb413347-bib-0169
	feb413347-bib-0170
	feb413347-bib-0171
	feb413347-bib-0172
	feb413347-bib-0173
	feb413347-bib-0174
	feb413347-bib-0175
	feb413347-bib-0176
	feb413347-bib-0177
	feb413347-bib-0178
	feb413347-bib-0179
	feb413347-bib-0180
	feb413347-bib-0181
	feb413347-bib-0182
	feb413347-bib-0183
	feb413347-bib-0184
	feb413347-bib-0185
	feb413347-bib-0186
	feb413347-bib-0187
	feb413347-bib-0188
	feb413347-bib-0189
	feb413347-bib-0190


