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Autophagy as a ubiquitous catabolic process causes degradation of cytoplasmic
components and is generally considered to have beneficial effects on health and
lifespan. In contrast, inefficient autophagy has been linked with detrimental effects on
the organism and various diseases, such as Parkinson’s disease. Previous research,
however, showed that this paradigm is far from being black and white. For instance,
it has been reported that increased levels of autophagy during development can be
harmful, but become advantageous in the aging cell or organism, causing enhanced
healthspan and even longevity. The antagonistic pleiotropy hypothesis postulates that
genes, which control various traits in an organism, can be fitness-promoting in early
life, but subsequently trigger aging processes later. Autophagy is controlled by the
mechanistic target of rapamycin (MTOR), a key player of nutrient sensing and signaling
and classic example of a pleiotropic gene. mMTOR acts upstream of transcription
factors such as FOXO, NRF, and TFEB, controlling protein synthesis, degradation, and
cellular growth, thereby regulating fertility as well as aging. Here, we review recent
findings about the pleiotropic role of autophagy during development and aging, examine
the upstream factors, and contemplate specific mechanisms leading to disease,
especially neurodegeneration.
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INTRODUCTION

The Concept of Antagonistic Pleiotropy

The hypothesis of antagonistic pleiotropy was postulated in 1957 by the American evolutionary
biologist George C. Williams (1957). It describes the phenomenon when a gene is responsible
for more than one phenotypic trait in an organism, whereas at least one trait is beneficial, and
one trait is detrimental for this organism. In regard to aging, this often means that a genetic
program controlling traits, which is beneficial for development and/or reproduction, is causative
for senescence later in life. Thus, antagonistic pleiotropy is often referred to as Trade-off theory of
aging. A potentially deleterious allele for late life does still underly positive evolutionary pressure
in early life, when its effects are beneficial for reproduction of the organism. Therefore, such
mutations are not selected against and can accumulate in a population, causing an age-specific
decline in organismal performance (Williams, 1957; Moorad and Hall, 2009; Wachter et al., 2013).
The antagonistic pleiotropy hypothesis further suggests that aging is a by-product of an investment
in development and reproduction, and that genetic variants favored in the fertile stages could cause

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1

September 2019 | Volume 7 | Article 192


https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2019.00192
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fcell.2019.00192
http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2019.00192&domain=pdf&date_stamp=2019-09-11
https://www.frontiersin.org/articles/10.3389/fcell.2019.00192/full
http://loop.frontiersin.org/people/119412/overview
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Schmeisser and Parker

Autophagy and Aging

senescence later in life. Attempts to test the hypothesis of
antagonistic pleiotropy has sometimes resulted in contradictory
results, and it may be best to consider that the different
theories of aging complement one another in terms of describing
mechanisms of aging. Since aging is difficult to study in humans,
given our life expectancy, ethical concerns and feasibility,
data mostly derive from non-human model organisms such as
Drosophila melanogaster and Caenorhabditis elegans (Flatt, 2009,
2011; Anderson et al., 2011). However, developments in DNA
sequencing technology within the last decade have led to human
genome-wide association studies (GWAS) and allowing detailed
insights not only into the genetic basis of disease, but also how
they are involved in the aging process. Rodriguez et al. (2017)
described the first systematic evidence of senescence genes being
associated with pleiotropies in 2017, suggesting a fundamental
role of pleiotropy in human aging patterns. They identified 26
early-late onset antagonistic pleiotropies in 19 loci and evidence
for positive selection in some of them. For instance, the single-
nucleotide polymorphism rs2157719 in the CDKN2A gene is
protective for glioma in early life, while exhibiting deleterious
effects at older ages, including an increased risk of type 2 diabetes,
coronary heart disease, glaucoma and nasopharyngeal cancer.
The authors suggest that protection from glioma, a frequent
early onset and fatal cancer, has been favored at the costs of
increased risk of the deleterious later-onset conditions. Another
recent study analyzing GWAS data confirmed that pleiotropy has
a very common, if not ubiquitous occurrence in human disease
(Chesmore et al., 2018).

The Mechanistic Target of Rapamycin
(mTOR) Pathway and How It Fits in the

Theory of Antagonistic Pleiotropy
In the mechanistic target of rapamycin (mTOR) pathway the
concept of antagonistic pleiotropy becomes particularly clear
(Blagosklonny, 2014). mTOR is needed for development and
reproduction, as its functional absence is lethal in embryogenesis
(Gangloff et al., 2004; Shiota et al., 2006). Later in life, however,
active mTOR drives senescence and increases risk of diseases
(Kapabhi et al., 2010).

mTOR is an evolutionary highly conserved serine/threonine
protein kinase of the PI3K-related kinase family. It forms the
catalytic subunit of two distinct protein complexes; mTOR
Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2)
(Saxton and Sabatini, 2017). mTORCI consists of three major
components — mTOR, Raptor (regulatory protein associated
with mTOR), and mLST8 (mammalian lethal with Sec13 protein
8, also known as GBL) (Hara et al,, 2002; Kim et al., 2002,
2003). Raptor binds to the TOR signaling motif on several
mTORCI1 substrates (such as S6 kinase, 4E-BP1, and NPRL2,
as described later), therefore facilitating substrate recruitment
to mTORC1 (Nojima et al., 2003; Kwak et al., 2016). mLSTS,
however, is associated with the catalytic domain of mTORC1
and may stabilize the kinase activation loop (Yang et al., 2013).
Additionally to the three core components, mTORC1 further
contains the two inhibitory subunits PRAS40 (proline-rich Akt
substrate of 40 kDa) and DEPTOR (DEP domain containing

mTOR interacting protein) (Vander Haar et al., 2007; Peterson
et al., 2009). The naturally occurring drug and mTOR name
giver rapamycin directly inhibits mTORCI1, whereas mTORC2 is
insensitive to acute rapamycin treatment. Similar to mTORCI,
mTORC2 also comprises of mTOR and mLST8, but instead
of Raptor it contains Rictor (rapamycin insensitive companion
of mTOR), an unrelated protein that potentially serves an
analogous function (Sarbassov et al, 2004). Furthermore,
mTORC2 contains DEPTOR and the regulatory subunits mSin1
and Protor1/2 (Yang et al., 2006; Pearce et al., 2007; Peterson et al.,
2009). mTORCLI and 2 regulate different cellular processes in
response to environmental clues, however, mMTORCI controls the
balance between anabolism and catabolism, most notably in this
context autophagy, and will therefore be the focus of this review.
The mTOR pathway is activated by hormones, growth
factors, and nutrients such as glucose, amino acids, and
fatty acids. These stimuli, except for amino acids, activate
mTORCI via the tuberous sclerosis TSC1-TSC2 complex
and the small GTPase Ras homolog enriched in the brain
(Rheb). Hormones such as insulin and growth factors including
insulin-like growth factors (IGFs) signal to mTORCI through
the insulin receptor/phosphoinositide 3-kinase/AKT signaling
pathway, where mTORCI is activated by AKT/protein kinase
B (Sarbassov et al, 2006). Amino acids promote mTORCI
translocation to the lysosomal membrane, where it becomes
activated upon conversion of RagA or RagB GTPases from a
GDP- to GTP-bound state with the help of the folliculin tumor
suppressor (Bar-Peled et al., 2012; Tsun et al., 2013).
Subsequently, the mTOR pathway regulates transcription
factors such as FOXO, FOXA, NRE NF-kB, SREBPs, and TFEB,
and induces ribosome biogenesis, protein synthesis, cellular
growth and secretion of pro-inflammatory and mitogenic factors,
and inhibits autophagy when food is plentiful (Wullschleger
et al., 2006; Peterson et al., 2011; Zhou et al., 2018). In general,
under unfavorable conditions, mTOR is inhibited, leading to the
inhibition of global protein synthesis and major savings of energy.
There are two major downstream targets of mTORCI; the
eukaryotic initiation factor 4E-binding protein (4E-BP) and
the ribosomal subunit p70S6 kinase 1 (S6K). Both initiate
mRNA translation initiation and thereby protein synthesis
(Hay and Sonenberg, 2004; Sonenberg and Hinnebusch,
2009). mTORC1 directly phosphorylates S6K, leading to
subsequent phosphorylation and activation by PDK1. S6K then
phosphorylates and activates several substrates that promote
mRNA translation initiation, including a positive regulator of
the 5'cap binding eIFAF complex called elF4B (Holz et al.,
2005). S6K also promotes the degradation of PDCD4, an
inhibitor of eIF4B, via phosphorylation, and increases translation
efficiency of spliced mRNAs (Dorrello et al., 2006; Max et al.,
2008). 4E-BP is unrelated to S6K and inhibits translation
by binding and sequestering eIF4E to prevent formation of
the eIF4F complex. mTORCI phosphorylates 4E-BP to trigger
its dissociation from eIF4E, enabling 5 cap-dependent mRNA
translation (Gingras et al., 1999).
mTOR furthermore enables cellular growth by providing
sufficient lipids for membrane formation and expansion. De
novo lipid synthesis is promoted by mTORCI1 through activation
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of the sterol responsive element binding protein (SREBP)
transcription factors, which subsequently regulate expression of
genes involved in cholesterol and fatty acid synthesis (Porstmann
et al., 2008; Duvel et al., 2010). Furthermore, mTORCI increases
the translation of the transcription factor HIF1a, thus facilitating
cell growth by inducing a shift in glucose metabolism from
oxidative phosphorylation to glycolysis, which has been shown
to incorporate nutrients into new biomass (Duvel et al,
2010). Recent studies have found that mTORCI also promotes
nucleotide biogenesis required for DNA replication and ribosome
synthesis in growing and proliferating cells by facilitating purine
synthesis (Ben-Sahra et al., 2016).

mTOR and Autophagy

As outlined above, mTOR promotes anabolic cellular processes
leading to growth. This is further facilitated by the suppression
of protein catabolism, most notably autophagy. Autophagy is
a basic catabolic process in the cell that degrades damaged
organelles or dysfunctional proteins to gain energy or free
amino acids. Three different types of autophagy have been
defined: microautophagy, chaperon-mediated autophagy and
macroautophagy, with the latter being the predominant form
(referred to as autophagy hereafter). During the first step of
autophagy, the cytoplasmic components that are to be degraded
are engulfed in a double membrane, building the so-called
autophagosome. Autophagosomes then fuse with lysosomes (or
vacuoles in plant and yeast cells), exposing their contents to
hydrolases, which catalyze degradation (Levine and Klionsky,
2004; Mizushima and Komatsu, 2011). Originally believed to
be stress-induced, it is now clear that a cell needs basal levels
of autophagy to maintain homeostasis, however, the process
is strongly activated upon stress. Particularly the absence of
nutrients and growth factors as in calorie restriction are strong
inducers of autophagy. Other forms of stress that induce
autophagy are DNA or protein damage, reactive oxygen species
(ROS), or pathogens. In eukaryotes, autophagy is a tightly
regulated process with mTOR being one of the most important
regulators (Neufeld, 2010). Upon stress, mTOR is inhibited,
leading to the induction of autophagy in yeast, C. elegans,
Drosophila, and mammals (Noda and Ohsumi, 1998; Ravikumar
et al., 2004; Hansen et al., 2008; Kenyon, 2010).

