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Abstract

Inhibition of MTORC1 (mechanistic Target Of Rapamycin Complex 1) signaling promotes health and
longevity in diverse model organisms. Over the past decade, excitement has built over the possibility that
treatment with the mTORCL1 inhibitor rapamycin can be utilized to treat or prevent age-related disease in humans.
However, concerns over the side effects of rapamycin on immunity and metabolism have precluded the routine
use of rapamycin as a geroprotective therapy. Here, we discuss the evidence that these negative side effects of
rapamycin are largely mediated by off-target inhibition of a second mMTOR Complex (mTORC2). Further, we
discuss how intermittent treatment with rapamycin, specific dietary regimens, and new molecules may provide
routes to the safer and more selective inhibition of mMTORC1. We conclude that the time is ripe for the
development of therapies based on the safe and selective inhibition of mMTORCL1 for the treatment or prevention
of diseases of aging.
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Inhibition of MTOR signaling extends lifespan and promotes healthspan

The mechanistic Target of Rapamycin (MTOR) is an evolutionarily conserved phosphatidylinositol-3-
kinase (PI3K)-like serine/threonine protein kinase found in species ranging from yeast to worms, flies, mice and
humans. mTOR signaling is acutely inhibited by rapamycin, a macrolide produced by the bacterium
Streptomyces hygroscopicus and first found in the soil of Easter Island (1). Following many years of
development, rapamycin and two rapamycin analogs (rapalogs, (2)) everolimus and temsirolimus, are now FDA-
approved immunosuppressants, and are also used for the treatment of specific cancers as well as for
complications of specific genetic disorders that result in hyperactive mTOR signaling.

Research over the last two decades has revealed mTOR to act as a central hub for nutrient signaling,
integrating information about numerous nutrients and hormonal signals to determine if conditions favor growth
and proliferation, or call for maintenance and recycling. As such, it was appreciated early on by aging researchers
that mTOR signaling might be a key pathway by which calorie restriction (CR), the gold standard for anti-aging
interventions in many species, promoted longevity and healthspan. Genetic inhibition of mMTOR pathway
signaling extends the lifespan of yeast, worms, and flies (3-6). mTOR pathway signaling was also shown to be
downregulated in long-lived Ames dwarf mice (7), and it was thus hypothesized that pharmaceutical or genetic
inhibition of MTOR signaling might also promote longevity in mammals (8, 9). It was first shown in 2009 that
rapamycin can extend the lifespan of genetically heterogeneous mice UM-HET3 mice (10). Numerous published
studies since that time (see Table 1) by multiple independent laboratories and groups have confirmed the ability
of rapamycin to extend lifespan in multiple strains of wild-type mice as well as mouse models of a number of
different diseases; importantly, the beneficial effects of rapamycin can be seen even when treatment is
intermittent or conducted for only a short period of time (11-16).

Strain Sex | Starting Rapa Route Control | A lifespan Reference
age dose (days) (%)
Wild-type mice
UM-HET3 Male | 20 months 14 ppm Diet - 9 Harrison et al. 2009
UM-HET3 Female | 20 months 14 ppm Diet 881-895 14 (10)
C57BL/6J.Nia MF 22-24 4 mg/kg IP 1x/2d ~795 >142 Chen et al. 2009 (14)
months
UM-HET3 Female | 9 months 14 ppm Diet 843-891 18 Miller et al. 2011 (11)
UM-HET3 Male 9 months 14 ppm Diet 780-851 10
129/Sv Female | 2 months 1.5 mg/kg SC 3x/week 759 10 Anisimov et al. 2011
2 weeks per 4 (16)
C57BL/6J.Rj Male 4,13, 20 14 ppm Diet ~900 ~102 Neff et al. 2013 (17)
months
UM-HET3 Male | 9 months 4.7 ppm Diet 807 3NS Miller et al. 2014 (18)
UM-HET3 Male 9 months 14 ppm Diet 807 13
UM-HET3 Male 9 months 42 ppm Diet 807 23
UM-HET3 Female | 9 months 4.7 ppm Diet 896 16
UM-HET3 Female | 9 months 14 ppm Diet 896 21
UM-HET3 Female | 9 months 14 ppm Diet 896 26
C57BL/6J.Nia Male | 4 months 14 ppm Diet 806* 11* Fok et al. 2014 (19)
C57BL/6J.Nia Female | 4 months 14 ppm Diet 826* 16*
C57BL/6J.Nia Female | 20 months 2 mg/kg IP 1x/5 days 897 7 Arriola Apelo et al.
2016 (12)
C57BL/6J.Nia Male 20-21 8 mg/kg for IP 1x/d 925 14 Bitto et al., 2016 (13)
months 90d
C57BL/6J.Nia Female 20-21 8 mg/kg for IP 1x/d 847 ONS
months 90d
C57BL/6J.Nia Male 20-21 126 ppm for Diet 914 14
months 90d
C57BL/6J.Nia Female 20-21 126 ppm for Diet 960 9
months 90d
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Mixed Male | 600-700d 4 mg/kg IP 1x/2d 911 13 Fang et al., 2018 (20)
Mixed Female | 600-700 d 4 mg/kg IP 1x/2d 896 22
UM-HET3 Male | 20 months 42 ppm Diet 772 11 Strong et al., 2020
UM-HET3 Male | 20 months |42 ppm for 3 Diet 772 11 (21)
mo
UM-HET3 Male | 20 months 42 ppm Diet every 772 9
other mo
UM-HET3 Female | 20 months 42 ppm Diet 905 15
UM-HET3 Female | 20 months |42 ppm for 3 Diet 905 4NS
mo
UM-HET3 Female | 20 months 42 ppm Diet every 905 8
other mo
Disease models
Pten’ MF 1 month 10 mg/kg Oral 66* >292%*a Hernando et al. 2007
(Everolimus) (22)
FVB/N HER- Female | 2 months 1.5 mg/kg SC 3x/week 288 13.6 Anisimov et al. 2010
2/neu 2 weeks per 4 (15)
SOD1H46RHRSQ MF | 1.5 months 14 ppm Diet 232 NS Bhattacharya et al.
2012 (23)
p53*- Male | <5 months | 1.5 mg/kg Water 373* 28* Komarova et al. 2012
p53*- Male | >5 months | 1.5 mg/kg Water 373* 10* (24)
p53-+ Male 2 months 0.5 mg/kg Oral 1x/day 161 35 Comas et al. 2012
5 d on/9 d off (25)
Lmna’ MF 1 month 14 ppm Diet 46 35 Ramos et al. 2012
Lmna’ MF 1 month 8 mg/kg IP 1x/2 days 55 56 (26)
Rb1+- Male 2 months 14 ppm Diet 369 13.8 Livi et al. 2013 (27)
Rb1*- Female | 2 months 14 ppm Diet 378 8.9
Bmall~~ MF 16 weeks | 0.5 mg/kg Water ~240 47 Khapre et al. 2014
(28)
HER-2/neu Female| 2,4,or5 | 0.45mg/kg | SC 3x/week | 282, 278, 5.7NS, 6.1, |Popovich et al. 2014
months 2 weeks per 4 289 5.5 (29)
C57BL/6NCr Male | 12 months | 1.5 mg/kg IP 1x/week 684 b Leontieva et al. 2014
HFD (30)
Ndufs4~"- MF weaning 8 mg/kg IP 1x/day 52 119 Johnson et al. 2015
Ndufs4~"- MF weaning 42 ppm Diet 52 20NS (31)
Ndufs4~- MF weaning 378 ppm Diet 52 92
Rag2" MF 3 months 14 ppm Diet 310 121 Hurez et al. 2015 (32)
IFN-y~~ MF 5 months 14 ppm Diet 398 34
C57BLKS/J Male | 4 months 14 ppm Diet 349 -16 Sataranatarajan et al.
|eprdbo/db 2015 (33)
C57BLKS/J Female | 4 months 14 ppm Diet 487 -18
leprdb/dd
Tk2KIKI MF To dams 0.8 mg/kg | Water to dam ~15 ~60 Siegmund et al., 2017
from prior to birth, (34)
conception | 4.0 mg/kg
post-birth

Table 1. The effect of rapamycin on mouse lifespan. The impact of rapamycin on median lifespan in mouse
studies since 2009 where longevity or mortality rate was determined. Sex is listed separately for males and
females where sex-specific data exists. The rapamycin dose listed for dietary administration indicates the drug
concentration in the ad libitum fed diet; the dose listed for administration in water, or administered
intraperitoneally (IP) or subcutaneous (SC) indicates the dose in mg per kg of body weight. Control indicates
median lifespan of control group in days; A lifespan is the change in median lifespan (* indicates that mean is
reported instead). MF indicates that the lifespan results were not broken down by sex or that sex was not
reported; a: Lifespan study % increase was not determined; b: 100% of rapamycin-treated mice survived to 2
years of age vs. 40% of control mice; NS: Not Statistically Significant. Control lifespan and percentage change
are estimated when precise information is not listed in the referenced study. Table is adapted from Arriola
Apelo et al., 2016, JGBS (35) and used with permission.
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In rodents, rapamycin has been shown to have numerous beneficial effects on both overall healthspan
as well as specific organ systems and diseases. Rapamycin delays the onset of cancer in numerous disease
models as well as wild-type mice, and it is thought that the effect of rapamycin on cancer contributes to its effects
on overall longevity (17). While rapamycin does not change all age-related phenotypes (17), rapamycin has been
shown to prevent or delay the onset of age-related changes in multiple rodent tissues including the heart, liver,
kidney, skeletal muscle, and tendons (36-39). Rapamycin has powerful effects on the aged mouse heart,
reversing pre-existing age-dependent cardiac hypertrophy and diastolic dysfunction (40, 41); the effects of
rapamycin on diastolic function, hypertrophy and myocardial stiffness persist even following cessation of
treatment (42). Rapamycin has been reported to rejuvenate hematopoietic stem cells of mice (14), promote the
self-renewal of intestinal stem cells (43), and to reverse age-associated periodontitis, regenerating bone and
reducing inflammation (44). Finally, rapamycin has been reported to have beneficial effects on cell senescence,
regulating cell cycle arrest as well the senescence-associated secretory phenotype (45-48).

