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The discovery that rapamycin extends the life span of diverse organisms has triggered many studies
aimed at identifying the underlying molecular mechanisms. Mammalian target of rapamycin complex
1 (mTORC1) regulates cell growth and may regulate organismal aging by controlling mRNA translation.
However, how inhibiting mTORC1 and decreasing protein synthesis can extend life span remains an
unresolved issue. We showed that constitutively active mTORC1 signaling increased general protein
synthesis but unexpectedly reduced the quality of newly synthesized polypeptides. We demonstrated
that constitutively active mTORC1 decreased translation fidelity by increasing the speed of ribosomal
elongation. Conversely, rapamycin treatment restored the quality of newly synthesized polypeptides
mainly by slowing the rate of ribosomal elongation. We also found distinct roles for mTORC1
downstream targets in maintaining protein homeostasis. Loss of S6 kinases, but not 4E-BP family pro-
teins, which are both involved in regulation of translation, attenuated the effects of rapamycin on the
quality of newly translated proteins. Our results reveal a mechanistic connection between mTORC1
and protein quality, highlighting the central role of nutrient signaling in growth and aging.
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INTRODUCTION

The mammalian target of rapamycin (mTOR) is a highly conserved serine/
threonine kinase that is named for its inhibition by the drug rapamycin
(1, 2). mTOR assembles into two functionally and structurally distinct
complexes in the cytoplasm: mTORC1 (mTOR complex 1) and mTORC2.
As a major hub that integrates multiple signaling pathways, mTORC1 is a
master regulator of protein synthesis that couples nutrient signaling to cell
growth and proliferation (3, 4). In mammalian cells, mTORC1 is positioned
downstream of the tumor suppressors tuberous sclerosis complex 1 (TSC1)
and TSC2. The TSC1/2 complex inhibits mTORC1 by acting as a guano-
sine triphosphatase (GTPase)–activating enzyme (GAP) for Ras homolog
enriched in brain (Rheb), which binds to and activates mTORC1 (5, 6).
Cells lacking functional TSC exhibit constitutive activation of mTORC1
signaling, resulting in increased protein synthesis and cell size (7). The phe-
notypes associated with Tsc deficiency can be rescued by rapamycin treat-
ment (8). In further support of the critical role of mTORC1 in cell growth
and proliferation, dysregulation of mTORC1 has been implicated in many
disease states including cancer, metabolic disorders, and aging (9).

The role of mTORC1 in aging has received increasing attention owing
to its mechanistic connection with other pathways in longevity studies. In
many model organisms, longevity is regulated by the conserved insulin
and insulin-like growth factor 1 (IGF-1) signaling pathway (10). Reducing
the activity of phosphoinositide 3-kinase (PI3K), an upstream signaling of
mTORC1, promotes longevity (11). In addition, caloric restriction in-
creases life span in various organisms and is proposed to function by
inhibiting mTORC1 (12). Direct inhibition of mTORC1 signaling also in-
creases life span (13–15), and administration of rapamycin to adult mice
substantially extends life span (16). A consequence of mTORC1 suppres-
sion is the general attenuation of protein synthesis. Indeed, partially
inhibiting the translation machinery also increases life span in various or-
ganisms (17–19). Thus, reduced mRNA translation might be a com-
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mon mechanism to extend life span in multiple species under different
conditions.

How can reducing protein synthesis extend life span? Protein ho-
meostasis refers to a delicate equilibrium between synthesizing proteins,
maintaining protein conformations, and removing damaged proteins
from cells (20) and has been postulated to play a critical role in growth
and aging (21). This balance is maintained by molecular chaperones, the
ubiquitin-proteasome system, and the autophagy pathway (22). A robust
stress response is often associated with life span extension, which supports
a critical role for protein homeostasis in growth and aging. We previously
reported that constitutively active mTORC1 attenuates the expression of
genes encoding chaperones at the translational level during stress condi-
tions (23). However, how mTORC1-controlled mRNA translation influences
the quality of translational products is not fully understood.

mTORC1 stimulates protein synthesis by phosphorylating several
translational regulators. Two well-characterized downstream targets are
the eukaryotic initiation factor 4E binding proteins (4E-BPs) and the
p70 ribosomal S6 kinases (S6Ks) (3, 24). The nonphosphorylated 4E-
BPs bind and sequester eIF4E, a key rate-limiting factor for cap-dependent
mRNA translation initiation. mTORC1 phosphorylates 4E-BPs, thereby
derepressing eIF4E and promoting formation of the translation initiation
complex. mTORC1-mediated phosphorylation of S6K promotes protein
synthesis through multiple substrates, including the translation initiation
factor eIF4B and the elongation regulator eEF2K (25, 26). Ribosome pro-
filing analysis indicates that 4E-BPs are the master effectors of mTORC1
in controlling translation of mRNAs containing 5′ terminal oligopyrimidine
tract (TOP) and TOP-like sequences (27, 28). This finding raises the ques-
tion regarding the role of S6Ks in mTORC1-mediated translational regula-
tion. Notably, the phosphorylation of S6Ks is rapamycin-sensitive, whereas
mTORC1-mediated phosphorylation of 4E-BPs is largely rapamycin-
resistant (29). This finding suggests that the antiaging effects of rapamycin
might be mediated by the target of S6Ks rather than 4E-BPs. Supporting this
notion, deletion of S6K1 in mice leads to increased life span and resistance
to age-related pathologies (30). However, the differential effects of mTORC1
downstream targets on mRNA translation remain poorly understood.

