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Abstract: The nutrient-sensing mTOR (mammalian Target of Rapamycin) pathway regulates cellular metabolism, growth
functions, and proliferation and is involved in age-related diseases including cancer, type 2 diabetes, neurodegeneration
and cardiovascular disease. The inhibition of mTOR by rapamycin, or calorie restriction, has been shown to extend lifespan
and delays tumorigenesis in several experimental models suggesting that rapamycin may be used for cancer prevention.
This requires continuous long-term treatment making oral formulations the preferred choice of administration route.
However, rapamycin by itself has very poor water solubility and low absorption rate. Here we describe pharmacokinetic
and biological properties of novel nanoformulated micelles of rapamycin, Rapatar. Micelles of Rapatar were rationally
designed to increase water solubility of rapamycin to facilitate oral administration and to enhance its absorption. As a
result, bioavailability of Rapatar was significantly increased (up to 12%) compared to unformulated rapamycin, which
concentration in the blood following oral administration remained below level of detection. We also demonstrated that
the new formulation does not induce toxicity during lifetime administration. Most importantly, Rapatar extended the
mean lifespan by 30% and delayed tumor development in highly tumor-prone p53'/' mice. Our data demonstrate that
water soluble Rapatar micelles represent safe, convenient and efficient form of rapamycin suitable for a long-term
treatment and that Rapatar may be considered for tumor prevention.

INTRODUCTION cellular energy status. When nutrients and growth
factors are abundant, mTOR promotes protein synthesis,
Rapamycin (or Sirolimus) is a macrolide antibiotic that ribosome  biogenesis, angiogenesis, cell cycle
was first isolated from Streptomyces hydroscopicus and progression and cytoskeleton re-organization (reviewed
was initially utilized as an antifungal agent [1, 2]. Under in [3]-5)).
the name of Rapamune, it is now used as an
immunosuppressant to prevent organ rejection after Recent data demonstrated that rapamycin extends life
transplantation. Rapamycin inhibits the nutrient-sensing span in various model organisms including mammals
mTOR (mammalian Target of Rapamycin), a conserved [4-6]. The life-long administration of rapamycin
protein Kkinase that controls cellular growth and inhibits age-related weight gain, decreases aging rate
metabolism. The mTOR signaling pathway is activated and increases lifespan of inbred [7] and genetically
by nutrients, growth factors, hormones, cytokines, and heterogeneous [6] mice. Previous data has
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demonstrated that rapamycin significantly delayed the
onset of spontaneous carcinogenesis both in normal
(129/Sv [7]) and cancer-prone (HER-2/neu transgenic
[8] and p53*" [9]) mice. Importantly, the anti-cancer
effect of rapamycin in p53+" mice was blunted when
treatment started at the age of 5 months [9] suggesting
that rapamycin does not directly inhibit tumor growth
but rather has an indirect effect.

Since rapamycin exhibits poor water solubility and
instability in aqueous solutions, its clinical use through
oral administration requires development of special
drug design such as complex nanoparticle formulation
to facilitate increased bioavailability and -efficacy.
Therefore, various oral formulations, such as inclusion
complexes [10, 11], liposomes [12], nanocrystals [13],
and solid dispersion [14] have been developed and
tested in pre-clinical and clinical studies. In this study,
we tested the biological activity of a novel formulation
of rapamycin, Rapatar. This formulation is based on
Pluronic block copolymers as nanocarriers, which
serves to improve water solubility of the drug, and to
enhance various biological responses favorable for
therapeutics, such as activity of drug efflux transporters

(reviewed in [15]). We show that Rapatar has
significantly ~ higher  bioavailability — after  oral
administration when compared to unformulated

rapamycin. We also show that Rapatar effectively
blocks mTOR in mouse tissues. Moreover, life-long
administration of Rapatar increases lifespan and delays
carcinogenesis in highly tumor-prone p53™ mice.