Thus far, there is very limited in data on the effects of rapamycin on healthspan in other organisms, but
research to examine the potential benefits for rapamycin and rapalogs in companion animals, non-human
primates, and even humans is now underway. A small study of the effect of rapamycin in dogs suggests that
rapamycin promotes both diastolic and systolic cardiac function, and larger long-term studies will examine the
effect of rapamycin on the healthspan and longevity of companion dogs (49-51). Studies of the effects of
rapamycin on the healthspan and lifespan of middle-aged marmosets are already underway (52, 53), and will
provide the first readout on how rapalogs effect the health and longevity on non-human primates. Finally, short-
term treatment with rapamycin may rejuvenate aspects of the immune system in aged humans, boosting the
subsequent response to vaccination in the aged (54).

The risks of rapamycin

The strong effects of rapamycin on mice and other model organisms has led to widespread interest in
using rapamycin or rapalogs for the treatment of diseases of aging in humans. However, there is also concern
about the potential side effects of chronic treatment with these compounds. The most often-expressed concern
surrounds the fact that rapalogs are FDA-approved as immunosuppressants for organ transplantation; a
necessary consequence of treatment with an immunosuppressant is an increased risk of infection, and indeed
some rapalogs have received “black-box” warnings in part due to the risks of infection or cancer due to
suppression of tumor immune surveillance (55). The risks of rapalogs when given chronically and at a high dose
have been well characterized during clinical trials for the treatment of tuberous sclerosis complex (TSC), a
genetic disorder resulting in hyperactivation of mMTORC1, and have in a few cases led to life-threating adverse
events or death (56-59).

Less well appreciated is that chronic treatment with rapamycin is associated with metabolic
consequences widely perceived as deleterious, including hyperlipidemia, hypercholesterolemia,
hypertriglyceridemia, insulin resistance, glucose intolerance, and an increased risk of developing new-onset
diabetes (56, 57, 60-62). These side effects are observed quite often in people when high doses of rapalogs are
taken chronically for the treatment of TSC; Trelinska and colleagues observed hyperlipidemia in 66% of subjects,
and hyperglycemia in 22% of subjects, in a study of people taking everolimus for about 15 months for TSC (56).
Much less is known about the long-term effects of lower doses, although an increased risk of new-onset diabetes
has been observed in patients taking lower doses for immunosuppression (60).

Very few studies of low dose rapalogs have been done in healthy subjects, where the data is more
positive. Testing several different doses (0.5 mg/d, 5 mg/wk, or 20 mg/wk) of everolimus for 6 weeks, Mannick
and colleagues found very few side effects, with an adverse result—mouth ulcers—in a single subject who had
received the highest dose (54). In contrast to the subjects, who tolerated everolimus relatively well, a small, 8-
week long randomized clinical trial of a low dose, 1 mg/day, of rapamycin found that 5 of 11 rapamycin-treated
subjects (vs. 1 of 14 control subjects) reported side effects. Laboratory results also suggested that the subjects
experienced negative metabolic effects, including a small increase in glycated hemoglobin (within-group p=0.03)
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and a 40% rise in triglyceride levels (within-group p=0.05). While these effect are more rarely seen at lower
doses, rapamycin treatment is associated with an increased risk of new-onset diabetes when used as a low-
dose immunosuppressant (60).

Why does rapamycin have side-effects?

In order to discuss why rapamycin has side effects, we need to discuss the biology of mTOR in greater
detail. The mTOR kinase is the catalytic core of two distinct protein complexes, mTOR Complex 1 (nTORC1)
and mTORC2, each of which are composed of shared as well as unique protein subunits, and phosphorylate
different substrates. mMTORCL1 is responsive to a wide range of nutrients and hormonal cues, including the
availability of amino acids, glucose, oxygen, cholesterol, insulin/IGF-1, adiponectin, and FGF21 (63-65). In
contrast, mMTORC?2 is primarily an effector of PI3K signaling (66). Both complexes associate with unique as well
as shared protein components. mTORC1 is defined by interaction of the mTOR protein kinase with the scaffold
protein Raptor and mLST8/GpL, which is required for complex assembly and stability, while mTORC?2 is defined
by the interaction of mTOR with the scaffold protein Rictor, mLST8/GBL, and mSin1 (66).

One of the major differences between the complexes is that mTORCL is acutely sensitive to rapamycin,
while mTORC2 is not; however, mMTORC2 is inhibited both in cell culture and in vivo in mice by rapamycin when
high levels of rapamycin are present for a prolonged period of time (67, 68). This ability of rapamycin to inhibit
both mMTORC1 and mTORC?2 is key to understanding the molecular basis for the metabolic effects of rapamycin.
Building on work in rats and mice that demonstrated that prolonged rapamycin treatment causes glucose
intolerance (69, 70), we performed a hyperinsulinemic-euglycemic clamp study, and determined that rapamycin
causes hepatic insulin resistance (68). Intriguingly, they found that in the liver, both mTORC1 and mTORC2
were disrupted by chronic rapamycin treatment, and using mice in which either Raptor (NnTORC1) or Rictor
(mMTORC2) was deleted in hepatocytes, they determined that the effects of rapamycin on hepatic insulin
sensitivity was mediated not by inhibition of MTORC1, but instead was due to inhibition of mMTORC2 (68).

MTORCL1 is well-characterized as a regulator of lipid homeostasis (reviewed in (71)), but in contrast to
rapamycin which promotes hyperlipidemia, genetic inhibition of either hepatic or adipose mTORCL1 was originally
shown to protect from diet-induced elevation of triglycerides and cholesterol (72, 73). As chronic treatment with
rapamycin disrupts mTORC?2 in the majority of mouse tissues examined (68, 74), a logical question to ask is if
the side-effects of rapamycin treatment on lipid metabolism may due to inhibition of mMTORC2. Consistent with
the hypothesis that the negative effects of rapamycin on serum lipids do not result from inhibition of mMTORC1,
but are a consequence of inhibition of MTORC2, genetic inhibition of MTORC?2 in either adipose tissue or the
hypothalamus elevates plasma triglycerides (75, 76). However, recent work suggests that inhibition of mMTORC1
in adipose tissue can lead to feeding-dependent systemic hyperlipidemia (77), while inhibition of hepatic
MTORC?2 lowers plasma cholesterol and triglycerides (78). Ultimately these genetic models are limited in part
by the complete effectiveness of the inhibition; genetic deletion of Raptor results in the inhibition of both
rapamycin-sensitive and rapamycin-resistant functions of mTORCL1 (79). To address this more clearly, we
recently examined the effects of chronically treating mice with an mTORC1-selective rapamycin analog, DLOO1.
In contrast to rapamycin, DLOO1 inhibits mTORC1 without negatively affecting glucose tolerance and without
increasing plasma cholesterol, triglycerides, or free fatty acids in fasted mice (80). These results clearly suggest
that the negative side effects of rapamycin on circulating lipids is mediated by disruption of mMTORC2.

The immunoregulatory effects of rapamycin have been the subject of intensive research. Rapamycin is
generally viewed as immunosuppressive due to its effects on T regulatory cells (Tregs), which requires inhibition
of both mTORC1 and mTORC2 (reviewed in (81)). In contrast, other aspects of immunity, including macrophage
polarization and the innate immune system, has been shown to be regulated individually when either mTORC1
or mTORC2 is inhibited genetically (82-85). We compared the effect of chronic treatment with rapamycin or
DLOO01 on the immune cell profile of mice, and found that DLOO1 had a substantially smaller impact on T cells,
including on Tregs (80). While further research is necessary, in combination these findings suggest that some,
but not all, of the effects of rapamycin on the immune system are likely mediated by disruption of mMTORC2.
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A simple model: Inhibition of mMTORCL1 is beneficial, inhibition of mMTORC2 is detrimental

As chronic treatment with rapamycin can inhibit both mTORC1 and mTORC2 in vivo in mice, a logical
guestion is if mMTORC1, mTORC2, or both mediate the beneficial effects of rapamycin on longevity. Numerous
studies in model organisms have shown that inhibition of mMTORCL itself or signaling pathways downstream of
MTORC1, including S6K and translation initiation factors, can extend the lifespan of yeast (3, 5, 86), C. elegans
(6, 87, 88), and D. melanogaster (4). Several studies in mice demonstrate that inhibition of mMTORC1 is beneficial.
Mice doubly heterozygous for mTOR and mLST8, which have decreased mTORCL1 activity, show a significant
increase in lifespan (68), while inhibition of hepatic mMTORC1 rescues an age-associated defect in ketogenesis
(89). Specific inhibition of S6K1, a major mTORCL1 substrate, extends the lifespan of mice (90), while activation
of 4E-BP1, a substrate normally repressed by mTORCL, in skeletal muscle preserves metabolic health during
aging or exposure to a high fat diet (91, 92). Other genetic mutations that reduce mTORCL1 or S6K1 signaling,
including overexpression of the TSC complex member Tscl, deficiency of mitochondrial arginase type Il, or
mutations in growth hormone signaling likewise increase lifespan (93-95).

Until recently, there have been very few studies which have examined the role of mMTORC2 in lifespan
and healthspan. While genetic inhibition of mMTORC2 signaling in C. elegans was initially shown to extend lifespan
(96), subsequent work has shown that the effects of mMTORC2 inhibition on worm lifespan are dependent upon
the tissue that is targeted, the temperature, and the food source (97, 98). In flies, overexpression of the mTORC2
component Rictor extends lifespan (99). Whole body deficiency of mTORC2 signaling, or tissue-specific
inhibition of MTORC2 signaling in the brain, liver, or adipose tissue, impairs healthspan and reduces lifespan in
wild-type and long-lived mice (75, 76, 100, 101). Conversely, mMTORC2 activity is elevated in long-liver Snell
dwarf mice and Ghr” mice (94, 102), as well as in acarbose-treated and 17-a estradiol-treated male mice, which
live longer when fed diets containing these compounds (102, 103).

There is essentially no data to support a beneficial effect of mMTORC?2 inhibition on the health and
longevity of wild type mice, but the beneficial effect of rapamycin on a mouse model of Leigh’'s syndrome, a
mitochondrial disorder, is mediated at least in part by disruption of mTORC2 signaling, which results in the
inhibition of multiple PKC isoforms (104). As PI3K/mTORC?2 signaling is critical to the growth of some cancers,
it is likely that mTORC?2 inhibition contributes to the beneficial effects of rapamycin on the survival of at least
some mouse models of cancer (105, 106). There may be also some downstream effectors of mTORC?2 that,
when inhibited, promote longevity; partial genetic inhibition of Aktl extends the lifespan of both C. elegans and
mice (107). On balance, these data show that inhibition of mMTORC2 not only results in negative changes to
glucose and lipid metabolism and immunity, but impair overall health and survival.

In light of our model that inhibition of mMTORCL1 is beneficial, while inhibition of mMTORC2 is detrimental,
we and others have suggested that compounds that target mMTORC1 more specifically than rapalogs will allow
us to realize the beneficial effects arising from mTORCL1 inhibition while reducing or eliminating the mTORC2-
mediated side effects. In order to discuss strategies for specifically inhibiting mTORC1, we must first discuss
how mTORC1 activity is normally regulated. Many of these mechanisms for mTORCL1 regulation, as well as
potential points through which mTORC1 could be specifically inhibited, are highlighted in Figure 1, and
discussed in detail below.

Regulation of mMTORCL1 activity by nutrients and environment

MTORCL1 integrates numerous environmental signals that indicate if conditions are favorable for a wide
range of anabolic processes, including ribosomal biogenesis, protein translation, autophagy, lipogenesis and
nucleotide biogenesis. The activation of mTORCL1 requires the allosteric binding of mMTORC1 by its co-activator
Rheb-GTP, which results in the realignment and activation of kinase-site residues (108, 109). Two major
pathways converge on mTORC1 to control its regulation: One pathway, regulated by amino acids as well as
other stimuli, controls the recruitment of mTORCL1 to the lysosome, a physical location inside the cell where the
Rheb GTPase can be found. A second pathway, regulated by insulin/IGF-1 signaling as well as other hormonal
and environmental cues, regulate the GTP/GDP binding status of Rheb.
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The recruitment of MTORC1 to the lysosome by amino acids has been the subject of intensive research
for more than a decade, and is reviewed in detail elsewhere (110). Briefly, mTORCL1 is recruited to the lysosome
by interacting with heterodimeric pairs of the Rag family of small GTPases (111, 112). When amino acid levels
drop within a cell, RagA/B bind GDP and RagC/D bind GTP (e.g., RagA®P"/RagC®™); when so configured, the
Rags do not interact with mTORC1. However, when amino acids are present, the Rags flip their nucleotide-
bound state (e.g., RagA®™"/RagCC®PP) and interact with the mTORC1 component Raptor, localizing mTORCL to
the lysosome (111, 112).

The nucleotide binding status of the Rag GTPases is controlled by several different protein complexes.
One of the most important of these is the Ragulator, a lysosomal protein complex with guanine nucleotide
exchange factor (GEF) activity for two of the Rag proteins, RagA and RagB (113-116), and which senses the
availability of amino acids in part via the lysosomal vacuolar ATPase (v-ATPase), which has extensive amino
acid-dependent interactions with the Ragulator (117). A lysosomal amino acid transporter, SLC38A9, which
interacts with both the Ragulator and the v-ATPase, acts as an amino acid sensor upstream of mMTORCL1 for
several different amino acids, including asparagine, arginine, glutamine, histidine and lysine (118-120). It is not
yet clear if SLC38A9 regulates Ragulator activity in response to lysosomal levels of amino acids, or if instead
SLC38A9 regulates the lysosomal efflux of amino acids into the cytoplasm, which then activate mTORC1 (121).
SLC38A9 is also required for mTORCL1 activation by cholesterol (63).

The nucleotide binding status of the Rag GTPases is also controlled by the GATOR complexes; GATOR1
functions as a GTPase-activating protein (GAP) for RagA and RagB, while GATOR2 acts to inhibit the activity of
GATORL1 (122, 123). Three different amino acid sensors have been found that regulate mTORCL1 activity by
controlling GATOR1 or GATOR 2 activity. When leucine levels are low, the Sestrin family of proteins binds to
and inhibit the action of GATOR2 permitting GATORL1 to inhibit the recruitment of mTORC1 to the lysosome.
Leucine binding to the Sestrins, particularly Sestrin 2, relieves the inhibitory action of these proteins upon
GATOR2, and thereby permits mTORC1 to be recruited to the lysosome (124, 125). The CASTOR proteins
function similarly, inhibiting GATOR2 activity when arginine levels are low (126, 127). Finally, SAMTOR protein
acts as an indirect sensor of methionine levels, regulating GATOR1 activity in response to levels of the
methionine metabolite S-adenosylmethionine (SAM) (128), which is extremely responsive to methionine levels
both in cell culture and in vivo (129).

Other regulators of the Rags include the FLCN complex, which acts as a GAP for Rag C and Rag D
(130); the FLCN complex is itself recruited to the lysosome by RagA/RagB when amino acids are depleted (131,
132). Phosphorylation of FLCN by CDK4 allows FLCN to depart the lysosome and permits the Rags to recruit
MTORCL1 if amino acids are abundant (133). The leucyl-tRNA synthetase (LRS) has also been reported to
function as a leucine sensor for mMTORCL1,; it has been proposed that LRS functions as a GAP for RagD (134).
Similarly, the mitochondrial threonyl-tRNA synthetase TARS2 is reported to function as a threonine sensor,
interacting with GTP-RagC to promote the GTP loading of RagA, likely via the recruitment of an unidentified
RagA GEF (135). Finally, aminoacyl-tRNA synthetases, including LRS, can catalyze the aminoacylation of
specific lysine residues, and LRS-mediated leucylation of RagA and RagB may be important in the sensing of
leucine by mTORC1 (136).

The regulation of MTORC1 activity by glucose is not yet fully understood. Glucose was originally thought
to stimulate mMTORC1 via suppression of AMPK, which phosphorylates components of both mTORC1 and the
Tuberous Sclerosis Complex (TSC) (137, 138). However, the Rag proteins also play a role in glucose sensing
(139, 140). Finally, it was recently shown that while glucose itself is not sensed by mTORC1, the glycolytic
intermediate dihydroxyacetone phosphate (DHAP) is sensed via a mechanism that is dependent upon both
GATOR complexes (141).

Once mTORCL is localized to the lysosome, its activation depends upon interaction with Rheb-GTP;
however, in the presence of the Tuberous Sclerosis Complex (TSC), which acts as a GAP for Rheb, Rheb is
found bound GDP. The activity of TSC is controlled by many different kinases, including AKT, AMPK, CDK4/6,
ERK, GSK3 and IKKB, which phosphorylate different residues and proteins within the TSC complex (138, 142-
148). In the absence of insulin/PI3K/AKT signaling, TSC localizes to the lysosome; when AKT is activated, it
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phosphorylates TSC on multiple residues, and TSC departs from the lysosome, which allows Rheb to be loaded
with GTP (149). Other kinases may also regulate TSC by controlling its localization.

As much as we know about the regulation of MTORC1, there remains much we do not know. The specific
molecular sensors by which mTORC1 senses amino acids other than leucine, arginine, and methionine have
not yet been identified. The RagGTPases were recently reported to recruit TSC to lysosomes in response to
amino acid or growth factor restriction (150); although details surrounding this process are unclear, GATOR2
and Sestrin2 may regulate TSC2 phosphorylation (151). Perhaps most importantly, the details of mMTORC1
activation by amino acids were investigated in cell culture using exogenous amino acids, and a new study
suggests that that lysosomal-derived amino acids activate mMTORC1 via a RagGTPase-independent mechanism
(152). Indeed, the Rag-GATOR pathway acts as a negative regulator of mMTORC1 activity with respect to
lysosomal-derived amino acids.

Rapamycin acts to inhibit mMTORCL1 by first forming a complex with FK506-binding protein 12 (FKBP12)
which then binds to the FKBP12-rapamycin binding (FRB) domain of mTOR (153-155). In contrast, mMTORC2 is
not acutely sensitive to rapamycin, as components of mMTORC2, specifically Rictor and mSin1, hinder the binding
of FKBP12-rapamycin to mTOR (156-158). mTORC2 activity is decreased in many cell lines as well as the
majority of mouse tissues when rapamycin treatment is continued for a prolonged time (67, 68, 74); mMTORC2
inhibition is believed to occur indirectly, with rapamycin sequestering free mTOR and hindering the formation of
new mTORC2 (67).

Specifically targeting mTORCL1 signaling to promote healthy aging

The incredible detail that has been discovered about the regulation of mMTORCL1 by nutrient signaling as
well as rapamycin has suggested that there may be multiple potential ways to selectively inhibit mTORC1
signaling. Here, we will discuss intermittent dosing regimens, dietary manipulations, novel rapamycin analogs,
and other novel compounds that selectively target mMTORC1.

As we have previously discussed at greater length (55), genetic mouse models in which mTORCL1 is
moderately inhibited (S6K1”, mTOR" mLST8", mTOR*4, TSC1Y9) have demonstrated that a moderate
reduction in mTORCL1 activity can extend lifespan and healthspan in mice, particularly in females (68, 90, 95,
159). This suggests that strong inhibition of MTORC1 signaling may not be required to extend lifespan, and in
combination with the fact that mTORC?2 is only inhibited when rapamycin treatment is chronic, suggests that
intermittent dosing might reduce mTORC2-dependent phenotypes while still being able to extend lifespan.

Following this logic, we identified an intermittent dosing regimen (2 mg/kg I.P. rapamycin once every 5
days) that inhibited mMTORC1 moderately while substantially reducing the effects on glucose metabolism and
immunity (160). Importantly, this dosing regimen was still able to extend lifespan of aged female C57BL/6J mice
(12). Similarly, cancer prone 129/Sv mice treated with 1.5 mg/kg rapamycin three times per week for 2 weeks of
every month had a significant extension of lifespan (15). However, a limitation of these studies was the lack of a
continuous treatment control group. In part to address the question of comparative efficacy, the National Institute
on Aging (NIA) Interventions Testing Program (ITP) examined the effect of treating HET3 mice with diet
containing 42-ppm rapamycin every other month or continuously starting at 20 months of age. They determined
that every-other-month rapamycin treatment was almost as effective at extending lifespan as continuous
rapamycin treatment (21).

An alternative to intermittent treatment with rapamycin may be treatment for only a short period of life, as
many of the metabolic and immunological effects of rapamycin are reversible (161). Relatively short-term
treatment with rapamycin functionally rejuvenates many aged tissues, including the heart, where treatment for 8
weeks reverses age-associated declines in diastolic function as well as cardiac hypertrophy (40, 41). Importantly,
these effects persist after the cessation of treatment (42). In agreement with the idea that a short-term therapy
with rapamycin has persistent benefits, two different studies observed that treatment of aged C57BL/6J mice
with rapamycin for 2—3 months extends lifespan (13, 14). The NIA ITP program recently examined this idea in
HET3 mice, and found that treatment of 20-month-old mice for 3 months with 42-ppm rapamycin extended the
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lifespan of males, but not females; male lifespan was extended to the same extent by this short treatment as
male mice that continuously received rapamycin (21).

Related to the idea of intermittent or transient treatment with rapamycin is the idea of using very low
doses of rapamycin. A few recent studies suggest that very low doses of the rapamycin analog everolimus given
for just a few weeks can help to rejuvenate the immune system (54, 162). In this short-term intermittent low-dose
context, mMTORC2-mediated side effects are expected to be extremely low. A related possibility is exemplified
by the new “third-generation mTOR inhibitor” RapaLink-1, which tethers a mTOR kinase inhibitor to rapamycin
in order to more selectively target a mTOR kinase inhibitor to mTORC1 (163). At a low dose, this approach
achieves stronger and more completely mTORCL1 inhibition than a low dose of rapamycin alone can achieve
(164).

mMTORCL1 activity, but not the activity of mTORC?2, is regulated by the levels of amino acids, glucose, and
insulin as described in detail above. As such, dietary interventions to decrease mTORC1 signaling have been of
significant interest, particularly protein restriction. Several studies have shown that protein restriction, which
extends lifespan, reduces activity of mMTORC1 (165, 166). Methionine restriction, which extends the lifespan of
mice and rats (167, 168), likewise reduces mTORCL1 signaling (169). Restriction of branched-chain amino acids
(BCAAs; leucine, isoleucine, and valine) has also recently been shown to inhibit mTORC1 but not mTORC2 and
extend the lifespan of mice when begun early in life (170). Finally, low-glucose ketogenic diets also promote
longevity and reduce mTORC1 signaling (171).

In addition to the possibility of eating diets reduced in protein or one or more specific amino acids, or
consuming ketogenic diets, we have previously discussed the possibility that drugs could be developed that
partially block intestinal uptake of specific dietary amino acids from the intestine (172). The neutral amino acid
transporter B’AT1 (SLC6A19) is the major amino acid transporter for methionine and BCAAs in the intestine,
and although the effect on mTOR signaling has not been examined, mice lacking this transporter have
improvements in metabolic health similar to that observed in BCAA and methionine restricted mice (173).
Research to identify chemical inhibitors of this transporter are underway (174, 175). SLC7AS5, also known as
LAT1, is the major transporter for many essential amino acids including the BCAAs, and treatment of cancer
cells with a LAT1 inhibitor, JPH203 reduced mTORC1 activity (176-178). However, as LAT1 function is also
required for many normal cells and tissues, it is unlikely that LAT1 inhibitors could be used as geroprotectors.

The past few years has seen a dramatic increase in our knowledge of the structure of mTORCL itself as
well as its regulators. Building in part on an initial 26 A resolution of mMTORC1 (154), new high-resolution Cryo-
EM structures (down to 3 A) of human mTORC1 (179-181) have been developed, which have provided new
insight into how mTORCL is activated, recruits substrates, and is inhibited by rapamycin. An expanding number
of structures have also been developed for specific regulators of mTORCL, including the TSC complex (182),
the Rag GTPases in complex with mTORC1 and Ragulator (183-185), as well as the binding of arginine by
CASTOR1 (127) and the binding of leucine by Sestrin2 (124). This knowledge is already being utilized to
generate new mTORC1-selective drugs; one such compound is NR1, which binds the mTORC1 activator Rheb
and blocks the activation of mTORC1 (109). A mTORC1-selective activator, NV-5138, was recently designed
based in part on structural information about the binding of Sestrin2 to leucine (186); potentially, a mMTORC1-
selective inhibitor could be designed based on this structural information as well. Compounds that block sensing
of leucine or threonine by LRS or TARS2, respectively, may also hold potential as selective mTORC1 inhibitors
as well, and several recent compounds including (S)-4-isobutyloxazolidin-2-one and BC-LI-0186 have been
identified that inhibit mMTORCL1 by interfering with LRS sensing or activity (187-190).

Finally, the molecular basis of the cell and tissue specificity of mMTORC2 inhibition by chronic rapamycin
treatment has been a long-standing mystery. PC3 cells, have mTORC2 activity that is extremely sensitive to
rapamycin, while mTORC2 activity in other cell lines is completely resistant (67), and mTORC?2 in vivo likewise
has tissue-specific differences in the response to chronic rapamycin treatment (67, 74). Rapamycin inhibits
MTOR in a stepwise manner, first binding to the protein FKBP12; this FKBP12-rapamycin complex than binds
to and mTORCL1. Recently it was found that other FK506-binding proteins (FKBPs) can also complex with
rapamycin and inhibit mMTORC1 (191). Intriguingly, while rapamycin-FKBP12 can inhibit both mTORC1 and
MTORC2 when treated chronically, rapamycin in complex with another FKBP, FKBP51, does not inhibit
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MTORC?2 (74). The reason for this difference is unknown; recent detailed structural data on mTORC2 shows
that Rictor blocks the site on mTOR that interacts with rapamycin and FKBPs (157).

These results suggested that rapamycin analogs may exist that, through preferential interaction with
FKBP51 or through other mechanisms, could more specifically target mMTORCL1. Screening of a library of
rapalogs identified DLO01, a compound with significantly increased selectivity for mTORCL1 (80). In agreement
with our model in which inhibition of mMTORC2 mediates the negative metabolic effects of rapamycin, treatment
with DLOO1 does not cause glucose intolerance or dyslipidemia, while mice treated in parallel with rapamycin
experienced these effects. The effect of DLOO1 on the immune system was also significantly less than that of
rapamycin (80). However, contrary to our initial hypothesis that DLO0O1 may function through FKBP51, we
determined that knockdown of FKBP12, but not FKBP51, inhibited the ability of both rapamycin and DL001 to
inhibit MTORCL1 as well as mTORC2 (80). The exact molecular mechanisms responsible for the reduced impact
of DLO01 on mTORC2 therefore remains to be determined.

Conclusion

Building on the strong evidence that rapamycin can extend the lifespan and healthspan of model
organisms, there has been tremendous excitement in developing therapies for age-related diseases based on
MTOR inhibition. Concerns over the risks of infection and metabolic disruption have slowed the testing of
rapalog-based therapies for diseases of aging in humans, and will likely limit their adoption. Over the next
decade, work in canines, non-human primates, and human clinical trials will begin to answer some of the
outstanding questions regarding the efficacy and safety of such regimens.

Many of the side effects of rapalogs are mediated not by the inhibition of mMTORC1, which is believed to
be therapeutic, but due to “off-target” inhibition of mMTORC2. The balance of evidence from model organism and
mouse studies in which mTORC2 is specifically inhibited strongly indicates that this inhibition of mMTORC2 has
deleterious effects on metabolic health as well as survival. Further, genetic evidence from a range of organisms
suggests that inhibition of mMTORCL signaling is sufficient to promote healthspan and lifespan.

Here we have discussed a range of options to more selectively inhibit mMTORC1. These include the use
of rapalogs in intermittent or time-limited periods, which is sufficient to promote healthspan and lifespan, while
minimizing side effects; the use of dietary regimens with altered levels of dietary protein or specific amino acids;
and new mTORC1-specific small molecules. Each of these strategies, as well as treatment with standard
rapalogs, may come with a unique set of side effects or limitations, and thus the best strategies to reduce
MTORCL1 signaling may be different for different diseases of aging or for different people. Collectively, this
research in ways to sustainably and safely reduce mTORCL1 activity may soon provide new options to treat or
prevent age-related diseases, and improve healthspan and lifespan for everyone.

Acknowledgements

I would like to thank Dr. Joseph Baur for critical reading of the manuscript.

Funding

The Lamming Laboratory is supported in part by the NIH/National Institute on Aging (AG056771 and AG062328),
the U.S. Department of Veterans Affairs (101-BX004031) and startup funds from the University of Wisconsin-
Madison School of Medicine and Public Health and Department of Medicine to D.W.L.

Conflict of Interest

D.W.L. has received funding from, and is a scientific advisory board member of, Aeovian Pharmaceuticals,
which seeks to develop novel, selective mTOR inhibitors for the treatment of various diseases.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

References

1. Vezina C, Kudelski A, Sehgal SN. Rapamycin (AY-22,989), a new antifungal antibiotic. I. Taxonomy of
the producing streptomycete and isolation of the active principle. J Antibiot (Tokyo). 1975;28(10):721-6.

2. Glass DJ, Lamming DW. Is rapamycin a rapalog? Nutrition and Healthy Aging. 2019;5(1):21-2.

3. Kaeberlein M, Powers RW, 3rd, 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(5751):1193-6.

4, Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Curr Biol. 2004;14(10):885-90.

5. Powers RW, 3rd, Kaeberlein M, Caldwell SD, Kennedy BK, Fields S. Extension of chronological life
span in yeast by decreased TOR pathway signaling. Genes Dev. 2006;20(2):174-84.

6. Vellai T, Takacs-Vellai K, Zhang Y, Kovacs AL, Orosz L, Muller F. Genetics: influence of TOR kinase
on lifespan in C. elegans. Nature. 2003;426(6967):620.

7. Sharp ZD, Bartke A. Evidence for down-regulation of phosphoinositide 3-kinase/Akt/mammalian target

of rapamycin (PI3K/Akt/mTOR)-dependent translation regulatory signaling pathways in Ames dwarf mice. J
Gerontol A Biol Sci Med Sci. 2005;60(3):293-300.

8. Blagosklonny MV. Aging and immortality: quasi-programmed senescence and its pharmacologic
inhibition. Cell Cycle. 2006;5(18):2087-102.
9. Blagosklonny MV. An anti-aging drug today: from senescence-promoting genes to anti-aging pill. Drug

Discov Today. 2007;12(5-6):218-24.

10. 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(7253):392-5.

11. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, et al. Rapamycin, but not resveratrol
or simvastatin, extends life span of genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci.
2011;66(2):191-201.

12. Arriola Apelo SI, Pumper CP, Baar EL, Cummings NE, Lamming DW. Intermittent Administration of
Rapamycin Extends the Life Span of Female C57BL/6J Mice. J Gerontol A Biol Sci Med Sci. 2016;71(7):876-
81.

13. Bitto A, Ito TK, Pineda VV, LeTexier NJ, Huang HZ, Sutlief E, et al. Transient rapamycin treatment can
increase lifespan and healthspan in middle-aged mice. eLife. 2016;5.

14. Chen C, Liu Y, Liu Y, Zheng P. mTOR regulation and therapeutic rejuvenation of aging hematopoietic
stem cells. Sci Signal. 2009;2(98):ra75.

15. 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(5):2092-7.

16. Anisimov VN, Zabezhinski MA, Popovich IG, Piskunova TS, Semenchenko AV, Tyndyk ML, et al.
Rapamycin increases lifespan and inhibits spontaneous tumorigenesis in inbred female mice. Cell Cycle.
2011;10(24):4230-6.

17. Neff F, Flores-Dominguez D, Ryan DP, Horsch M, Schroder S, Adler T, et al. Rapamycin extends
murine lifespan but has limited effects on aging. J Clin Invest. 2013;123(8):3272-91.

18. Miller RA, Harrison DE, Astle CM, Fernandez E, Flurkey K, Han M, et al. Rapamycin-mediated lifespan
increase in mice is dose and sex dependent and metabolically distinct from dietary restriction. Aging Cell.
2014;13(3):468-77.

19. Fok WC, Chen Y, Bokov A, Zhang Y, Salmon AB, Diaz V, et al. Mice fed rapamycin have an increase in
lifespan associated with major changes in the liver transcriptome. PLoS One. 2014;9(1):e83988.

20. Fang Y, Hill CM, Darcy J, Reyes-Ordonez A, Arauz E, McFadden S, et al. Effects of rapamycin on
growth hormone receptor knockout mice. Proc Natl Acad Sci U S A. 2018;115(7):E1495-E503.

21. Strong R, Miller RA, Bogue M, Fernandez E, Javors MA, Libert S, et al. Rapamycin-mediated mouse
lifespan extension: Late-life dosage regimes with sex-specific effects. Aging Cell. 2020:e13269.

22. Hernando E, Charytonowicz E, Dudas ME, Menendez S, Matushansky I, Mills J, et al. The AKT-mTOR
pathway plays a critical role in the development of leiomyosarcomas. Nat Med. 2007;13(6):748-53.

23. Bhattacharya A, Bokov A, Muller FL, Jernigan AL, Maslin K, Diaz V, et al. Dietary restriction but not
rapamycin extends disease onset and survival of the H46R/H48Q mouse model of ALS. Neurobiol Aging.
2012;33(8):1829-32.

24, Komarova EA, Antoch MP, Novototskaya LR, Chernova OB, Paszkiewicz G, Leontieva OV, et al.
Rapamycin extends lifespan and delays tumorigenesis in heterozygous p53+/- mice. Aging (Albany NY).
2012;4(10):709-14.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

25. Comas M, Toshkov |, Kuropatwinski KK, Chernova OB, Polinsky A, Blagosklonny MV, et al. New
nanoformulation of rapamycin Rapatar extends lifespan in homozygous p53-/- mice by delaying
carcinogenesis. Aging (Albany NY). 2012;4(10):715-22.

26. Ramos FJ, Chen SC, Garelick MG, Dai DF, Liao CY, Schreiber KH, et al. Rapamycin reverses elevated
MTORCIL1 signaling in lamin A/C-deficient mice, rescues cardiac and skeletal muscle function, and extends
survival. Sci Transl Med. 2012;4(144):144ra03.

27. Livi CB, Hardman RL, Christy BA, Dodds SG, Jones D, Williams C, et al. Rapamycin extends life span
of Rb1+/- mice by inhibiting neuroendocrine tumors. Aging (Albany NY). 2013;5(2):100-10.

28. Khapre RV, Kondratova AA, Patel S, Dubrovsky Y, Wrobel M, Antoch MP, et al. BMAL1-dependent
regulation of the mTOR signaling pathway delays aging. Aging (Albany NY). 2014;6(1):48-57.

29. Popovich IG, Anisimov VN, Zabezhinski MA, Semenchenko AV, Tyndyk ML, Yurova MN, et al. Lifespan
extension and cancer prevention in HER-2/neu transgenic mice treated with low intermittent doses of
rapamycin. Cancer biology & therapy. 2014;15(5):586-92.

30. Leontieva OV, Paszkiewicz GM, Blagosklonny MV. Weekly administration of rapamycin improves
survival and biomarkers in obese male mice on high-fat diet. Aging Cell. 2014;13(4):616-22.

31. Johnson SC, Yanos ME, Bitto A, Castanza A, Gagnidze A, Gonzalez B, et al. Dose-dependent effects
of mTOR inhibition on weight and mitochondrial disease in mice. Front Genet. 2015;6:247.

32. Hurez V, Dao V, Liu A, Pandeswara S, Gelfond J, Sun L, et al. Chronic mTOR inhibition in mice with
rapamycin alters T, B, myeloid, and innate lymphoid cells and gut flora and prolongs life of immune-deficient
mice. Aging Cell. 2015;14(6):945-56.

33. Sataranatarajan K, lkeno Y, Bokov A, Feliers D, Yalamanchili H, Lee HJ, et al. Rapamycin Increases
Mortality in db/db Mice, a Mouse Model of Type 2 Diabetes. J Gerontol A Biol Sci Med Sci. 2016;71(7):850-7.
34. Siegmund SE, Yang H, Sharma R, Javors M, Skinner O, Mootha V, et al. Low-dose rapamycin extends
lifespan in a mouse model of mtDNA depletion syndrome. Hum Mol Genet. 2017;26(23):4588-605.

35. Arriola Apelo SI, Lamming DW. Rapamycin: An InhibiTOR of Aging Emerges From the Soil of Easter
Island. J Gerontol A Biol Sci Med Sci. 2016;71(7):841-9.

36. Wilkinson JE, Burmeister L, Brooks SV, Chan CC, Friedline S, Harrison DE, et al. Rapamycin slows
aging in mice. Aging Cell. 2012;11(4):675-82.

37. Shavlakadze T, Zhu J, Wang S, Zhou W, Morin B, Egerman MA, et al. Short-term Low-Dose mTORC1
Inhibition in Aged Rats Counter-Regulates Age-Related Gene Changes and Blocks Age-Related Kidney
Pathology. J Gerontol A Biol Sci Med Sci. 2018;73(7):845-52.

38. Joseph GA, Wang SX, Jacobs CE, Zhou W, Kimble GC, Tse HW, et al. Partial Inhibition of mTORCL1 in
Aged Rats Counteracts the Decline in Muscle Mass and Reverses Molecular Signaling Associated with
Sarcopenia. Mol Cell Biol. 2019;39(19).

39. Zaseck LW, Miller RA, Brooks SV. Rapamycin Attenuates Age-associated Changes in Tibialis Anterior
Tendon Viscoelastic Properties. J Gerontol A Biol Sci Med Sci. 2016;71(7):858-65.

40. Dai DF, Karunadharma PP, Chiao YA, Basisty N, Crispin D, Hsieh EJ, et al. Altered proteome turnover
and remodeling by short-term caloric restriction or rapamycin rejuvenate the aging heart. Aging Cell.
2014;13(3):529-39.

41. Flynn JM, O'Leary MN, Zambataro CA, Academia EC, Presley MP, Garrett BJ, et al. Late-life
rapamycin treatment reverses age-related heart dysfunction. Aging Cell. 2013;12(5):851-62.

42. Quarles E, Basisty N, Chiao YA, Merrihew G, Gu H, Sweetwyne MT, et al. Rapamycin persistently
improves cardiac function in aged, male and female mice, even following cessation of treatment. Aging Cell.
2020;19(2):e13086.

43. Yilmaz OH, Katajisto P, Lamming DW, Gultekin Y, Bauer-Rowe KE, Sengupta S, et al. mTORCL1 in the
Paneth cell niche couples intestinal stem-cell function to calorie intake. Nature. 2012;486(7404):490-5.

44, An JY, Quarles EK, Mekvanich S, Kang A, Liu A, Santos D, et al. Rapamycin treatment attenuates age-
associated periodontitis in mice. Geroscience. 2017;39(4):457-63.

45, Wang R, Yu Z, Sunchu B, Shoaf J, Dang |, Zhao S, et al. Rapamycin inhibits the secretory phenotype
of senescent cells by a Nrf2-independent mechanism. Aging Cell. 2017;16(3):564-74.

46. 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(89):89ra58.

47. Wang R, Sunchu B, Perez VI. Rapamycin and the inhibition of the secretory phenotype. Exp Gerontol.
2017;94:89-92.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

48. Garbers C, Kuck F, Aparicio-Siegmund S, Konzak K, Kessenbrock M, Sommerfeld A, et al. Cellular
senescence or EGFR signaling induces Interleukin 6 (IL-6) receptor expression controlled by mammalian
target of rapamycin (mTOR). Cell Cycle. 2013;12(21):3421-32.

49. Urfer SR, Kaeberlein TL, Mailheau S, Bergman PJ, Creevy KE, Promislow DEL, et al. A randomized
controlled trial to establish effects of short-term rapamycin treatment in 24 middle-aged companion dogs.
Geroscience. 2017;39(2):117-27.

50. Taylor HA, Morales C, Johnson LM, Wilfond BS. A Randomized Trial of Rapamycin to Increase
Longevity and Healthspan in Companion Animals: Navigating the Boundary Between Protections for Animal
Research and Human Subjects Research. Am J Bioeth. 2018;18(10):58-9.

51. Wilfond BS, Porter KM, Creevy KE, Kaeberlein M, Promislow D. Research to Promote Longevity and
Health Span in Companion Dogs: A Pediatric Perspective. Am J Bioeth. 2018;18(10):64-5.

52. Sills AM, Artavia JM, DeRosa BD, Ross CN, Salmon AB. Long-term treatment with the mTOR inhibitor
rapamycin has minor effect on clinical laboratory markers in middle-aged marmosets. Am J Primatol.
2019;81(2):e22927.

53. Lelegren M, Liu Y, Ross C, Tardif S, Salmon AB. Pharmaceutical inhibition of mTOR in the common
marmoset: effect of rapamycin on regulators of proteostasis in a non-human primate. Pathobiol Aging Age
Relat Dis. 2016;6:31793.

54. Mannick JB, Del Giudice G, Lattanzi M, Valiante NM, Praestgaard J, Huang B, et al. mTOR inhibition
improves immune function in the elderly. Sci Transl Med. 2014;6(268):268ral179.

55. Dumas SN, Lamming DW. Next generation strategies for geroprotection via mTORCL1 inhibition. J
Gerontol A Biol Sci Med Sci. 2019.

56. Trelinska J, Dachowska |, Kotulska K, Fendler W, Jozwiak S, Mlynarski W. Complications of
mammalian target of rapamycin inhibitor anticancer treatment among patients with tuberous sclerosis complex
are common and occasionally life-threatening. Anti-cancer drugs. 2015;26(4):437-42.