Here, we sought to dissect the role of mTORC1 in various aspects of
protein homeostasis. We found that persistent activation of mTORC1
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signaling led to less functional proteins. The defective ribosome products
were mainly due to reduced translation fidelity as a result of increased
elongation speed. Rapamycin treatment largely restored protein homeosta-
sis in these cells. The differential effects of mTORC1 downstream targets
on translation fidelity further support the critical role of elongation in the
quality of translational products. Our results provide mechanistic insights
into the molecular connection between nutrient signaling and protein ho-
meostasis and may offer new opportunities for treating age-related diseases.
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RESULTS

Constitutively active mTORC1 signaling reduces the
stability of synthesized polypeptides
To monitor the quality of translational products, we used firefly luciferase
(Fluc) as a reporter, whose activity can be measured by a luminescence-
based assay with exquisite sensitivity. Fluc folds rapidly upon translation
on eukaryotic ribosomes and does not require posttranslational modifica-
tion for its activity (31). Its sensitivity to various stress conditions makes it
an ideal molecule to evaluate intracellular protein homeostasis (32). To
monitor the biosynthesis of synthesized Fluc in cells with altered mTORC1
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signaling, we used a real-time luminometer that allows contin-
uous measurement of Fluc activity in live cells (23). Shortly
after transfection with plasmids encoding Fluc, luciferase activ-
ity progressively accumulated in a mouse embryonic fibroblast
(MEF) cell line (Fig. 1A). Unexpectedly, MEFs lacking TSC2
showed less Fluc activity with about 50% reduction by 15 hours
after transfection. This was not due to a difference in transfec-
tion and transcription efficiency because Fluc mRNA abun-
dance was comparable between these two sets of MEFs (fig.
S1). To further exclude the possibility of altered transcription,
we synthesized Fluc mRNA and performed mRNA transfec-
tion. Consistent with the plasmid transfection, TSC2 null cells
showed lower Fluc activity than wild-type cells (Fig. 1B). Thus,
constitutively active mTORC1 signaling reduces the functional-
ity of synthesized Fluc.

Because mTORC1 is believed to promote protein synthe-
sis, it was surprising to find reduced Fluc activity in TSC2
knockout cells. Immunoblotting of whole-cell lysates re-
vealed that the steady-state amounts of Fluc were significant-
ly lower in TSC2 knockout cells than in wild-type MEFs
(Fig. 1C), which is consistent with the reduced Fluc activity
measured in live cells. We then treated the transfected cells
with the proteasome inhibitor MG132 to examine whether
the reduced Fluc quantity was due to increased degradation.
Proteasome inhibition by MG132 had minimal effects on
translation initiation factors such as eIF2a (fig. S2). In com-
parison to wild-type cells, TSC2 knockout cells showed
increased Fluc abundance after MG132 treatment with the
majority recovered in the insoluble fraction (Fig. 1C). This
result suggests that a substantial proportion of synthesized
Fluc is short-lived in cells with increased mTORC1 signaling.

To examine the feature of other proteins under constitu-
tively active mTORC1 signaling, we expressed green fluores-
cent protein (GFP), which is relatively stable in cells. Similar
to Fluc, GFP also showed decreased steady-state amounts in
TSC2 knockout cells with an increased accumulation after
MG132 treatment (fig. S3). Proteasome inhibition leads to
an accumulation of endogenous substrates in the form of
polyubiquitin conjugates (33). We measured the abundance
w

of polyubiquitinated species after MG132 treatment in cells with un-
restrained mTORC1 signaling. Compared to wild-type cells, TSC2
knockout cells demonstrated a substantial increase of polyubiquitin signals
with MG132 treatment (Fig. 1D). Together, these results suggest that
mTORC1 signaling disrupts the stability of synthesized polypeptides.