On a molecular level, autophagy induction is mediated by
activation of ULK1 (Atgl in yeast, UNC-51 in C. elegans),
a serine/threonine kinase that forms a complex with ATG13,
FIP2000, and ATG101 (Chang and Neufeld, 2009; Nazio
et al,, 2013). When nutrients are plentiful, mTOR-dependent
phosphorylation of ATG13 suppresses the ULKI complex,
thereby preventing its activation by AMPK, a key activator of
autophagy (Kim et al, 2011). Hence, the relative activity of
AMPK and mTOR, which can be seen as counterplayers in the
cell, determine autophagy induction and activity. Under nutrient
deprivation or stress, mT'ORC1 is inhibited by various pathways,
increasing ULK1 activity, leading to autophagosome nucleation
and elongation, early activation steps in the autophagic process
(Rabinowitz and White, 2010). mTOR furthermore regulates
autophagy by phosphorylating and thus inhibiting the nuclear
translocation of the transcription factor TFEB, which shifts

gene expression toward lysosomal biogenesis and the autophagy
machinery (Martina et al., 2012; Roczniak-Ferguson et al., 2012;
Settembre et al., 2012). Additionally, AMPK has been found to
promote autophagy through mTOR-dependent TFEB activation
and increasing the levels of the arginine methyltransferase
(CARM1), an important cofactor for TFEB transcription (Shin
et al., 2016; Young et al, 2016). In the Drosophila larval fat
body, a functional homolog of vertebrate liver and adipose tissue,
starvation induces autophagy via inactivation of mTOR and its
upstream regulators phosphoinositide 3-kinase and Rheb (Scott
etal., 2004). Strikingly, the same study has found that S6K activity
is required to induce autophagy, contradicting the predominant
opinion that S6K acts solely as autophagy suppressor. In line
with these findings, rapamycin-induced inhibition of mTOR
enhances the kinase activity of ULK1, whereas mTOR activation
through Rheb overexpression represses ULK1 (Jung et al., 2009).
Moreover, it has been suggested that mTOR indirectly inhibits
autophagy through the phosphorylation of autophagy/Beclin-1
regulator 1 (AMBRA1), which prevents ubiquitination of ULKI,
causing ULK1 self-association, stabilization, and enhancement
of its kinase activity under starvation (Nazio et al, 2013).
A recent study has found that inflammation processes induced
by lipopolysaccharides activate mTOR and inhibit autophagy via
the upstream toll-like receptor 4 (TLR4) signaling pathway and
downstream NF-kB activation (Zhou et al., 2018). In addition
to these findings, several other mechanisms have been proposed
as to how mTOR impacts autophagy. These include mTOR-
dependent regulation of death-associated protein 1 (DAP1), a
suppressor of autophagy, and WIPI2, a mammalian ortholog of
Atgl8 (a regulator of autophagosome formation in yeast), which
was identified as potential mTOR effector (Koren et al., 2010;
Hsu et al., 2011).

Underlying this classic example of a pleiotropic pathway,
mTOR-mediated autophagy regulation is prone to be a
pleiotropic process itself, and recent research strongly
suggests that activity of autophagy has various effects ranging
from beneficial to detrimental depending on the state of
development and aging.

mTOR-Independent Regulation of

Autophagy

Apart from the regulation of autophagy by mTORCI, various
mTOR-independent autophagy pathways have been described.
A major pathway in this regard is the inositol signaling
pathway, as elevation of intracellular inositol or Ins(1,4,5)P3
levels can inhibit autophagosome formation (Sarkar et al,
2005). Ins(1,4,5)P3 acts as a second messenger and binds to
its receptors (IP3R) on the endoplasmatic reticulum, thereby
releasing Ca?* into the cytoplasm that elicits a range of
cellular responses, including regulation of autophagy (Criollo
et al.,, 2007). It has been shown that elevation in intracellular
Ca?™ has complex effects in impairing autophagy, which affects
both autophagosome formation and autophagosome-lysosome
fusion (Williams et al., 2008; Ganley et al., 2011). A screen
of FDA-approved drugs also revealed several compounds that
regulate autophagy in an mTOR-independent manner via the
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modulation of cytosolic Ca?* (Zhang et al., 2007). Furthermore,
several studies have shown that elevation of intracellular levels
of the second messenger cAMP inhibits autophagy (Noda
and Ohsumi, 1998), as well as the JNK1/Beclin-1/PI3KC3
pathway (Pattingre et al., 2005), within which the leucine rich
repeat kinase 2 (LRRK2) plays a major role in controlling
autophagy (Manzoni et al, 2016). Additionally, several small
molecules have been identified that regulate autophagy mTOR-
independently, many of them with an unknown mechanism of
action. For instance, trehalose, a disaccharide found in various
non-mammalian species, is a potent autophagy activator (Sarkar
et al., 2007). Furthermore, ROS have been reported as early
inducers of autophagy upon nutrient deprivation and other
circumstances, where the p62/Keapl/Nrf2 pathway is of major
importance (Ristow and Schmeisser, 2014; Filomeni et al., 2015).
Notably, ROS can regulate autophagy both mTOR-dependently
and independently.

AGE-RELATED CHANGES IN
AUTOPHAGY

It is now generally accepted that autophagic regulation
and maintenance underlies major changes during lifespan,
a phenomenon that has been studied mainly in model
organisms such as yeast, C. elegans and Drosophila, but also
rodent models and aged mammalian tissue. However, it is
not clear whether increases or decreases in autophagy are
causally related to aging and age-associated impairment of
cellular function and organismal health (Levine and Kroemer,
2008). There is considerable evidence that the efficiency of
autophagic degradation declines with age, which could lead to an
accumulation of dysfunctional organelles and damaged proteins
that contribute to cellular aging (Cuervo, 2008; Ghosh et al.,
2016; Ott et al,, 2016; Zhang et al., 2017; Zhou et al,, 2017; Li
et al., 2018). In contrast, it has been suggested that activation
of autophagy during aging leads to enhanced clearance of aged
cellular components, which improves health span (Escobar et al.,
2019; Miyamoto, 2019; Shi et al., 2019; Singh et al, 2019). In
general, it is suggested that autophagic processes are increased
in animals with a long lifespan, and that autophagy is essential
to mediate said lifespan extension (Chang et al., 2017; Arensman
and Eng, 2018). Vice versa, this suggests that impaired autophagy
activity causes rapid aging and age-related diseases, which
indeed may be the case for diseases like diabetes, cardiovascular
disease, neurodegenerative diseases and cancer (reviewed in Saha
et al,, 2018). Furthermore, if autophagy is linked to antagonistic
pleiotropy, the beneficial effect of increased autophagy in later
life would insinuate that high autophagic activity is problematic
during development, or that low autophagy is beneficial during
development and detrimental in aging (Figure 1).
Methodological advancements in genetics and imaging
technology now allow for the study of autophagy in great
detail. A means of quantifying autophagy in different cell
types is monitoring autophagosome formation by expressing
fluorescently marked Atg8 (in yeast)/LGG-1 (in C. elegans),
which are orthologs of mammalian LC3 (Klionsky et al., 2016).

When not being employed in autophagy, Atg8/LGG-1 is
distributed evenly in the cytosol. When autophagosomes form,
Atg8/LGG-1 is cleaved, conjugated to phosphatidylethanolamine
and inserted into the vesicle double membrane. Autophagosomes
then occur as puncta and can be quantified. However, as this
only reports the steady-state and not the rate of autophagosome
formation and metabolization into autolysosomes, important
information could be lost. Therefore, a tandem-tagged
mCherry-GFP-Atg8/LGG-1 reporter has been developed
that monitors both autophagosomes (yellow [green/red] puncta)
and autolysosomes (red puncta as GFP fluorescence quenches in
the acidic autolysosome environment), the so-called autophagic
flux (Kimura et al.,, 2007; Manil-Segalen et al., 2014; Mauvezin
et al,, 2014; Klionsky et al., 2016). Several studies have addressed
the autophagic flux at different stages during C. elegans lifespan.
It was suggested that autophagic functionality increases during
development until day 2 of adulthood (Chapin et al.,, 2015).
Another study found that autophagosome formation increases
up to day 10 of adulthood in different tissues, including neurons,
intestine, muscle, and pharynx (Chang et al., 2017). However,
it was observed that the flux became increasingly dysfunctional
with age and the observed increase in autophagic vesicles
was due to impaired degradation and accumulation. This was
confirmed by other researchers, who identified a blockage of the
late autophagic flux, leading to accumulation of autophagosomes
(Wilhelm et al, 2017). In a study using C. elegans in our
laboratory we found a similar phenomenon: Autophagosome
numbers increased up to day 9 of adulthood, and this cannot
be regulated by starvation, suggesting that autophagy is “out of
control” as the animals get older (Schmeisser and Parker, 2018).

