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Abstract

The regulation of cell growth and proliferation is compromised in many
major human diseases and disorders in today’s society. Physicians, scientists, and
healthcare workers are combating the challenges presented with cell growth
regulation in areas of research involving cancer and diabetes. Mammalian target
of rapamycin or mTOR is a protein kinase in a major pathway, which is mainly
responsible for the proper control of cell growth and proliferation via the
regulation of protein translation and ribosomal biogenesis. Integrated signals
from nutrients, energy status, and growth factors activate the mTOR pathway to
control many processes downstream of the kinase. New advances in the signaling
cascade are allowing for novel insights into how mTOR is able to sense the
diverse signals of the cell in order to regulate the functions under its control.
Since mTOR is responsible for many of the regulatory aspects of ribosome
biogenesis and translation, it is no surprise that it is the dysregulation of mTOR
itself that results in an array of human disorders. This paper will explore the
effects of depriving and/or replenishing the liver of amino acids and/ or insulin in
the hopes of understanding how these nutrients and growth factors help to activate
or inhibit the mTOR pathway.
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Figure 1: The domain structure of mTOR. Positions of the known functional
domains of mTOR depicted include the C-terminal domain, the adjacent FRB
domain where rapamycin inhibits mTOR, the FAT domain, and the N-terminal
HEAT repeats.

Figure 2: mTORC1 and signaling to downstream targets S6K1 and 4E-BP1.
Activation of mTOR leads to phosphorylation of S6K1 to initiate mRNA
translation. mTOR phosphorylation of 4E-BP1, results in the inhibition of 4EBP1 and the release eIF4E initiating mRNA translation.

Figure 3:
pathway.

Insulin stimulates the Akt and downstream mTORC1 signaling
Insulin-dependent activation of AKT results in phosphorylation of

TSC2 and inhibition of the TSC1/TSC2 complex, leading to activation of Rheb.
Akt also phosphorylates PRAS40 to activate mTORC1.

Figure 4: Protein synthesis in perfused rat liver requires both stimulation from
amino acids and insulin. Insulin treatment alone was insufficient to stimulate
protein synthesis, however combined treatment with both insulin and amino acids
increased protein synthesis almost 2 fold. (* = < 0.05, ** = <0.01, *** = <0.001)

Figure 5: The effects of insulin and amino acids on the downstream targets of
the mTOR pathway and the key regulators of translation initiation.

A) S6K1

hyper-phosphorylation was evaluated by measuring the proportion of the protein
in the , , and

forms that was normalized to the amount present in all four

forms including . Changes in S6K1 hyper-phosphorylation mirror the effects of
protein synthesis following stimulation with amino acids and insulin. B) S6K1
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mTORC1. A) Akt phosphorylation increased in response insulin treatment, but
not to amino acid treatment. B) TSC1/TSC2 complex was only increased in the
presence of amino acids, and had no significant response to insulin. C) Insulin
increased PRAS 40 phosphorylation, while amino acids prevented PRAS 40
phosphorylation. D-F) The expression of the inhibitory proteins of mTORC1
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insulin. (* = < 0.05, ** = <0.01, *** = <0.001).

Figure 7: Phosphorylation of mTOR and modification of the mTOR Complex 1
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increased significantly in the combined both amino acids and insulin treatment. B)
Raptor disassociated from mTOR in the presence of amino acids and insulin,
however Raptor was associated when either amino acids or insulin were absent.
C) PRAS 40 and mTOR association did not appear to be affected by the presence
or absence of amino acids or insulin. (* = < 0.05, ** = <0.01, *** = <0.001)

Figure 8: Vps34 binding to mTOR in response to amino acids and insulin. The
trend of increased binding of Vps34 to mTOR in response to both amino acids
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Chapter 1.
Introduction

Overview of Mammalian Target of Rapamycin
Mammalian target of rapamycin, or mTOR, is a cellular protein that
receives external signals from growth factors, hormones, and proteins that
regulate vital cell growth processes. mTOR in turn gives the ‘on’ or ‘off’
signal for a cell to grow and divide, seek nutrition, or use its nutrition for
cellular processes. mTOR was first identified in the 1970’s, when rapamycin
was discovered in soil from Easter Island. The discovery led to the finding that
rapamycin suppresses the human immune system and regulates other fundamental
biological pathways [1-3].

As an immunosuppressant, rapamycin treatment

prevents tissue organ graft rejection.

Rapamycin is a specific and effective

inhibitor of mTOR through the binding of the FK506-binding protein (FKBP) 12
to form a drug-receptor complex that interacts with mTOR [1, 2, 4-10].
Rapamycin also inhibits cell cycle progression through its specific interaction
with FKBP12, which ultimately disrupts mTOR signaling [1, 9, 11, 12].
mTOR belongs to the phosphoinositide 3-kinase (PI3K)- related kinase
(PIKK) family, and is an evolutionarily conserved serine-threonine protein kinase.
As shown in Figure 1, mTOR contains a kinase domain within the c-terminal
region that bears homology to lipid kinases and plays a role in the regulation of
cell growth and proliferation [1, 9, 13, 14].
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Figure 1:

The domain structure of mTOR.