Rheb overexpression reduces the stability of
synthesized polypeptides
To independently confirm that uncontrolled mTORC1 signaling con-
tributes to the reduced stability of translational products, we transfected
human embryonic kidney (HEK) 293 cells with plasmids encoding Rheb,
a direct activator of mTORC1. Rheb overexpression enhanced mTORC1
signaling in a dose-dependent manner as evidenced by increased RpS6
phosphorylation (Fig. 2). Consistent with TSC2 null cells, Rheb overex-
pression also resulted in a decrease of Fluc steady-state amounts in trans-
fected HEK293 cells. MG132 treatment largely rescued the loss of Fluc,
indicating a higher turnover of synthesized Fluc under Rheb overexpres-
sion. These cells also showed a higher accumulation of polyubiquitinated
species in the presence of MG132 (Fig. 2, bottom panel). Thus, an in-
crease in mTORC1 activity by Rheb overexpression also reduces the sta-
bility of synthesized polypeptides.
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Fig. 1. Constitutively active mTORC1 reduces the stability of synthesized polypeptides.
(A) Wild-type (WT) and TSC2 knockout (KO) cells were transfected with Fluc plasmids,
and the Fluc activity was monitored continuously (means ± SEM; n = 6 independent
experiments). (B) Similar to (A) except that the cells were transfected with Fluc mRNA
(means ± SEM; n = 3 independent experiments). (C) WT and TSC2 KO cells transfected
with Fluc plasmids were treated with MG132. Whole-cell lysates were separated into
soluble and insoluble fractions followed by immunoblotting using antibodies as in-
dicated. Bottom panel shows quantification of Fluc amounts (means ± SEM; n = 3
independent experiments; *P < 0.05, **P < 0.01, ratio paired t test). (D) MG132-treated
WT and TSC2 KO cells were immunoblotted with the indicated antibodies. Right panel
shows quantification (means ± SEM; n = 3 independent experiments; *P = 0.014, ratio
paired t test).
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Suppressing mTORC1 restores the stability of
synthesized polypeptides
Having found that an increase in mTORC1 signaling re-
duced the stability of translational products, we next asked
whether suppressing mTORC1 signaling by rapamycin
could restore the stability of synthesized polypeptides. Al-
though treating wild-type cells with rapamycin slightly
reduced Fluc expression, the presence of rapamycin in-
creased the steady-state Fluc amounts in TSC2 knockout
cells (Fig. 3A). This was not due to an increased translation
rate in the presence of rapamycin because the abundance of
synthesized Fluc under proteasome inhibition remained
consistent after rapamycin treatment (Fig. 3A). The presence
of rapamycin also substantially decreased the amount of
polyubiquitinated species accumulated after proteasome in-
hibition byMG132 (Fig. 3B). Therefore, suppressing mTORC1
signaling decreases protein synthesis but increases the stabil-
ity of synthesized polypeptides.

mTORC1 does not primarily affect chaperone
and proteasome activities
The reduced stability of translational products under con-
stitutively active mTORC1 signaling suggests a lower qual-
ity of newly synthesized polypeptides, or saturation of the
protein quality control system in cells. Molecular chaperones
and the ubiquitin-proteasome system are two major mecha-
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nisms that maintain intracellular protein ho-
meostasis (20, 34, 35). We previously
demonstrated that mTORC1 inhibited the
cap-independent Hsp70 translation induced
by heat shock stress (23). However, it re-
mains unknown whether the chaperone
network is adversely affected by persistent
mTORC1 signaling under a nonstressed
condition. To directly measure the chap-
erone activity in wild-type and TSC2 knock-
out cells, we used whole-cell lysates to
refold heat-denatured Fluc. This in vitro re-
folding assay revealed that the chaperone
activities in both cells were comparable
(Fig. 4A). Furthermore, Rheb overexpres-
sion in HEK293 cells also had no apprecia-
ble effects on cellular chaperone activities
(fig. S4A).

The ubiquitin-proteasome system is
the main pathway for elimination of dam-
aged proteins in eukaryotes, and its in-
creased activity might contribute to lower
steady-state protein abundance in cells with
constitutively active mTORC1 signaling. To
compare the proteasome activity between
wild-type and TSC2 knockout cells, we
used a cell-based proteasome assay in
which the chymotrypsin-like activity of the
proteasome can be directly measured using
a luminogenic substrate (Proteasome-Glo).
We observed similar chymotrypsin-like ac-
tivity in both cell types (Fig. 4B). Consist-
ently, Rheb overexpression in HEK293 cells
also did not affect the proteasome activity
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Fig. 2. Rheb overexpression reduces the stability of synthesized polypeptides. MG132-
treated HEK293 cells cotransfected with plasmids encoding Fluc and Rheb, supple-
mented with GFP, were immunoblotted with the indicated antibodies (left panel). Fluc
and polyubiquitinated species were quantified after normalizing to b-actin abundance
(right panels). Phosphorylated RpS6 was normalized to total RpS6 protein abundance
(means ± SEM; n = 3 independent experiments).
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Fig. 3. Suppressing mTORC1 restores the stabil-
ity of synthesized polypeptides. (A) WT and TSC2
KO cells transfected with Fluc were treated with
rapamycin in the absence or presence ofMG132
followed by immunoblotting with indicated anti-

bodies. Middle panels show quantification of Fluc protein normalized to b-actin before and after rapa-
www.SCIENCESIGNALING
mycin treatment. Lower panel is the quantification of phosphorylated RpS6 normalized to total RpS6
protein abundance (means ± SEM; n = 3 independent experiments; *P < 0.05, ratio paired t test). (B)
Cells in (A) were immunoblotted using antibody against polyubiquitinated species. Lower panel shows
quantitation of ubiquitin before and after rapamycin treatment normalized to b-actin (means ± SEM; n = 4
independent experiments; *P < 0.05, mixed model with random blots and fixed treatment using normal-
ized values; P values are adjusted with a Bonferroni correction).
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(fig. S4B). Thus, mTORC1 does not primarily affect the intracellular pro-
teasome system.