To study the effect of aging on autophagy in humans,
several human tissues have been examined. Studies in human
skin fibroblasts found that the number of autophagosomes and
amount of LC3 is not significantly different between young
and old cells (Demirovic et al., 2015; Kim et al., 2018), but
that autophagic degradation is impaired (Tashiro et al., 2014).
Furthermore, human skeletal muscle has been shown to be robust
to changes in autophagy markers during aging, in contrast to
several studies in mice and rats where a divergent regulation
of autophagy with aging was reported (Garcia-Prat et al., 2016;
Fan et al, 2017; Zhou et al., 2017; Dethlefsen et al., 2018).
For instance, autophagosome accumulation and dysfunctional
degradation have been reported repeatedly in aging muscle; a
phenomenon that had also been observed in post-mortem brain
samples from old tauopathies patients (Piras et al., 2016). Other
studies in brain tissue from mammalian models and humans have
found conflicting results and further research is needed to shed
light on this topic (reviewed in Loeffler, 2019). Autophagy has
also been shown to play a major role in physiology, development,
and aging of the eye, and many eye diseases that mostly occur
with aging display alterations in autophagic pathways (reviewed
in Boya et al,, 2016). In cardiac tissue, autophagy dysfunction has
been reported in aging rodent models and in a limited number of
human studies (reviewed in Linton et al., 2015).

Some of the effects of inefficient or dysfunctional autophagy
during aging might be mediated by rubicon (Run domain Beclin-
1 interacting and cysteine-rich containing protein), which is
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FIGURE 1 | (A) Autophagy levels have to be tightly regulated, and both too high or too low levels can be detrimental for the cell and the organism. (B) Autophagy
demand changes during aging. During development and early life, when less dysfunctional proteins and organelles occur in the cell, low levels of autophagy are
beneficial. An intervention increases the autophagy, such as mTOR inhibition, can be detrimental. In late life, high autophagy levels are beneficial, and an intervention

Autophagy levels

a highly conserved negative regulator of autophagy. Rubicon
expression is upregulated during aging in worms, flies, and mice,
leading to decreased autophagy via inhibiting autophagosome-
lysosome fusion and endocytic trafficking (Matsunaga et al., 2009;
Nakamura et al., 2019).

mTOR-DEPENDENT AUTOPHAGY IN
DEVELOPMENT AND AGING — A BAD
START COMPENSATES FOR LATER

A classic inhibitor of mTOR is rapamycin (Sirolimus), which
is used as immunosuppressor and antiproliferative drug in
human medicine. Inhibition of mTOR by rapamycin and other
interventions, which potently induces autophagy, has been
shown to improve healthy aging and lifespan throughout various
species, however, at the cost of development. Vice versa, active

mTOR is beneficial in development at the cost of aging. Classic
antagonistic pleiotropy of mTOR inhibition was first described
in C. elegans (Vellai et al,, 2003): Mutants of LET-363 (LET
for lethal), the nematode ortholog of mTOR, arrest before they
become fertile as L3 larvae but have a strikingly extended
lifespan. A similar pleiotropic phenotype had been described
in mutants of the insulin/IGF-1 receptor DAF-2: while their
fertility is reduced, they show remarkable longevity (Tissenbaum
and Ruvkun, 1998). Interestingly, the lifespan of DAF-2 animals
cannot be further extended when mTOR is inhibited, suggesting
a common mechanistic pathway (Vellai et al., 2003). A direct
interaction between insulin and mTOR signaling was shown by
Jia et al. (2004). Later studies found that autophagy is essential
for both the longevity caused by DAF-2 mutation and mTOR
inhibition (Melendez et al., 2003; Hansen et al., 2008; Toth
et al., 2008). In other species, mTOR inhibition resembles the
pleiotropic phenotypes observed in C. elegans, and it is now
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clear that autophagy is a major mediator of longevity due to
mTOR inhibition in yeast (Alvers et al., 2009; Matecic et al.,
2010), Drosophila (Kapahi et al., 2004; Bjedov et al., 2010) and
mice (Harrison et al., 2009). On the other hand, however, this
longevity again comes at the price of early developmental caveats:
In budding yeast, the deletion of six genes implicated in the TOR
signaling pathway extended lifespan, however, some deletion
mutants were slow growing and deletion of both paralogs could
be lethal (Kaeberlein et al., 2005). In Drosophila, a homozygous
mutation in S6K leads to developmental delay and a reduction
in body size (Montagne et al, 1999; Um et al., 2006), while
overexpression of the constitutively active form of S6K caused
significant shortening of the lifespan with no developmental
constraints (Kapahi et al., 2004). Rapamycin treatment in female
flies caused potent lifespan extension, but significant reduction
of brood size (Bjedov et al., 2010). Furthermore, mTOR has been
established in mammals as a central developmental regulator of
cell, organ, and organismal size in mammals (reviewed in Saxton
and Sabatini, 2017). Conversely, mice with a constitutively active
allele of RagA that prevents mTORCI inhibition by nutrient
starvation develop normally, but do not survive starvation
periods because they cannot switch from an anabolic to a
catabolic state (Efeyan et al., 2013).

A way around the negative effects of antagonistic pleiotropy in
mTOR-dependent autophagy was tested in Harrison et al. (2009),
when mice were given rapamycin to inhibit mTOR only from
the advanced age of 600 days, which in human resembles about
60 years, and they still showed enhanced lifespan with no major
side effects. Notably, the lifespan could not further be increased
when rapamycin treatment started at a younger age of 270 days
(Harrison et al., 2009).

PLEIOTROPIC EFFECTS OF
mTOR-DEPENDENT AUTOPHAGY IN
NEURODEGENERATION

Neurons are particularly vulnerable to dysregulated autophagic
processes because they are post-mitotic cells and unable to
undergo cytokinesis, so damaged organelles and aggregated
proteins are not being diluted by cell divisions (Nixon, 2013).
A common hallmark for many neurodegenerative diseases are
aggregated and dysfunctional proteins, which would be degraded
by normal autophagy. Indeed, impaired autophagy has been
reported for many major neurodegenerative diseases such as
Alzheimer’s disease (Boland et al., 2008), Parkinson’s disease
(Michel et al., 2016), Huntington’s disease (HD) (Martinez-
Vicente et al., 2010), and amyotrophic lateral sclerosis (Chen
et al., 2012). Whereas neurodegenerative diseases usually occur
later in life, impaired autophagy also plays a key role in
neurodevelopmental or early onset psychiatric disorders, such
as autism spectrum disorder and schizophrenia (Bowling and
Klann, 2014; Merenlender-Wagner et al.,, 2015; Kim et al., 2017).
In all the mentioned disorders, it is not clear if increased or
decreased autophagy activity is the culprit of disease initiation
or progression, and we propose that there might be a role
for antagonistic pleiotropy in autophagy underlying neuronal

disease. Our previous research has shown that increased neuronal
autophagy leads to lifespan extension and lower levels of neuronal
cellloss in old C. elegans (15 days, which in humans may resemble
an age of around 65 years), however, at the cost of reduced fertility
and behavioral abnormalities in young animals (Schmeisser and
Parker, 2018). The molecular pathway that is responsible for
autophagy comprises of a leucine carboxyl methyltransferase
(LCMT1), which methylates and thus activates the catalytic
subunit of protein phosphatase 2A (PP2A). Methylated PP2A
subsequently dephosphorylates the NPR2-like GATOR1 complex
subunit that is part of a complex that controls autophagy via the
regulation of mTOR (Sutter et al., 2013; Laxman et al., 2014).
A recent study in tissue culture has found that dependent on
the phosphorylation status of NPRL2 and amino acid availability,
NPLR?2 binds either to Raptor, which will activate mTORC1 when
there are plentiful amino acids and NPRL2 is phosphorylated.
When NPRL2 is dephosphorylated and amino acids are scarce, it
will bind to RagGTPases, which will inhibit mTORCI leading to
activation of ULK1 and therefore autophagy (Kwak et al., 2016).
Furthermore, we and others have found an important role for
S-adenosyl-methionine (SAM) in this regard, as SAM is used
as methyl group donor in the methylation catalyzed by LCMT1
(Sutter et al., 2013; Schmeisser and Parker, 2018). We speculated
that SAM serves as nutrient sensor in the cell, because we found
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FIGURE 2 | Metabolic regulation of pleotropic autophagy. One mechanism
that may contribute to the differential effects of autophagy on aging
phenotypes is metabolism of S-adenosyl methionine (SAM). The enzyme
nicotinamide N-methyl-transferase (NNMT) methylates nicotinamide (NAM) to
N-methylnicotinamide (MNA) SAM as the methyl group donor. This reduced
cellular concentration of SAM precludes it from functioning in the
LCMT1/PP2A/NPRL2 pathway, that in turn regulates autophagy. Thus, the
relative expression levels of enzymes like NNMT during aging can influence
autophagy with have profound effects on neuronal function and survival.
Created with BioRender.com.
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that SAM levels are increased when C. elegans are starving and
that low SAM will induce autophagy in the cell (Figure 2). This
could also be mediated by the recently discovered SAMTOR, a
previously uncharacterized protein, which interacts with mTOR
and inhibits mTOR signaling when SAM concentration is low
(Gu et al, 2017). Furthermore, C. elegans with a deletion
mutation in S-adenosyl methionine synthetase (sams-1), the
enzyme responsible for bulk SAM production in the worm, show
significantly decreased SAM levels and increased autophagy,
which is accompanied by extremely reduced brood size, slow
growth, and longevity — classical antagonistic pleiotropy (Hansen
et al., 2005; Schmeisser and Parker, 2018).

