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Dissecting the biology of mTORC1 beyond rapamycin
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Abstract

Rapamycin extends maximal lifespan and increases resistance to starvation in many organisms.
The beneficial effects of rapamycin are thought to be mediated by its inhibitory effects on the
mechanistic target of rapamycin complex 1 (mTORCL1), although it only partially inhibits the
kinase activity of mTORCL1. Other mTOR kinase inhibitors have been developed, such as Torin-1,
but these readily cross react with mTORC2. Here, we report the distinct characteristics of a third
generation mTOR inhibitor called RapalLink1. We found that low doses of RapaLink1 inhibited
the phosphorylation of all nTORCL substrates tested, including those whose phosphorylation

is sensitive or resistant to inhibition by rapamycin, without affecting mTORC2 activity even

after prolonged treatment. Compared with rapamycin, RapaLink1 showed better efficacy for
inhibiting mTORC1 and potently blocked cell proliferation and induced autophagy. Moreover,
using RapaLink1, we demonstrated that mMTORC1 and mTORC?2 exerted differential effects on
cell glycolysis and glucose uptake. Finally, we found that RapaLink1 and rapamycin had opposing
effects on starvation resistance in Drosophila. Consistent with the effects of RapaLink1, genetic
blockade of mMTORC1 activity made flies more sensitive to starvation, reflecting the complexity
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of the mTORC1 network that extends beyond effects that can be inhibited by rapamycin. These
findings extend our understanding of mTOR biology and provide insights into some of the
beneficial effects of rapamycin.

Introduction

The mechanistic (formerly known as ‘mammalian’) target of rapamycin (nTOR) is a
critical regulator of many major cellular functions, including cell growth, proliferation,
metabolism, and survival. Dysregulation of the mTOR pathway has been implicated in
many human diseases such as diabetes, epilepsy, neurodegeneration, and cancer. mTOR
serves as a catalytic subunit of two functionally distinct multi-protein complexes termed
MTOR complex 1 (MTORC1) and mTOR complex 2 (nTORC2). These complexes perform
different functions in cells. mMTORCL integrates extra- and intracellular signal inputs (amino
acids, growth factors, stress and energy status) to control key biological processes that are
required for cell growth and proliferation, whereas mTORC2 mainly participates in cell
metabolism and survival by activating Akt, PKCa and SGK1 (1-3).

There has been great interest in establishing the unique biological functions of these
different mMTOR complexes. One approach has involved generation of cell lines or animal
models in which specific components of either the mTORC1 or mTORC2 have been
genetically deleted, usually either Raptor or Rictor/SIN1, the specific subunits of the
mTORC1 and mTORC?2, respectively (4-7). A major limitation of these approaches is that
the chronic absence of proteins with essential biological functions can lead to adaptive
responses that may or may not have physiological relevance. For instance, in mouse
embryonic fibroblasts (MEFs) lacking SIN1 (4), there is loss of FOX01/3a phosphorylation,
but other Akt substrates (TSC2 and GSK3) are unaffected, although Ser4’# phosphorylation
of Akt is abolished. However, acute prevention of Ser’4 phosphorylation using a chemical
genetics approach influences Akt2 activity toward several substrates, including both
FOXO1/3a and TSC2 (8), indicating the existence of a compensatory mechanism in chronic
knockout experiments.

To circumvent these issues, researchers have devised mTOR-specific small molecule
inhibitors that can be added acutely to cells or animals followed by dynamic monitoring of
biological consequences. In the case of mMTORCL, the drug rapamycin has been invaluable.
The discovery of mTOR arose from characterisation of this natural compound and only
mTORC1 is acutely sensitive to inhibition by rapamycin, leading to rapamycin’s use as

an mTORC1 inhibitor in both fundamental and clinical research for almost 30 years (1).
Rapamycin forms a complex with the 12kDa FK506-binding protein (FRBP12), which binds
to a domain adjacent to the active site of the kinase mTOR and reduces access to the

active site cleft (9). Although rapamycin has been invaluable for studying mTORC1 biology,
rapamycin inhibits only some of the phosphorylation events mediated by mTORCL. Thus,
given that much of our knowledge about mTORC1 specific functions stems from the use of
rapamycin, the existence of rapamycin-resistant mMTORC1 substrates presents a gap in our
broader understanding of mTORC1-specific functions. More potent 2" generation inhibitors
that bind to the ATP binding site of mTOR, like Torin-1, can block both rapamycin-sensitive
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and -resistant mMTORC1 substrates. However, these drugs also interact with mTORC2 even at
low concentrations and so their specificity is somewhat limited.

The Shokat lab developed a 3™ generation mTOR inhibitor, RapaLink1, which links
rapamycin to an ATP competitive mTOR inhibitor (MLNO0128), enabling it to overcome
resistance to existing first- and second-generation inhibitors (11). RapaLink1 is selective
towards mTORCL1 at lower doses in human glioblastoma cell lines (12), suggesting that it
could be used as a tool to decipher different functions of mMTORC1 and mTORC2. In the
current study, we confirmed this notion and validated that RapaLinkl selectively inhibited
mTORC1 activity but not mTORC2 at low concentrations, and this activity spanned
rapamycin-sensitive and resistant substrates in different cell types. Taking advantage of this
characteristic of RapalLinkZl, we used it to examine the role of mMTORC1 and mTORC2 in
regulating different biological processes. We also compared the effects of rapamycin and
Rapalink1 on starvation resistance in flies and found that, in contrast to rapamycin, which
enhanced starvation resistance, complete inhibition of mMTORC1 using RapaLinkl adversely
affected starvation resistance. These findings extend our understanding of mTOR biology
and provide insights into some of the beneficial effects of rapamycin.

RapaLinkl selectively and completely inhibits mTORC1 signalling.