57. Krueger DA, Wilfong AA, Mays M, Talley CM, Agricola K, Tudor C, et al. Long-term treatment of
epilepsy with everolimus in tuberous sclerosis. Neurology. 2016;87(23):2408-15.

58. Motzer RJ, Escudier B, Oudard S, Hutson TE, Porta C, Bracarda S, et al. Phase 3 trial of everolimus for
metastatic renal cell carcinoma : final results and analysis of prognostic factors. Cancer. 2010;116(18):4256-
65.

59. Beaver JA, Park BH. The BOLERO-2 trial: the addition of everolimus to exemestane in the treatment of

postmenopausal hormone receptor-positive advanced breast cancer. Future Oncol. 2012;8(6):651-7.

60. Johnston O, Rose CL, Webster AC, Gill JS. Sirolimus is associated with new-onset diabetes in kidney
transplant recipients. J Am Soc Nephrol. 2008;19(7):1411-8.

61. Firpi RJ, Tran TT, Flores P, Nissen N, Colgquhoun S, Shackleton C, et al. Sirolimus-induced
hyperlipidaemia in liver transplant recipients is not dose-dependent. Aliment Pharmacol Ther. 2004;19(9):1033-
9

62. Bissler JJ, Kingswood JC, Radzikowska E, Zonnenberg BA, Belousova E, Frost MD, et al. Everolimus
long-term use in patients with tuberous sclerosis complex: Four-year update of the EXIST-2 study. PLoS One.
2017;12(8):e0180939.

63. Castellano BM, Thelen AM, Moldavski O, Feltes M, van der Welle RE, Mydock-McGrane L, et al.
Lysosomal cholesterol activates mMTORCL1 via an SLC38A9-Niemann-Pick C1 signaling complex. Science.
2017;355(6331):1306-11.

64. Gong Q, Hu Z, Zhang F, Cui A, Chen X, Jiang H, et al. Fibroblast growth factor 21 improves hepatic
insulin sensitivity by inhibiting mammalian target of rapamycin complex 1 in mice. Hepatology. 2016;64(2):425-
38.

65. Minard AY, Tan SX, Yang P, Fazakerley DJ, Domanova W, Parker BL, et al. mMTORC1 Is a Major
Regulatory Node in the FGF21 Signaling Network in Adipocytes. Cell reports. 2016;17(1):29-36.

66. Kennedy BK, Lamming DW. The Mechanistic Target of Rapamycin: The Grand ConducTOR of
Metabolism and Aging. Cell Metab. 2016;23(6):990-1003.

67. Sarbassov DD, Ali SM, Sengupta S, Sheen JH, Hsu PP, Bagley AF, et al. Prolonged rapamycin
treatment inhibits MTORC2 assembly and Akt/PKB. Mol Cell. 2006;22(2):159-68.

68. Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, et al. Rapamycin-induced
insulin resistance is mediated by mTORC2 loss and uncoupled from longevity. Science. 2012;335(6076):1638-
43.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

69. Houde VP, Brule S, Festuccia WT, Blanchard PG, Bellmann K, Deshaies Y, et al. Chronic rapamycin
treatment causes glucose intolerance and hyperlipidemia by upregulating hepatic gluconeogenesis and
impairing lipid deposition in adipose tissue. Diabetes. 2010;59(6):1338-48.

70. Cunningham JT, Rodgers JT, Arlow DH, Vazquez F, Mootha VK, Puigserver P. mTOR controls
mitochondrial oxidative function through a YY1-PGC-1alpha transcriptional complex. Nature.
2007;450(7170):736-40.

71. Lamming DW, Sabatini DM. A Central role for mTOR in lipid homeostasis. Cell Metab. 2013;18(4):465-
9.

72. Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas E, et al. mMTOR complex 1
regulates lipin 1 localization to control the SREBP pathway. Cell. 2011;146(3):408-20.

73. Polak P, Cybulski N, Feige JN, Auwerx J, Ruegg MA, Hall MN. Adipose-specific knockout of raptor
results in lean mice with enhanced mitochondrial respiration. Cell Metab. 2008;8(5):399-410.

74. Schreiber KH, Ortiz D, Academia EC, Anies AC, Liao CY, Kennedy BK. Rapamycin-mediated mTORC2
inhibition is determined by the relative expression of FK506-binding proteins. Aging Cell. 2015;14(2):265-73.
75. Yu D, Tomasiewicz JL, Yang SE, Miller BR, Wakai MH, Sherman DS, et al. Calorie-Restriction-Induced
Insulin Sensitivity Is Mediated by Adipose mMTORC2 and Not Required for Lifespan Extension. Cell reports.
2019;29(1):236-48 e3.

76. Chellappa K, Brinkman JA, Mukherjee S, Morrison M, Alotaibi MI, Carbajal KA, et al. Hypothalamic
MTORC?2 is essential for metabolic health and longevity. Aging Cell. 2019;18(5):e13014.

77. Paolella LM, Mukherjee S, Tran CM, Bellaver B, Hugo M, Luongo TS, et al. mTORCL1 restrains
adipocyte lipolysis to prevent systemic hyperlipidemia. Molecular metabolism. 2020;32:136-47.

78. Hagiwara A, Cornu M, Cybulski N, Polak P, Betz C, Trapani F, et al. Hepatic mMTORC2 activates
glycolysis and lipogenesis through Akt, glucokinase, and SREBP1c. Cell Metab. 2012;15(5):725-38.

79. Thoreen CC, Kang SA, Chang JW, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive mammalian target
of rapamycin inhibitor reveals rapamycin-resistant functions of mMTORC1. J Biol Chem. 2009;284(12):8023-32.
80. Schreiber KH, Arriola Apelo SI, Yu D, Brinkman JA, Velarde MC, Syed FA, et al. A novel rapamycin
analog is highly selective for mTORCL in vivo. Nature communications. 2019;10(1):3194.

81. Powell JD, Pollizzi KN, Heikamp EB, Horton MR. Regulation of immune responses by mTOR. Annual
review of immunology. 2012;30:39-68.

82. Moretti J, Roy S, Bozec D, Martinez J, Chapman JR, Ueberheide B, et al. STING Senses Microbial
Viability to Orchestrate Stress-Mediated Autophagy of the Endoplasmic Reticulum. Cell. 2017;171(4):809-23
el3.

83. Byles V, Covarrubias AJ, Ben-Sahra I, Lamming DW, Sabatini DM, Manning BD, et al. The TSC-mTOR
pathway regulates macrophage polarization. Nature communications. 2013;4:2834.

84. Covarrubias AJ, Aksoylar HI, Yu J, Snyder NW, Worth AJ, lyer SS, et al. Aki-mTORCL1 signaling
regulates Acly to integrate metabolic input to control of macrophage activation. eLife. 2016;5.

85. Festuccia WT, Pouliot P, Bakan |, Sabatini DM, Laplante M. Myeloid-specific Rictor deletion induces
M1 macrophage polarization and potentiates in vivo pro-inflammatory response to lipopolysaccharide. PLoS
One. 2014;9(4):e95432.

86. Medvedik O, Lamming DW, Kim KD, Sinclair DA. MSN2 and MSN4 link calorie restriction and TOR to
sirtuin-mediated lifespan extension in Saccharomyces cerevisiae. PLoS Biol. 2007;5(10):e261.

87. 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(1):95-110.

88. Syntichaki P, Troulinaki K, Tavernarakis N. elF4E function in somatic cells modulates ageing in
Caenorhabditis elegans. Nature. 2007;445(7130):922-6.

89. Sengupta S, Peterson TR, Laplante M, Oh S, Sabatini DM. mTORC1 controls fasting-induced
ketogenesis and its modulation by ageing. Nature. 2010;468(7327):1100-4.

90. Selman C, Tullet JIM, Wieser D, Irvine E, Lingard SJ, Choudhury Al, et al. Ribosomal protein S6 kinase
1 signaling regulates mammalian life span. Science. 2009;326(5949):140-4.

91. Tsai S, Sitzmann JM, Dastidar SG, Rodriguez AA, Vu SL, McDonald CE, et al. Muscle-specific 4E-BP1
signaling activation improves metabolic parameters during aging and obesity. J Clin Invest. 2015;125(8):2952-
64.

92. Tsai SY, Rodriguez AA, Dastidar SG, Del Greco E, Carr KL, Sitzmann JM, et al. Increased 4E-BP1
Expression Protects against Diet-Induced Obesity and Insulin Resistance in Male Mice. Cell reports.
2016;16(7):1903-14.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

93. Xiong Y, Yepuri G, Montani JP, Ming XF, Yang Z. Arginase-ll Deficiency Extends Lifespan in Mice.
Front Physiol. 2017;8:682.

94. Dominick G, Berryman DE, List EO, Kopchick JJ, Li X, Miller RA, et al. Regulation of mTOR activity in
Snell dwarf and GH receptor gene-disrupted mice. Endocrinology. 2015;156(2):565-75.

95. Zhang HM, Diaz V, Walsh ME, Zhang Y. Moderate lifelong overexpression of tuberous sclerosis
complex 1 (TSC1) improves health and survival in mice. Scientific reports. 2017;7(1):834.

96. Soukas AA, Kane EA, Carr CE, Melo JA, Ruvkun G. Rictor/TORC2 regulates fat metabolism, feeding,
growth, and life span in Caenorhabditis elegans. Genes Dev. 2009;23(4):496-511.

97. Robida-Stubbs S, Glover-Cutter K, Lamming DW, Mizunuma M, Narasimhan SD, Neumann-Haefelin E,
et al. TOR signaling and rapamycin influence longevity by regulating SKN-1/Nrf and DAF-16/FoxO. Cell Metab.
2012;15(5):713-24.

98. Mizunuma M, Neumann-Haefelin E, Moroz N, Li Y, Blackwell TK. mMTORC2-SGK-1 acts in two
environmentally responsive pathways with opposing effects on longevity. Aging Cell. 2014;13(5):869-78.

99. Chang K, Kang P, Liu Y, Huang K, Miao T, Sagona AP, et al. TGFB-INHB/activin signaling regulates
age-dependent autophagy and cardiac health through inhibition of MTORC2. Autophagy. 2020;16(10):1807-
22.

100. Arriola Apelo SlI, Lin A, Brinkman JA, Meyer E, Morrison M, Tomasiewicz JL, et al. Ovariectomy
uncouples lifespan from metabolic health and reveals a sex-hormone-dependent role of hepatic mMTORC2 in
aging. eLife. 2020;9.

101. Lamming DW, Mihaylova MM, Katajisto P, Baar EL, Yilmaz OH, Hutchins A, et al. Depletion of Rictor,
an essential protein component of MTORC2, decreases male lifespan. Aging Cell. 2014;13(5):911-7.

102. Garratt M, Bower B, Garcia GG, Miller RA. Sex differences in lifespan extension with acarbose and 17-
alpha estradiol: gonadal hormones underlie male-specific improvements in glucose tolerance and mTORC2
signaling. Aging Cell. 2017;16(6):1256-66.

103. Strong R, Miller RA, Antebi A, Astle CM, Bogue M, Denzel MS, et al. Longer lifespan in male mice
treated with a weakly estrogenic agonist, an antioxidant, an alpha-glucosidase inhibitor or a Nrf2-inducer.
Aging Cell. 2016;15(5):872-84.

104. Martin-Perez M, Grillo AS, Ito TK, Valente AS, Han J, Entwisle SW, et al. PKC downregulation upon
rapamycin treatment attenuates mitochondrial disease. Nat Metab. 2020;2(12):1472-81.

105. Guertin DA, Stevens DM, Saitoh M, Kinkel S, Croshy K, Sheen JH, et al. mMTOR complex 2 is required
for the development of prostate cancer induced by Pten loss in mice. Cancer Cell. 2009;15(2):148-59.

106. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell. 2017;168(6):960-
76.

107. Nojima A, Yamashita M, Yoshida Y, Shimizu I, Ichimiya H, Kamimura N, et al. Haploinsufficiency of
aktl prolongs the lifespan of mice. PLoS One. 2013;8(7):e69178.

108. Long X, Lin Y, Ortiz-Vega S, Yonezawa K, Avruch J. Rheb binds and regulates the mTOR kinase. Curr
Biol. 2005;15(8):702-13.

109. Mahoney SJ, Narayan S, Molz L, Berstler LA, Kang SA, Vlasuk GP, et al. A small molecule inhibitor of
Rheb selectively targets mTORCL1 signaling. Nature communications. 2018;9(1):548.

110. Lamming DW, Bar-Peled L. Lysosome: The metabolic signaling hub. Traffic. 2019;20(1):27-38.

111. 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(5882):1496-501.

112. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL. Regulation of TORC1 by Rag GTPases in
nutrient response. Nat Cell Biol. 2008;10(8):935-45.

113. 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(6):1196-208.

114. Su MY, Morris KL, Kim DJ, Fu Y, Lawrence R, Stjepanovic G, et al. Hybrid Structure of the RagA/C-
Ragulator mTORC1 Activation Complex. Mol Cell. 2017;68(5):835-46 3.

115. Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-Rag complex targets
MTORC1 to the lysosomal surface and is necessary for its activation by amino acids. Cell. 2010;141(2):290-
303.

116. Zhang T, Wang R, Wang Z, Wang X, Wang F, Ding J. Structural basis for Ragulator functioning as a
scaffold in membrane-anchoring of Rag GTPases and mTORCL1. Nature communications. 2017;8(1):1394.
117. 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(6056):678-83.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

118. Jung J, Genau HM, Behrends C. Amino Acid-Dependent mTORC1 Regulation by the Lysosomal
Membrane Protein SLC38A9. Mol Cell Biol. 2015;35(14):2479-94.

119. Rebsamen M, Pochini L, Stasyk T, de Araujo ME, Galluccio M, Kandasamy RK, et al. SLC38A9 is a
component of the lysosomal amino acid sensing machinery that controls mTORC1. Nature.
2015;519(7544):477-81.

120. Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al. Metabolism. Lysosomal amino
acid transporter SLC38A9 signals arginine sufficiency to mTORCL1. Science. 2015;347(6218):188-94.

121. Wyant GA, Abu-Remaileh M, Wolfson RL, Chen WW, Freinkman E, Danai LV, et al. nTORCL1 Activator
SLC38A9 Is Required to Efflux Essential Amino Acids from Lysosomes and Use Protein as a Nutrient. Cell.
2017;171(3):642-54 el2.

122. Panchaud N, Peli-Gulli MP, De Virgilio C. Amino acid deprivation inhibits TORC1 through a GTPase-
activating protein complex for the Rag family GTPase Gtrl. Sci Signal. 2013;6(277):ra42.

123. 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 mTORCL1.
Science. 2013;340(6136):1100-6.

124. Saxton RA, Knockenhauer KE, Wolfson RL, Chantranupong L, Pacold ME, Wang T, et al. Structural
basis for leucine sensing by the Sestrin2-mTORC1 pathway. Science. 2016;351(6268):53-8.

125. Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, Cantor JR, et al. Sestrin2 is a leucine
sensor for the mTORCL1 pathway. Science. 2016;351(6268):43-8.

126. Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, Wyant GA, et al. The CASTOR Proteins
Are Arginine Sensors for the mTORCL1 Pathway. Cell. 2016;165(1):153-64.

127. Saxton RA, Chantranupong L, Knockenhauer KE, Schwartz TU, Sabatini DM. Mechanism of arginine
sensing by CASTORL1 upstream of mMTORC1. Nature. 2016;536(7615):229-33.

128. 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(6364):813-8.

129. Haws SA, Yu D, Ye C, Wille CK, Nguyen LC, Krautkramer KA, et al. Methyl-Metabolite Depletion Elicits
Adaptive Responses to Support Heterochromatin Stability and Epigenetic Persistence. Mol Cell.
2020;78(2):210-23 e8.

130. 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(4):495-505.

131. Meng J, Ferguson SM. GATOR1-dependent recruitment of FLCN-FNIP to lysosomes coordinates Rag
GTPase heterodimer nucleotide status in response to amino acids. J Cell Biol. 2018;217(8):2765-76.

132. Petit CS, Roczniak-Ferguson A, Ferguson SM. Recruitment of folliculin to lysosomes supports the
amino acid-dependent activation of Rag GTPases. J Cell Biol. 2013;202(7):1107-22.

133. Martinez-Carreres L, Puyal J, Leal-Esteban LC, Orpinell M, Castillo-Armengol J, Giralt A, et al. CDK4
Regulates Lysosomal Function and mTORCL1 Activation to Promote Cancer Cell Survival. Cancer Res.
2019;79(20):5245-59.

134. Han JM, Jeong SJ, Park MC, Kim G, Kwon NH, Kim HK, et al. Leucyl-tRNA synthetase is an
intracellular leucine sensor for the mTORC1-signaling pathway. Cell. 2012;149(2):410-24.

135. Kim SH, Choi JH, Wang P, Go CD, Hesketh GG, Gingras AC, et al. Mitochondrial Threonyl-tRNA
Synthetase TARS2 Is Required for Threonine-Sensitive mTORC1 Activation. Mol Cell. 2020.

136. He XD, Gong W, Zhang JN, Nie J, Yao CF, Guo FS, et al. Sensing and Transmitting Intracellular Amino
Acid Signals through Reversible Lysine Aminoacylations. Cell Metab. 2018;27(1):151-66 €6.

137. 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(2):214-26.

138. Inoki K, Zhu T, Guan KL. TSC2 mediates cellular energy response to control cell growth and survival.
Cell. 2003;115(5):577-90.

139. Efeyan A, Zoncu R, Chang S, Gumper |, Snitkin H, Wolfson RL, et al. Regulation of mMTORCL1 by the
Rag GTPases is necessary for neonatal autophagy and survival. Nature. 2013;493(7434):679-83.

140. Wolfson RL, Chantranupong L, Wyant GA, Gu X, Orozco JM, Shen K, et al. KICSTOR recruits
GATORL1 to the lysosome and is necessary for nutrients to regulate mMTORC1. Nature. 2017;543(7645):438-42.
141. Orozco JM, Krawczyk PA, Scaria SM, Cangelosi AL, Chan SH, Kunchok T, et al. Dihydroxyacetone
phosphate signals glucose availability to mTORC1. Nat Metab. 2020.

142. Inoki K, LiY, Xu T, Guan KL. Rheb GTPase is a direct target of TSC2 GAP activity and regulates
MTOR signaling. Genes Dev. 2003;17(15):1829-34.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

143. 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(9):648-57.

144. Inoki K, Ouyang H, Zhu T, Lindvall C, Wang Y, Zhang X, et al. TSC2 integrates Wnt and energy signals
via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell. 2006;126(5):955-68.
145. 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(2):179-93.

146. Lee DF, Kuo HP, Chen CT, Hsu JM, Chou CK, Wei Y, et al. IKK beta suppression of TSC1 links
inflammation and tumor angiogenesis via the mTOR pathway. Cell. 2007;130(3):440-55.

147. Tian Q, Gromov P, Clement JH, Wang Y, Riemann M, Weih F, et al. RHEBL1 insufficiency in aged male
mice is associated with stress-induced seizures. Geroscience. 2017;39(5-6):557-70.

148. Romero-Pozuelo J, Figlia G, Kaya O, Martin-Villalba A, Teleman AA. Cdk4 and Cdk6 Couple the Cell-
Cycle Machinery to Cell Growth via mTORCL1. Cell reports. 2020;31(2):107504.

149. Menon S, Dibble CC, Talbott G, Hoxhaj G, Valvezan AJ, Takahashi H, et al. Spatial control of the TSC
complex integrates insulin and nutrient regulation of MTORCL1 at the lysosome. Cell. 2014;156(4):771-85.
150. Yang S, Zhang Y, Ting CY, Bettedi L, Kim K, Ghaniam E, et al. The Rag GTPase Regulates the
Dynamic Behavior of TSC Downstream of Both Amino Acid and Growth Factor Restriction. Dev Cell. 2020.
151. Budanov AV, Karin M. p53 target genes sestrinl and sestrin2 connect genotoxic stress and mTOR
signaling. Cell. 2008;134(3):451-60.

152. Hesketh GG, Papazotos F, Pawling J, Rajendran D, Knight JDR, Martinez S, et al. The GATOR-Rag
GTPase pathway inhibits mMTORCL1 activation by lysosome-derived amino acids. Science.
2020;370(6514):351-6.

153. Chen J, Zheng XF, Brown EJ, Schreiber SL. Identification of an 11-kDa FKBP12-rapamycin-binding
domain within the 289-kDa FKBP12-rapamycin-associated protein and characterization of a critical serine
residue. Proc Natl Acad Sci U S A. 1995;92(11):4947-51.

154. Yip CK, Murata K, Walz T, Sabatini DM, Kang SA. Structure of the human mTOR complex | and its
implications for rapamycin inhibition. Mol Cell. 2010;38(5):768-74.

155. Liang J, Choi J, Clardy J. Refined structure of the FKBP12-rapamycin-FRB ternary complex at 2.2 A
resolution. Acta Crystallogr D Biol Crystallogr. 1999;55(Pt 4):736-44.

156. Chen X, Liu M, Tian Y, Li J, Qi Y, Zhao D, et al. Cryo-EM structure of human mTOR complex 2. Cell
Res. 2018;28(5):518-28.

157. Scaiola A, Mangia F, Imseng S, Boehringer D, Berneiser K, Shimobayashi M, et al. The 3.2-A
resolution structure of human mTORC2. Sci Adv. 2020;6(45).

158. 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. Curr Biol. 2004;14(14):1296-302.

159. Wu JJ, Liu J, Chen EB, Wang JJ, Cao L, Narayan N, et al. Increased mammalian lifespan and a
segmental and tissue-specific slowing of aging after genetic reduction of mMTOR expression. Cell reports.
2013;4(5):913-20.

160. Arriola Apelo SI, Neuman JC, Baar EL, Syed FA, Cummings NE, Brar HK, et al. Alternative rapamycin
treatment regimens mitigate the impact of rapamycin on glucose homeostasis and the immune system. Aging
Cell. 2016;15(1):28-38.

161. LiuY, Diaz V, Fernandez E, Strong R, Ye L, Baur JA, et al. Rapamycin-induced metabolic defects are
reversible in both lean and obese mice. Aging (Albany NY). 2014;6(9):742-54.

162. Mannick JB, Morris M, Hockey HP, Roma G, Beibel M, Kulmatycki K, et al. TORC1 inhibition enhances
immune function and reduces infections in the elderly. Sci Transl Med. 2018;10(449).

163. Fan Q, Aksoy O, Wong RA, llkhanizadeh S, Novotny CJ, Gustafson WC, et al. A Kinase Inhibitor
Targeted to mTORCL1 Drives Regression in Glioblastoma. Cancer Cell. 2017;31(3):424-35.

164. Xu T, Sun D, Chen Y, Ouyang L. Targeting mTOR for fighting diseases: A revisited review of mTOR
inhibitors. Eur J Med Chem. 2020;199:112391.

165. Lamming DW, Cummings NE, Rastelli AL, Gao F, Cava E, Bertozzi B, et al. Restriction of dietary
protein decreases mMTORCL1 in tumors and somatic tissues of a tumor-bearing mouse xenograft model.
Oncotarget. 2015;6(31):31233-40.

166. 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(3):418-30.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

167. Orentreich N, Matias JR, DeFelice A, Zimmerman JA. Low methionine ingestion by rats extends life
span. The Journal of nutrition. 1993;123(2):269-74.

168. Miller RA, Buehner G, Chang Y, Harper JM, Sigler R, Smith-Wheelock M. Methionine-deficient diet
extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin levels, and
increases hepatocyte MIF levels and stress resistance. Aging Cell. 2005;4(3):119-25.

169. Lees EK, Krol E, Grant L, Shearer K, Wyse C, Moncur E, et al. Methionine restriction restores a
younger metabolic phenotype in adult mice with alterations in fibroblast growth factor 21. Aging Cell.
2014;13(5):817-27.

170. Richardson NE, E.N. K, H.S. S, AT. M, C. B, A.C. R, et al. Lifelong restriction of dietary branched-chain
amino acids has sex-specific benefits for frailty and lifespan in mice. Nature Aging. in press.

171. Roberts MN, Wallace MA, Tomilov AA, Zhou Z, Marcotte GR, Tran D, et al. A Ketogenic Diet Extends
Longevity and Healthspan in Adult Mice. Cell Metab. 2017;26(3):539-46 e5.

172. Lamming DW. CHAPTER 14 Extending Lifespan by Inhibiting the Mechanistic Target of Rapamycin
(mTOR). Anti-aging Drugs: From Basic Research to Clinical Practice: The Royal Society of Chemistry; 2017.
p. 352-75.

173. Jiang Y, Rose AJ, Sijmonsma TP, Broer A, Pfenninger A, Herzig S, et al. Mice lacking neutral amino
acid transporter B(0)AT1 (Slc6al9) have elevated levels of FGF21 and GLP-1 and improved glycaemic control.
Molecular metabolism. 2015;4(5):406-17.

174. Cheng Q, Shah N, Broer A, Fairweather S, Jiang Y, Schmoll D, et al. Identification of novel inhibitors of
the amino acid transporter B(0) AT1 (SLC6A19), a potential target to induce protein restriction and to treat type
2 diabetes. British journal of pharmacology. 2017;174(6):468-82.

175. Pochini L, Seidita A, Sensi C, Scalise M, Eberini I, Indiveri C. Nimesulide binding site in the BOAT1
(SLC6A19) amino acid transporter. Mechanism of inhibition revealed by proteoliposome transport assay and
molecular modelling. Biochem Pharmacol. 2014;89(3):422-30.

176. Quan L, Ohgaki R, Hara S, Okuda S, Wei L, Okanishi H, et al. Amino acid transporter LAT1 in tumor-
associated vascular endothelium promotes angiogenesis by regulating cell proliferation and VEGF-A-
dependent mTORCL1 activation. J Exp Clin Cancer Res. 2020;39(1):266.

177. Cormerais Y, Pagnuzzi-Boncompagni M, Schrotter S, Giuliano S, Tambutte E, Endou H, et al. Inhibition
of the amino-acid transporter LAT1 demonstrates anti-neoplastic activity in medulloblastoma. J Cell Mol Med.
2019;23(4):2711-8.

178. Hafliger P, Graff J, Rubin M, Stooss A, Dettmer MS, Altmann KH, et al. The LAT1 inhibitor JPH203
reduces growth of thyroid carcinoma in a fully immunocompetent mouse model. J Exp Clin Cancer Res.
2018;37(1):234.

179. Aylett CH, Sauer E, Imseng S, Boehringer D, Hall MN, Ban N, et al. Architecture of human mTOR
complex 1. Science. 2016;351(6268):48-52.

180. YangH, Wang J, Liu M, Chen X, Huang M, Tan D, et al. 4.4 A Resolution Cryo-EM structure of human
mMTOR Complex 1. Protein & cell. 2016;7(12):878-87.

181. Yang H, Jiang X, Li B, Yang HJ, Miller M, Yang A, et al. Mechanisms of mMTORC1 activation by RHEB
and inhibition by PRAS40. Nature. 2017;552(7685):368-73.

182. Ramlaul K, Fu W, Li H, de Martin Garrido N, He L, Trivedi M, et al. Architecture of the Tuberous
Sclerosis Protein Complex. J Mol Biol. 2020;433(2):166743.

183. Shen K, Rogala KB, Chou HT, Huang RK, Yu Z, Sabatini DM. Cryo-EM Structure of the Human FLCN-
FNIP2-Rag-Ragulator Complex. Cell. 2019;179(6):1319-29 e8.

184. Anandapadamanaban M, Masson GR, Perisic O, Berndt A, Kaufman J, Johnson CM, et al. Architecture
of human Rag GTPase heterodimers and their complex with mTORC1. Science. 2019;366(6462):203-10.

185. Rogala KB, Gu X, Kedir JF, Abu-Remaileh M, Bianchi LF, Bottino AMS, et al. Structural basis for the
docking of mTORC1 on the lysosomal surface. Science. 2019;366(6464):468-75.

186. Sengupta S, Giaime E, Narayan S, Hahm S, Howell J, O'Neill D, et al. Discovery of NV-5138, the first
selective Brain mTORCL1 activator. Scientific reports. 2019;9(1):4107.

187. Yoon S, Kim JH, Kim SE, Kim C, Tran PT, Ann J, et al. Discovery of Leucyladenylate Sulfamates as
Novel Leucyl-tRNA Synthetase (LRS)-Targeted Mammalian Target of Rapamycin Complex 1 (nTORC1)
Inhibitors. J Med Chem. 2016;59(22):10322-8.

188. Yoon S, Kim JH, Koh Y, Tran PT, Ann J, Yoon I, et al. Discovery of simplified leucyladenylate
sulfamates as novel leucyl-tRNA synthetase (LRS)-targeted mammalian target of rapamycin complex 1
(mTORC1) inhibitors. Bioorg Med Chem. 2017;25(15):4145-52.


https://doi.org/10.20944/preprints202102.0491.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 February 2021 d0i:10.20944/preprints202102.0491.v1

189. Yoon S, Kim JH, Yoon I, Kim C, Kim SE, Koh Y, et al. Discovery of (S)-4-isobutyloxazolidin-2-one as a
novel leucyl-tRNA synthetase (LRS)-targeted mTORCL1 inhibitor. Bioorg Med Chem Lett. 2016;26(13):3038-41.
190. Kim JH, Lee C, Lee M, Wang H, Kim K, Park SJ, et al. Control of leucine-dependent mTORC1 pathway
through chemical intervention of leucyl-tRNA synthetase and RagD interaction. Nature communications.
2017;8(1):732.

191. Marz AM, Fabian AK, Kozany C, Bracher A, Hausch F. Large FK506-binding proteins shape the
pharmacology of rapamycin. Mol Cell Biol. 2013;33(7):1357-67.

Figure Legends

Figure 1. An overview of the mechanistic Target Of Rapamycin Complex 1 (mTORC1) signaling pathway
with areas of potential pharmaceutical inhibition highlighted. Negative regulators (CASTOR1, GATOR1,
SAMTOR, Sestrin2, tuberous sclerosis complex [TSC]) and positive regulators (FLCNFNIP2, GATORZ2,
KICKSTOR, LRS, RAG GTPases, RAGULATOR, Rheb, SLC38A9, v-ATPase) are shown. Potential mechanisms
for the development of mMTORC1 specific inhibitors include: A, B, C, D. Identifying small molecules that block the
ability of amino acid sensors upstream of mMTORC1 to sense the availability of leucine, arginine, or SAM; (E, F)
developing compounds such as BC-LI-0186 that inhibit the GAP or GEF activities of FLCN-FNIP2, LRS, or
RAGULATOR; (G) Inhibiting the interaction of mMTORC1 and Rheb, the mechanism of action of NR1; and (H)
Identifying rapamycin derivatives that specifically inhibit mMTORC1. Figure is from Dumas and Lamming, JGBS,
2019 (55) and used with permission.
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