Another example for this phenomenon in neurodegeneration
is found in patients of HD, a rare autosomal dominant
disease, with an onset in post-reproductive stages and a strong
involvement of autophagy (Son et al., 2012). Several decades ago
it was reported that individuals affected by HD have increased
reproductive fitness, even before the underlying molecular
mechanism of the intergenerationally increasing number of CAG
trinucleotide repeats in HD was known (Shokeir, 1975; Albin,
1993; MacDonald et al., 1993). Shokeir reported in 1975 that
HD patients have 39% more children than healthy controls
(Shokeir, 1975). Furthermore, HD patients have significantly
lower rates of some cancers, which was associated with higher
expression of the tumor suppressor gene p53. p53 induces
higher apoptosis rates, and high apoptosis could also be linked
to neurodegenerative episodes in HD (Sorensen et al., 1999;
Eskenazi et al, 2007). Strikingly, increasing autophagy via
rapamycin or genetic inhibition of mTOR has been shown
to be neuroprotective in cell, fly and mouse models of
HD as protein aggregates are degraded and polyglutamine
expansion toxicity is reduced (Ravikumar et al., 2004; Sarkar
et al.,, 2009; Martin et al., 2015). This could also be achieved
by activation of AMPK or small molecules, both of which
inhibit mTOR (Tsvetkov et al, 2010; Walter et al., 2016).
Interestingly, a recent study found that induction of neuronal
autophagy in a mouse model of HD could also be achieved by
intermittent fasting, an intervention known to inhibit mTOR
(Ehrnhoefer et al., 2018).

REFERENCES

Albin, R. L. (1993). Antagonistic pleiotropy, mutation accumulation, and human
genetic disease. Genetica 91, 279-286. doi: 10.1007/bf01436004

Alvers, A. L., Wood, M. S., Hu, D., Kaywell, A. C., Dunn, W. A, and Aris, J. P.
(2009). Autophagy is required for extension of yeast chronological life span by
rapamycin. Autophagy 5, 847-849. doi: 10.4161/auto.8824

Anderson, J. L., Reynolds, R. M., Morran, L. T., Tolman-Thompson, J.,
and Phillips, P. C. (2011). Experimental evolution reveals antagonistic
pleiotropy in reproductive timing but not life span in Caenorhabditis elegans.
J. Gerontol. A Biol. Sci. Med. Sci. 66, 1300-1308. doi: 10.1093/gerona/gl
rl43

Arensman, M. D., and Eng, C. H. (2018). Self-digestion for lifespan extension:
enhanced autophagy delays aging. Mol. Cell 71, 485-486. doi: 10.1016/j.molcel.
2018.08.002

Bar-Peled, L., Schweitzer, L. D., Zoncu, R., and Sabatini, D. M. (2012). Ragulator is
a GEF for the rag GTPases that signal amino acid levels to mTORCI. Cell 150,
1196-1208. doi: 10.1016/j.cell.2012.07.032

CONCLUSION

Given the number of remarkable new findings regarding
autophagy that are being published continuously (Ezcurra
et al, 2018; Saito et al, 2019), the future will show
whether the link between mTOR-mediated autophagy and
pleiotropic autophagy will be sustained. For now, many
studies suggest this may be the case. During reviewing
the current literature, we noticed that many researchers
studying the processes of autophagy focus on either the
developmental side, or on aging. This is understandable,
given the depth of research in both topics, but also the
technical demands of these fields. However, it makes it
difficult to draw a reliable conclusion when antagonistic
pleiotropic effects of autophagy are not being described within
the same study but have to be pieced together in a rather
uncontrolled fashion.

Even in model organisms like C. elegans that are relatively
easy to use as model for aging, technical difficulties can
occur. First, when a worm population starts to die at
around day 12 of adulthood, every study of the population
after that day involves dead individuals, and every study of
individuals is cherry-picking, leading to potential bias in the
results. Second, a strong background fluorescence especially
in the intestinal tract of C. elegans that increases with aging
limits the use of many fluorescence markers, and these are
the major tools we have available so far to visualize the
autophagy process in the cell. The generation and establishment
of better tools (and potentially models) could allow to
accurately monitor spatiotemporal regulation and functionality
of autophagy within different tissues in development and aging,
to gain deeper insights into the larger overall hypothesis of
antagonistic pleiotropy.

AUTHOR CONTRIBUTIONS

KS wrote the manuscript.
edited the manuscript.

JP  provided direction and

Ben-Sahra, I., Hoxhaj, G., Ricoult, S. J. H., Asara, J. M., and Manning, B. D. (2016).
mTORCI induces purine synthesis through control of the mitochondrial
tetrahydrofolate cycle. Science 351, 728-733. doi: 10.1126/science.aad0489

Bjedov, L., Toivonen, J. M., Kerr, F., Slack, C., Jacobson, J., Foley, A., et al. (2010).
Mechanisms of Life Span Extension by Rapamycin in the Fruit Fly Drosophila
melanogaster. Cell Metab. 11, 35-46. doi: 10.1016/j.cmet.2009.11.010

Blagosklonny, M. V. (2014). Geroconversion: irreversible step to cellular
senescence. Cell Cycle 13, 3628-3635. doi: 10.4161/15384101.2014.985507

Boland, B., Kumar, A, Lee, S., Platt, F. M., Wegiel, J., Yu, W. H., et al. (2008).
Autophagy induction and autophagosome clearance in neurons: relationship
to autophagic pathology in Alzheimer’s disease. . Neurosci. 28, 6926-6937.
doi: 10.1523/JNEUROSCI.0800-08.2008

Bowling, H., and Klann, E. (2014). Shaping dendritic spines in autism spectrum
disorder: mTORCI-dependent macroautophagy. Neuron 83, 994-996. doi: 10.
1016/j.neuron.2014.08.021

Boya, P., Esteban-Martinez, L., Serrano-Puebla, A., Gomez-Sintes, R., and
Villarejo-Zori, B. (2016). Autophagy in the eye: development, degeneration, and
aging. Prog. Retinal Eye Res. 55, 206-245. doi: 10.1016/j.preteyeres.2016.08.001

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2019 | Volume 7 | Article 192


https://doi.org/10.1007/bf01436004
https://doi.org/10.4161/auto.8824
https://doi.org/10.1093/gerona/glr143
https://doi.org/10.1093/gerona/glr143
https://doi.org/10.1016/j.molcel.2018.08.002
https://doi.org/10.1016/j.molcel.2018.08.002
https://doi.org/10.1016/j.cell.2012.07.032
https://doi.org/10.1126/science.aad0489
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.4161/15384101.2014.985507
https://doi.org/10.1523/JNEUROSCI.0800-08.2008
https://doi.org/10.1016/j.neuron.2014.08.021
https://doi.org/10.1016/j.neuron.2014.08.021
https://doi.org/10.1016/j.preteyeres.2016.08.001
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Schmeisser and Parker

Autophagy and Aging

Chang, J. T., Kumsta, C., Hellman, A. B., Adams, L. M., and Hansen, M. (2017).
Spatiotemporal regulation of autophagy during Caenorhabditis elegans aging.
eLife 6:¢18459. doi: 10.7554/eLife.18459

Chang, Y. Y., and Neufeld, T. P. (2009). An Atgl/Atgl3 complex with multiple
roles in TOR-mediated autophagy regulation. Mol. Biol. Cell 20, 2004-2014.
doi: 10.1091/mbc.E08-12-1250

Chapin, H. C., Okada, M., Merz, A. J., and Miller, D. L. (2015). Tissue-specific
autophagy responses to aging and stress in C. elegans. Aging 7, 419-434. doi:
10.18632/aging. 100765

Chen, S., Zhang, X., Song, L., and Le, W. (2012). Autophagy dysregulation in
amyotrophic lateral sclerosis. Brain Pathol. 22, 110-116. doi: 10.1111/j.1750-
3639.2011.00546.x

Chesmore, K., Bartlett, J., and Williams, S. M. (2018). The ubiquity of pleiotropy in
human disease. Hum. Genet. 137, 39-44. doi: 10.1007/s00439-017-1854-z

Criollo, A., Maiuri, M. C., Tasdemir, E., Vitale, L, Fiebig, A. A., Andrews, D, et al.
(2007). Regulation of autophagy by the inositol trisphosphate receptor. Cell
Death Differ. 14, 1029-1039.

Cuervo, A. M. (2008). Autophagy and aging: keeping that old broom working.
Trends Genet. 24, 604-612. doi: 10.1016/j.tig.2008.10.002

Demirovic, D., Nizard, C., and Rattan, S. I. (2015). Basal level of autophagy is
increased in aging human skin fibroblasts in vitro, but not in old skin. PLoS
One 10:e0126546. doi: 10.1371/journal.pone.0126546

Dethlefsen, M. M., Halling, J. F., Moller, H. D., Plomgaard, P., Regenberg, B.,
Ringholm, S., et al. (2018). Regulation of apoptosis and autophagy in mouse and
human skeletal muscle with aging and lifelong exercise training. Exp. Gerontol.
111, 141-153. doi: 10.1016/j.exger.2018.07.011

Dorrello, N. V., Peschiaroli, A., Guardavaccaro, D., Colburn, N. H., Sherman, N. E.,
and Pagano, M. (2006). S6K1- and beta TRCP-mediated degradation of PDCD4
promotes protein translation and cell growth. Science 314, 467-471.