RESULTS

Rapatar is efficiently absorbed and systemically
distributed and effectively inhibits mTOR in vivo

To compare the absolute and relative bioavailability and
other pharmacokinetic properties of Rapatar with those
of an unformulated rapamycin, we administered both

compounds as a single dose to female ICR mice.
Rapatar was administered intravenously (IV) or orally
(PO) at a dose of 0.4 mg/kg and 4 mg/kg respectively,
while rapamycin was administered PO at 4 mg/Kkg.
Blood samples were collected at different times after
administration and analyzed for rapamycin by mass
spectrometry (LC/MS/MS). Pharmacokinetic values of
the area under the curve (AUC), the maximum drug
concentration (Cnax), the time of peak concentration
(Tmax), and the absolute bioavailability (F) were
calculated from whole blood drug concentration-time
data (Fig. 1A). Importantly, following oral administ-
ration, rapamycin could only be detected in whole blood
samples of mice that received Rapatar whereas its
concentration in blood of rapamycin-treated mice was
beyond the level of detection. As shown in Table 1,
when compared to unformulated rapamycin, Rapatar
demonstrated very fast absorption (Tmax 15 min) and
significant increase in AUC value with mean Ty;
extending to 6.4 hours. Consequently, a single oral
administration of Rapatar resulted in 12%
bioavailability, which is comparable with commercially
available formulations used in clinical practice (14%
when administered orally in combination with
cyclosporine A).

Ribosomal protein S6 is a substrate of mTOR, and
therefore phospho-ribosomal protein S6 is a marker of
MTOR activity [16-19]. To test whether Rapatar inhibits
MTOR activity in vivo, we compared levels of
phosphorylated S6 (pS6) in livers of wild type C57BI/6J
mice, in which mTOR was suppressed by a period of
food deprivation. Rapatar (0.5mg/kg or PBS were given
by gavage at a time when animals were allowed access
to food. Fig. 1B shows that S6 is highly phosphorylated
in livers of control animals indicating mTOR activation
in response to food. In contrast, in animals that
received Rapatar, S6 phosphorylation was reduced ~10-
fold.  Thus, Rapatar successfully inhibits mTOR
activity in the liver in vivo.

Table 1. Pharmacokinetic parameters of unformulated rapamycin and Rapatar in C57BI/6J mice.
Abbreviations: C, — the peak concentration; T,,., — time taken to reach peak concentration; AUC —
area under the curve; F — absolute bioavailability.

Units Rapamycin, 1V Rapatar, PO 4mg/kg
0.4mg/kg
Dose amount ng 10.4 104
Dosage ng/kg 400 4000
Cmax ng/ml 958 656
Tmax hr 0.04 0.25
AUC ng-hr/ml 2634.6 3161.5
Half-life hr 6.4 N/A
F % 100 12
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Figure 1. Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration—time profile in
blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A
single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at
designated times and analyzed for rapamycin by LC/MS/MS. (B) Rapatar blocks mTOR activation in vivo. Six
C57/BI/6) mice were food-deprived for 18 hrs. At the end of fasting period animals received either Rapatar
(0.5mg/kg) or PBS via gavage and were allowed access to food. One hour later animals were sacrificed, livers
were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C)
No acute or long-term toxicity are associated with PO administration of Rapatar. C57BI/6J male mice received
either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described
above. No loss in body weight was detected in experimental group throughout the treatment period. Both
experimental and control groups showed similar gain in body weight with age.
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Figure 2. Rapatar increases lifespan in p53_/' mice. Mice
received Rapatar at 0.5 mg/kg via gavage according to the
schedule described in Materials and Methods. Rapatar
increased lifespan from 23 to 31 weeks (p<0.001, Mantel-Cox
log-rank test).

To test whether life-long administration of Rapatar
causes in vivo toxicity, we administered it to wild type
C57BI/6J mice at 0.5 mg/kg via gavage according to
protocol described in Materials and Methods section.
Rapatar- and PBS-treated animals were monitored for
any signs of toxicity by visual inspection and body
weight measurements. Mice receiving Rapatar
maintained a healthy appearance with physical activities
and body weights comparable to the control mice (Fig.
1C).

Rapatar increases lifespan of p53” mice

Our data showed that Rapatar effectively inhibits
mTOR in vivo. Suppression of mTOR by rapamycin has
been shown to increase lifespan in various model
organisms including mice [6-8, 20-25]. To test whether
Rapatar can extend lifespan, we administered it to mice
with targeted disruption of tumor suppressor p53. p53”
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mice are characterized by increased carcinogenesis and
reduced lifespan (reviewed in [26]. Twenty p53” mice
received Rapatar starting 8 weeks of age at a dose of
0.5mg/kg according to the schedule described in
Material and Methods. Another group of 17 p53” mice
received PBS as control. Throughout the experiment,
animals were monitored for tumor development by
visual inspection and total body weight measurements.
Both Rapatar- and PBS-treated p53” mice die early in
life due to a high rate of spontaneous carcinogenesis,
which is characteristic for this mouse model. However,
treatment with Rapatar resulted in an overall significant
increase in median survival of p53” mice from 23 (+10)
weeks in the control group to 31 (£1.5) weeks in the
experimental group (Fig. 2A).