Although rapamycin is the most widely used mTORCL1 inhibitor, it blocks the ability of
mTORC1 to phosphorylate certain substrates but not others. The “high affinity” mTORC1
substrates, such as ULKZ, are still phosphorylated in the presence of rapamycin, whereas
the phosphorylation of the “low affinity” substrate S6K is blocked (10). This differential
sensitivity is site specific and not protein specific because 4E-BP1 contains both rapamycin-
sensitive (Ser®%) and rapamycin-resistant (Thr37/46) sites ((10), Fig. 1A and fig. S1A).
Rapamycin is highly specific for mMTORCL1 because it had no significant effect on the ability
of mMTORC2 to inhibit its bona fide substrate Akt and its downstream target NDRG1 at
multiple doses of the drug (Fig. 1B and C). In contrast, Torin-1 significantly inhibited
mMTORC1 activity but also inhibited mTORC2 activity (fig. S1B).

In contrast to Torin-1, RapaLink1 showed considerable specificity for mTORC1 at low doses
without any demonstrable effects on mTORC2 activity. At low doses (3 nM), RapaLinkl
selectively and almost completely blocked mTORC1 activity in HEK-293E cells toward
both rapamycin-sensitive (S6K Thr389 and 4E-BP1 Ser®%) and rapamycin-resistant (4E-BP1
Thr37/46 and ULK1 Ser’57) sites without any demonstrable effect on mTORC2 targets

(Akt Sert’3 and NDRG1 Thr346) (Fig. 1B and C). We were unable to detect similar
specificity for Torin-1 at any dose tested (fig. S1B). At 10 nM, RapaLinkl inhibited both
mTOR complexes. We observed similar patterns in HeLa cells and 3T3-L1 adipocytes,
suggesting that RapaLink1 at low concentrations represents a specific tool for studying
mTORC1 biology independently of effects on mTORC?2 (fig. SLIC-E). The dose response
characteristics of RapaLink1 varied among different cell lines (for example, mMTORC1/2 in
HeL a cells were three times as sensitive to RapaLinkl compared to HEK-239E cells) and so
it is crucial to perform dose analyses on a case-by-case basis.

Sci Signal. Author manuscript; available in PMC 2022 March 21.
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Prolonged treatment with low dose RapaLinkl does not inhibit mTORC2 activity.

Prolonged (>24 h) rapamycin treatment inhibits mMTORC2 activity by blocking the assembly
of mMTORC?2 in certain cell types (13), which has been suggested as a cause for some of the
adverse clinical effects of rapamycin. We next tested if RapaLinkl has similar properties.
We used PC3 cells because they display inhibition of mTORC2 with long-term rapamycin
treatment (13). PC3 cells were more sensitive to RapaLinkl than other cell types we tested
(Fig. 2A and B). Chronic treatment with 0.3 nM RapaLink1 caused substantial inhibition
of mMTORC1 activity without affecting mTORC2 activity, indicating that prolonged low-
dose RapaLink1 treatment inhibited only mMTORC1 but not mTORC2. The specificity of
chronic RapaLinkl treatment on mTORC2 activity was also observed in HEK293E cells
(Fig. 2C and D) whereas rapamycin caused weak inhibition, as previously reported (13).
These data demonstrate the utility of using multiple rapamycin and RapalLink1 doses

to distinguish between rapamycin-resistant mTORC1, rapamycin-sensitive mTORC1 and
mTORC?2 substrates in multiple cell-types (Fig. 2E).

Different effects of mMTOR complexes on biological processes are distinguished by

RapaLink1.

Based on the dependence of cell growth/size on mTORC1 activity (18), we assessed the
effect of rapamycin, RapaLinkl and Torin-1 on cell size. Low dose RapaLinkl (3 nM),
which only inhibits mMTORC1, and high dose RapaLink1 (10 nM) and Torin-1, which inhibit
both mTORC1 and mTORC?2, had comparable effects on cell size, indicating that mTORC?2
activity is dispensable for cell growth/size (Fig. 3A) in HEK293E cells. Although chronic
rapamycin treatment caused slight inhibition of mMTORC2 in HEK293E cells (Fig. 2C and
D), RapaLinkl (3 nM) and rapamycin reduced the size of cells to a similar extent (Fig.

3A), indicating mTORC1 regulates cell size mainly through rapamycin-sensitive substrates,
most likely S6K. Although the mTORC1-4E-BPs/EIF4E axis has also been reported to
contribute to cell size regulation (19), S6K is thought to be the major downstream effector
of mTORCL1-driven cell growth (20, 21). For example, Ohanna et a/. reported that cell size
in S6K1-deficient cells is decreased and resistant to rapamycin (21), which is consistent with
our data

We then assessed the effect of RapaLink1 on cell proliferation, which also depends

on mMTORCL1 activity. Although rapamycin treatment resulted in a slight but significant
inhibition of proliferation, this was less potent than the effect observed with RapaLinkl (Fig.
3B and fig. S2A), indicating both rapamycin-sensitive and rapamycin-resistant mMTORC1
substrates are involved in the regulation of cell proliferation. Again, there was no significant
difference between 1 nM rapamycin (mTORCL1 inhibition only) and 3 nM RapaLink1 or
Torin-1 (mTORC1/2 inhibition) (Fig. 3B and fig. S2B). These data are consistent with the
concept that blockage of mMTORC2 is dispensable for the anti-proliferative activity of mTOR
inhibitors (12, 22). Furthermore, 1nM RapaLink1 resulted in a more substantial reduction in
colony size in colony formation assays than rapamycin treatment (Fig. 3C). Although 3nM
RapaLinkl and Torin-1 treatment led to a further reduction of colony size compared to 1nM
RapaL.inka, this effect was very mild (Fig. 3C), indicating mTORCL1 is the main regulator of
colony formation.