Duvel, K., Yecies, J. L., Menon, S., Raman, P., Lipovsky, A. L, Souza, A. L.,
et al. (2010). Activation of a metabolic gene regulatory network downstream
of mTOR complex 1. Mol. Cell. 39, 171-183. doi: 10.1016/j.molcel.2010.06.022

Efeyan, A., Zoncu, R., Chang, S., Gumper, L, Snitkin, H., Wolfson, R. L., et al.
(2013). Regulation of mTORCI by the Rag GTPases is necessary for neonatal
autophagy and survival. Nature 493, 679-683. doi: 10.1038/nature11745

Ehrnhoefer, D. E., Martin, D. D. O., Schmidt, M. E., Qiu, X., Ladha, S., Caron,
N. S, et al. (2018). Preventing mutant huntingtin proteolysis and intermittent
fasting promote autophagy in models of Huntington disease. Acta Neuropathol.
Commun. 6:16. doi: 10.1186/s40478-018-0518-0

Escobar, K. A., Cole, N. H., Mermier, C. M., and VanDusseldorp, T. A. (2019).
Autophagy and aging: maintaining the proteome through exercise and caloric
restriction. Aging Cell 18:¢12876. doi: 10.1111/acel.12876

Eskenazi, B. R., Wilson-Rich, N. S., and Starks, P. T. (2007). A Darwinian approach
to Huntington’s disease: subtle health benefits of a neurological disorder. Med.
Hypotheses 69, 1183-1189. doi: 10.1016/j.mehy.2007.02.046

Ezcurra, M., Benedetto, A., Sornda, T., Gilliat, A. F., Au, C., Zhang, Q., et al.
(2018). elegans eats its own intestine to make yolk leading to multiple senescent
pathologies. Curr. Biol. 28:3352. doi: 10.1016/j.cub.2018.10.003

Fan, J., Yang, X., Li, J., Shu, Z., Dai, J., Liu, X,, et al. (2017). Spermidine coupled
with exercise rescues skeletal muscle atrophy from D-gal-induced aging rats
through enhanced autophagy and reduced apoptosis via AMPK-FOXO3a signal
pathway. Oncotarget 8, 17475-17490. doi: 10.18632/oncotarget.15728

Filomeni, G., De Zio, D., and Cecconi, F. (2015). Oxidative stress and autophagy:
the clash between damage and metabolic needs. Cell Death Differ. 22, 377-388.
doi: 10.1038/cdd.2014.150

Flatt, T. (2009). Ageing: diet and longevity in the balance. Nature 462, 989-990.
doi: 10.1038/462989a

Flatt, T. (2011). Survival costs of reproduction in Drosophila. Exp. Gerontol. 46,
369-375. doi: 10.1016/j.exger.2010.10.008

Gangloff, Y. G., Mueller, M., Dann, S. G., Svoboda, P., Sticker, M., Spetz, J. F., et al.
(2004). Disruption of the mouse mTOR gene leads to early postimplantation
lethality and prohibits embryonic stem cell development. Mol. Cell. Biol. 24,
9508-9516. doi: 10.1128/mcb.24.21.9508-9516.2004

Ganley, I. G, Wong, P. M., Gammoh, N., and Jiang, X. (2011). Distinct
autophagosomal-lysosomal fusion mechanism revealed by thapsigargin-
induced autophagy arrest. Mol. Cell 42, 731-743. doi: 10.1016/j.molcel.2011.
04.024

Garcia-Prat, L., Munoz-Canoves, P., and Martinez-Vicente, M. (2016).
Dysfunctional autophagy is a driver of muscle stem cell functional decline with
aging. Autophagy 12, 612-613. doi: 10.1080/15548627.2016.1143211

Ghosh, A. K., Mau, T., O’Brien, M., Garg, S., and Yung, R. (2016). Impaired
autophagy activity is linked to elevated ER-stress and inflammation in aging
adipose tissue. Aging 8, 2525-2537. doi: 10.18632/aging.101083

Gingras, A. C., Gygi, S. P., Raught, B., Polakiewicz, R. D., Abraham, R. T., Hoekstra,
M. F,, et al. (1999). Regulation of 4E-BP1 phosphorylation: a novel two-step
mechanism. Gene Dev. 13, 1422-1437. doi: 10.1101/gad.13.11.1422

Gu, X., Orozco, J. M, Saxton, R. A., Condon, K. ], Liu, G. Y., Krawczyk, P. A, et al.
(2017). SAMTOR is an S-adenosylmethionine sensor for the mTORCI1 pathway.
Science 358, 813-818. doi: 10.1126/science.aa03265

Hansen, M., Chandra, A., Mitic, L. L., Onken, B., Driscoll, M., and Kenyon, C.
(2008). A role for autophagy in the extension of lifespan by dietary restriction
in C. elegans. PLoS Genet. 4:e24. doi: 10.1371/journal.pgen.0040024

Hansen, M., Hsu, A., Dillin, A., and Kenyon, C. (2005). New genes tied to
endocrine, metabolic, and dietary regulation of lifespan from a Caenorhabditis
elegans genomic RNAI screen. PLoS Genet. 1:el7. doi: 10.1371/journal.pgen.
0010017

Hara, K., Maruki, Y., Long, X., Yoshino, K., Oshiro, N., Hidayat, S., et al. (2002).
Raptor, a binding partner of target of rapamycin (TOR), mediates TOR action.
Cell 110, 177-189. doi: 10.1016/s0092-8674(02)00833-4

Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F., Astle, C. M., Flurkey, K., et al.
(2009). Rapamycin fed late in life extends lifespan in genetically heterogeneous
mice. Nature 460, 392-395. doi: 10.1038/nature08221

Hay, N., and Sonenberg, N. (2004). Upstream and downstream of mTOR. Genes
Dev. 18, 1926-1945.

Holz, M. K., Ballif, B. A, Gygi, S. P., and Blenis, J. (2005). mTOR and S6K1
mediate assembly of the translation preinitiation complex through dynamic
protein interchange and ordered phosphorylation events. Cell 123, 569-580.
doi: 10.1016/j.cell.2005.10.024

Hsu, P. P, Kang, S. A., Rameseder, J., Zhang, Y., Ottina, K. A., Lim, D., et al. (2011).
The mTOR-regulated phosphoproteome reveals a mechanism of mTORCI-
mediated inhibition of growth factor signaling. Science 332, 1317-1322. doi:
10.1126/science.1199498

Jia, K., Chen, D., and Riddle, D. L. (2004). The TOR pathway interacts with the
insulin signaling pathway to regulate C. elegans larval development, metabolism
and life span. Development 131, 3897-3906. doi: 10.1242/dev.01255

Jung, C. H., Jun, C. B, Ro, S. H., Kim, Y. M., Otto, N. M., Cao, J., et al. (2009). ULK-
Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery.
Mol. Biol. Cell 20, 1992-2003. doi: 10.1091/mbc.E08-12-1249

Kaeberlein, M., Powers, R. W., Steffen, K. K., Westman, E. A., Hu, D., Dang,
N., et al. (2005). Regulation of yeast replicative life span by TOR and Sch9
in response to nutrients. Science 310, 1193-1196. doi: 10.1126/science.111
5535

Kapahi, P., Chen, D., Rogers, A. N., Katewa, S. D., Li, P. W., Thomas, E. L., et al.
(2010). With TOR, less is more: a key role for the conserved nutrient-sensing
TOR pathway in aging. Cell Metab. 11, 453-465. doi: 10.1016/j.cmet.2010.
05.001

Kapahi, P., Zid, B. M., Harper, T., Koslover, D., Sapin, V., and Benzer, S. (2004).
Regulation of lifespan in Drosophila by modulation of genes in the TOR
signaling pathway. Curr. Biol. 14, 885-890. doi: 10.1016/j.cub.2004.03.059

Kenyon, C.J. (2010). The genetics of ageing. Nature 464, 504-512.

Kim, D. H,, Sarbassov, D. D., Ali, S. M., King, J. E., Latek, R., Erdjument-Bromage,
R. H,, et al. (2002). mTOR interacts with raptor to form a nutrient-sensitive
complex that signals to the cell growth machinery. Cell 110, 163-175. doi:
10.1016/50092-8674(02)00808-5

Kim, D. H,, Sarbassov, D. D., Ali, S. M., Latek, R. R., Guntur, K. V. P., Erdjument-
Bromage, H., et al. (2003). GbetaL, a positive regulator of the rapamycin-
sensitive pathway required for the nutrient-sensitive interaction between raptor
and mTOR. Mol. Cell 11, 895-904. doi: 10.1016/s1097-2765(03)00114-x

Kim, H.J., Cho, M. H., Shim, W. H., Kim, J. K., Jeon, E. Y., Kim, D. H., et al. (2017).
Deficient autophagy in microglia impairs synaptic pruning and causes social
behavioral defects. Mol. Psychiatry 22, 1576-1584. doi: 10.1038/mp.2016.103

Kim, H. S, Park, S. Y., Moon, S. H,, Lee, J. D., and Kim, S. (2018). Autophagy in
human skin fibroblasts: impact of age. Int. J. Mol. Sci. 19:E2254. doi: 10.3390/
ijms19082254

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2019 | Volume 7 | Article 192


https://doi.org/10.7554/eLife.18459
https://doi.org/10.1091/mbc.E08-12-1250
https://doi.org/10.18632/aging.100765
https://doi.org/10.18632/aging.100765
https://doi.org/10.1111/j.1750-3639.2011.00546.x
https://doi.org/10.1111/j.1750-3639.2011.00546.x
https://doi.org/10.1007/s00439-017-1854-z
https://doi.org/10.1016/j.tig.2008.10.002
https://doi.org/10.1371/journal.pone.0126546
https://doi.org/10.1016/j.exger.2018.07.011
https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/10.1038/nature11745
https://doi.org/10.1186/s40478-018-0518-0
https://doi.org/10.1111/acel.12876
https://doi.org/10.1016/j.mehy.2007.02.046
https://doi.org/10.1016/j.cub.2018.10.003
https://doi.org/10.18632/oncotarget.15728
https://doi.org/10.1038/cdd.2014.150
https://doi.org/10.1038/462989a
https://doi.org/10.1016/j.exger.2010.10.008
https://doi.org/10.1128/mcb.24.21.9508-9516.2004
https://doi.org/10.1016/j.molcel.2011.04.024
https://doi.org/10.1016/j.molcel.2011.04.024
https://doi.org/10.1080/15548627.2016.1143211
https://doi.org/10.18632/aging.101083
https://doi.org/10.1101/gad.13.11.1422
https://doi.org/10.1126/science.aao3265
https://doi.org/10.1371/journal.pgen.0040024
https://doi.org/10.1371/journal.pgen.0010017
https://doi.org/10.1371/journal.pgen.0010017
https://doi.org/10.1016/s0092-8674(02)00833-4
https://doi.org/10.1038/nature08221
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1126/science.1199498
https://doi.org/10.1126/science.1199498
https://doi.org/10.1242/dev.01255
https://doi.org/10.1091/mbc.E08-12-1249
https://doi.org/10.1126/science.1115535
https://doi.org/10.1126/science.1115535
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1016/j.cmet.2010.05.001
https://doi.org/10.1016/j.cub.2004.03.059
https://doi.org/10.1016/s0092-8674(02)00808-5
https://doi.org/10.1016/s0092-8674(02)00808-5
https://doi.org/10.1016/s1097-2765(03)00114-x
https://doi.org/10.1038/mp.2016.103
https://doi.org/10.3390/ijms19082254
https://doi.org/10.3390/ijms19082254
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Schmeisser and Parker

Autophagy and Aging

Kim, J., Kundu, M., Viollet, B., and Guan, K. L. (2011). AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulkl. Nat. Cell Biol. 13, 132-141.
doi: 10.1038/ncb2152

Kimura, S., Noda, T., and Yoshimori, T. (2007). Dissection of the autophagosome
maturation process by a novel reporter protein, tandem fluorescent-tagged LC3.
Autophagy 3, 452-460. doi: 10.4161/auto0.4451

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo
Arozena, A, et al. (2016). Guidelines for the use and interpretation of assays for
monitoring autophagy (3rd edition). Autophagy 12, 1-222.