To gain insight into the potential mechanism of increase
in survival of Rapatar-treated animals, we performed a
detailed histological analysis of all tissues collected
from each individual animal in the course of the expe-

riment (summarized in Table 2). Based on this analysis,
82% of mice in the control group (14 out of 17)
developed lymphomas whereas 12% (2 out of 17)
developed sarcomas. One animal showed the presence
of both sarcoma and lymphoma and one animal
developed myeloid leukemia. This spectrum of tumors
is characteristic to p53” mice and comparable to
previous reports [27]. The mice developed these
spontaneous neoplasms from 2 to over 8 months of age
with an average latency time of 161 days. When
compared to the control group, Rapatar-treated mice
showed later appearance and delayed progression of
spontaneous tumors. They arose from 4.5 to over 9.5
months, with average latency of 261 days; one animal
remained tumor-free until the end of the experiment.
Interestingly, the incidence of sarcomas in Rapatar-
treated mice was increased to 30% compared to 17% in
control group (Table 2); however the number of animals
used in the experiment was not enough to obtain a
statistically significant difference.

Table 2. Summary of histological analysis. Tissues of 17 control and 20 Rapatar-treated
p53'/' mice were evaluated for the presence of tumor cells. The type of tumors and the
stage of their development were determined as described in Materials and Methods.
The incidence of sarcomas in Rapatar-treated p53'/' mice was higher than in control
group (30% and 17% respectively); however, due to a relatively small group size,
statistical significance was not achieved (p=0.2; Fisher’s exact test).

Initial Advanced Sarcoma Leukemia Tumorfree
Lymphoma Lymphoma
Rapatar 7 (35%) 6 (30%) 6 (30%) 1 (5%) 1 (5%)
PBS 4 (23%) 10 (58%) 3 (17%) 1 (6%) 0
PBS PBS R
101 day-old 134 day-old SR
e
Rapatar i Rapatar §
281 day-old &5 231 day-old

Figure 3. Rapatar delays development of lymphomas in p53’/’ mice. (A) Representative initial lymphoma developed in control
mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar-treated mouse at 281 days of age. Both A and B
show monotonous infiltrate of medium-sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous
mitotic figures and apoptotic cells. (C) Advanced lymphoma in 134-day old control mouse with metastases in liver (D) and lung
(E). (D) Metastasis in liver showing the extensive spread of neoplastic cells effaces the normal structure and only minimal
remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in
the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day-old
Rapatar-treated animal with metastasis in liver (G) and lung (H). (G) Metastasis in liver showing neoplastic infiltrates in portal
tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow).
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Figure 4. Rapatar delays development of sarcomas in p53’/’
mice. (A) Liver sarcoma in 172-old control mouse. (B,C)
Sarcoma developed in 261 day- and 204 day-old Rapatar-
treated mice. No metastases are detected. D. Sarcoma in 212-
day old Rapatar-treated mouse with metastases in the lung.

Since lymphomas represented the major type of tumor
in both groups, we performed a detailed pathological
evaluation of individual tumors. Based on the severity
of pathological changes, the developmental stage, and
involvement of non-lymphoid tissues, all lymphomas
were graded as initial or advanced. Initial lymphomas
mainly involved thymus and were presented
macroscopically as enlarged masses. Under the
microscope they were seen to be composed of broad
sheets of densely packed rather uniform large
lymphoblastic cells, with little or sparse cytoplasm that
completely obliterated the normal thymus structure and
cortical and medullary zones. In most cases, neoplastic
lymphoid cells expanded through the thymic capsule
and spread through the mediastinal fat, lymph nodes,
along peritracheal and periaortal spaces, even
infiltrating lungs and pericardium with limited
penetration of the myocardium. Such lymphomas with
predominantly local involvement were designated
provisionally as initial. Tumors were graded as
advanced when the rise of the malignancy and
aggressiveness of the lymphoma cells resulted in
metastases and infiltration into spleen, liver, lung,
kidney, mesentery lymph nodes, testis, and bone
marrow. Based on this designation, the proportion of the
initial lymphomas in Rapatar-treated group was larger
compared to controls (35% and 23% for experimental

and control groups respectively) suggesting that Rapatar
slows down tumorigenesis. Consistently, the proportion
of the advanced disseminated lymphomas, spreading to
other organs in Rapatar-treated group was smaller than
in control (30% and 58% respectively). Although
histopathological appearance of lymphomas and
sarcomas were very similar in control and experimental
groups, Rapatar-treated mice develop tumors
significantly later in life (Fig. 3 and 4). Based on these
data we concluded that Rapatar increased lifespan of
p53” mice by delaying tumorigenesis.

DISCUSSION

The mTOR signaling pathway is a key coordinator of
cell growth and cell proliferation in response to a
variety of environmental conditions. Its deregulation
has been implicated in many pathological conditions,
including those that are associated with aging, such as
cancer, type 2 diabetes, neurological and cardiovascular
disorders (reviewed in [28, 29]). Furthermore, the
activation of the mTOR pathway is the most universal
alteration in cancer [30]. Several analogs of rapamycin
(rapalogs) have been approved for cancer therapy [31-
35] and numerous clinical trials are underway.
However, as anti-cancer drugs rapamycin and other
rapalogs showed modest efficacy. There are several
reasons that can explain relatively low therapeutic
effect. First, rapamycin itself is not cytotoxic.
Additionally, mTOR inhibition activates several
feedback loops that drive mitogenic signaling (reviewed
in [28, 36]). Therefore, it is still not quite clear whether
rapamycin exhibits direct antitumor activity or whether
it acts in a more indirect systemic way. Our previous
data [9] and data presented here show that rapamycin
delays carcinogenesis in tumor-prone p53*" and p53”
mice, most likely by slowing down the process of
aging. If this is the case, than rapamycin can be
considered as a tumor-preventive agent (i.e.
administration is required before tumor initiation). This
necessitates the development of efficacious nontoxic
rapamycin-formulations that could be taken orally for
extended periods of time. Here we show that oral
administration of Rapatar results in high systemic
bioavailability and does not induce toxicity during life-
long administration. Importantly, biological effects of
Rapatar were prominent at low doses (0.5 mg/kg) and
intermittent schedules. Taken together, our data suggest
that Rapatar is a promising candidate for clinical use as
an effective cancer prevention drug.

MATERIALS AND METHODS

Materials. =~ Rapamycin was purchased from LC
Laboratories (Woburn, MA). Polymeric formulation of
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rapamycin (Rapatar) was developed by Tartis Aging,
Inc. using Pluronic block co-polymers [15] according to
the following protocol. One gram of rapamycin was
dissolved in 25 ml of ethanol. The resulting solution
was mixed with 5 grams of Pluronic L-92 (BASF) and 2
grams of citric acid dissolved in 200 ml of 20%
Pluronic F-127 (BASF) solution in ethanol and water
mixture (97:3 v:v). The solution was then incubated at
20-25°C for 30 minutes with constant stirring. The
ethanol was removed using Speedvac and the
formulation was further dried using high vacuum.

Animals. ICR female mice were obtained from Charles
River. C57BI/6J mice were obtained from Jackson
Laboratory. p53-/- mice on C57BI/6J background
originally obtained from Jackson Laboratory, were
housed and bred at the Department of Experimental
Animal Resources of Roswell Park Cancer Institute. For
pharmacokinetic analysis, three groups of 8 weeks old
ICR female mice received a single dose of either Rapatar
(2 groups) or rapamycin. Rapatar was administered via
gavage at 4mg/kg in 0.5% methyl cellulose or IV at
0.4mg/kg in PBS. Rapamycin was administered via
gavage at 4mg/kg in 0.5% methyl cellulose.

For estimating potential long-term toxic effects of
Rapatar, two groups of C57BL/6J mice received the drug
at a dose of 0.5 mg/kg via gavage once a day for 5
consecutive days, followed by 9-day interval without
treatment. Mice were maintained on this treatment
schedule for 24 weeks and were weighed weekly.
Control mice receive PBS according to the same
schedule.

For longevity studies, 38 p53” male mice were randomly
divided into two groups. Twenty one experimental
animals received 0.5 mg/kg Rapatar and 17 animals
received PBS according to the above described schedule.
Treatment started at 8 weeks of age and continued until
tumor appearance was visually observed or dramatic loss
of weight, indicative of tumor appearance, was detected.
At this point, mice were sacrificed and examined for
gross pathological changes. Tumors, heart, kidney, liver,
lungs, thymus and spleen were collected for histological
evaluation. All procedures were approved by the
Institutional Animal Care and Use Committee of Roswell
Park Cancer Institute.

Pharmacokinetic study. Whole blood was collected into
EDTA-blood tubes 0.5, 1, 2, 4, 8, 16 and 24 hours after
administration of either Rapatar or unformulated
rapamycin. Tubes were inverted a few times, and stored
on ice in dark container during the experiment. At the
end of the experiment, all samples were placed for
storage at -70°C in a light-protected container. Frozen

blood samples were submitted to the Rocky Mountain
Instrumental Laboratory (Fort Collins, Co) for
LC/MS/MS analysis of rapamycin. Pharmacokinetic
analysis was performed using data from individual mice
for which the mean and standard error of the mean
(SEM) were calculated for each group using PK
Solutions software (Version 2.0).

Western blot analysis. In order to maximize and be able
to detect p70S6 phosphorylation [37, 38], six C57BI/6J
mice were food-deprived for 18 hrs. At the end of the
fasting period, animals received either Rapatar (0.5
mg/kg) or PBS via gavage and 15 minutes later were
allowed access to food. One hour later animals were
sacrificed; livers were dissected, lysed in RIPA buffer
and loaded on a 8% SDS-PAGE gel. After separation
and transfer to a PVDF membrane, protein lysates were
analyzed for mTOR activation by probing with an
antibody against phospho-p70 S6 Kinase (Thr389)
(1:1000; Cell Signaling) and Actin (1:10000 Cell
Signaling). After incubation with HRP conjugated
secondary antibodies (Santa Cruz Biotechnologies),
transferred proteins were visualized with the ECL
detection kit (Jackson Research Laboratories).

Histopathology. The mice were visually inspected for
tumor development and weighed weekly. Animals
showing deteriorating clinical status manifested by
constant weight loss or visual tumor appearance were
sacrificed and evaluated for gross pathological changes
by complete necropsy. For histological evaluation, all
tissues were fixed in 10% neutral formalin for 24 hours,
and then transferred to 70% ethanol. Samples were
embedded in paraffin, sectioned and stained with hema-
toxylin and eosin. Histopathological examination was
performed on tumors, gross lesions and target tissues
using Zeiss Axiolmager Al with Axiocam MRc digital
camera. The guidelines of Bethesda classification was
used in determining the diagnosis [39].

Statistical Analyses. Differences in survival and tumor
incidence were evaluated by the Mantel-Cox log-rank
test.

ACKNOWLEDGEMENTS

We thank Mary Spengler for critical reading of the
manuscript. This work was supported in part by NIH
grant GMO095874 and by Roswell Park Alliance
Foundation (to M.P.A.) and Tartis, Inc. (to A.V.G.)

Conflict of Interest Statement

The authors of this manuscript have no conflict of
interests to declare.

www.impactaging.com

720

AGING, October 2012, Vol.4 No.10



REFERENCES

1. Vézina C, Kudelski A and Sehgal S. Rapamycin (AY-22,989), a
new antifungal antibiotic I. Taxonomy of the producing
streptomycete and isolation of the active principle. Journal of
antibiotics. 1975; 28:721-726.

2. Sehgal SN, Baker H and Vezina C. Rapamycin (AY-22,989), a
new antifungal antibiotic. Il. Fermentation, isolation and
characterization. Journal of antibiotics. 1975; 28:727-732.

3. Wullschleger S, Loewith R and Hall MN. TOR Signaling in
Growth and Metabolism. Cell. 2006; 124:471-484.

4. Kaeberlein M, Powers RW, 3rd, Steffen KK, Westman EA, Hu
D, Dang N, Kerr EO, Kirkland KT, Fields S and Kennedy BK.
Regulation of yeast replicative life span by TOR and Sch9 in
response to nutrients. Science. 2005; 310:1193-1196.

5. Wilkinson JE, Burmeister L, Brooks SV, Chan CC, Friedline S,
Harrison DE, Hejtmancik JF, Nadon N, Strong R, Wood LK,
Woodward MA and Miller RA. Rapamycin slows aging in mice.
Aging Cell.

6. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey
K, Nadon NL, Wilkinson JE, Frenkel K, Carter CS, Pahor M, Javors
MA, Fernandez E, et al. Rapamycin fed late in life extends
lifespan in genetically heterogeneous mice. Nature. 2009;
460:392-395.

7. Spong A and Bartke A. Rapamycin slows aging in mice. Cell
Cycle. 2012; 11:845.

8. Anisimov VN, Zabezhinski MA, Popovich IG, Piskunova TS,
Semenchenko AV, Tyndyk ML, Yurova MN, Antoch MP and
Blagosklonny MV. Rapamycin extends maximal lifespan in
cancer-prone mice. Am J Pathol. 2010; 176:2092-2097.

9. Komarova E, Antoch M, Novototskaya L, Chernova O,
Paszkiewicz G, Leontieva O, Blagosklonny M and Gudkov A.
Rapamycin extends lifespan and delays tumorigenesis in
heterozygous p53+/- mice. Aging (Albany NY). 2012.

10. Baspinar Y, Bertelmann E, Pleyer U, Buech G, Siebenbrodt |
and Borchert HH. Corneal permeation studies of everolimus
microemulsion. J Ocul Pharmacol Ther. 2008; 24:399-402.

11. Buech G, Bertelmann E, Pleyer U, Siebenbrodt | and Borchert
HH. Formulation of sirolimus eye drops and corneal permeation
studies. J Ocul Pharmacol Ther. 2007; 23:292-303.

12. Alemdar AY, Sadi D, McAlister V and Mendez |. Intracerebral
co-transplantation of liposomal tacrolimus improves xenograft
survival and reduces graft rejection in the hemiparkinsonian rat.
Neuroscience. 2007; 146:213-224.

13. Junghanns JU and Muller RH. Nanocrystal technology, drug
delivery and clinical applications. International journal of
nanomedicine. 2008; 3:295-309.

14. Kim MS, Kim JS, Park HJ, Cho WK, Cha KH and Hwang SJ.
Enhanced bioavailability of sirolimus via preparation of solid
dispersion nanoparticles using a supercritical antisolvent process.
International journal of nanomedicine. 2011; 6:2997-3009.

15. Batrakova EV and Kabanov AV. Pluronic block copolymers:
evolution of drug delivery concept from inert nanocarriers to
biological response modifiers. J Control Release. 2008; 130:98-
106.

16. Brown EJ, Beal PA, Keith CT, Chen J, Bum Shin T and
Schreiber SL. Control of p70 S6 kinase by kinase activity of FRAP
in vivo. Nature. 1995; 377:441-446.

17. Brunn GJ, Fadden P, Haystead TAJ and Lawrence JC. The
Mammalian Target of Rapamycin Phosphorylates Sites Having a

(Ser/Thr)-Pro Motif and Is Activated by Antibodies to a Region
near Its COOH Terminus. Journal of Biological Chemistry. 1997;
272:32547-32550.

18. Brunn GJ, Hudson CC, SekuliAf A, Williams JM, Hosoi H,
Houghton PJ, Lawrence JC and Abraham RT. Phosphorylation of
the Translational Repressor PHAS-I by the Mammalian Target of
Rapamycin. Science. 1997; 277:99-101.

19. Burnett PE, Barrow RK, Cohen NA, Snyder SH and Sabatini
DM. RAFT1 phosphorylation of the translational regulators p70
S6 kinase and 4E-BP1. Proceedings of the National Academy of
Sciences. 1998; 95:1432-1437.

20. Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo
R, Fernandez E, Flurkey K, Javors MA, Nelson JF, Orihuela CJ,
Pletcher S, Sharp ZD, et al. Rapamycin, but not resveratrol or
simvastatin, extends life span of genetically heterogeneous
mice. J Gerontol A Biol Sci Med Sci. 2011; 66:191-201.

21. Moskalev AA and Shaposhnikov MV. Pharmacological
inhibition of phosphoinositide 3 and TOR kinases improves
survival of Drosophila melanogaster. Rejuvenation Res. 13:246-
247.

22. Bjedov |, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A
and Partridge L. Mechanisms of life span extension by rapamycin
in the fruit fly Drosophila melanogaster. Cell Metab. 11:35-46.
23. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL
and Kockel L. With TOR, less is more: a key role for the
conserved nutrient-sensing TOR pathway in aging. Cell Metab.
2010; 11:453-465.