Positions of the known

functional domains of mTOR depicted include the C-terminal domain, the
adjacent FRB domain where rapamycin inhibits mTOR, the FAT domain,
and the N-terminal HEAT repeats.

mTOR is vital in receiving signaling from growth factors, nutrients, and
cellular energy status [1, 13, 14]. mTOR contains a C-terminal region that has a
robust homology to the PI3K catalytic domain but functions as a protein kinase
[1]. mTOR is potently inhibited by the FKBP-rapamycin complex in response to
the binding of the complex to the FRB (FKBP−rapamycin-binding) domain of
mTOR. At the N-terminus, mTOR contains a HEAT (Huntington, EF3, A subunit
of PP2A, TOR1) motif that is believed to be involved with multiple proteinprotein interactions [1, 15]. The interaction between the FAT (FRAP, ATM,
TRAP) and FATC (C-terminal FAT) domains has been proposed to be absolutely
necessary for mTOR activity by exposing the catalytic domain through the
interaction [28]. Due to mTOR’s physical size of 289 kDa, it is able to interact
with multiple upstream and downstream regulatory proteins, which regulate and
modify activity of the signaling pathway.
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mTOR exists in two distinct multi-protein complexes: mTORC1
(mammalian target of rapamycin complex 1) and mTORC2 (mammalian target of
rapamycin complex 2). mTORC1 contains mTOR, along with raptor (regulatory
associated protein of mTOR) and G L (G-protein -subunit-like protein). Raptor
is a 150k-Da protein containing a conserved N-terminal domain, three HEAT
domains, and seven WD40 motifs. Raptor is believed to have a role in several
activities of mTOR, such as the assembly of mTORC1, recruiting substrates to
mTORC1, and regulating mTORC1 activity.

The association of raptor and

mTOR is regulated by nutrients, such as amino acids and insulin, and other
signals that are involved in regulating the mTORC1 pathway. Raptor also serves
as an adaptor protein that recruits and binds to downstream effectors [16, 17].
G L interacts with the kinase domain of mTOR and has a positive role in the
activation via nutrients by stabilizing the mTOR-raptor complex. Two key
downstream effectors of mTORC1 are 4E-BP1 (eukaryotic translation initiation
factor-4E binding protein 1) and S6K1 (ribosomal S6 kinase 1) [16]. mTORC1
regulates protein synthesis via phosphorylation of 4E-BP1 and S6K1. Increased
4E-BP1 phosphorylation results in inactivation of 4E-BP1 and release of eIF4E
(eukaryotic translation initiation factor 4E) from the 4E-BP1-eIF4E complex,
thereby increasing mRNA translation. Phosphorylation and activation of S6K1 by
mTORC1 also increases mRNA translation.
mTORC2 consists of mTOR and G L, but doesn’t bind to raptor, instead
it binds to two other proteins which include rictor (rapamycin-independent
companion of mTOR) and mSin1 (also known as mitogen-activated protein
kinase associated protein1).

Rictor and mSin1 are both needed in order for

mTORC2 to phosphorylate Akt (protein kinase B) on its C-terminal hydrophobic
motif. This second mTOR complex is not as well understood, but is involved in
the PI3K-Akt pathway.
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mTOR and Nutrient Sensing Pathway

The role of the mTOR-signaling pathway has evolved to include not just
regulation of initiation of translation, but to more broadly regulate cell growth,
proliferation, and survival. All cells need a continual supply of nutrients in order
to provide the necessary energy needed for cell growth, proliferation, and repair.
mTORC1 signaling pathway monitors intracellular levels of nutrients, and amino
acid availability as well as cellular energy. This sensory input is integrated into a
coordinated response that controls cellular growth and proliferation [1]. One
component of the mTOR pathway is TSC (tuberous sclerosis complex). TSC is a
heterodimeric complex made up of two interacting proteins that function as a
negative regulator of cell growth [31, 32, 33]. TSC also receives signals from the
insulin-signaling pathway.

The downstream target of TSC is Rheb (ras-

homologue enriched in brain), which is a member of the Ras family of small
GTP-binding proteins. This protein functions as a direct upstream activator of
mTOR [33, 34].
There is abundant evidence that mTOR signaling regulates cell growth in
response to nutrients, such as amino acids, based on the similarities between
starving and rapamycin treated cells [35].

Published reports have shown that

mTOR is responsible for integrating the signals from both nutrients and growth
factors (i.e., insulin) that lead to cell growth [35,36]. Insulin and many other
growth factors activate mTOR through the PI3K pathway [36]. Activation of this
signaling cascade involves several of the upstream regulators of mTOR, such as
Akt.
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Downstream Targets of mTOR

Two direct downstream targets of mTORC1 are S6K1 (p70 ribosomal S6
Kinase) and 4E-BP1. These targets are regulators of the translation machinery
responsible for the ribosome recruitment to mRNA. As shown in Figure 2,
mTORC1 is able to induce activation of S6K1 and inhibit 4E-BP1 through
phosphorylation [1, 18]. mTORC1 phosphorylates these proteins in response to
amino acids and growth factors.