Sci Signal. Author manuscript; available in PMC 2022 March 21.
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Another mTORC1-dependent function is autophagy. mTORC1 suppresses autophagy
through phosphorylating several effectors that play key roles in both early and later stages
of autophagy, including ULK1 (23-25), ATG13 (23-25), UVRAG (26), DAP1 (27) and
ATG14 (28). Although the rapamycin sensitivity of some mTORCL substrates, such as
ULK1 and ATG13, is controversial (10, 29, 30), we found the phosphorylation of Ser’>’
in ULK1 was resistant to rapamycin in HEK293E cells (fig. S1A and Fig. 3D). Consistent
with these signalling data, acute treatment with rapamycin (4 h) had only mild effects on
autophagy, whereas RapaLink1 caused a marked increase in LC3-11 accumulation (Fig.
3D), indicating that the acute regulation of autophagy by mTORC1 is mainly mediated by
rapamycin-resistant substrates. Like cell growth and size, low dose RapaLinkl (3 nM) had
identical effects to high dose RapaLink1 (10 nM), Torin-1 and serum starvation consistent
with mTORC1, but not mTORC2, being a key coordinator of the anabolic and catabolic
response to various environmental and physiological stresses (31).

We next assessed the impact of RapaLinkl on aerobic glycolysis which is reported to be
regulated by both mTORC1 and mTORC2 (1, 2, 32). As expected, both rapamycin and low
dose (3 nM) RapaLinkl suppressed lactate production in HEK293E cells, a major readout of
aerobic glycolysis. High dose (10 nM) RapaLink1 and Torin-1 caused a further reduction of
lactate production (Fig. 3E), indicating that unlike autophagy and cell growth, glycolysis is
regulated by interplay between mTORC1 and mTORC?2 activities.

Insulin plays a major role in regulating the acute uptake of glucose into adipocytes by
stimulating the translocation of the glucose transporter GLUT4 to the plasma membrane
and whereas mTORC2 has been implicated in this process (33, 34), the role of mMTORC1

is controversial (35, 36). We re-evaluated the effect of acute inhibition of mMTORC1

and mTORC?2 in 3T3-L1 adipocytes using RapaLinkl (Fig. 3F). Insulin-induced glucose
uptake was not impaired after acute treatment with rapamycin or with low dose (3 nM)
RapaLinkl. In contrast, high dose (10 or 20 nM) RapaLink1 substantially inhibited insulin-
induced glucose uptake, indicating a major role for mTORC2, but not mTORCL, in acute
insulin-regulated glucose uptake. These data demonstrate that mMTORC1 and mTORC2 exert
differential effects on various biological processes.

MTORC2 disruption increases the resistance of mTORC1 to RapaLink1.

A problem of targeting mTOR complexes with small molecules is that a pool of free Raptor
not associated with mTORC1 (37) can act as a reservoir for further mTORCL1 formation

by freeing mTOR associated with mTORC2. This may contribute to the development of
drug resistance. We wanted to determine if this mechanism limits the utility of RapaLinkl
as a specific mTORCL inhibitor. We utilised 4-hydrotamoxifen (4-OHT)-inducible rictor
knockout MEFs (iRicKO) to provide a source of additional mTOR. In control (EtOH
treated) MEFs, 1 nM RapaL.ink1 significantly inhibited the phosphorylation of several major
mTORC1 substrates, which was further increased at 3 nM. However, in Rictor KO (4-OHT
treated) MEFs, 1 nM RapaLink1 had no effect on the phosphorylation of 4EBP1 or ULK1
and the dose required to completely inhibit mTORCL1 increased to 10 nM (Fig. 4A). Thus,
disruption of mMTORC?2 reduced the sensitivity of mTORCL1 to RapaLinkl.

Sci Signal. Author manuscript; available in PMC 2022 March 21.
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To further validate if the resistance to RapaLinkl in Rictor KO cells stems from increasing
mMTORC1 levels, we performed size-exclusion chromatography (SEC) to fractionate lysates
from control and Rictor KO MEFs. In control MEFs, mTOR and Rictor eluted in high-
molecular weight fractions (~1.1-1MDa), consistent with the molecular weight of mTOR
complex dimers (38, 39). Unlike mTOR and Rictor, a substantial amount (39%, fraction
7-9) of Raptor (~150kDa) was found in lower molecular weight fractions (Fig. 4B and

C), consistent with the molecular weight of Raptor monomers, suggesting that this was the
‘free” Raptor pool. The ratio of “free” Raptor dropped from 39% to 13% in Rictor KO
MEFs. Because total levels of Raptor did not substantially change (fig. S3), the altered free
Raptor reflected increasing mTORCL levels in Rictor KO MEFs, which is consistent with
our hypothesis.

A similar phenomenon was observed in inducible raptor knockout MEFs (iRapKO) (Fig.
3D). In control MEFs, 10 nM RapalLink1 was sufficient to block mMTORC2 activity.
However, in Raptor KO MEFs, Akt phosphorylated at Ser473 was still present even up

to 100 nM RapaL.ink1. Unlike Raptor, there was no detectable ‘free’ Rictor in cells (Fig.
4B). Increased resistance of mMTORC?2 to RapaLink1 upon Raptor depletion is likely due to
inhibition of the negative feedback loop mediated by IRS (14, 15) and Grb10 (16, 17). These
data suggest that disruption of one mMTOR complex increases the resistance of other mTOR
complexes to RapaLinkl.

Complete inhibition of TORC1 reduces starvation resistance in flies.

The selective inhibition of mMTORCL activation by RapaLinkl in cell-based systems
prompted us to evaluate the effect of this compound on TORC1 activity and function in
vivo using Drosophila melanogaster. To avoid developmental effects, adult flies were raised
on standard food and then given food supplemented with rapamycin or RapaLink1 for

three days. We observed a significant reduction in phosphorylated dS6K Thr3% after both
rapamycin and RapaLink1 treatment, but neither of them inhibited the TORC2 substrate
phosphorylated dAkt Ser®0 (Fig. 5A). We next evaluated the effect of this compound on
starvation resistance which has been reported to be increased by rapamycin (40). In contrast
to rapamycin, RapaLink1 significantly shortened fly survival under starvation conditions
(Fig. 5B).