24. Khanna A and Kapahi P. Rapamycin: killing two birds with
one stone. Aging (Albany NY). 2011; 3:1043-1044.

25. Ramos FJ, Chen SC, Garelick MG, Dai DF, Liao CY, Schreiber
KH, Mackay VL, An EH, Strong R, Ladiges WC, Rabinovitch PS,
Kaeberlein M and Kennedy BK. Rapamycin Reverses Elevated
mTORC1 Signaling in Lamin A/C-Deficient Mice, Rescues Cardiac
and Skeletal Muscle Function, and Extends Survival. Sci Transl
Med. 2012; 4:144ral03.

26. Donehower LA. Using mice to examine p53 functions in
cancer, aging, and longevity. Cold Spring Harb Perspect Biol.
2009; 1:a001081.

27. Donehower LA, Harvey M, Slagle BL, McArthur MJ,
Montgomery CA, Jr., Butel JS and Bradley A. Mice deficient for
p53 are developmentally normal but susceptible to spontaneous
tumours. Nature. 1992; 356:215-221.

28. Laplante M and Sabatini DM. mTOR signaling in growth
control and disease. Cell. 2012; 149:274-293.

29. Dazert E and Hall MN. mTOR signaling in disease. Curr Opin
Cell Biol. 2011; 23:744-755.

30. Guertin DA and Sabatini DM. Defining the role of mTOR in
cancer. Cancer cell. 2007; 12:9-22.

31. Hudes G, Carducci M, Tomczak P, Dutcher J, Figlin R, Kapoor
A, Staroslawska E, Sosman J, McDermott D, Bodrogi |, Kovacevic
Z, Lesovoy V, Schmidt-Wolf 1G, et al. Temsirolimus, interferon
alfa, or both for advanced renal-cell carcinoma. The New
England journal of medicine. 2007; 356:2271-2281.

32. Motzer RJ, Hudes GR, Curti BD, McDermott DF, Escudier BJ,
Negrier S, Duclos B, Moore L, O'Toole T, Boni JP and Dutcher JP.
Phase I/11 trial of temsirolimus combined with interferon alfa for
advanced renal cell carcinoma. J Clin Oncol. 2007; 25:3958-3964.
33. Wander SA, Hennessy BT and Slingerland JM. Next-
generation mTOR inhibitors in clinical oncology: how pathway
complexity informs therapeutic strategy. The Journal of clinical
investigation. 121:1231-1241.

www.impactaging.com

721

AGING, October 2012, Vol.4 No.10



34. Chappell WH, Steelman LS, Long JM, Kempf RC, Abrams SL,
Franklin RA, Basecke J, Stivala F, Donia M, Fagone P, Malaponte
G, Mazzarino MC, Nicoletti F, et al. Ras/Raf/MEK/ERK and
PI3K/PTEN/Akt/mTOR inhibitors: rationale and importance to
inhibiting these pathways in human health. Oncotarget. 2011;
2:135-164.

35. Markman B, Dienstmann R and Tabernero J. Targeting the
PI3K/Akt/mTOR pathway--beyond rapalogs. Oncotarget. 2010;
1:530-543.

36. Garrett JT, Chakrabarty A and Arteaga CL. Will PI3K pathway
inhibitors be effective as single agents in patients with cancer?
Oncotarget. 2011; 2:1314-1321.

37. Anand P and Gruppuso PA. The Regulation of Hepatic Protein
Synthesis during Fasting in the Rat. Journal of Biological
Chemistry. 2005; 280:16427-16436.

38. Demirkan G, Yu K, Boylan JM, Salomon AR and Gruppuso PA.
Phosphoproteomic Profiling of <italic>In Vivo</italic> Signaling
in Liver by the Mammalian Target of Rapamycin Complex 1
(mTORC1). PLoS ONE. 6:€21729.

39. Morse HC, 3rd, Anver MR, Fredrickson TN, Haines DC, Harris
AW, Harris NL, Jaffe ES, Kogan SC, MacLennan IC, Pattengale PK
and Ward JM. Bethesda proposals for classification of lymphoid
neoplasms in mice. Blood. 2002; 100:246-258.

www.impactaging.com

722

AGING, October 2012, Vol.4 No.10