Figure 2: mTORC1 and signaling to downstream targets S6K1 and 4E-BP1.
Activation of mTOR leads to phosphorylation of S6K1 to initiate mRNA
translation. mTOR phosphorylation of 4E-BP1, results in the inhibition of
4E-BP1 and the release eIF4E initiating mRNA translation.

During growth factor and nutrient sufficiency, mTORC1 phosphorylates
S6K1 to up-regulate protein synthesis [61]. p70 S6K1 plays a central role in
control of cell growth through the increase of mRNA translation. [19,20]. In
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addition to nutrients and growth factors, such as insulin, S6K1 is also regulated in
response to cytokines, and plays a critical role in diabetes and cancer.

In

mammalian cells, the RPS6KB1 gene encodes the S6K proteins. Alternative
translation of the RPS6KB1 gene results in two S6K protein isoforms, p85 S6K1
and p70 S6K1 [63]. p70 S6K1 form is primarily localized to the cytoplasm, but
not exclusively, whereas p85 S6K1 is localized to the nuclear compartment, due
to 23 additional N-terminal amino acids [63]. mTORC1 regulates the localization
of p70, but not that of p85. mTORC1-dependent phosphorylation of p70 S6K1 at
Thr389 is essential for it’s nuclear localization, which is growth factor- and cell
cycle- dependent [62]. mTORC1 mediated phosphorylation of p70 S6K1 at Thr89
has been shown in in vitro and in vivo experiments to correlate with p70 S6K1
kinase activity toward ribosomal S6 [65]. A chemical compound, PF-4708671,
has been shown to specifically block p70 S6K1 kinase activity while inducing it’s
phosphorylation at Thr389 [65].

PF-4708671’s ability to separate p70S6K1

activity from Thr389 phosphorylation allowed investigators to demonstrate that
the proper nucleocytoplasmic localization of p70 S6K1 was dependent on mTORmediated phosphorylation and not kinase activity. Ribosomal S6 is dispersed
throughout the cytoplasm and is concentrated to the nucleoli within the nucleus
because the ribosomes are assembled in the nucleolus before exportation into the
cytoplasm.
Raptor also plays a role in activating S6K1 by mediating the interaction
between mTOR and S6K1 [64]. S6K1 has been shown to target multiple proteins
that are directly involved in the initiation complex of protein synthesis. S6K1
directly phosphorylates the 40S ribosomal protein S6 (rpS6) on all 5 C-terminal
phosphorylation sites [64]. Previously, it was thought that phosphorylation of
rpS6 was correlated with the enhanced translation of transcripts with a 5’-TOP
sequence (5’ terminal oligopyrimidine) that encode the components to the
translational machinery [21], however, analysis of rpS6P-/- mice showed that
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5’TOP mRNA translation occurred independently of rpS6 phosphorylation [64].
The link between S6K1, rpS6 phosphorylation and cell growth is an area of
continued interest. eIF4B is another physiologically relevant target of S6K1 that
explains the effect on translation and cell growth. eIF4B is phosphorylated on
serine 422 by S6K1 [64].

This signaling via mTORC1 can regulate cap-

dependent translation through controlling eIF4B through S6K1 [64]. eIF4B is
required for the recruitment of ribosomes to mRNA [22], and stimulates the
ATPase and RNA helicase activities of eIF4A in order to initiate translation.
S6K1 also exerts additional control over translation initiation by phosphorylating
a negative regulator eIF4A, PDCD4 and targeting it to a ubiquitin ligase [64].
eIF4E- binding proteins are encoded by three separate genes, 4E-BP1, 4EBP2, and 4E-BP3. These proteins regulate the interaction between eIF4E and
eIF4G, through the competition of binding to eIF4E by 4E-BP1 and eIF4G [23,
24, 25]. The hypophosphorylated form of 4E-BP1 binds with the highest affinity
to eIF4E, but hyperphosphorylation of 4E-BP1 prevents this interaction from
occurring. The most important phosphorylation sites that release 4E-BP1 are Thr
37, Thr 46, Ser 65, and Thr70. The activity of 4E-BP1 is regulated through
phosphorylation by mTOR, therefore, when mTOR activity is high, 4E-BP1 is
hyperphosphorylated allowing eIF4E to bind to eIF4G and initiate translation.
4E-BP1 has been proposed to control the rate of growth in tissues during
development [26, 27].
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Upstream Regulators of mTORC1: Insulin

Insulin is a primary growth factor that regulates and activates the
mTORC1 signaling pathway (Figure 3). At physiological concentrations, insulin
binds to the insulin receptor, resulting in subsequent phosphorylation and
activation of the insulin receptor and activation of insulin-receptor substrate 1
(IRS-1) [29, 30]. Activation of the PI3K signaling pathway results in PDK1 (3phosphoinositide-dependent kinase 1) phosphoryation and activation of AKT [37,
38, 39].

Figure 3: Insulin stimulates the Akt and downstream mTORC1 signaling
pathway. Insulin-dependent activation of AKT results in phosphorylation of
TSC2 and inhibition of the TSC1/TSC2 complex, leading to activation of
Rheb. Akt also phosphorylates PRAS40 to activate mTORC1.
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Akt is a critical mediator of the mTORC1 signaling pathway. Akt is
responsible for directly phosphorylating TSC2 therefore inhibiting the
TSC1/TSC2 complex.