Koren, 1., Reem, E., and Kimchi, A. (2010). DAP1, a novel substrate of mTOR,
negatively regulates autophagy. Curr. Biol. 20, 1093-1098. doi: 10.1016/j.cub.
2010.04.041

Kwak, S. S., Kang, K. H,, Kim, S., Lee, S., Lee, J. H., Kim, J. W,, et al. (2016). Amino
acid-dependent NPRL2 interaction with Raptor determines mTOR Complex 1
activation. Cell. Signal. 28, 32-41. doi: 10.1016/j.cellsig.2015.11.008

Laxman, S., Sutter, B. M., and Tu, B. P. (2014). Methionine is a signal of amino
acid sufficiency that inhibits autophagy through the methylation of PP2A.
Autophagy 10, 386-387. doi: 10.4161/auto.27485

Levine, B., and Klionsky, D. J. (2004). Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Dev. Cell 6, 463-477.

Levine, B., and Kroemer, G. (2008). Autophagy in the pathogenesis of disease. Cell
132, 27-42. doi: 10.1016/j.cell.2007.12.018

Li, C., White, S. H., Warren, L. K., and Wohlgemuth, S. E. (2018). Skeletal muscle
from aged American Quarter Horses shows impairments in mitochondrial
biogenesis and expression of autophagy markers. Exp. Gerontol. 102, 19-27.
doi: 10.1016/j.exger.2017.11.022

Linton, P. J., Gurney, M., Sengstock, D., Mentzer, R. M., and Gottlieb, R. A. (2015).
This old heart: cardiac aging and autophagy. J. Mol. Cell Cardiol. 83, 44-54.
doi: 10.1016/j.yjmcc.2014.12.017

Loeffler, D. A. (2019). Influence of normal aging on brain autophagy: a complex
scenario. Front. Aging Neurosci. 11:49. doi: 10.3389/fnagi.2019.00049

MacDonald, M. C., Ambrose, C. M., Duyao, M. P., Myers, R. H,, Lin, C., and
Srinidhi, L. (1993). A novel gene containing a trinucleotide repeat that is
expanded and unstable on Huntington’s disease chromosomes. Cell 72, 971~
983. doi: 10.1016/0092-8674(93)90585-¢

Manil-Segalen, M., Lefebvre, C., Jenzer, C., Trichet, M., Boulogne, C., Satiat-
Jeunemaitre, B., et al. (2014). The C. elegans LC3 acts downstream of GABARAP
to degrade autophagosomes by interacting with the HOPS subunit VPS39. Dev.
Cell 28, 43-55. doi: 10.1016/j.devcel.2013.11.022

Manzoni, C., Mamais, A., Roosen, D. A., Dihanich, S., Soutar, M. P., Plun-
Favreau, H., et al. (2016). mTOR independent regulation of macroautophagy by
Leucine Rich Repeat Kinase 2 via Beclin-1. Sci. Rep. 6:35106. doi: 10.1038/srep3
5106

Martin, D. D., Ladha, S., Ehrnhoefer, D. E., and Hayden, M. R. (2015). Autophagy
in Huntington disease and huntingtin in autophagy. Trends Neurosci. 38, 26-35.
doi: 10.1016/j.tins.2014.09.003

Martina, J. A., Chen, Y., Gucek, M., and Puertollano, R. (2012). MTORCI functions
as a transcriptional regulator of autophagy by preventing nuclear transport of
TFEB. Autophagy 8, 903-914. doi: 10.4161/auto.19653

Martinez-Vicente, M., Talloczy, Z., Wong, E., Tang, G., Koga, H., Kaushik, S., et al.
(2010). Cargo recognition failure is responsible for inefficient autophagy in
Huntington’s disease. Nat. Neurosci. 13, 567-576. doi: 10.1038/nn.2528

Matecic, M., Smith, D. L., Pan, X., Maqani, N., Bekiranov, S., Boeke, J. D, et al.
(2010). A microarray-based genetic screen for yeast chronological aging factors.
PLoS Genet. 6:¢1000921. doi: 10.1371/journal.pgen.1000921

Matsunaga, K., Saitoh, T., Tabata, K., Omori, H., Satoh, T., Kurotori, N, et al.
(2009). Two Beclin 1-binding proteins, Atgl4L and Rubicon, reciprocally
regulate autophagy at different stages. Nat. Cell Biol. 11, 385-396. doi: 10.1038/
ncb1846

Mauvezin, C., Ayala, C., Braden, R. C., Kim, J., and Neufeld, T. P. (2014). Assays to
monitor autophagy in Drosophila. Methods 68, 134-139. doi: 10.1016/j.ymeth.
2014.03.014

Max, X., Yoon, S. O., Richardson, C. J., Julich, K., and Blenis, J. (2008). SKAR links
pre-mRNA splicing to mTOR/S6K1-mediated enhanced translation efficiency
of spliced mRNAs. Cell 133, 303-313. doi: 10.1016/j.cell.2008.02.031

Melendez, A., Talloczy, Z., Seaman, M., Eskelinen, E. L., Hall, D. H., and Levine,
B. (2003). Autophagy genes are essential for dauer development and life-span
extension in C. elegans. Science 301, 1387-1391. doi: 10.1126/science.1087782

Merenlender-Wagner, A., Malishkevich, A., Shemer, Z., Udawela, M., Gibbons, A.,
Scarr, E., et al. (2015). Autophagy has a key role in the pathophysiology of
schizophrenia. Mol. Psychiatry 20, 126-132. doi: 10.1038/mp.2013.174

Michel, P. P, Hirsch, E. C., and Hunot, S. (2016). Understanding dopaminergic
cell death pathways in parkinson disease. Neuron 90, 675-691. doi: 10.1016/j.
neuron.2016.03.038

Miyamoto, S. (2019). Autophagy and cardiac aging. Cell Death Differ. 26, 653-664.
doi: 10.1038/s41418-019-0286-9

Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and
tissues. Cell 147, 728-741. doi: 10.1016/j.cell.2011.10.026

Montagne, J., Stewart, M. J., Stocker, H., Hafen, E., Kozma, S. C., and Thomas, G.
(1999). Drosophila S6 kinase: a regulator of cell size. Science 285, 2126-2129.
doi: 10.1126/science.285.5436.2126

Moorad, J. A., and Hall, D. W. (2009). Age-dependent mutational effects curtail the
evolution of senescence by antagonistic pleiotropy. J. Evol. Biol. 22, 2409-2419.
doi: 10.1111/j.1420-9101.2009.01849.x

Nakamura, S., Oba, M., Suzuki, M., Takahashi, A., Yamamuro, T., Fujiwara, M.,
et al. (2019). Suppression of autophagic activity by Rubicon is a signature of
aging. Nat. Commun. 10:847. doi: 10.1038/s41467-019-08729-6

Nazio, F., Strappazzon, F., Antonioli, M., Bielli, P., Cianfanelli, V., Bordi, M., et al.
(2013). mTOR inhibits autophagy by controlling ULK1 ubiquitylation, self-
association and function through AMBRAI and TRAF6. Nat. Cell Biol. 15,
406-416. doi: 10.1038/ncb2708

Neufeld, T. P. (2010). TOR-dependent control of autophagy: biting the hand that
feeds. Curr. Opin. Cell Biol. 22, 157-168. doi: 10.1016/j.ceb.2009.11.005

Nixon, R. A. (2013). The role of autophagy in neurodegenerative disease. Nat. Med.
19, 983-997. doi: 10.1038/nm.3232

Noda, T., and Ohsumi, Y. (1998). Tor, a phosphatidylinositol kinase homologue,
controls autophagy in yeast. J. Biol. Chem. 273, 3963-3966. doi: 10.1074/jbc.
273.7.3963

Nojima, H., Tokunaga, C., Eguchi, S., Oshiro, N., Hidayat, S., Yoshino, K., et al.
(2003). The mammalian target of rapamycin (mTOR) partner, raptor, binds
the mTOR substrates, p70 S6 kinase and 4E-BP1, through their TOR signaling
(TOS) motif. J. Biol. Chem. 278, 15461-15461.

Ott, C., Konig, J., Hohn, A,, Jung, T., and Grune, T. (2016). Macroautophagy is
impaired in old murine brain tissue as well as in senescent human fibroblasts.
Redox Biol. 10, 266-273. doi: 10.1016/j.redox.2016.10.015

Pattingre, S., Tassa, A., Qu, X., Garuti, R., Liang, X. H., Mizushima, N,, et al. (2005).
Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 122,
927-939. doi: 10.1016/j.cell.2005.07.002

Pearce, L. R., Huang, X., Boudeau, J., Pawlowski, R., Wullschleger, S., Deak, M.,
et al. (2007). Identification of Protor as a novel Rictor-binding component of
mTOR complex-2. Biochem. J. 405, 513-522. doi: 10.1042/bj20070540

Peterson, T. R., Laplante, M., Thoreen, C. C., Sancak, Y., Kang, S. A., Kuehl,
W. M, et al. (2009). DEPTOR is an mTOR inhibitor frequently overexpressed
in multiple myeloma cells and required for their survival. Cell 137, 873-886.
doi: 10.1016/j.cell.2009.03.046

Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A., Balderas,
E., et al. (2011). mTOR complex 1 regulates lipin 1 localization to control the
SREBP pathway. Cell 146, 408-420. doi: 10.1016/j.cell.2011.06.034

Piras, A., Collin, L., Gruninger, F., Graff, C., and Ronnback, A. (2016). Autophagic
and lysosomal defects in human tauopathies: analysis of post-mortem brain
from patients with familial Alzheimer disease, corticobasal degeneration and
progressive supranuclear palsy. Acta Neuropathol. Commun. 4:22. doi: 10.1186/
540478-016-0292-9

Porstmann, T., Santos, C. R., Griffiths, B., Cully, M., Wu, M., Leevers, S., et al.
(2008). SREBP activity is regulated by mTORCI and contributes to Akt-
dependent cell growth. Cell Metab. 8, 224-236. doi: 10.1016/j.cmet.2008.07.
007

Rabinowitz, J. D., and White, E. (2010). Autophagy and metabolism. Science 330,
1344-1348.

Ravikumar, B., Vacher, C., Berger, Z., Davies, J. E., Luo, S., Oroz, G. L., et al. (2004).
Inhibition of mTOR induces autophagy, and reduces toxicity of polyglutamine
expansions in fly, and mouse models of Huntington disease. Nat. Genet. 36,
585-595. doi: 10.1038/ng1362

Ristow, M., and Schmeisser, K. (2014). Mitohormesis: promoting health and
lifespan by increased levels of Reactive Oxygen Species (ROS). Dose Response
12,288-341.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2019 | Volume 7 | Article 192


https://doi.org/10.1038/ncb2152
https://doi.org/10.4161/auto.4451
https://doi.org/10.1016/j.cub.2010.04.041
https://doi.org/10.1016/j.cub.2010.04.041
https://doi.org/10.1016/j.cellsig.2015.11.008
https://doi.org/10.4161/auto.27485
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1016/j.exger.2017.11.022
https://doi.org/10.1016/j.yjmcc.2014.12.017
https://doi.org/10.3389/fnagi.2019.00049
https://doi.org/10.1016/0092-8674(93)90585-e
https://doi.org/10.1016/j.devcel.2013.11.022
https://doi.org/10.1038/srep35106
https://doi.org/10.1038/srep35106
https://doi.org/10.1016/j.tins.2014.09.003
https://doi.org/10.4161/auto.19653
https://doi.org/10.1038/nn.2528
https://doi.org/10.1371/journal.pgen.1000921
https://doi.org/10.1038/ncb1846
https://doi.org/10.1038/ncb1846
https://doi.org/10.1016/j.ymeth.2014.03.014
https://doi.org/10.1016/j.ymeth.2014.03.014
https://doi.org/10.1016/j.cell.2008.02.031
https://doi.org/10.1126/science.1087782
https://doi.org/10.1038/mp.2013.174
https://doi.org/10.1016/j.neuron.2016.03.038
https://doi.org/10.1016/j.neuron.2016.03.038
https://doi.org/10.1038/s41418-019-0286-9
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1126/science.285.5436.2126
https://doi.org/10.1111/j.1420-9101.2009.01849.x
https://doi.org/10.1038/s41467-019-08729-6
https://doi.org/10.1038/ncb2708
https://doi.org/10.1016/j.ceb.2009.11.005
https://doi.org/10.1038/nm.3232
https://doi.org/10.1074/jbc.273.7.3963
https://doi.org/10.1074/jbc.273.7.3963
https://doi.org/10.1016/j.redox.2016.10.015
https://doi.org/10.1016/j.cell.2005.07.002
https://doi.org/10.1042/bj20070540
https://doi.org/10.1016/j.cell.2009.03.046
https://doi.org/10.1016/j.cell.2011.06.034
https://doi.org/10.1186/s40478-016-0292-9
https://doi.org/10.1186/s40478-016-0292-9
https://doi.org/10.1016/j.cmet.2008.07.007
https://doi.org/10.1016/j.cmet.2008.07.007
https://doi.org/10.1038/ng1362
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Schmeisser and Parker

Autophagy and Aging

Roczniak-Ferguson, A. C., Petit, S., Froehlich, F., Qian, S., Ky, J., Angarola,
B., et al. (2012). The transcription factor TFEB links mTORCI signaling to
transcriptional control of lysosome homeostasis. Sci. Signal. 5:ra42. doi: 10.
1126/scisignal.2002790

Rodriguez, J. A., Marigorta, U. M., Hughes, D. A., Spataro, N., Bosch, E.,
and Navarro, A. (2017). Antagonistic pleiotropy and mutation accumulation
influence human senescence and disease. Nat. Ecol. Evol. 1:55. doi: 10.1038/
541559-016-0055

Saha, S., Panigrahi, D. P, Patil, S., and Bhutia, S. K. (2018). Autophagy in health
and disease: a comprehensive review. Biomed. Pharmacother. 104, 485-495.
doi: 10.1016/j.biopha.2018.05.007

Saito, T., Kuma, A., Sugiura, Y., Ichimura, Y., Obata, M., Kitamura, H., etal. (2019).
Autophagy regulates lipid metabolism through selective turnover of NCoRI.
Nat. Commun. 10:1567. doi: 10.1038/s41467-019-08829-3

Sarbassov, D. D., Ali, S. M., Kim, D. H., Guertin, D. A,, Latek, R. R., Erdjument-
Bromage, H., et al. (2004). Rictor, a novel binding partner of mTOR, defines
a rapamycin-insensitive and raptor-independent pathway that regulates the
cytoskeleton. Curr. Biol. 14, 1296-1302. doi: 10.1016/j.cub.2004.06.054

Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J. H., Hsu, P. P, Bagley, A. F,,
et al. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly and
Akt/PKB. Mol. Cell 22, 159-168. doi: 10.1016/j.molcel.2006.03.029

Sarkar, S., Davies, J. E., Huang, Z., Tunnacliffe, A., and Rubinsztein, D. C. (2007).
Trehalose, a novel mTOR-independent autophagy enhancer, accelerates the
clearance of mutant huntingtin and alpha-synuclein. J. Biol. Chem. 282, 5641-
5652. doi: 10.1074/jbc.m609532200

Sarkar, S., Floto, R. A., Berger, Z., Imarisio, S., Cordenier, A., Pasco, M., etal. (2005).
Lithium induces autophagy by inhibiting inositol monophosphatase. J. Cell Biol.
170, 1101-1111. doi: 10.1083/jcb.200504035

Sarkar, S., Ravikumar, B., Floto, R. A., and Rubinsztein, D. C. (2009).
Rapamycin and mTOR-independent autophagy inducers ameliorate toxicity
of polyglutamine-expanded huntingtin and related proteinopathies. Cell Death
Differ. 16, 46-56. doi: 10.1038/cdd.2008.110

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism,
and disease. Cell 169, 361-371. doi: 10.1016/j.cell.2017.03.035

Schmeisser, K., and Parker, J. A. (2018). Nicotinamide-N-methyltransferase
controls behavior, neurodegeneration and lifespan by regulating neuronal
autophagy. PLoS Genet. 14:¢1007561. doi: 10.1371/journal.pgen.1007561

Scott, R. C., Schuldiner, O., and Neufeld, T. P. (2004). Role and regulation of
starvation-induced autophagy in the Drosophila fat body. Dev. Cell 7, 167-178.
doi: 10.1016/j.devcel.2004.07.009

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., et al. (2012).
A lysosome-to-nucleus signalling mechanism senses and regulates the lysosome
via mTOR and TFEB. EMBO J. 31, 1095-1108. doi: 10.1038/emb0j.2012.32

Shi, J., Surma, M., Yang, Y., and Wei, L. (2019). Disruption of both ROCK1 and
ROCK2 genes in cardiomyocytes promotes autophagy and reduces cardiac
fibrosis during aging. FASEB J. 33, 7348-7362. doi: 10.1096/j.201802510R

Shin, H. ], Kim, H., Oh, S, Lee, J. G., Kee, M., Ko, H. ], et al. (2016). AMPK-SKP2-
CARMI signalling cascade in transcriptional regulation of autophagy. Nature
534, 553-557. doi: 10.1038/nature18014

Shiota, C. J., Woo, T., Lindner, J. K., Shelton, D., and Magnuson, M. A. (2006).
Multiallelic disruption of the rictor gene in mice reveals that mTOR complex 2
is essential for fetal growth and viability. Dev. Cell 11, 583-589. doi: 10.1016/j.
devcel.2006.08.013

Shokeir, M. H. (1975). Investigation on Huntington’s disease in the Canadian
Prairies. II. Fecundity and fitness. Clin. Genet. 7, 349-353. doi: 10.1111/j.1399-
0004.1975.tb00341.x

Singh, A. K., Singh, S., Tripathi, V. K., Bissoyi, A., Garg, G., and Rizvi, S. L
(2019). Rapamycin confers neuroprotection against aging-induced oxidative
stress, mitochondrial dysfunction, and neurodegeneration in old rats through
activation of autophagy. Rejuvenation Res. 22, 60-70. doi: 10.1089/rej.2018.
2070

Son, J. H., Shim, J. H., Kim, K. H., Ha, J. Y., and Han, J. Y. (2012). Neuronal
autophagy and neurodegenerative diseases. Exp. Mol. Med. 44, 89-98.

Sonenberg, N., and Hinnebusch, A. G. (2009). Regulation of translation initiation
in eukaryotes: mechanisms and biological targets. Cell 136, 731-745. doi: 10.
1016/j.cell.2009.01.042

Sorensen, S. A., Fenger, K., and Olsen, J. H. (1999). Significantly lower incidence
of cancer among patients with Huntington disease: an apoptotic effect of an

expanded polyglutamine tract? Cancer 86, 1342-1346. doi: 10.1002/(sici)1097-
0142(19991001)86:7<1342::aid-cncr33>3.0.c0;2-3

Sutter, B. M., Wu, X,, Laxman, S., and Tu, B. P. (2013). Methionine inhibits
autophagy and promotes growth by inducing the SAM-responsive methylation
of PP2A. Cell 154, 403-415. doi: 10.1016/j.cell.2013.06.041

Tashiro, K., Shishido, M., Fujimoto, K., Hirota, Y., Yo, K., Gomi, T., et al.
(2014). Age-related disruption of autophagy in dermal fibroblasts modulates
extracellular matrix components. Biochem. Biophys. Res. Commun. 443, 167-
172. doi: 10.1016/j.bbrc.2013.11.066

Tissenbaum, H. A., and Ruvkun, G. (1998). An insulin-like signaling pathway
affects both longevity and reproduction in Caenorhabditis elegans. Genetics 148,
703-717.

Toth, M. L., Sigmond, T., Borsos, E., Barna, J., Erdelyi, P., Takacs-Vellai, K., et al.
(2008). Longevity pathways converge on autophagy genes to regulate life span
in Caenorhabditis elegans. Autophagy 4, 330-338. doi: 10.4161/auto.5618

Tsun, Z. Y., Bar-Peled, L., Chantranupong, L., Zoncu, R., Wang, T., Kim, C,, et al.
(2013). The folliculin tumor suppressor is a GAP for the RagC/D GTPases that
signal amino acid levels to mTORCI. Mol. Cell 52, 495-505. doi: 10.1016/j.
molcel.2013.09.016

Tsvetkov, A. S., Miller, J., Arrasate, M., Wong, J. S., Pleiss, M. A., and Finkbeiner, S.
(2010). A small-molecule scaffold induces autophagy in primary neurons and
protects against toxicity in a Huntington disease model. Proc. Natl. Acad. Sci.
U.S.A. 107, 16982-16987. doi: 10.1073/pnas.1004498107

Um, S. H,, D’Alessio, D., and Thomas, G. (2006). Nutrient overload, insulin
resistance, and ribosomal protein S6 kinase 1, S6K1. Cell Metab. 3, 393-402.
doi: 10.1016/j.cmet.2006.05.003

Vander Haar, E., Lee, S., Bandhakavi, S., Griffin, T. J., and Kim, D. H. (2007). Insulin
signalling to mTOR mediated by the Akt/PKB substrate PRAS40. Nat. Cell Biol.
9,316-323. doi: 10.1038/ncb1547

Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A. L., Orosz, L., and Muller, F.
(2003). Genetics: influence of TOR kinase on lifespan in C. elegans. Nature
426:620. doi: 10.1038/426620a

Wachter, K. W., Evans, S. N., and Steinsaltz, D. (2013). The age-specific force
of natural selection and biodemographic walls of death. Proc. Natl. Acad. Sci.
U.S.A. 110, 10141-10146. doi: 10.1073/pnas.1306656110

Walter, C., Clemens, L. E., Muller, A. J., Fallier-Becker, P., Proikas-Cezanne, T.,
Riess, O., et al. (2016). Activation of AMPK-induced autophagy ameliorates
Huntington disease pathology in vitro. Neuropharmacology 108, 24-38. doi:
10.1016/j.neuropharm.2016.04.041

Wilhelm, T., Byrne, J., Medina, R., Kolundzic, E., Geisinger, J., Hajduskova, M.,
et al. (2017). Neuronal inhibition of the autophagy nucleation complex extends
life span in post-reproductive C. elegans. Genes Dev. 31, 1561-1572. doi: 10.
1101/gad.301648.117

Williams, A., Sarkar, S., Cuddon, P., Ttofi, E. K., Saiki, S., Siddigi, F. H., etal. (2008).
Novel targets for Huntington’s disease in an mTOR-independent autophagy
pathway. Nat. Chem. Biol. 4, 295-305. doi: 10.1038/nchembio.79

Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of
senescence. Evolution 11, 398-411. doi: 10.1111/j.1558-5646.1957.tb02911.x

Wullschleger, S., Loewith, R., and Hall, M. N. (2006). TOR signaling in growth and
metabolism. Cell 124, 471-484.

Yang, H. J., Rudge, D. G., Koos, J. D., Vaidialingam, B., Yang, H. J., and Pavletich,
N. P. (2013). mTOR kinase structure, mechanism and regulation. Nature 497,
217-223.

Yang, Q., Inoki, K., Ikenoue, T., and Guan, K. L. (2006). Identification of Sinl as
an essential TORC2 component required for complex formation and kinase
activity. Gene Dev. 20, 2820-2832. doi: 10.1101/gad.1461206

Young, N. P, Kamireddy, A., Van Nostrand, J. L., Eichner, L. J., Shokhirev, M. N.,
Dayn, Y., et al. (2016). AMPK governs lineage specification through Tfeb-
dependent regulation of lysosomes. Genes Dev. 30, 535-552. doi: 10.1101/gad.
274142.115

Zhang, L., Yu, J., Pan, H., Hu, P., Hao, Y., Cai, W,, et al. (2007). Small molecule
regulators of autophagy identified by an image-based high-throughput screen.
Proc. Natl. Acad. Sci. U.S.A. 104, 19023-19028. doi: 10.1073/pnas.070969
5104

Zhang, Y., Wang, C., Zhou, J., Sun, A., Hueckstaedt, L. K, Ge, J., et al. (2017).
Complex inhibition of autophagy by mitochondrial aldehyde dehydrogenase
shortens lifespan and exacerbates cardiac aging. Biochim. Biophys. Acta Mol.
Basis Dis. 1863, 1919-1932. doi: 10.1016/j.bbadis.2017.03.016

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2019 | Volume 7 | Article 192


https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1038/s41559-016-0055
https://doi.org/10.1038/s41559-016-0055
https://doi.org/10.1016/j.biopha.2018.05.007
https://doi.org/10.1038/s41467-019-08829-3
https://doi.org/10.1016/j.cub.2004.06.054
https://doi.org/10.1016/j.molcel.2006.03.029
https://doi.org/10.1074/jbc.m609532200
https://doi.org/10.1083/jcb.200504035
https://doi.org/10.1038/cdd.2008.110
https://doi.org/10.1016/j.cell.2017.03.035
https://doi.org/10.1371/journal.pgen.1007561
https://doi.org/10.1016/j.devcel.2004.07.009
https://doi.org/10.1038/emboj.2012.32
https://doi.org/10.1096/fj.201802510R
https://doi.org/10.1038/nature18014
https://doi.org/10.1016/j.devcel.2006.08.013
https://doi.org/10.1016/j.devcel.2006.08.013
https://doi.org/10.1111/j.1399-0004.1975.tb00341.x
https://doi.org/10.1111/j.1399-0004.1975.tb00341.x
https://doi.org/10.1089/rej.2018.2070
https://doi.org/10.1089/rej.2018.2070
https://doi.org/10.1016/j.cell.2009.01.042
https://doi.org/10.1016/j.cell.2009.01.042
https://doi.org/10.1002/(sici)1097-0142(19991001)86:7<1342::aid-cncr33>3.0.co;2-3
https://doi.org/10.1002/(sici)1097-0142(19991001)86:7<1342::aid-cncr33>3.0.co;2-3
https://doi.org/10.1016/j.cell.2013.06.041
https://doi.org/10.1016/j.bbrc.2013.11.066
https://doi.org/10.4161/auto.5618
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1073/pnas.1004498107
https://doi.org/10.1016/j.cmet.2006.05.003
https://doi.org/10.1038/ncb1547
https://doi.org/10.1038/426620a
https://doi.org/10.1073/pnas.1306656110
https://doi.org/10.1016/j.neuropharm.2016.04.041
https://doi.org/10.1016/j.neuropharm.2016.04.041
https://doi.org/10.1101/gad.301648.117
https://doi.org/10.1101/gad.301648.117
https://doi.org/10.1038/nchembio.79
https://doi.org/10.1111/j.1558-5646.1957.tb02911.x
https://doi.org/10.1101/gad.1461206
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1101/gad.274142.115
https://doi.org/10.1073/pnas.0709695104
https://doi.org/10.1073/pnas.0709695104
https://doi.org/10.1016/j.bbadis.2017.03.016
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Schmeisser and Parker

Autophagy and Aging

Zhou, J., Chong, S. Y. Lim, A, Singh, B. K, Sinha, R. A, Salmon,
A. B, et al. (2017). Changes in macroautophagy, chaperone-mediated
autophagy, and mitochondrial metabolism in murine skeletal and
cardiac muscle during aging. Aging 9, 583-599. doi: 10.18632/aging.10
1181

Zhou, M., Xu, W., Wang, J., Yan, J., Shi, Y., Zhang, C., et al. (2018). Boosting
mTOR-dependent autophagy via upstream TLR4-MyD88-MAPK signalling
and downstream NF-kappaB pathway quenches intestinal inflammation and
oxidative stress injury. EBioMedicine 35, 345-360. doi: 10.1016/j.ebiom.2018.
08.035

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Schmeisser and Parker. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

11

September 2019 | Volume 7 | Article 192


https://doi.org/10.18632/aging.101181
https://doi.org/10.18632/aging.101181
https://doi.org/10.1016/j.ebiom.2018.08.035
https://doi.org/10.1016/j.ebiom.2018.08.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Pleiotropic Effects of mTOR and Autophagy During Development and Aging
	Introduction
	The Concept of Antagonistic Pleiotropy
	The Mechanistic Target of Rapamycin (mTOR) Pathway and How It Fits in the Theory of Antagonistic Pleiotropy
	mTOR and Autophagy
	mTOR-Independent Regulation of Autophagy

	Age-Related Changes in Autophagy
	mTor-Dependent Autophagy in Development and Aging - A Bad Start Compensates for Later
	Pleiotropic Effects of mTor-Dependent Autophagy in Neurodegeneration
	Conclusion
	Author Contributions
	References