mTORC1 decreases translation fidelity
With no apparent influence on either chaperone or proteasome function in
cells, how does constitutively activemTORC1 signaling decrease the stabil-
ity of synthesized proteins? Nascent chains are synthesized during elonga-
tion, and folding generally begins during translation on the ribosome (36, 37).
Thus, the efficiency of cotranslational folding is influenced by translation
fidelity during elongation (38). We reasoned that dysregulated mTORC1
signaling might decrease translation fidelity and increase the generation
of defective ribosomal products. To test this hypothesis, we generated
two Fluc reporters to assess translational fidelity. One reporter, Fluc(Stop),
has leucine at position 210 replaced with a stop codon, which leads to the
synthesis of a truncated and enzymatically inactive protein product. This
reporter has previously been used to assess readthrough errors occurring
during translation (39). To evaluate the potential of misincorporation dur-
ing translation, we mutated the arginine at the active-site position 218 into
serine, which renders the resultant Fluc(R218S)mutant devoid of enzymatic
activity. As expected, both Fluc(Stop) and Fluc(R218S) mutants showed
w

less than 1% of the enzymatic activity of the wild-type Fluc; however,
TSC2 knockout cells showed a significant increase in Fluc activity for both
Fluc(Stop) andFluc(R218S)when compared towild-type cells (2- and 1.5-fold
increase, respectively) (Fig. 4C). Again, this relative increasewas not due to a
difference in transfection efficiency between these two cells, because quan-
titative polymerase chain reaction (qPCR) revealed comparable amounts of
Fluc mRNA (fig. S5). Consistent with the findings in TSC2 knockout cells,
overexpressing Rheb in HEK293 cells also led to a higher rate of readthrough
and misincorporation errors during translation of Fluc mutants (fig. S6).

Because rapamycin treatment increases the stability of synthesized pro-
teins, we examined whether repressing mTORC1 signaling would restore
translation fidelity. Indeed, rapamycin treatment decreased the functional-
ity of Fluc mutants in both wild-type and TSC2 knockout cells (Fig. 4D).
The effect of rapamycin on promoting translation fidelity in TSC2 knockout
cells is an underestimate because wild-type Fluc in these cells showed in-
creased activity in the presence of rapamycin (Fig. 4D). This is consistent with
the finding that rapamycin rescues the stability of Fluc under persistent
mTORC1 signaling (Fig. 3A). Therefore, repressing mTORC1 signaling in-
creases the stability of newly synthesized polypeptides by promoting accurate
mRNA translation.
ww.SCIENCESIGNALING.org
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mTORC1 downstream targets
exhibit distinct roles in
translation fidelity
Twowell-established mTORC1 downstream
targets are 4E-BPs and S6Ks. Although 4E-
BP family proteins are the master effectors
of mTORC1 in controlling translation of
TOP and TOP-like mRNAs (27, 28), the
phosphorylation of 4E-BPs is resistant to
rapamycin treatment. Because rapamycin
effectively abolishes phosphorylation of
S6Ks, we suspected that rapamycin might
act through S6Ks to restore translation fidel-
ity. Indeed, enzymatic activities of trans-
fected Fluc(Stop) and Fluc(R218S) mutants
were significantly reduced in S6K1 and
S6K2 double-knockout MEFs when com-
pared to wild-type cells (Fig. 5A). This result
indicates increased translation fidelity in the
absence of S6Ks. In contrast, MEFs lacking
both 4E-BP1 and 4E-BP2 showed compara-
ble activity for both Fluc mutants (Fig. 5B).
Considering that 4E-BPs mainly act on
translation initiation, the critical role of
S6Ks in translation fidelity supports the no-
tion that ribosomal elongation may be re-
sponsible for the quality of translational
products.

To substantiate the finding that rapamycin
acts through S6Ks in restoring translational
fidelity, we examined how rapamycin in-
fluences the translation of Fluc mutants in
MEFs lacking either S6Ks or 4E-BPs.
Rapamycin treatment significantly reduced
the activity of transfected Fluc mutants in
wild-type cells but showed no effects in
S6K double-knockout cells (Fig. 5C). In con-
trast, the presence of rapamycin equally
restored the translation fidelity in both
A

B

R
el

at
iv

e 
F

lu
c 

ac
tiv

ity
 (

%
)

Time (min)

Cell number (X 1,000)

Lu
m

in
es

ce
nc

e 
(X

 1
,0

00
)

Fluc

Fluc(Stop)

Fluc(R218S)

218

STOP

R
el

at
iv

e 
F

lu
c 

ac
tiv

ity

Fluc(Stop) Fluc(R218S)

TSC2 WT
TSC2 KO

C
Fluc refolding

Proteasome activity

V A L P H R T A C V R F S 

V A  

V A L P H R T A C V S F S 

210

D

Fluc
(S

to
p)

Fluc
(R

21
8S

)
Fluc

R
el

at
iv

e 
F

lu
c 

ac
tiv

ity

TSC2 WT

Fluc
(S

to
p)

Fluc
(R

21
8S

)
Fluc

R
el

at
iv

e 
F

lu
c 

ac
tiv

ity

TSC2 KO

**

**

** *

DMSO
Rapa

DMSO
Rapa

TSC2 WT
TSC2 KO

TSC2 WT
TSC2 KO

Fig. 4. mTORC1 primarily affects translation fidelity. (A) Heat-denatured Fluc proteins were incubated
with whole-cell lysates derived from TSC2 WT and KO cells at room temperature. Fluc refolding was
monitored by measuring Fluc activities at the time points indicated. Relative Fluc activity is presented
(means ± SEM; n = 3 independent experiments). (B) The intracellular chymotrypsin activities in TSC2
WT and KO cells were measured by luminescent reagent (Proteasome-Glo) (means ± SEM; n = 3
independent experiments). (C) Schematic diagram of Fluc mutants Fluc(Stop) and Fluc(R218S)
(left panel). TSC2 WT and KO cells were transfected with plasmids encoding Fluc mutants followed
by measurement of Fluc activity. Relative Fluc activities were normalized to WT Fluc (means ± SEM;
n = 4 independent experiments; **P < 0.01, paired t test). (D) WT (left panel) and TSC2 KO cells
(right panel) transfected with plasmids encoding Fluc mutants as in (C) were treated with rapamycin
(Rapa) followed by measurement of Fluc activity. Relative Fluc activities were normalized to WT
Fluc with dimethyl sulfoxide (DMSO) (means ± SEM; n = 4 independent experiments; *P < 0.05, paired
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4E-BP wild-type and double-knockout MEFs as evidenced by the sup-
pressed activity of Fluc mutants, in particular Fluc(Stop) (Fig. 5D). These
results confirm the distinct roles of mTORC1 downstream targets in
controlling the quality of translational products.

mTORC1 increases ribosome speed during
translation elongation
Translation fidelity is influenced by multiple factors. For instance, defec-
tive ribosome biogenesis reduces the accuracy of amino acid incorporation
(40). However, both TSC2 wild-type and knockout cells showed a similar
ratio of 28S to 18S ribosomal RNAs (rRNAs) (fig. S7). The accuracy of
codon-anticodon recognition is also susceptible to ribosome dynamics
during elongation. In addition to translation initiation, mTORC1 promotes
elongation through S6K-mediated eEF2K phosphorylation (26). We hy-
pothesize that constitutively active mTORC1 signaling might potentially
compromise the fidelity of the decoding process by increasing the speed
of elongation. To evaluate the ribosome dynamics in both TSC2 wild-type
and knockout cells, we performed ribosome sedimentation analysis. Con-
sistent with an increase in cap-dependent mRNA translation, TSC2 null
cells exhibited higher polysome formation than wild-type cells, and the
monosome peak was correspondingly reduced (Fig. 6A). Although this
feature is consistent with more efficient translation initiation in cells with
increased mTORC1 signaling, the snapshot of polysome profiles does not
offer insight into ribosome dynamics during elongation.

The translation inhibitor harringtonine stalls initiating ribosomes at the
start codon while allowing elongating ribosomes to run off the transcript
(41). The time required for polysome depletion correlates with the global
translation elongation speed. By treating cells with harringtonine for var-
ious times, we evaluated the average elongation speed (fig. S8). Compared
towild-type cells, TSC2 knockout cells showed an earlier polysome runoff,
indicating faster ribosome movement during elongation (Fig. 6B).
w

Because rapamycin treatment essentially restored translation fidelity in
TSC2 knockout cells, we examined the effect of rapamycin on ribosome
dynamics. As a specific mTORC1 inhibitor, rapamycin suppresses trans-
lation initiation. Supporting this notion, the monosome peak was in-
creased after rapamycin treatment (Fig. 6A). Intriguingly, we observed
a slight increase rather than a decrease of polysome formation in TSC2
knockout cells in the presence of rapamycin. Under this condition, the
retained polysome is a strong indication of ribosome slowing down dur-
ing elongation. Indeed, application of harringtonine showed delayed de-
pletion of polysomes in the presence of rapamycin (Fig. 6C). These
results support the interpretation that mTORC1 decreases translation
fidelity by increasing ribosome speed.

mTORC1 controls cellular susceptibility to
proteotoxic stress
mTORC1 signaling adversely affected the quality of newly synthesized
proteins; therefore, we reasoned that cells with persistent mTORC1 sig-
naling might be sensitive to proteotoxic stress. To test this possibility,
we treated cells with MG132 to induce proteotoxic stress and compared
the cell viability between wild-type and TSC2 knockout cells. MG132
treatment significantly reduced cell growth and caused about 10% cell
death in wild-type cells (Fig. 7A). In contrast, more than 20% of cell
death occurred in TSC2 knockout cells after the same treatment. Because
proteotoxic stress triggers apoptosis, we analyzed molecular markers of
apoptosis in these cells and detected increased caspase-3 cleavage in
TSC2 knockout cells (Fig. 7B).

Adding rapamycin together with MG132 restored the cell viability of
TSC2 null cells (Fig. 7, A B). Accordingly, there was a decrease in the
proportion of cells undergoing apoptosis (Fig. 7B). These protective
effects of rapamycin in response to proteotoxic stress might be attributed
to the involvement of multiple pathways including macroautophagy (42).
ww.SCIENCESIGNALING.org

 on A
pril 17, 2013 

ag.org
Nevertheless, our results extend the bene-
fits of rapamycin by showing that it allevi-
ates proteotoxic stress by increasing the
quality of newly synthesized proteins.

DISCUSSION

Studies conducted in rodents over the past
70 years have shown that life span is
extended by caloric restriction (43). Similar
to caloric restriction, mTORC1 inhibition
also extends life span in various model or-
ganisms (14, 15, 44), and administration
of rapamycin to adult mice is sufficient
to extend life span considerably (16). How-
ever, how mTORC1 inhibition increases
longevity in mammals remains an unresolved
issue. Protein synthesis–dependent and
protein synthesis–independent mechanisms
have been proposed, and several models
have been suggested to explain the po-
tential benefits of reducing protein synthe-
sis. First, a decrease of overall translational
products could lower the cellular burden
of erroneously synthesized polypeptides.
This situation results in “spare” proteolytic
and chaperone function in cells, which may
contribute to the observed increase in orga-
nism stress resistance and life span (45).
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WT and S6K DKO cells transfected as in (A) were treated
with rapamycin. Relative Fluc activities were normalized
to WT Fluc (means ± SEM; n = 3 independent experiments; *P < 0.05, **P < 0.001, paired t test). (D) WT
and 4E-BP DKO cells transfected as in (B) were treated with rapamycin. Relative Fluc activities were nor-
malized to WT Fluc (means ± SEM; n = 4 independent experiments for WT and n = 3 independent
experiments for DKO; *P < 0.05, **P < 0.001, paired t test).
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Second, global suppression of protein synthesis may allow selective
translation of a subset of mRNAs that exert a protective function (46).
Here, we report that a global decrease in mRNA translation improves
the fidelity of protein synthesis. Our observations not only extend the
functional connection between mTORC1 and protein homeostasis (Fig.
8) but also suggest a molecular basis for how constitutively active
www.SCIENCESIGNALING.org
mTORC1 signaling favors the develop-
ment of age-related pathologies by disrupt-
ing protein homeostasis.

mTORC1 regulates mRNA translation
at multiple stages. The regulatory mech-
anisms impinging on the initiation stage
have received considerable attention, but
accumulating evidence points to the elon-
gation phase as another target of transla-
tional control (47). We monitored ribosome
dynamics in cells with altered mTORC1
signaling using the translation inhibitor
harringtonine. Consistent with the positive
role of mTORC1 in regulating eEF2 activ-
ity (26), TSC2 knockout cells exhibit faster
ribosome runoff than the wild-type cells.
Despite the wide belief that rapamycin
suppresses general protein synthesis by
acting primarily on translation initiation,
we found that rapamycin does not dis-
assemble the polysome, at least in the early
stage. Thus, it is conceivable that rapamy-
cin exerts additional impacts on elonga-
tion. Supporting this notion, rapamycin
treatment reduces the elongation rate of ri-
bosomes in both wild-type and TSC2
knockout cells.

One unanticipated finding in this study
is the distinct roles of mTORC1 down-
stream targets in translation fidelity. It
appears that S6Ks, but not 4E-BPs, influ-
ence the quality of translational products,
presumably through the regulation of elongation. This is in agreement
with the finding that mice lacking S6K1 showed increased life span
and resistance to age-related pathologies (30). In contrast, deleting 4E-
BPs mainly affected cell proliferation, but not cell growth (48). In addi-
tion, only the phosphorylation of S6Ks, but not 4E-BPs, is sensitive to
rapamycin treatment (29). The differential effects of rapamycin on
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Fig. 6. mTORC1 alters ribosome dynamics during translation elonga-
tion. (A) Polysome profiles of WT and TSC2 KO cells in the presence
of rapamycin were determined using sucrose gradient sedimentation.
The P/M (polysome/monosome) ratio was calculated by measuring
the areas under the polysome and 80S peak and further quantified
in the left panel (means ± SEM; n = 3 independent experiments;
*P < 0.05, ratio paired t test). (B) Polysome profiling of WT and TSC2
KO cells was conducted after treatment with harringtonine for in-
dicated times. The P/M ratio was determined and normalized to no
harringtonine treatment per cell type (means ± SEM; n = 4 indepen-
dent experiments; **P < 0.01, paired t test). (C) WT and TSC2 KO
cells were pretreated with rapamycin followed by harringtonine treat-
ment for indicated times before polysome profiling. The P/M ratio was
determined and normalized to no harringtonine treatment (means ±
SEM; n = 3 independent experiments; *P < 0.05, **P < 0.01, unpaired
t test).
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quantified (right panel) (means ± SEM; n = 4 independent experiments; *P < 0.05, ratio paired t test). (B)
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mTORC1 downstream targets support the notion that the antiaging benefits
of rapamycin occur through the elongation stage by S6Ks (Fig. 8).

Howdoes an increased elongation rate affect translation fidelity?mRNA
translation is an error-prone step in gene expression with about 1 in every
103 to 104 codons mistranslated (49). Amino acid incorporation is a
competitive process between the cognate and the near-cognate transfer
RNAs (tRNAs) for a given codon. The increased elongation rate could po-
tentially compromise the translational fidelity by promoting misincorpora-
tion of amino acids. Reduced elongation speed, on the other hand, allows for
a relatively longer dwell time of the ribosome in its search for correct tRNA
pairing. It is thus conceivable that an increased translation speed, such as that
under constitutively active mTOR signaling, generates more aberrant
translational products. In addition, variations of elongation speed may
coordinate cotranslational folding of emerging polypeptides (37). The local
discontinuous translation (ribosome pausing) temporally separates the
translation of segments of the peptide chain and actively coordinates their
cotranslational folding (50). Supporting this notion, a study in Escherichia
coli has demonstrated that slowing translation speed enhances protein
folding efficiency (51). The faster translation speed may eliminate the ribo-
some pausing necessary for cotranslational events. Supporting this notion,
we observed an inverse correlation between elongation speed and the qual-
ity of nascent polypeptides in mammalian cells.

Ribosome biogenesis is largely controlled by mTORC1 at the level of
translation because ribosomal subunits are encoded by TOP mRNAs
(28, 52). The reduced translation fidelity under constitutively active
mTORC1 signaling could create errors in synthesized ribosomal proteins,
which may cause an error catastrophe due to dysfunctional translation ma-
chinery. This catastrophe would create additional errors of newly synthe-
sized polypeptides. We cannot exclude the possibility that this may
account for the reduced quality of synthesized proteins. It remains to be in-
w

vestigated whether cells with unrestrained mTORC1 signaling contain de-
fective ribosome subunits.

The observations described in this study have several implications.
First, the critical role of mTORC1 in ribosome dynamics and translation
quality extends the molecular linkage between mTORC1 and protein ho-
meostasis. Second, the finding that an increase in protein synthesis is ac-
companied by a decrease in protein quality provides a plausible
mechanism for how persistent mTORC1 signaling favors the development
of age-related pathologies. With the most common feature of aging being
an accumulation of misfolded proteins derived from erroneous bio-
synthesis and postsynthetic modification, protein homeostasis is an impor-
tant mediator of rapamycin in longevity.
MATERIALS AND METHODS

Cell lines and reagents
TSC2 wild-type and knockout MEFs were provided by D. J. Kwiatkowski
(Harvard Medical School). 4E-BP wild-type and double-knockout MEFs
were provided by N. Sonenberg (McGill University), and S6K wild-type
and double-knockout MEFs by G. Thomas (University of Cincinnati). All
cell lines were maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum grown at 37°C with 5% CO2. Cycloheximide,
rapamycin, and MG132 were purchased from Sigma, and harringtonine
from LKT Laboratories. Dual-Luciferase Assay System, Luciferase Assay
System, and Proteasome-Glo kit were purchased from Promega. D-Luciferin
was purchased from Registech. Antibodies against phosphorylated and
total S6 and caspase-3 were purchased from Cell Signaling Technology;
b-actin from Sigma-Aldrich; myc from Santa Cruz; and polyubiquitin
from Assay Designs. Anti-Fluc was purchased from Novus Biologicals.

Plasmids and transfection
The Fluc gene was directly removed from pGL3 vector (Promega) with
Hind III and Xba I sites and then cloned into pcDNA3.1 (Invitrogen). Fluc
mutants for fidelity assays were created from pGL3 vector with PCR Mu-
tagenesis Kit (Agilent Technologies) with the following primers: Fluc(Stop),
5′-GGTCTGCCTAAAGGTGTCGCTTAGCCTCATAGAACTGCC-3′;
Fluc(R218S), 5′-GCCTCATAGAACTGCCTGCGTGTCTTTCTCGC-
ATGCCAGAGATCC-3′. Plasmids encoding Rheb-myc were provided
by K.-L. Guan (University of California, San Diego). Transfection was per-
formed with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

mRNA in vitro transcription
mRNA with a m7G-cap was synthesized with the mMessage mMachine
T7 Ultra Kit (Ambion), followed by purification with the MEGAclear Kit
(Ambion), according to the manufacturer’s instructions. mRNA transfec-
tions were performed with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

Luciferase assay
For real-time measurement of Fluc activity, cells were plated on 35-mm
dishes and transfected with plasmid or mRNA containing the Fluc gene.
Immediately after transfection, 1 mM luciferase substrate D-luciferin was
added into the culture medium, and the Fluc activity was recorded at 37°C
with 5% CO2 using Kronos Dio Luminometer (ATTO). For luciferase as-
say with cell lysates, Fluc activity was measured with a luciferase reporter
assay (Promega) on a Synergy HT Multi-detection Microplate Reader
(BioTek Instruments). For the fidelity assay, Fluc activity from Fluc mu-
tants was normalized to Fluc activity derived from pGL3.
Initiation

Rheb

PI3K

AAA

Elongation

mTORC1
Rapamycin

40S

60S

Folded

Unfolded

PQC

mRNA

FidelitySpeed

4E-BPs S6Ks

Fig. 8. Model for functional connection between mTORC1 and protein ho-
meostasis. mTORC1 regulates protein synthesis at multiple stages through

different downstream targets. Whereas 4E-BPs control the initiation step,
S6Ks mainly promote the elongation stage. The altered ribosome dynamics
when mTORC1 signaling is deregulated results in protein dyshomeostasis
and disruption of the protein quality control (PQC) network. Rapamycin
restores protein homeostasis by enhancing translation fidelity through
the S6Ks.
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In vitro refolding assay
QuantiLum Recombinant Fluc (Promega) was diluted in lysis buffer at a
concentration of 50 mg/ml and then split into two individual Eppendorf
tubes. One tube was placed at 42°C for 15 min to denature Fluc, whereas
the other was kept at room temperature. The denatured or nondenatured
Fluc protein was then added to cell lysates for a final concentration of
16.5 mg/ml. Refolding was conducted at room temperature, and the Fluc
activity was monitored every 15 min with the Promega Luciferase Assay
System. Fluc activity in lysis buffer alone was measured in parallel to ex-
clude spontaneous refolding of denatured Fluc. The nondenatured Fluc
activity was used to normalize the denatured Fluc activity after cell lysate–
mediated refolding.

Immunoblotting
Cells were lysed on ice in tris-buffered saline (TBS) buffer [50 mM tris-
HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA] containing protease inhibitor
cocktail tablet (Roche) and 2% Triton X-100. After incubating on ice for
30 min with interval vortexing, the lysates were centrifuged for 5 min at
12,500 rpm, and an aliquot was removed for quantification by Bradford
assay (Bio-Rad). Samples were adjusted to 1 mg/ml and heated for 5 min
in SDS–polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
[50 mM tris-HCl (pH 6.8), 100 mM dithiothreitol (DTT), 2% SDS, 0.1%
bromophenol blue, 10% glycerol]. For fractionation analysis, the Triton
X-100–soluble and Triton X-100–insoluble fractions were dissolved in-
dividually in SDS-PAGE sample buffer. Proteins were resolved on SDS-
PAGE and transferred to Immobilon-Pmembranes (Millipore).Membranes
were blocked for 30 min in TBS containing 5% blotting milk, followed by
incubation with primary antibodies overnight. After several washes with
TBS containing 0.1% Tween 20, the membrane was incubated with
horseradish peroxidase–coupled secondary antibodies. Immunoblots were
developed with enhanced chemiluminescence (ECL Plus, GE Healthcare).
Individual Western experiments were quantified with ImageJ software and
normalized to either b-actin or total protein of phosphorylated target as a
loading control.

Reverse transcription PCR and qPCR
Total RNA was extracted from whole-cell lysates with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. RNA quality was
validated by NanoVue Spectrophotometer (GE Healthcare) and run on an
agarose gel for integrity examination. Reverse transcription was performed
with SuperScript III kit (Invitrogen) followed by PCR. The primers for the
Fluc gene are 5′-ATTTATCGGAGTTGCAGTTGCGCC-3′ (forward) and
5′-CCAGCAGCGCACTTTGAATCTTGT-3′ (reverse), and the primers
for 18S are 5′-CTTGGATGTGGTAGCCGTTT-3′ (forward) and 5′-
TATGGTTCCTTTGGCGCTC-3′ (reverse). For qPCR, reverse transcription
was performed with High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems). qPCR was then conducted with Power SYBR Green
PCR Master Mix (Applied Biosystems) according to the manufacturer’s
protocols. PCR was performed on a LightCycler 480 Real-Time PCR Sys-
tem (Roche Applied Science) with three technical replicates per sample
per run. The primers for the Fluc gene are 5′-ATCCGGAAGCGAC-
CAACGCC-3′ (forward) and 5′-GTCGGGAAGACCTGCCACGC -3′
(reverse), and the primers for b-actin are 5′-TTGCTGACAGGATGCA-
GAAG-3′ (forward) and 5′-ACTCCTGCTTGCTGATCCACAT-3′ (reverse).

Polysome profiling
A sucrose solution was prepared in polysome buffer [10 mM Hepes (pH
7.4), 100 mM KCl, 5 mM MgCl2, cycloheximide (100 mg/ml), 5 mM
DTT]. A 15 to 45% sucrose density gradient was prepared in SW41 ultra-
centrifuge tubes (Fisher) with a Gradient Master (BioComp Instruments).
w

Cells were treated with cycloheximide (100 mg/ml) for 3 min at 37°C in
culture media followed by lysis in ice-cold polysome buffer containing
2% Triton X-100. Lysate was centrifuged for 10 min at 12,500 rpm, and
500 ml of supernatant was loaded onto sucrose gradient and centrifuged
for 100 min at 38,000g at 4°C in a SW40 rotor. Gradients were fractioned
at 0.75 ml/min with an automated fractionation system (ISCO), which
continually monitors absorbance values at 254 nm. For rescue experi-
ments, rapamycin was used at 20 nM for 3 hours before the addition
of cycloheximide. For the ribosome runoff assay, cells were pretreated
with harringtonine (1 mg/ml) with or without 20 nM rapamycin for up
to 5 min before the addition of cycloheximide.

Proteotoxic stress and viability assay
TSC2 wild-type and knockout MEFs were treated with 10 mM MG132
overnight with or without 10 nM rapamycin. Multiple fields were selected
for examination by a Nikon Eclipse Ti-S inverted microscope. Cells were
then collected and counted with trypan blue staining. Four counts were
made per sample and averaged for viability assay.

Statistics
For each analysis, raw values were used when possible or raw values were
normalized to an internal control from at least three biologically in-
dependent experiments. The data are expressed as means ± SEM. For each
comparison, the relevant comparisons were chosen on the basis of the as-
say. A Bonferroni correction was used to adjust the P values for multiple
comparisons within Fig. 3B. Statistical significance is denoted by *P <
0.05 and **P < 0.01. Microsoft Excel, GraphPad Prism 6, and JMP
software were used for statistical analyses.
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