Although the above data suggest that there are divergent effects of different classes of
TORC1 substrates on starvation resistance we wanted to ensure that this effect of Rapalink1
did not involve cross reactivity with TORC2. Torin-1 inhibited both TORC1 and TORC?2 in
flies (Fig. 5C) and in contrast to Rapalinkl, Torin-1 had only a slight inhibitory effect on
starvation resistance (Fig. 5D). This result might reflect competing and divergent effects of
TORC1 versus TORC?2 on starvation resistance. Indeed, disruption of TORC2 by knocking
down Rictor or SIN1, two of key components of TORC2, significantly increased starvation
resistance (fig. S4A and S4B). These data suggest that inhibition of TORC1 reduced
starvation resistance. To further confirm this finding, we next examined starvation resistance
in a genetically perturbed model using Raptor RNAi knockdown flies. Raptor was knocked
down when flies were maintained at 29°C, as confirmed by reduced phosphorylation of
dS6K Thr3%8 (Fig. 5E). As expected, depletion of Raptor significantly reduced survival

Sci Signal. Author manuscript; available in PMC 2022 March 21.
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under starvation conditions (Fig. 5F), demonstrating that complete inhibition of TORC1
reduces starvation resistance in flies, consistent with the effect of Rapalinkl1. Consistent with
TORC1 inhibition, activation of TORCL1 by overexpressing Rheb (fig. S4C) or knockdown
of TSC1 (fig. S4D) accelerated mortality under starvation conditions. These results indicate
that TORC1 activation needs to be regulated within a certain range. Both hypo- and hyper-
activation have an adverse effect under nutritional stress.

Discussion

Elevated mTOR activity has been linked to multiple chronic diseases and directly
contributes to the process of ageing (41), leading a major exploration of mTOR inhibitors
for the treatment of various diseases and as an anti-ageing medication. Currently, the

only compounds targeting the mTOR signalling pathway for clinical application have

been rapamycin and rapamycin analogs (rapalogs) and direct mTOR kinase inhibitors (2"
generation inhibitors). However, treatment with rapamycin and rapalogs have only achieved
modest effects in major solid tumors in the clinic (42) and produce negative side effects,
including hyperglycemia, hyperlipidaemia, insulin resistance and hypertension (43, 44). The
poor efficacy of this class of drug partially stems from incomplete mTORC1 inhibition (45,
46) and at least some of the detrimental metabolic changes result from indirect attenuation
of mMTORC?2 signalling (47, 48). Although the 2"d generation inhibitors more potently inhibit
mMTOR activity, they tend to indiscriminately inhibit both mTORC1 and mTORC?2, leading
to undesirable side effects. Therefore, there is an urgent need for more specific mMTORC1
inhibitors. The development of small-molecule inhibitors of mMTORC1 have offered proof-
of-concept evidence (49-51). Although these inhibitors overcome the disadvantages of
rapamycin to varying degrees, they still have their own limitations. For example, Schreiber
and colleagues identified a rapamycin analog with much greater selectivity for mMTORC1
than rapamycin. However, this drug still had minimal effects on the rapamycin-resistant
functions of MTORC1 as an FKBP12-dependent rapalog (49). Navitor Pharmaceuticals have
developed two compounds that indirectly inhibit mTORC1 through targeting Rheb (50)

and Glutl (51). Although these two drugs can inhibit the full functions of mMTORC1, they
may cause side effects of an unknown nature because of affecting mTORC1-independent
functions of Rheb (52) and Glut1.

The 3" generation mTOR inhibitor RapaLink1 was initially designed to overcome resistance
to existing first- and second-generation inhibitors, because it can interact with the FRB
domain of mTOR by binding to FKBP12, and also to simultaneously bind the kinase domain
of mTOR acting as an ATP-competitive inhibitor (11). In this study, we showed that at a

low dose, RapaL ink1 selectively and completely inhibited mMTORC1 activity, including both
rapamycin-sensitive and -resistant substrates (Fig. 1B and C). Rapalink1 had a more potent
effect than rapamycin on several key pathways that are linked to human diseases and ageing
including cell proliferation, autophagy, and glycolysis (Fig. 3B, 3D and 3E). Furthermore,
unlike rapamycin, long-term treatment with low dose RapaLink1 did not inhibit mMTORC2
either in cell lines (Fig. 2A-D) or in vivo (Fig. 5A, (12)). This advantage of RapaLink1
enhances its potential utility in the clinic.

Sci Signal. Author manuscript; available in PMC 2022 March 21.
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At higher doses, RapaLinkl did inhibit mTORC2 (Fig. 1B) in different cell types but at
variable effective doses (fig. SLC-E). This special characteristic makes RapaLinkl unique
from any other mTOR inhibitors and to be a powerful experimental tool to delineate distinct
functions of mMTORC1 and mTORC2. Using RapaLinkl, we determined that: (i) mTOR
mainly regulated cell growth/size and autophagy through mTORCZ; (ii) only mTORC2
acutely affected insulin-induced glucose uptake; (iii) and both complexes played roles in
aerobic glycolysis (Fig. 3A, D, E and F. By comparing rapamycin and Rapalink1, we could
discriminate between rapamycin-sensitive and rapamycin-resistant functions of mTORC1
(Fig. 2E). A phosphoproteomics analysis using rapamycin- or RapaLink1-treated cells

will resolve the full repertoire of rapamycin-sensitive and rapamycin-resistant mMTORC1
substrates. However, the sensitivity of different cell types to Rapalinkl varied considerably
(Fig. 1B, Fig. 2A-D and fig. S1B and C. In HEK293E cells, 3nM RapLink1 caused
substantial inhibition of mMTORC1 activity without affecting mTORC?2 activity whereas in
PC3 cells, the dose required to achieve the same effect was 10-fold less (0.3nM). Therefore,
it is important to perform dose analyses before starting the experiments.