Phosphorylation of TSC2 disrupts TSC1/TSC2

heterodimer formation and has been proposed to accelerate the degradation of
TSC1 and TSC2 [40, 41] leading to the activation of mTORC1. However, it is
unclear whether TSC2 phosphorylation by Akt is sufficient to fully activate
mTORC1. The catalytic domain of TSC2 is a GTPase-activating protein domain
(GAP). This GAP domain acts on Rheb that is regulated by insulin-dependent
PI3K signaling pathway [42]. The inhibition of TSC2 results in the increase of
GDP to GTP bound to Rheb leading to the activation of mTORC1 [40]. Rheb is
recognized as an essential intermediate in the insulin-mediated mTORC1
pathway.

Over-expression of Rheb (or amino acid sufficiency) can reverse

FKBP38 suppression of S6K1 and 4E-BP1phosphorylation [56].

FKBP38

interacts with Rheb-GTP and therefore decreases its interaction with mTORC1
allowing activation. FKBP38 is therefore observed as an inhibitor of mTORC1
and requires Rheb-GTP to relieve this inhibitory effect.
Akt also phosphorylates PRAS40 (proline-rich, AKT substrate), which is a
proline-rich AKT substrate that weighs about 40 kDa.

Non-phosphorylated

PRAS40 binds to mTORC1 and inhibits mTORC1 activity [56].

Following

PRAS40 phosphorylation, mTORC1 is activated and physically released from
PRAS40.

PRAS40 also binds to 14-3-3 proteins, which is dependent on

phosphorylation of PRAS40 on Thr 246 by Akt. The exact mechanism by which
PRAS40 inhibits and releases mTORC1 is still unclear.
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mTORC1 in Human Disease

The dysregulation of mTORC1 and the components of the mTORC1
signaling pathway is emerging as a contributor to many diverse human diseases.
It is consequently being investigated as a therapeutic drug target.

The

pharmacological inhibitor of mTORC1, rapamycin, is actively being used as an
immuno-suppressant to prevent the rejection of transplant organs, and is used to
block restenosis after angioplasty.

There are many water-soluble forms of

rapamycin, or rapamycin analogs, in the clinical stages of research that exhibit
potent activity against a large array of cancers, such as rhabdosarcoma,
neuroblastoma, glioblastoma, small cell lung cancer, renal cancer, osteosacroma,
pancreatic cancer, leukemias, B-cell lymphoma, and in breast and colon cancerderived cells [52]. A better understanding of the regulation of the up- and downstream components of the mTORC1 pathway plays in translation initiation will
contribute to the development of novel targets for cancer treatment. The critical
point will be to determine when it is necessary to use rapamycin as an anti-cancer
therapy, and when an alternative approach is required. It is possible that there is
benefit to developing therapies that use rapamycin therapy in combination with
other drug(s) that counter regulate a different branch of the mTOR pathway to
increase specificity and efficacy.
Tuberous sclerosis complex and lymphangioleiomyomatosis are two
diseases that are clearly associated with the dysregulation of the mTORC1
pathway. It is believed that both of these diseases are caused by a mutation in
TSC1 or TSC2 [9].

Peutz-Jeghers cancer-prone syndrome is caused by a

mutation in LKB1, which is a kinase that represses mTORC1 through the
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phosphorylation and activation of AMPK [50, 51].

Therefore, it has been

proposed that the inhibition of mTORC1 might be beneficial to patients with this
syndrome. Cardiac hypertrophy is a major risk for heart failure, which is a
consequence of increased size of cardiomyocytes. The interesting fact is that the
rate of protein synthesis is elevated significantly during cardiac hypertrophy.
There is an increase in activity of Akt that is effected mTORC1 and causes this
overgrowth of the heart, making mTORC1 a key player in cardiac growth [53,
54].
Given that dysregulation of the mTORC1 signaling cascade has been
proposed to lead to an array of human disorders, more cell/tissue specific and less
toxic therapeutic strategies are needed to impair mTORC1 in patients. Even
though rapamycin is already in use as an anti-cancer therapy, a more thorough
molecular understanding of this pathway is needed to help develop specific
targets for therapeutic treatments that would much more specific than rapamycin
and would only affect cancer cells.
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Chapter 2.
Hypothesis

The purpose of these studies was to investigate how nutrients and growth
factors help to activate or inhibit the mTOR pathway in order to regulate protein
synthesis. These experiments were conducted by examining the effects of
depriving and/or replenishing the rat liver of amino acids and/ or insulin on the
up- and down- stream regulators of the mTORC1 signaling pathway.

The

hypothesis being tested is that the combined actions of amino acids and insulin
are necessary to coordinately activate mTOR signaling to increase protein
synthesis. The results of these studies support this hypothesis through the read
out of protein synthesis and down stream targets of S6K1 and 4E-BP1. By
examining the coordinated action of amino acids and insulin, it was evaluated that
the upstream regulators of mTORC1 provide a precise pathway for which these
growth factors activate mTORC1. The results of these studies show that insulin is
acting through the Akt pathway and phosphorylation of PRAS40 and Rheb, while
amino acids are acting through a different, not completely understood pathway,
but both coordinating together at mTORC1.
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Chapter 3.
Methods

Animals

The animal facilities and experimental protocols used in the following
studies were reviewed and approved by the Institutional Animal Care and Use
Committee of The Pennsylvania State University College of Medicine. Male
Sprague-Dawley rats weighing about 100 to 130 g were obtained from Charles
River Laboratory for the in situ liver perfusion studies. They were maintained on
a 12 h light/ 12 h dark cycle with food (Harlan-Teklad Rodent Chow, Madison
Wi) and water ad libitum. Prior to performance of the experiments, the rats were
anesthetized with sodium pentobarbital at 6mg/100g of body weight.

In Situ Liver Perfusion

Livers were perfused in situ with medium that was non-circulating at a
rate of 7ml/min, as previously described [48, 49]. The medium used in the
perfusions consists of Krebs-Henseleit bicarbonate buffer at pH 7.4 which also
contained 5mM glucose, 33% washed bovine erythrocytes, 3% bovine serum
albumin, and amino acids at concentrations of 1x (fasting condition – 0.161mM)
or 4x (fed condition – 0.644mM). The red blood cells were prepared through a
series of washes in 0.9% sodium chloride then in the bicarbonate buffer. The
medium was then maintained at 37 C and gassed with 95% O2 and 5% CO2.
Under certain conditions, insulin with a final concentration of 10nM or saline was
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infused directly into the inflow line at a rate of 0.2ml/min. The total time for each
perfusion was 20 min. Following each perfusion, the liver was quickly excised
and frozen in a Wollenberger clamp and then placed in liquid nitrogen and stored
at -80 C until analyzed.
Fresh rat livers from liver perfusions were homogenized in 7 volumes of
eIF4E homogenizing buffer plus inhibitors (20mM HEPES, 2mM EGTA, 50mM
NaF, 100mM KCl, 0.2 mM EDTA, 50 mM

-glycerophosphate, 1mM

dithiothreitol, 1mM benzamidine, 0.5mM sodium vanadate, and 10 l/ml Sigma
protease inhibitor cocktail) using a Polytron homogenizer. All homogenates were
centrifuged at 1000 x g for 3 min at 4 C, then the supernatant was placed into
microfuge tubes for future use.

Western Blot Analysis

Western blot analysis of perfused rat liver samples was performed as
previously reported [66].

Fresh liver sample supernatant were taken after

centrifugation (200 l) and added to 200 l 2x SDS sample buffer, then boiled for
3 min at 100 C. Another 200 l of fresh liver sample supernatants were boiled for
10 min at 100 C, then centrifuged at 10,000 x g for 3 min at 4 C.

The

supernatants were removed (100 l) and added to 100 l of 2x SDS sample buffer,
then boiled for 3 min at 100 C for Western blot analysis of 4E-BP1. The samples
were then stored at -80 C until analysis or used immediately in Western blot
analysis. The electrophoretic mobility shifts of the proteins of interest were
analyzed by SDS-PAGE using several acrylamide concentrations (5%, 10%, 12%,
or 15%) dependent upon the molecular weights of each protein. The gels were
run at 200V for about 1-2hrs. After electrophoresis, the proteins were transferred
to a polyvinylidene difluoride membrane at 50V for 45min. The membrane was
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then blocked in 5% nonfat dry milk in Tris-buffered saline (pH 7.6) containing
0.1% tween (TBST) for 1 hr. Once the membrane was blocked, it was rinsed with
TBST 3 times for 5 min each, then the primary antibody was added followed by
overnight rocking at 4 C. The primary antibody concentrations used were as
suggested by the manufacturer. The following morning, the membrane was
washed 3 times with TBST for 5 min each, then the secondary antibody was
added for 1 hr rocking at room temperature. After the secondary incubation, the
membrane was washed again 3 times for 5 min each in TBST, then developed
using an ECL or ECL + Western blot kit as recommended by the manufacturer.
The chemiluminescence signal was visualized and quantitated using a GeneGnome HR Bioimaging system (Syngene). Membranes that were probed with a
phospho-specific antibody were then stripped and reprobed with an antibody that
recognizes the protein independent of the phosphorylation status.

TSC1/2 and mTOR Immunoprecipitations

Frozen liver sections were removed from the liquid nitrogen, pressed into
powder, and homogenized in 7 volumes of CHAPS homogenizing buffer (HB)
and inhibitors (40mM HEPES pH7.5, 120mM NaCl, 1mM EDTA Na2, 10mM
Na4P2O7 10H2O, 10mM

-glycerophosphate, 50mM NaF, 1.5M Na Vanadate,

0.30% CHAPS, 1mM Microcystin, 200mM Na Vanadate, 10mg/ml Leupeptin,
10 g/ml Aprotinin, 1mg/ml Pepstatin, 100mM PMSF, HB Sigma Protease
Inhibitor Cocktail). The samples were then centrifuged at 1000 x g for 3 minutes
at 4 C. The supernatant was removed and a detergent compatibile protein assay
was performed.

The appropriate amount of sample depending on the

immunoprecipitation (IP) (mTOR 700 g/ TSC2 500 g) was placed into a new
tube with the appropriate amount of primary antibody (1.4 l Cell Signaling
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mTOR/ 5.8ul Santa Cruz TSC2) and was incubated with rocking overnight at
4 C. The next day, prepare the bead solution wash prepared by measuring out
1ml Biomag anti-rabbit beads per IP and washing 2 times with CHAP HB without
inhibitors. The beads were resuspended in half the volume of CHAP HB with 1%
milk. The bead solution (500 l) was added to the sample and the suspension was
placed back on the rocker at 4 C for 1 hour. Samples were then removed from
the rocker and washed 2 times with CHAPs HB, washed 1 time with Buffer 2
(50mM HEPES pH 7.5 and 150mM NaCl), and the sample was eluted in 1x SDS
sample buffer. The samples were then boiled for 5 minutes and analyzed by
western blot analysis.
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Chapter 4.
Results

In these studies, the role of amino acids and insulin on the mTORC1
pathway was investigated using a rat liver perfusion model, amino acids at
concentrations of 1x (which is equivalent to a fasting state), and 4x (a fed state)
with or without 1nM or 10nM insulin. As shown in Figure 4, in the presence of
1X Amino Acids (1XAA) treatment, insulin was unable to stimulate protein
synthesis, and resulted in the activation of the mTORC1 pathway. With the
addition of amino acids (4XAA), there was a significant stimulation of protein
synthesis. Protein synthesis was stimulated fully when both amino acids and
insulin were present in the medium (Fig. 4).

Figure 4: Protein synthesis in perfused rat liver requires both stimulation
from amino acids and insulin. Insulin treatment alone was insufficient to
stimulate protein synthesis, however combined treatment with both insulin
and amino acids increased protein synthesis almost 2 fold. (* = < 0.05, ** =
<0.01, *** = <0.001)
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As shown in Figure 5, we examined the effects of 1XAA and 4XAAs as
well as 1nM and 10nM insulin (as described for Figure 4) on the downstream
targets of mTORC1, S6K1 and 4E-BP1. Phosphorylation of S6K1 at multiple
sites was activated by mTORC1. In Figure 5a, amino acids alone were able to
significantly activate S6K1; however, insulin alone was not. Amino acids and
insulin were required to fully hyperphosphorylate and activate S6K1 further than
amino acids alone. One specific phosphorylation site on S6K1 that is known to be
phosphorylated by mTORC1 is Thr389. This phosphorylation site on S6K1
follows the same pattern as the hyperphosphorylation, except that the addition of
amino acids without insulin gave an insignificant result (Fig. 5b). 4E-BP1 is also
phosphorylated by mTORC1. When 4E-BP1 is hyperphosphorylated, it releases
eIF4E, allowing it to bind to eIF4G in order to stimulate protein synthesis. In the
absence of amino acids, 4E-BP1 has a high affinity for eIF4E, but in the presence
of both amino acids and insulin, 4E-BP1 releases eIF4E, allowing it to bind to
eIF4G (Fig. 5c). Amino acids alone were not enough to intervene in the binding
ability of 4E-BP1 and eIF4E. eIF4G was also phosphorylated by the mTORC1
pathway. A specific site of phosphorylation by the mTORC1 pathway is Serine
1108. Not surprisingly, eIF4G phosphorylation exhibits the same results as the
binding of 4E-BP1 to eIF4E in response to amino acids and insulin (Fig. 5d). An
interesting protein that is involved in the initiation of translation, but not believed
to be involved in the mTORC1 pathway, is eIF2 (eukaryotic translation initiation
factor 2). eIF2 is an essential component of the ternary complex. eIF2 is
complexed with GTP which is hydrolyzed to GDP during translation initiation.
eIF2 consists of three subunits ( , , and ). The phosphorylation of eIF2

on

serine 52 prevents the GTP-exchange reaction by inhibiting the dissociation of
eIF2 from eIF2B, which results in protein synthesis inhibition. [55] eIF2
phosphorylation on serine 52 was increased with the addition of insulin at 1XAA,
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but when amino acids and insulin were both present, the increase in
phosphorylation was no longer significant (Fig 5e). This is interesting because it
shows that the regulation of protein synthesis is signaling through a pathway that
ties in a key protein that is believed not to be involved in the mTORC1 pathway.

a.

b.

c.

d.

e.
Figure 5: The effects of insulin and amino acids on the downstream targets
of the mTOR pathway and the key regulators of translation initiation.

A)

S6K1 hyper-phosphorylation was evaluated by measuring the proportion of
the protein in the

, , and

forms that was normalized to the amount

present in all four forms including

. Changes in S6K1 hyper-

phosphorylation mirror the effects of protein synthesis following stimulation
with amino acids and insulin.

B) S6K1 phosphorylation on Thr389
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presenting

the

same

effects

as

S6K1

hyper-phosphorylation.

C)

Disassociation of the complex of 4E-BP1 to eIF4E in response to amino acids
and insulin. D) eIF4G phosphorylation of Serine 1108 required combined
amino acids and insulin stimulation. E) eIF2

phosphorylation required the

presence of insulin for stimulation. (* = < 0.05, ** = <0.01, *** = <0.001)

The downstream targets of mTORC1 all require both amino acids and
insulin to be phosphorylated to stimulate protein synthesis. The insulin pathway
involves the Akt pathway. The Akt pathway was assessed to determine the
possibility that amino acids were able to activate mTOR through the same
pathway. Akt phosphorylation at the serine 473 site is essential for Akt activation.
When serine 473 was examined, Akt activation occurred when insulin was present
in perfusate containing either 1XAA or 4XAA (Fig. 6a). Amino acids were not
necessary for the phosphorylation of Akt. Akt is able to affect the phosphorylation
of TSC2, inhibiting the TSC1/TSC2 complex. The phosphorylation of TSC2
disrupts TSC1/TSC2 complex. These surprising results showed that there was no
significance in the TSC2/TSC1 binding in the presence or absence of insulin or
amino acids, except a slight increase in binding at the addition of only amino
acids (Fig. 6b). PRAS 40 threonine 246 is believed to be phosphorylated by Akt.
In the presence of 1XAA, insulin caused an increase in phosphorylation, but at
4XAA, insulin had no significant effect (Fig. 6c). This may be because when
mTORC1 is activated, PRAS40 is no longer bound, or that the presence of amino
acids blocks the phosphorylation site of PRAS 40. Another inhibitory protein of
mTOR is FKBP38. The increased amount of FKBP 38 is inhibitory of mTOR as
well as the binding of this protein to mTOR or Rheb. In the presence of amino
acids and insulin, there was no change in the abundance of FKBP38 (Fig. 6d). A
repressor REDD1 (regulated in development and DNA damage response) of
mTORC1 is known to be rapidly upregulated in response to glucocorticoids [57].
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The increased expression promotes an active TSC1/TSC2 complex, which leads
to a decrease in mTORC1 signaling. ATF4 (activating transcription factor 4) is
responsible for the induced expression of REDD1. However, in response to
insulin and amino acids, ATF4 had an upward trend of expression, but it was not
significant (Fig. 6e). REDD1 response to the addition of amino acids and insulin
was not significant and fluctuated between the different conditions (Fig. 6f). This
results in the belief that REDD1 expression does not directly influence mTORC1
signaling in the presence or absence of amino acids nor insulin, at least during the
20min perfusion. Therefore, insulin is working through the Akt pathway to
activate mTORC1, but the pathway in which amino acids are stimulating is still
not understood.

a.

b.

c.

d.

e.

f.
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Figure 6: The effects of insulin and amino acids on the key regulators of
mTORC1. A) Akt phosphorylation increased in response insulin treatment,
but not to amino acid treatment. B) TSC1/TSC2 complex was only increased
in the presence of amino acids, and had no significant response to insulin. C)
Insulin increased PRAS 40 phosphorylation, while amino acids prevented
PRAS 40 phosphorylation. D-F) The expression of the inhibitory proteins of
mTORC1 (REDD1, FKBP 38, ATF 4) were unchanged in the presence of
amino acids and insulin. (* = < 0.05, ** = <0.01, *** = <0.001).

Although amino acids do not seem to be affecting any of the known
upstream targets of mTOR, they may be directly interacting with mTORC1 itself.
mTOR is able to not only bind to other proteins, but also be phosphorylated. A
well-known phosphorylation site, Serine 2448, has been proposed to be directly
phosphorylated by Akt; however, it has also been shown that this site is able to be
phosphorylated by S6K1. [58] In response to amino acids alone, there was no
increased phosphorylation on serine 2448 of mTOR; however, when amino acids
and insulin were both introduced, there was a significant increase in
phosphorylation (Fig. 7a). This is not conclusive evidence in determining if
upstream proteins are the cause of this increased phosphorylation or if S6K1 is
causing a feedback loop to mTORC1. As mentioned above, raptor is a key protein
in complex 1 of mTOR, which is the complex that is the most important in the
regulation of protein synthesis. The stimulation of mTOR may result in a change
in the conformation of mTOR complex 1. In the presence of both amino acids and
insulin, there is a conformational change in the mTOR-raptor association. The
association between raptor and mTOR decreased in the presence of both amino
acids and insulin, but not significantly with amino acids or insulin alone (Fig. 7b).
The association of PRAS 40 and mTOR did not have any significant changes in
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the presence or absence of amino acids or insulin (Fig. 7c). With these results, the
understanding of the pathway in which amino acids activate mTOR is still not
well understood. However, it has been established that amino acids act through a
pathway independent of insulin when they activate mTORC1.

a.

b.

c.
Figure 7: Phosphorylation of mTOR and modification of the mTOR
Complex 1 in response to amino acids and insulin. A) mTOR serine 2448
phosphorylation increased significantly in the combined both amino acids
and insulin treatment. B) Raptor disassociated from mTOR in the presence
of amino acids and insulin, however Raptor was associated when either
amino acids or insulin were absent. C) PRAS 40 and mTOR association did
not appear to be affected by the presence or absence of amino acids or
insulin. (* = < 0.05, ** = <0.01, *** = <0.001)
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Chapter 5.
Conclusions

The presence of amino acids and insulin are both necessary for optimal
stimulation of protein synthesis. The downstream targets of mTORC1 also
experience the same necessity for both amino acids and insulin for a robust
activation. Insulin and amino acids have been believed to activate parallel
pathways to control mTORC1, but the exact proteins that are involved in amino
acid signaling are not well defined. Insulin uses the Akt pathway to PRAS40 and
TSC1/TSC2, but amino acids seem to have a slight role in the TSC1/TSC2
complex formation; however, the amount of change was not significant enough to
determine their actual role. It is obvious that amino acids and insulin interact in
the activation of mTOR at mTORC1 due to the phosphorylation of mTOR and the
change in raptor binding to mTOR. The important question is still how amino
acids activate mTORC1 and what other proteins are involved in this activation.
Previous studies have suggested that Vps34 (vascular protein sorting 34) had a
role in activating mTORC1 by amino acids. [59] However, initial studies
performed in the liver perfusion model were not very promising revealing
changes in the binding of Vps34 to mTOR (Fig 8). Even though there was a trend
toward increased binding of Vps34 to mTORC1 in the presence of both amino
acids and insulin, it was not significant enough to conclude whether Vps34 is
stimulated within the mTORC1 pathway.
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Figure 8: Vps34 binding to mTOR in response to amino acids and insulin.
The trend of increased binding of Vps34 to mTOR in response to both amino
acids and insulin was not significant, therefore it cannot be concluded where
Vps34 functions within the mTOR pathway.

Within the past two years, another protein complex has been identified as
a possible target of amino acids to activate mTORC1. Rag A-D are the Rag
subfamily of GTPases, believed to regulate the amino acid signaling to mTORC1.
[60] Human Rags A and B are very similar to one another, differing at the
aminoterminal extension in Rag B, but are otherwise 98% identical. Rag C and D
are similar to one another and differ at the amino-terminus, as well as at the
carboxy-terminus, but are otherwise 77% identical. [60] RagA/B is GTP charged
in its most active form, whereas Rag C/D is GDP charged. The Rag proteins are
shown to bind as heterodimers of RagA/B to RagC/D only. The mechanism in
which Rag proteins mediate amino acid signaling to mTORC1 is through an
amino acid induced increase in the GTP charging on RagA/B. The GTP charged
RagA/B causes a subsequent movement from the cytoplasm to the membrane and
binding to the mTOR complex 1 that contains the activator Rheb. [60] Recently,
RagC was shown to bind to mTORC1 significantly more in the presence of amino
acids in the rat liver perfusion model [67]. This was the first evidence that RagC
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is bound to endogenous mTOR in response to the addition of amino acids and
insulin [67]. These studies are also the first to identify an interaction between
RagC and mTOR in an intact organ [67]. It is important to determine if this
mechanism, in which it is believed that other Rag proteins interact with mTOR in
response to amino acids, is the same in the liver perfusion model. Therefore,
further studies will be performed examining the effects of amino acids and insulin
on the binding between mTOR and Rag proteins. It is also important to determine
if the Rag proteins specifically interact with mTOR at the raptor-binding site due
to the specific binding to mTOR complex 1.
Other further studies should include investigating cell culture models that
mimic the regulation of amino acids and insulin on protein synthesis and mTOR
to further examine the mechanism in which they are regulated. Hek293 and
HepG2 cell cultures have already been examined and respond to the same
mechanism of insulin, but not amino acids. Therefore, other cell lines that
preliminary results have shown may be good candidates are L6 cells and Rat2
fibroblast, as they both have the increased phosphorylation of S6K1 and 4E-BP1
in response to both amino acids and insulin.
Overall, the results in this study support a model in which insulin works
through the Akt pathway that is parallel to a pathway that is activated by amino
acids. It also supports the conclusion that amino acids and insulin converge is at
the mTOR complex 1 and are responsible for activating mTORC1 through
phosphorylation and complex conformational changes. The model in Figure 9
shows the key players that are believed to be involved in this regulation of protein
synthesis. The conformational change to mTOR by the decreased binding of
raptor by both amino acids and insulin brings us one step closer to understanding
the regulation of mTOR. Further studies will be required to elucidate the exact
mechanism in which all these regulatory proteins respond to amino acids and
insulin in the regulation of mTOR complex 1.

26

Figure 9: Proposed mechanism for the effect of amino acids and insulin on
the regulation of mTOR and protein synthesis.
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Chapter 6.
Future Directions

For a living organism to survive and function normally, cells must grow
and divide. A few exceptions exist, but most cells maintain their cell size within a
narrow range, with growth and division being coupled. [43] Cellular growth
requires the synthesis of proteins, which in turn requires ribosomes. Therefore,
cellular growth involves the control of ribosomal synthesis. The deregulation of
cellular growth can lead to various diseases such as cancer, obesity, diabetes,
neurological disorders, and cardiovascular disease. In order to design suitable
therapeutic interventions to treat diseases associated with the dysregulation of
cellular growth, the mechanisms that regulate the transcription of rDNA
(ribosomal deoxyribonucleic acid) must be thoroughly understood. