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Chronic rapamycin treatment or lack of S6K1
does not reduce ribosome activity in vivo

REPORT

Michael G Garelick'?, Vivian L MacKay', Aya Yanagida', Emmeline C Academia?,
Katherine H Schreiber?, Warren C Ladiges®, and Brian K Kennedy'"***

'Department of Biochemistry; University of Washington; Seattle, WA USA; ?Buck Institute for Age Research; Novato, CA USA; *Department of Comparative
Medicine; University of Washington; Seattle, WA USA; *Aging Research Institute; Guangdong Medical College; Guangdong, P.R. China

Keywords: TOR, S6 kinase, translation, aging, rapamycin, signal transduction

Reducing activity of the mTORC1/S6K1 pathway has been shown to extend lifespan in both vertebrate and inver-
tebrate models. For instance, both pharmacological inhibition of mTORC1 with the drug rapamycin or S6K7 knockout
extends lifespan in mice. Since studies with invertebrate models suggest that reducing translational activity can increase
lifespan, we reasoned that the benefits of decreased mTORC1 or S6K1 activity might be due, at least in part, to a reduction
of general translational activity. Here, we report that mice given a single dose of rapamycin have reduced translational
activity, while mice receiving multiple injections of rapamycin over 4 weeks show no difference in translational activ-
ity compared with vehicle-injected controls. Furthermore, mice lacking S6K7 have no difference in global translational
activity compared with wild-type littermates as measured by the percentage of ribosomes that are active in multiple
tissues. Translational activity is reduced in S6K7-knockout mice following single injection of rapamycin, demonstrating
that rapamycin’s effects on translation can occur independently of S6K1. Taken together, these data suggest that benefits
of chronic rapamycin treatment or lack of S6K7 are dissociable from potential benefits of reduced translational activity,
instead pointing to a model whereby changes in translation of specific subsets of mRNAs and/or translation-indepen-

dent effects of reduced mTOR signaling underlie the longevity benefits.

Introduction

Reducing activity of the target of rapamycin complex I (TORCI,
mTORCI in mammals) has been shown to benefit lifespan in a
range of model organisms, such as yeast, nematodes, flies, and
mice."? Furthermore, mTOR has emerged as a potential target
for therapies for age-related diseases such as cardiac hypertrophy,?
cancer,”’ age-related macular degeneration,® and neurodegenera-
tive diseases such as Alzheimer, Parkinson, and Huntington.”
Rapamycin suppresses accelerated,® physiological,”® and onco-
gene-induced'"'? senescence in human and rodent cells, which
may explain anti-aging effects seen in mammals. In addition,
deletion of the mTORCI substrate S6K7, one of two mamma-
lian S6 kinases, and its invertebrate orthologs have also been
shown to increase lifespan in invertebrate and mouse models of
aging."'¢ Given the variety of model organisms where beneficial
effects have been observed, these data suggest that disrupting the
mTORCI pathway may enhance human longevity and alleviate
age-related diseases, thereby extending healthspan as well.
mTORCI signaling is known to promote translation initia-
tion. Mammalian TORCI stimulates translational activity by
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phosphorylating two targets, eif4E binding protein (4EBP) and
S6K."” Phosphorylation of 4EBP by mTORCI releases 4EBP
from initiation factor eiF4E, allowing eiF4E to facilitate the
addition of ribosomes to mRNA."¥° Additionally, active TORC1
phosphorylates and activates S6K1 in mammalian cells,” which,
in turn, phosphorylates several targets, including the ribosomal
protein S6, elF4B, and eEF2 kinase.”? However, there has been
some controversy as to the contribution of S6K activity to trans-
lation.?**# For example, while phosphorylation of S6 correlates
with translation activity, translation is not reduced when phos-
phorylation of S6 is prevented.?

Evidence in invertebrates suggests that the process of pro-
tein translation is linked to lifespan regulation. In C. elegans,
RNAI against genes involved in translation initiation have been
reported to increase lifespan. In addition to orthologs of mMTOR
and S6K1, these genes include orthologs of elF4G, elF2B, and
elF4E."51%?7 Additional genetic screens in C. elegans focusing
on genes required for development also identified homologs
of elF2G, elF3F, and elF4A.*** Ribosomes themselves may
regulate lifespan; in both yeast and C. elegans, reduced expres-
sion of genes encoding ribosomal proteins leads to lifespan
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extension.'>?%39% When 300 genes that regulate lifespan in C.
elegans were examined in yeast, a number statistically greater
than chance of these genes were found to regulate lifespan in
yeast as well. Among the 25 genes identified, 8 were shown
to regulate aspects of translation, including yeast orthologs of
elF4A and elF4G.* Given the evolutionary distance between
these two organisms, these data suggest that the regulation of
translation may couple to longevity in an evolutionarily con-
served manner.

Reducing TORC1/S6K1 signaling or reducing translational
activity can each extend lifespan in invertebrate models. Since
the inhibition of mTORCI with rapamycin or a lack of S6K1
can extend lifespan in mice,”?*%3¢ we reasoned that this might
be due to reduced translational activity. Since both mTORCI
and S6K1 activity can promote translation initiation, we hypoth-
esized that mice treated with rapamycin or mice lacking S6K1
would have reduced ribosome activity compared
with control mice. Here, we report that while a sin-

higher levels of free 40S and 60S subunits and lower levels of
mRNA-bound polysomes.

We initially examined translation in liver tissue for two rea-
sons: first, liver has a high portion of active ribosomes compared
with other tissues and, second, liver shares functions with inver-
tebrate fat bodies, a tissue that plays a role in the regulation of
lifespan.?”3® We injected mice with rapamycin (8 mg/kg i.p.)
or vehicle control, and tissues were harvested 1 h after injec-
tion (Fig. 1B). Polysome analysis of liver tissue demonstrated a
significant increase in free ribosomal subunits and a significant
decrease in polysomes consisting of four or more ribosomes
(Fig. 1C-E). Further experiments demonstrated that rapamycin
reduced translation initiation activity most robustly at 1 h follow-
ing injection, with translational activity recovering by 6 h post-
injection (Fig. S1). These results are consistent with reports that
inhibiting mTORCI reduces translation initiation.
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When absorbance at 254 nm is measured from top Figure 1. Acute treatment with rapamycin alters polysome profile in mouse liver tissue.
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proﬁle that shows different ribosomal subunit and rated by the amount of ribosomes tethered to mRNA. (B) Acute rapamycin treatment
polysome peaks (Fig. 1A). These peaks are quanti- involved a single injection of vehicle or rapamycin (8 mg/kg). Tissue was harvested 1
fied by taking the ratio of the area under each peak | h after injection. (C and D) representative liver polysome profiles from vehicle (C) and
to the total area under all ribosome peaks. When rapamycin (D) treated mice. Arrows indicate 40 and 60S peaks. (E) Quantification of poly-
translational activity is reduced in a tissue, fewer some pealfs from vehicle and rapamycin-treated liver tissue. *P < 0.05; 2-way ANOVA,
ribosomes will be loaded onto mRNA, resulting in Bonferroni post-hoc test. For both groups, n = 8.
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To verify that the effects of rapamycin are not specific
to liver tissue, we examined muscle tissue polysomes
(Fig. 2A). Injection of rapamycin increased levels of
free 60S ribosomal subunits and significantly decreased
active 80S and 2R peaks (Fig. 2B-D). As with the liver,
the increased levels of inactive subunits coupled with
the decreased levels of active monomer and dimer poly-
some peaks suggested a reduction in global translation
initiation. These data demonstrate that the reduction
of protein synthesis by single injection of rapamycin
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In order to confirm that a single dose of rapamycin
reduces the activity of ribosomes in vivo, liver samples
were analyzed with ARA. The ARA takes advantage of
the fact that high salt contractions inhibit the forma-
tion of 80S inactive monosomes.”” This assay involves
applying low levels of RNase to ribosome-bound,
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menting these samples in a sucrose gradient will result
in three peaks; two inactive peaks corresponding to
40S and 60S, and an 80S peak representing ribosomes
that were bound to RNA and thus actively translat-
ing (Fig. 3A). Acute rapamycin treatment significantly
reduces the number of active ribosomes in mouse liver,
from 79% of active ribosomes in the vehicle-injected
group compared with 71% of active ribosomes in
rapamycin-treated livers (Fig. 3B). While muscle tis-
sue has a less active ribosome profile, rapamycin treat-
ment still resulted in a significant reduction of active
ribosomes in muscle; 36.6% of ribosomes were active
in muscle from vehicle-treated muscle compared with
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30.7% of active rapamycin-treated ribosomes (Fig. 3C
and D). These results are consistent with previous

reports that rapamycin reduces, but not eliminates,
translational activity in tissue.

Long-term rapamycin treatment has been shown
to increase lifespan in several model systems,' includ-
ing mice.?® Furthermore, long-term rapamycin treat-

Figure 2. Acute treatment with rapamycin alters polysome profile in mouse muscle
tissue. (A) Example muscle polysome profile. (B and C) representative muscle poly-
some profiles from vehicle (B) and rapamycin (C) treated mice. Arrows indicate 60S
and 80S peaks. (D) Quantification of polysome peaks from vehicle and rapamycin-
treated liver tissue. ***P < 0.001; *P < 0.05; 2-way ANOVA, Bonferroni post-hoc test.
For both groups, n = 6.

ment has been shown to ameliorate pathology in several
mouse models of disease, including some cancer mod-
els, neurodegenerative disease models, and models of muscu-
lar disease.! In our lab, chronic rapamycin treatment increases
lifespan and reduces severity of heart and muscle defects in a
Lmna™'~ mouse model of muscular dystrophy and dilated car-
diomyopathy.® In order to see if reduced translation initiation
activity might contribute to the benefits of long-term rapamycin
treatment, we injected mice with 8 mg/kg rapamycin every other
day for 4 wk (Fig. 4A). This regimen reduces cardiac abnormali-
ties and muscle weakness in the Zmna™" mice, demonstrating
that this regimen is physiologically relevant to disease models.
Surprisingly, liver tissue harvested 1 h after the final injection
of rapamycin had similar polysome profiles to liver from vehicle-
injected mice (Fig. 4B and C). Furthermore, no significant differ-
ence was observed in any polysome peak between rapamycin and
vehicle-treated liver (Fig. 4D). Similarly, no difference was seen
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between polysome profiles in muscle tissue between mice chroni-
cally treated with rapamycin or with vehicle (Fig. 4E-G). These
results were confirmed with ARA; no difference was observed
in levels of free or active ribosome peaks between vehicle- and
rapamycin-treated liver (Fig. 5A) or muscle (Fig. 5B). These
data suggest that while rapamycin treatment can initially reduce
translational activity in vivo, chronic treatment with rapamycin
does not continue to suppress translational activity.

Since a single treatment of rapamycin reduced translation,
but multiple treatments did not, we sought to verify that chronic
treatment with rapamycin still inhibits mTORCI using western
blot analysis. We assessed liver and muscle tissues for levels of
phospho-S6K1 and phospho-S6 following acute or chronic treat-
ments with rapamycin. A single dose of rapamycin reduced the

ratio of phospho-S6K1 to total S6K1 protein and phospho-S6
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For all groups, n = 6. ing their entire lifespan, including development, it

to total S6 protein in both liver and muscle tissue (Fig. 6A-F).
Similarly, phospho-S6K1 and phospho-S6 levels were reduced in
liver and muscle tissue collected 1 h after the final injection fol-
lowing 4 weeks of treatment (Fig. 6E-L). Thus, while transla-
tional activity resembles the vehicle treatment following chronic
rapamycin treatment, the chronic treatment is sufficient to sus-
tain reduced phosphorylation of the mTORCI target S6K1 and
its downstream target S6.

It has been proposed that mTORCTI's targets may be differen-
tially affected by rapamycin. For example, when cells are exposed
to rapamycin, levels of phospho-4EBP recover to baseline before
levels of phospho-S6K1.#" If mTORCTI’s ability to target 4EBP
recovered under chronic treatment conditions, this could explain
why chronic rapamycin treatment did not alter ribosome activ-
ity. To test this, we examined 4EBP following acute and chronic
rapamycin treatment. On a western blot, 4EBP shows 3 bands.
The high weight (gamma) and middle () bands correspond to
phosphorylated 4EBP, and the low weight (o) band corresponds
to hypo-phosphorylated 4EBP*** (Fig. 7A). A single injection of
rapamycin significantly increased intensity of the o 4EBP band
in liver (Fig. 7B and C) and muscle tissues (Fig. 7D and E).
Chronic treatment of rapamycin also resulted in increased sig-

nal of the hypo-phosphorylated « band in liver (Fig. 7F and G)
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is possible that compensation occurs reducing the
contribution of mTOR signaling to translation in
adult tissues. To test this, we injected adult S6K7~~ mice with
a single dose of either vehicle or rapamycin. Analysis of poly-
somes showed a significant increase of free ribosomal subunits in
liver (Fig. 9A—C) and muscle tissue (Fig. 9D-F). In support of
these data, ARA analysis showed a significant decrease in active
ribosomes following rapamycin treatment in liver (Fig. 9G) and
muscle (Fig. 9H). These data demonstrate that a single dose
rapamycin can reduce general translation activity independently
of S6K1 activity.

Discussion

Both chronic treatment with the drug rapamycin or knock-
out of its downstream target S6K7 extend lifespan in mice.”>*
Here we demonstrate that a single dose of rapamycin results in
reduced ribosome activity in liver and muscle tissue, as measured
by polysome and ARA analysis. However, multiple injections of
the same dose of rapamycin over 4 weeks fail to reduce ribosome
activity in these same tissues. Western blot analysis showed that
both single and multiple injections of rapamycin led to decreased
levels of phospho-S6K1 and phospho-S6, suggesting that the
drug was active in both groups. Furthermore, mice lacking S6K1
show no difference in polysome profiles compared with wild-type
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Figure 4. Chronic treatment with rapamycin does not alter polysome profiles in mouse tissue. (A) Chronic treatment involved an injection every 48
h with vehicle or rapamycin. Tissue was collected 1 h after the final injection. (B and C) representative liver polysome profiles from vehicle (B) and
rapamycin (C) treated mice. (D) Quantification of polysome peaks from vehicle and rapamycin-treated liver tissue. (E and F) representative muscle
polysome profiles from vehicle (E) and rapamycin (F) treated mice. (G) Quantification of polysome peaks from vehicle and rapamycin-treated liver tis-

littermates. Since both chronic rapamycin treatment and lack of

1526 these data suggest that

S6K1 can increase lifespan in mice,
these interventions may benefit lifespan in a manner that is inde-
pendent from overall changes in translation levels.

This is not to say that lack of S6K7 or chronic rapamycin treat-
ment does not affect translation. While we fail to see a change
in polysome profiles of mice treated chronically with rapamycin
compared with vehicle-injected controls or in mice lacking S6K1,
we cannot rule out more subtle changes in translational activity.
Polysome and ARA indicate the overall rates of ribosome activ-
ity but cannot account for the translation of specific mRNAs.
Some mRNAs have been reported to be particularly sensitive to
mTORCI signaling. For example, mRNAs containing an oligo-
pyrimidine tract in the 5" untranslated region of their mRNA
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(5"TOP mRNA:s) are translated faster in response to mTORCI
activation than other mRNAs.# Conversely, the translation of
specific mRNAs can be actively inhibited by mTORCI activity;
one example is the translation of the voltage-gated potassium
channel KV1.1.# Thus, while we can conclude that the global
rates of ribosome activity are similar in chronically rapamycin-
treated and S6K7~"~ mice compared with controls, we cannot rule
out subtle changes in translational activity on the level of specific
mRNAs.

Experiments that demonstrated rapamycin extends lifespan
in mice delivered rapamycin orally by mixing it with mouse
chow that was available ad libitum.*® Thus, rapamycin intake
occurred slowly and varied from mouse to mouse with feeding
behavior. For this study, we delivered rapamycin at 8 mg/kg L.D.
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Figure 5. No difference in ARA profiles between chronic vehicle and
rapamycin-injected mice. (A) Quantification of liver ARA from chroni-
cally vehicle and rapamycin-treated mice. (B) Quantification of muscle
ARA from chronically treated vehicle and rapamycin-treated mice. For
all groups, n = 6.

This method has the advantage of having a defined dose and time
point to examine acute effects of the drug (Fig. S1) This allowed
for specific comparisons of the effects of rapamycin between the
first injection and the last of multiple injections. Repeated L.D.
injections of rapamycin have been shown to benefit rodent mod-
els of disease, including cardiac hypertrophy,* cancer,*°
» SL52 suggesting that

repeated injections of rapamycin is physiologically relevant to the

auto-
immune disease,” and neurodegeneration,
treatment of disease models. These studies used doses of rapamy-
cin ranging from 2 mg/kg to 20 mg/kg; the dose of rapamycin
used in our study fell within this range.

We focused on translational activity of liver and skeletal muscle
tissue, because they are both translationally active, and because
they may be relevant to the regulation of lifespan. Liver polysomes
have long been used to study how ribosome activity responds to
different conditions, including diet and stress. The liver shares
functions with the fat body in Drosophila, and genetic manipu-
lation specific to the fat body can be sufficient to extend lifes-
pan.’”3® For example, specifically reducing Drosophila (dTOR)
activity by selectively expressing dTOR mutants or overexpress-
ing TSC1 or TSC2 selectively in fat bodies extends mean lifespan
by 20%.% These data suggest that liver could play a role in the
regulation of mammalian lifespan, and that mTORCI signaling
could be relevant to this role. In a similar vein, skeletal muscle
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may also be relevant to regulation of lifespan. Muscle undergoes
cellular stress with aging that can be reduced by calorie restric-
tion,” suggesting that muscle tissue can respond to interventions
that regulate lifespan. Furthermore, overexpression of the gene
PEPCK-C selectively in skeletal muscle increases lifespan in mice
by 20%,>* demonstrating that manipulation of muscle tissue can
be sufficient to influence longevity in mammals.

Our results suggest that S6K1 does not mediate mTORCI’s
effects on translation. Levels of phospho-S6K1 and phospho-S6
are reduced after a single dose of rapamycin (Fig. 6), where we
detect a decrease in ribosome activity by polysome analysis and by
ARA (Figs. 1-3). However, under chronic rapamycin treatment,
where we see no reduction in ribosome activity (Figs. 4 and 5),
we still observe decreased levels of phospho-S6K1 and phospho-
S6 (Fig. 6). This dissociates rapamycin’s ability to inhibit S6K1
activity with its ability to reduce ribosome activity. Furthermore,
lack of S6K1 is not sufficient to reduce ribosome activity (Fig. 7),
nor is lack of S6K7 sufficient to prevent acute rapamycin from
reducing translation (Fig. 9). While previous work has shown
that cultured mouse embryonic fibroblasts lacking S6K7 do not
have altered polysome profiles,** polysome profiles had not been
examined from tissues in the adult S6K7~~ mice. Together, these
results suggest that S6K1 does not mediate mTORCTs effects on
global translation activity.

Rapamycin is an allosteric inhibitor of mMTORCI, promoting
binding between mTOR and the protein FKB12. Since rapamy-
cin inhibits mMTORCI by forming a trimeric complex, as opposed
to directly inhibiting mTOR’s kinase activity, it has been pro-
posed that mTORCT’s targets may be differentially affected by
rapamycin.®’ For example, when cells are exposed to rapamycin,
levels of phospho-4EBP recover to baseline before levels of phos-
pho-S6K1.#" Additionally, kinases other than mTOR can phos-
phorylate 4EBP and promote translation, such as ERK/MAPK
and MNK.? Our observation that 4EBP hypo-phosphorylation
is increased by acute and chronic rapamycin treacments (Fig. 7)
suggests that the recovery of translational activity seen following
chronic treatment of rapamycin is not explained by recovery of
4EBP activity.

Our results may shed light on seemingly disparate findings
regarding rapamycin’s effects on the brain. For example, it is well
established that when rodents learn, the formation of a stable
memory can be disrupted by drugs that inhibit protein synthe-
sis. This is the case with rapamycin, which has been shown to
disrupt the formation of several kinds of long-term memory.”*®
However, long-term rapamycin treatment can also slow disease
progression in several rodent models of neurodegeneration™
and even improve memory in mouse models of Alzheimer dis-
ease.”® Our results suggest that the single dose might disrupt
memory by interfering with the synthesis of new proteins, but
that the long-term rapamycin treatment might spare the protein
synthesis activity required for memory while upregulating benefi-
cial processes such as autophagy.’”*®

The regulation of translation has been implicated in longevity.
Since rapamycin treatment and S6K7 knockout can extend lifes-
pan in mice, we hypothesized that targeting this pathway in mice
would result in reduced translational activity. Here, we report
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Figure 6. Acute and chronic rapamycin treatments reduce levels of phospho S6K1 and phospho S6. (A-C) Western blot analysis of liver following acute
treatment with vehicle or rapamycin. (A) Representative blots showing westerns against phospho-S6K1 (T389) and total S6K1 and phospho-S6 (S240/
S244) in vehicle (Veh) or rapamycin (Rap) treated liver. (B) Quantification of phospho-S6K1 to total S6K1. (C) Quantification of phospho-S6 to total S6.
(D-F) western blot analysis of muscle following acute treatment with vehicle or rapamycin. (D) Representative blots (E) Quantification of phospho S6K1
to total S6K1. (F) Quantification of phospho-S6 to total S6. (G-1) Western analysis of liver following chronic treatment with vehicle or rapamycin. (G)
Representative blots. (H) Quantification of phospho S6K1 to total S6K1. (I) Quantification of phospho-S6 to total S6. (J-L) Western analysis of muscle
following chronic treatment with vehicle or rapamycin. (G) Representative blots. (E) Quantification of phospho S6K1 to total S6K1. (F) Quantification of
phospho-S6 to total S6. T test was used to compare Veh to Rap: *P < 0.05; **P < 0.01; ***P < 0.001. For all experiments n = 4 samples per group.

that while a single dose of rapamycin reduces general translation
activity in liver and muscle tissue, mice chronically treated with
multiple doses of rapamycin show no change in overall transla-
tion profiles. Similarly, S6K7"~ mice do not have altered poly-
some profiles. These results indicate a dissociation between the
regulation of global translational activity by mTOR and the
enhancement of longevity by rapamycin.

Materials and Methods

Animals
Experiments were in accordance with and approved by the ani-
mal care committee’s guidelines at the University of Washington.
C57BL/6 mice were obtained from Charles River. Mice had free
access to food and water and were kept on a 12h/12h light/dark
(6 AM/6 PM) cycle at a temperature of 25 °C. S6K1-knockout

mice? were obtained from the lab of George Thomas and were
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backcrossed into a C57BL6 background. Mice were sacrificed
by cervical dislocation, and tissue was flash frozen with dry ice.
While we did not observe effects of circadian rhythm on liver
polysomes when tissue was collected at different times (data not
shown), all injections and tissue collections were performed at the
same time each day to avoid any complications from circadian
rthythms. For polysome and western experiments, liver tissue was
collected from the left lobe, and right and left gastrocnemius were
collected for analyzing muscle. Tissue was stored at —80 °C.
Polysome analysis

Tissue homogenates were sedimented through sucrose gradients
containing high concentrations of salt to prevent the formation of
inactive 80S subunit couples. Gradients were collected from the
top with an ISCO fractionator system. Absorption was measured
at 254 nM. The data were digitally recorded with a DI-148U data
acquisition starter kit (Dataq) using WinDagq software. Polysome
profiles were quantified by collecting the area under the peaks
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Figure 7. Acute and chronic rapamycin treatments increase levels of hypo-phosphorylated 4EBP. (A) Western blots of 4EBP show 3 bands, hyperphos-
phorylated high weight (gamma) and middle (beta) bands, and a lower weight hypo-phosphorylated (alpha) band. (B-D) Western blot analysis of liver
and muscle following acute treatment with vehicle or rapamycin. (B) Representative western blots of liver and muscle tissues following acute vehicle
(Veh) or rapamycin (Rap) treatment. (C) Quantification of the ratio of hypo-phosphorylated alpha band of 4EBP over the total 4EBP bands in liver tissue.
(D) Quantification of the ratio of alpha to total 4EBP bands in muscle tissue. (E-G) western blot analysis of liver and muscle following chronic treat-
ment with vehicle or rapamycin. (E) Representative western blots of liver and muscle tissues following chronic vehicle or rapamycin treatment. (F)
Quantification of the ratio of alpha to total 4EBP bands in liver tissue following chronic treatments. (G) Quantification of the ratio of alpha to total 4EBP
bands in liver tissue following chronic treatments. t test was used to compare Veh to Rap: *P < 0.05; **P < 0.01; ***P < 0.001. For all acute treated groups,

n = 8. For all chronic vehicle groups, n = 8. For chronic rapamycin groups, n = 6.

corresponding to 40S, 60S, 80S, and polysome peaks and divid-
ing them by the total area under all of the peaks.

We modified existing liver polysome protocols.”®

? Frozen
liver tissue was homogenized in a 2 ml dounce homogenen-
zer in 1.5 mM KCI, 2.5 mM MgClL, 5 mM Tris, pH 7.5, 1%
Triton X-100 and 1% sodium deoxycholate. Samples were spun
at 2500 g for 15 min at 4 °C and the supernatant was collected.
Heparin and cycloheximide were added to each sample to a
final concentration of 1 mg/ml and 100 mg/ml, respectively.
Cycloheximide was added to prevent ribosomes from dissociat-
ing from mRNA. Samples were then spun at 16000 g for 10 min
at 4 °C. Supernatant was collected and optical density was mea-
sured at 260 nM. The samples were adjusted to 20 OD260 in
1 ml of homogenization buffer, which was loaded onto a 10.8 ml
linear 7-47% sucrose gradient in 0.8 M KCI, 15 mM MgCl,,
50 mM Tris, pH 7.5 0.5 mg/ml heparin, and 50 mg/ml cyclohex-
imide. Samples were sedimented in an SW41 Ti rotor (Beckman)
at 39000 rpm at 4 °C for 2 h.

The muscle polysomes were performed with a modified pro-
tocol."%? Frozen gastrocnemious muscle was minced with a razor
blade on dry ice and homogenized with a Dounce homogenizer
in homogenization buffer composed of 50 mM Hepes, pH 7.4,
250 mM sucrose, 250 mM KCl, 5 mM MgClz, 2 mM DTT,

2500 Cell Cycle

0.1 mg/ml and 400 units/ml Riboock
(Frementas). Samples sat on ice for 5 min, at which point Tween-

cycloheximide,

20 and sodium deoxycholate were added to each sample to a
final concentration of 0.56% Tween 20 and 0.27% deoxycholate.
Samples were kept at 4 °C for 15 min with periodic vortex mix-
ing. Samples were then spun at 3000 g for 5 min. Supernatant
was collected and optical density at 260 nM was measured. The
samples were adjusted to 15 OD260 in 1 ml homogenization and
applied to a 10.8 ml linear 15-60% sucrose gradient in 100 mM
Tris, pH 7.4, 200 mM KCI, 30 mM MgCl,, 200 wg/ml cyclo-
heximide and 2 mg/ml heparin. Samples were spun in an SW41
Ti rotor (Beckman) at 39000 rpm at 4 °C for 4 h.
Active ribosome analysis

Actively translating ribosomes can be quantitated by a brief
treatment of polysome-containing lysates prepared as described
above with low amounts of RNase.?” This treatment degrades
exposed stretches of mRNA that are not protected by ribosomes,
while the subunits of actively translating ribosomes remain
associated through binding to the mRNA fragment. Thus,
all polysomes are reduced to a single peak of 80S monosomes
when sedimented through a sucrose gradient. Sedimentation of
the samples takes place on sucrose gradients in buffer contain-
ing high salt gradients, preventing free subunits from forming
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of muscle ARA from S6K7** mice and S6K7~~ mice. For all groups, n = 6.

Figure 8. S6K7~~ mice do not have altered polysome profiles. (A and B) representitive liver polysome profiles from S6K7++ mice (A) and S6K71~~ mice (B).
(€) Quantification of polysome peaks from S6K7** mice and S6K1~" liver tissue. For both groups, n = 10. (D and E) representative muscle polysome pro-
files from S6K7+* mice (D) and S6K7~~ mice (E). (F) Quantification of polysome peaks from S6K7** mice and S6K7~~ liver tissue. (G and H) No difference in
ARA profiles between chronic vehicle and rapamycin-injected mice. (G) Quantification of liver ARA from S6K7++ mice and S6K1~~ mice. (H) Quantification

inactive couples. Three peaks are observed corresponding to 40S
and 60S subunits and the 80S peak derived from actively trans-
lating ribosomes.

Muscle and liver tissues were prepared as they were for poly-
some analysis. Four OD260 of lysate in 100 ml of ice-cold
homogenization buffer was treated for 2 min with 2 ml of
0.2 mg/ml RNase A (Qiagen) diluted in 250 mM TRIS-acetate,
pH 7.0. The reactions were stopped by the addition of reac-
tions were stopped by the addition of 32 ml 2 M KClI and 5 ml
20 mg/ml heparin. RNase-treated samples were sedimented
through 4.8 ml 10-30% sucrose gradients in 0.8 M KCI, 15
mM MgCl,, 50 mM TRIS-HCI, pH7.5, 0.5 mg/ml heparin, and

www.landesbioscience.com

50 mg/ml cycloheximide. Samples were sedimented in an
SW50.1 Ti rotor (Beckman) at 45000 rpm at 4 °C for 2 h.
Western blot analysis

Frozen tissue was homogenized in a Dounce homogenizer in
RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP40,
and 0.5% sodium deoxycholate) with 1 mM PMSF and 1:100
dilutions of Sigma Protease, Phosphatase 1 and Phosphatase
2 Inhibitor Cocktails. Protein concentrations were normal-
ized with the Bradford protein assay. An equal volume of 2x
Laemmli sample buffer was added to each sample and samples
were heated at 95 °C for 5 min. For experiments examining S6K1
and S6, samples were loaded on TGX precast gels (Bio-Rad) for
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post-hoc test.

Figure 9. Acute rapamycin treatment reduces translation in S6K7~~ mice. (A and B) representative liver polysome profiles from S6K7++ mice (A) and
S6K1~~ mice (B). (C) Quantification of polysome peaks from S6K7+* mice and S6K7~~ liver tissue, vehicle n = 6, rapamycin n = 5. (D and E) representative
muscle polysome profiles from S6K7++ mice (D) and S6K7~~ mice (E). (F) Quantification of polysome peaks from S6K7+* mice and S6K7~ liver tissue, for
both groups n = 6. (G and H) ARA profiles between chronic vehicle and rapamycin-injected mice. (G) Quantification of liver ARA from S6K7** mice and
S6K1~~ mice. (H) Quantification of muscle ARA from S6K7++ mice and S6K1~~ mice. For all groups, n = 6. **P < 0.01; *P < 0.05; 2-way ANOVA, Bonferroni

SDS-PAGE analysis. Proteins were then transferred to nitrocel-
lulose membranes (Bio-Rad) and blocked in 5% BSA and 0.05%
Tween-20 in TBS (TBST). Experiments investigating 4EBP
were performed in a similar manner; however the samples were
loaded on a 16 x 16 cm 15% SDS-PAGE gel to maximize separa-
tion of the bands. Primary antibodies were used at 1:1000 dilu-
tion overnight at 4 °C in 5% BSA in TBST. Primary antibodies
included rabbit anti-phospho-S6K1 (T389), rabbit anti-S6KI,
rabbit anti-phospho-S6, rabbit anti-S6, and rabbit 4EBP, all
from Cell Signaling Technology. ECl Horseradish peroxidase-
conjugated secondary antibodies (GE Healthcare) were used at
room temperature for 3 h in 5% non-fat dried milk in TBST.

2502
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Immunoblots staining for 4EBP were developed with ECL
Prime Western Blotting Detection Reagent (GE Healthcare). All
other immunoblots were developed using Super Signal west Pico
Chemiluminescent Substrate (Thermo Scientific). When neces-
sary, immunoblots were stripped in 25 mM glycine, pH 2, with
1% SDS for 1 h. Bands were visualized with Kodak Biomax Light
film and digitized with a scanner calibrated to measure optical
density. Image] was then used to measure the integrated optical
density of bands.
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