The narrow window between mTORC1 and mTORC?2 inhibition is the major disadvantage
of RapaLinkl. In most cases, the selectivity for mTORC1 compared to mTORC2 inhibition
is about 3-fold (Fig. 1B, Fig. 2A-D and fig. S1B and C). Therefore, the concentration of
this drug needs to be chosen to selectively inhibit mTORCZ1. Although the narrow inhibition
window may limit the application of RapaLinkl in vivo, the selectivity on TORC1 has

been validated in both fly (Fig. 5A) and mouse, where 4mg/kg RapaLink1 inhibits the
phosphorylation of S6 and 4EBP1, but not that of Akt Ser473 in multiple tissues (12). The
MTORC1 selectivity of RapaLinkl in other model organisms or even humans need to be
further investigated. Furthermore, chronic treatment of RapaLink1 still causes weight loss,
glucose intolerance and liver toxicity in mice, similar to what was previously reported for
rapamycin (53), indicating these side effects are likely to stem from inhibition of rapamycin-
sensitive substrates. We further observed that disruption of one mTOR complex reduced the
sensitivity of the other complex to RapaLink1 through different mechanisms (Fig. 4A and
D. This phenomenon likely underpins the cell type-specificity of dose response effects of
Rapalink1l (fig. SIC-E) in that different cell types may express different amounts of these
two mTOR complexes.

The most exciting but surprising finding was that RapaLink1 had opposing effects on
starvation resistance compared to Rapamycin in flies (Fig. 5A). Although we were unable
to evaluate the effects of RapaLinkl on rapamycin-resistant substrates in flies due to

lack of suitable antibodies, a previous study demonstrated that RapaLink1 substantially
reduced phosphorylation of 4EBP1 Thr37/46 in multiple mouse tissues (12). Consistent with
this finding, we also showed that RapaLink1 inhibited phosphorylation of both rapamycin-
sensitive and -resistant mTORCL1 substrates at the same concentration in multiple cell-types.
Therefore, we are confident that it could completely inhibit TORCL in flies. Our further
validation using Torin-1 and Raptor RNA. flies confirmed that depletion of TORC1 activity
shortened rather than extended survival under starvation conditions (Fig. 5B and C). These
unexpected findings could explain some controversial results from previous studies. For
example, rapamycin has life extending properties and promotes starvation resistance in
multiple model organisms (40). However, TOR (dTOR) mutant flies, where both mTORC1
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and mTORC?2 functions are impaired, show extended lifespan without effects on starvation
resistance (54). Based on our work, we predict this reflects opposing effects of mMTORC1
and mTORC?2 on starvation resistance such that when both are disrupted simultaneously, the
outcome will be determined by the aggregate contribution of the two competing pathways.

The beneficial effects of rapamycin on starvation resistance have been thought to stem from
inhibition of TORC1-mediated protein synthesis or upregulation of autophagy. However,
this may not be the case because constitutive activation of protein synthesis or blockage

of autophagy overcomes the beneficial effects of rapamycin on lifespan but not on
starvation resistance in flies (40). Another possibility is that rapamycin treatment affects

fat metabolism and energy reserves, which may promote starvation resistance. Two groups
have reported that rapamycin increases triglyceride stores (40, 55), an effect that is partially
dependent on the activity of 4E-BP (55). Furthermore, 4E-BP can function as a metabolic
brake during starvation, because 4E-BP null flies burn fat quicker and die faster than

control flies in periods of starvation (55). Intriguingly, Torin-1 treatment or Raptor depletion
reduces the total levels of 4E-BP1 in human foreskin fibroblasts (56). These findings raise
the possibility that the opposing effect of RapaLink1 on starvation resistance arises from
decreasing the total levels of 4E-BP through the rapamycin-resistant function of TORCL1.
Further experiments need to be performed to validate this hypothesis. In summary, mMTORC1
has multiple targets. Inhibiting some of them (rapamycin targets) promotes starvation
resistance whereas inhibiting all of them (RapaLink1 targets) impairs starvation resistance.
This calls for a re-evaluation of the field with particular attention to the role of these
different classes of mMTORC1 dependent substrates.

Materials and Methods

Reagents and antibodies

Cell culture

Dulbecco’s modified Eagle medium (DMEM) and L-GlutaMAX were from Gibco. Fetal
bovine serum (FBS) was from Hyclone Laboratories. Insulin, DMSO, and Chloroquine
were from Sigma-Aldrich. Rapamycin was from LC-laboratories. Torin-1 was from Tocris
Bioscience. RapaLinkl was provided by Prof. Kevan Shokat. All primary antibodies were
diluted 1:1000 in dilution buffer containing 5% BSA- 0.1% Tween 20 — 0.02% NaN3 in
TBS buffer (1.2% Tris-HCI pH 7.4, 8.7% NaCl). Pan 14-3-3 polyclonal rabbit antibodies
were from Santa Cruz Biotechnology. All other primary antibodies were from Cell
Signalling Technology. The anti-mouse horseradish peroxidase (HRP)-conjugated secondary
antibody was from GE Healthcare (Buckinghamshire, United Kingdom), and the anti-rabbit
HRP-conjugated secondary antibody was from Jackson ImmunoResearch. Polyvinylidene
diflouride membrane was purchased from Millipore (Billerica, MA). In some cases, IR

dye 700- or 800-conjugated secondary antibodies were used, and these were obtained from
Rockland Immunochemicals.

HelLa, C2C12 and HEK293E cells were maintained in Dulbecco modified Eagle medium
(DMEM, 4.5 g of glucose/liter) with 2 mM L-GlutaMAX and 10% FBS. iRapKO MEFs and
iRicKO MEFs were cultured in DMEM with 10%FBS, 2mM L-GlutaMAX, Non-Essential
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Amino Acids and 1mM sodium pyrophate. 4-Hydroxytamoxifen (4-OHT)-induction of
Raptor or Rictor Knockout was performed as previously described (57). 3T3-L1 fibroblasts
(a gift from Howard Green, Harvard Medical School) were grown in DMEM containing
10% FBS and 2 mM L-GlutaMAX in 10% CO2 at 37 °C. For differentiation into adipocytes,
cells were grown to confluence, then treated with DMEM/FBS containing 4 pg/ml insulin,
0.25mM dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine and 100 ng/ml d-biotin. After
72 h, the differentiation medium was replaced with fresh FBS/DMEM containing 4 pg/ml
insulin and 100 ng/ml d-biotin for a further 3 days, then replaced with fresh FBS/DMEM.
Adipocytes were re-fed with FBS/DMEM every 48 h and utilized for experiments between
9 and 12 days after the initiation of differentiation. These cells were routinely tested for
mycoplasma.

Western Blotting

Proteins were separated by SDS-PAGE and transferred to PVDF membranes. The
membranes were incubated in a blocking buffer containing 5% skim milk in Tris-buffered
saline (TBS) and immunoblotted with the relevant antibodies overnight at 4°C in the
blocking buffer containing 5% BSA-0.1% Tween in TBS buffer. After incubation, the
membranes were washed and incubated with HRP-labeled secondary antibodies for 1 hour
and then detected by SuperSignal West Pico chemiluminescent substrate. In some cases, IR
dye 700- or 800-conjugated secondary antibodies were used and then scanned at the 700-
and 800-nm channels using an Odyssey IR imager.

Colony formation assay

HeLa cells were seeded into 6-well plates (300 cells/well) and left for 8-12 days until
formation of visible colonies. Colonies were washed with PBS and fixed with 10% acetic
acid/10% methanol for 20 minutes, then stained with 0.4% crystal violet in 20% ethanol for
20 minutes. After staining, the plates were washed and air-dried, and colony numbers were
counted. Average size of colonies was measured using ImageJ. Briefly, colonies in each
well were identified using the Trainable Weka Segmentation tool (58). After segmentation,
images were transformed to 8-bit greyscale, followed by applying a threshold for each well
individually and colony analysis. Plating efficiency (PE) in untreated cells was 0.46 (PE =
N of colonies / N of cells plated). The area and number of colonies were normalised against
untreated cells.

Hoechst assay

The Hoechst assays for cell proliferation were performed as described previously (59).
Briefly, HelLa cells were seeded into 96-well plates (3,000 cells/well) and fed overnight in
DMEM containing 10% FBS and 2 mM GlutaMAX. Cells were then treated with DMSO,
100 nM rapamycin, 1 or 3 nM RapaL.ink1 for 2 days. Media was aspirated, and the plate
was frozen at —80 °C. Plates were then thawed at room temperature and 100 pL of water was
added per well before freezing once more at —80 °C. Plates were thawed, followed by the
addition of 100 pL Hoechst-33258 solution, containing 10 pg/mL Hoechst-33258 in TNE
buffer (10mM Tris-HCI, pH 7.4, 2M NaCl, 1ImM EDTA). The fluorescence was measured at
FEx =360 nm and FEm = 440 nm.

Sci Signal. Author manuscript; available in PMC 2022 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al. Page 11

Cell size determinations

HEK-293E cells were treated with DMSO, 100nM Rapamycin, 100nM Torin-1 and
RapaLinkl (3 and 10nM) for 24 hrs. To measure cell size, cells were harvested by
trypsinization and diluted in PBS, and then 5,000-25,000 cells were subjected to cell size
analysis on Countess™ Il (Thermofisher).

Measurement of lactate production

Media lactate levels were assayed enzymatically as described previously (60). Briefly, the
assay buffer was 1 M glycine, pH 9.2, 0.4 M hydrazine sulfate in 1 M NaOH, and 2.5 mM
EDTA, adjusted to pH 9.2 with NaOH prior to the addition of 4 mM NAD+ and 2 units/ml
lactate dehydrogenase (Roche Applied Science). An aliquot of medium sample was diluted
in water (100 pl total) and incubated with 100 pl of assay buffer in a microplate format.
Reactions were protected from light and incubated at room temperature for at least 1 h,
after which the absorbance of NADH was measured at 340 nm. Reactions with medium
samples without lactate dehydrogenase were included as a negative control. Lactate levels
were quantified using a standard curve of lactate, added to the naive culture medium.

2-Deoxyglucose uptake assays

Following 4 hr serum-starvation in DMEM/0.2% BSA/1% GlutaMAX with DMSO or
inhibitiors (100nM rapamycin, 3nM, 10nM and 20nM RapaL.ink1), cells were washed and
incubated in pre-warmed Krebs—Ringer phosphate buffer containing 0.2% bovine serum
albumin (BSA, Bovostar, Bovogen) (KRP buffer; 0.6 mM Na2HPO4, 0.4 mM NaH2PO4,
120 mM NaCl, 6 mM KCI, 1 mM CaCl2, 1.2 mM MgSO4 and 12.5 mM Hepes (pH

7.4)). Cells were stimulated with 100 nM insulin for 20 min. To determine non-specific
glucose uptake, 25 UM cytochalasin B (ethanol, Sigma Aldrich) was added to the wells
before addition of 2-[3H]deoxyglucose (2-DOG) (PerkinElmer). During the final 5 min
2-DOG (0.25 uCi, 50 pM) was added to cells to measure steady-state rates of 2DOG uptake.
Following three washes with ice-cold PBS, cells were solubilised in PBS containing 1%
(v/v) Triton X-100. Tracer uptake was quantified by liquid scintillation counting and data
normalised for protein content. Data were further normalised to maximal insulin stimulation
of control cells, set to 100%.

Size-exclusion chromatography

iRicKO MEFs treated with EtOH or 4-OHT were lysed in ice-cold CHAPS-containing
buffer (50 mM Na-HEPES, 100 mM NaCl, 2 mM MgCl,, 2 mM DTT, and 0.3% CHAPS,
complete EDTA-free protease inhibitors). The lysate was passaged 6 times on ice through
a 1 ml syringe with a 22-gauge and 27-gauge needle and cleared by ultracentrifugation at
12,000 x g for 20 min at 4°C. The cleared lysates were normalized to a protein concentration
of 4 mg/mL in the CHAPS buffer. The lysates (500 uL per sample) were filtered to remove
large particles through 0.45 pm spin filters (Millipore Ultrafree-MC) at 12,000 x g for 1
min at 4°C. Using a Thermo Dionex BioRS UHPLC system each sample kept at 4°C was
injected (350 uL per sample) onto an Agilent AdvanceBio SEC column (7.8x300 mm,
300A pores, 2.7 um particles). Prior to separations the column was cooled to 5°C and
pre-equilibrated with 10 column volumes of SEC running buffer (0.3% CHAPS, 50 mM
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Na-HEPES, 100 mM NaCl, 2 mM MgCl,, 2 mM DTT). The flow rate was 0.5 mL/min and
12 fractions were collected from retention time 8.5 to 14.5 min with a total run time per
sample of 45 min. The fractions in the SEC running buffer were diluted into SDS-PAGE
sample buffer and equal fraction volumes loaded for western blotting.

Drosophila stocks and procedures

The following stocks were obtained from the Bloomington Drosophila stock center (Indiana
University, Indiana, USA): UAS-Rheb (#9688), UAS-Raptor RNAi HMS02306 (#41912),
UAS-Rictor RNAI (HMS01588, # 36699), UAS-SIN1 RNAi (HMS01565, #36677), UAS-
TSC1 RNAI (JF01484, #31039), TRIP RNAI control stocks (# 36306 and #3607), and
ubiquitous-GAL4 (# 32551). The following flies were also used: W18 (Vienna Drosophila
Resource Centre, Vienna, Austria, #6000), UAS-mouseCD8::GFP (Kyoto Stock Center,
Kyoto, Japan, #108068), fubulin-GALS8Ots; tubulin-GAL4 (gift of Dr Essi Havula, University
of Sydney). Flies were maintained at standard temperature, humidity and 12h light/dark
cycle, unless otherwise stated. Flies were fed a standard diet of yeast and sugar.

The GAL4-UAS system was used for overexpression and knockdown experiments. Twenty
ub-GAL4 virgin females were crossed with 5 to 10 males carrying a UAS-RNA., control or
UAS-overexpression for three days. Newly emerged adult progeny with the correct genotype
were mated for 48 hours and females were selected for experiments.

For temperature sensitive experiments, fub-GALSOY; tub-Gal4 females were crossed with
UAS-Raptor RNAI 41912 males at 18 degrees for 5 days to ensure embryo survival.

Flies were raised at 18°C to repress the expression of fw6-GAL4 and RNAI expression.
Mated adult females were collected and placed into 29 degrees for three days to inactivate
tub-Gal80's and activate fu-GAL4 and RNAI expression. Females were then removed from
290C for western blotting or starvation resistance assays.

Drugs were administered into the fly food (2.5% sugar, 5% yeast, 1% Agar). Briefly, sugar
and yeast were added to boiled agar on a hot plate and left to cool to 55C with stirring. 2mL
of fly food was added into individual vials where stock solutions of Rapamycin, RapalLink1
and Torin-1 were diluted into cooled fly food (at 55°C) for a final concentration of 200uM,
6uM and 10uM respectively. The same volume of ethanol was added as a vehicle control.
Groups of 16 mated female flies were added to each vial for three days. Flies were then
collected for western blotting or assayed for starvation resistance.

We used the Drosophila activity monitoring system (Trikinetics) (61) to assay survival
during starvation. Sixteen mated female flies were placed into individual DAMSs tubes
sealed with 2% agar on one end and a cotton plug on the other end. Monitors were kept

in 25°C/65% humidity with 12hour Light/Dark cycles for all experiments. Activity was
monitored every 5 minutes and death was counted as a complete absence of activity lasting
longer than 5 minutes. The median starvation resistance was derived with the survival and
survminor packages (R).
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To prepare samples for Western blotting, mated adult female flies were anesthetised with
CO2. A scalpel was used to quickly separate the head and thorax from the abdomen. Heads
and thoraxes were then flash frozen in liquid N».

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RapaLl ink1 selectively and completely inhibits mTORCL1 signalling at low doses.
(A) Schematic shows the mTOR signalling network. (B) Western blotting analysis for

MTORC1 and mTORC?2 substrates on lysates from HEK293E cells treated with Rapamycin,
RapaLinkl and Torin-1 at the indicated doses for 4 hours under serum starvation, then
stimulated with insulin (100 nM and 10 min). (C) Graph shows mean + SEM of
densitometry analyses of the Western blots in Fig. 1B normalized to total protein from 3
independent experiments. A.U., arbitrary units. * P<0.05, *** P<0.005, **** P<0.001, # No

significant difference, two-tailed student’s t test.
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Fig. 2. Prolonged treatment of low dose Rapal ink1 does not inhibit mTORC2 activity.
(A, C) Western blotting analysis for nTORC1 and mTORC?2 substrates on lysates from

PC3 (A) or HEK293E (C) cells treated with DMSO, rapamycin, Torin-1 and RapalLink1

at the indicated doses for 24 hrs. Blots are representative of 3 (A) or 4 (C) independent
experiments. D, DMSO; R, rapamycin, T, Torin-1. (B, D) Graph shows mean + SEM of
densitometry analyses of the Western blots in Fig. 2A and 2C normalized to total protein
from 3 (B) or 4 (D) independent experiments. A.U., arbitrary units. * P<0.05, *** P<0.005,
**** P<(0.001, two-tailed student’s t test. (E) Summary of the effects of the three inhibitors
on different mTOR substrates. RL, RapaLinkl.

Sci Signal. Author manuscript; available in PMC 2022 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yang et al.

Page 19
A Cell size B Proliferation
1.10 1.5
(V]
5 o 105 N 2
o @ =
# = ° #
ggmo-é ‘_# 30| o=xe
2 & 095 g g £ °
2 T 0904 S 0.5 = =
§ 3 oo T 2 v
& 085
0.80 : T r T T o T
p N O BN N
@%O *C}Q rb($ 0§ -‘\(\' \{O *0\ \s %& &
Q S N/ N9 Q RN Y P
&£ &7 S
& S ¢ & &
Q.’b Q—'DQ Q_'b &
C
o o S 0‘§ N
154 @ L2 \/'/\ og&\,bc‘
o ek Q XX G
N °
[
2 -
©= 101 LC3 | s e
50 o0 -
z 8 Beta-actin I—.—_———I
3 [ T *
2 5054 -
53 * PULK1 (Ser"’)l - I
[} A ‘
@ v
o . i | | ;?V | ULK1I——_—.——|
NN TN
PG SIS Akt|------|
S
& &
E F
Glycolysis Glucose uptake
1.1 kil 8+
N ¥ w | .

0.9

0.8

0.7

0.6

Relative Lactate production
Fold over DMSO
=
> >
“H.
Fold over DMSO_B
o

Fig. 3. Functional outcome of mTOR inhibition by Rapal ink1.
(A) Cell size analysis of HEK293E cells treated with DMSO, 10nM Rapamycin, 100nM

Torin-1 and RapaLink1 at the indicated doses for 24 h. Data are presented as mean +

SEM (* P<0.05, *** P<0.005, # No significant difference, two-tailed student’s t test, n=4
independent experiments). (B) Hoechst assay for cell proliferation in HeLa cells treated with
DMSO, 100nM Rapamycin, RapalLink1 at the indicated doses or 100nM Torin-1 for 48 hrs.
Data are presented as mean £ SEM from 4 independent experiments (*P<0.05, *** P<0.005,
**** P<0.001, # No significant difference, two-tailed student’s t test). (C) Colony formation
assay performed in HeLa cells treated with DMSO, 100nM Rapamycin, RapaLinkl at

the indicated doses or 100nM Torin-1 for 8 days. Data are presented as mean = SEM

from 5 independent experiments (*P<0.05, *** P<0.005, **** P<0.001, # No significant
difference, two-tailed student’s t test). (D) Western blotting analysis for LC3, beta-actin,
total and phosphorylated ULK1 and Akt on lysates from HEK293E cells treated with
DMSO, 100nM Rapamycin, 100nM Torin-1 and RapaLink1 at the indicated doses for 4 h or
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serum starved for 4 h. Chloroquine (100uM) was added to medium 30 min prior to harvest.
Blots are representative of 3 independent experiments. (E) Lactate production was assessed
in HEK293E cells treated with DMSO, 100nM Rapamycin, 100nM Torin-1 and RapaLinkl
at the indicated doses for 8 h. Data are presented as mean + SEM from 4 independent
experiments (*P<0.05, ** P<0.01, # No significant difference, two-tailed student’s t test).
(F) 2-[3H] deoxyglucose uptake was quantified in 3T3-L1 adipocytes treated with DMSO,
100nM Rapamycin and RapaLink1 at the indicated doses for 4 hours under serum starvation,
then stimulated with insulin (100 nM and 20 min). Data are presented as means £ SEM from
3 independent experiments (*P<0.05, two-tailed student’s t test).
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Fig. 4. Disruption of one mTOR complex increasesthe resistance of other mTOR complex to

RapaL ink1.

(A, D) Western blotting analysis for mTORC1 and mTORC?2 substrates on lysates from

iRicKO MEFs (A) or iRapKO MEFs (D) treated with ethanol or 1 mM 4-hydroxytamoxifen
(4-OHT) for 3 d to induce Raptor or Rictor knockout. Treated cells were incubated with

DMSO or RapaL.inkl at the dose indicated for 4 h. Blots are representative of 3 independent
experiments. (B, C) Western blotting analysis for raptor and mTOR on lysates from iRicKO
MEFs treated with ethanol (EtOH) or 4-OHT, following size-exclusion chromatography (B)
and quantification of signal per fraction, normalized to total protein (C) from 3 independent

experiments.
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Fig. 5. Completeinhibition of TORC1 reduces starvation resistancein flies.
(A, B) Mated adult female flies were fed with ethanol (E), 200uM rapamycin (R) or 6uM

RapaLinkl (RL) for 3 d. The heads and thoraxes of 5 flies were subjected to Western

blotting for the indicated proteins, which was quantified (A). The results are shown as mean

+ SEM from 4 independent experiments (*** p < 0.005, # No significant difference, two-

tailed student’s t-test). Remaining flies were placed into Drosophila activity monitor system
(DAMS) tubes with 2% agar for continuous monitoring (B). The p-values for rapamycin and

RapaLinkl treatments are 0.002 and 0.052 respectively (log-rank test compared to ethanol
treatment, n=16 for each group). (C, D) Mated adult female flies were fed with DMSO or
10uM Torin-1 for 3 d. The heads and thoraxes of 5 flies were subjected to Western blotting
for the indicated proteins, which was quantified (C). The results are shown as mean + SEM
from 3 independent experiments (** p < 0.01, *** p < 0.005, two-tailed student’s t-test).
The remaining flies were placed into DAMS tubes with 2% agar for continuous monitoring.

Sci Signal. Author manuscript; available in PMC 2022 March 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yang et al.

Page 23

Log-rank test was performed (n=16 for each group) (D). (E, F) Mated tubulin-GALS80 ;
tubulin-GAL4 UAS-Raptor HMS02306 RNA or control adult female flies were raised at 18°C
and shifted to 29°C for 3 d. The heads and thoraxes of 5 females were subjected to Western
blotting for the indicated proteins from 2 independent experiments (E). Sixteen females per
genotype were placed into DAMs tubes with 2% agar for continuous monitoring. Log-rank
test was performed (F).
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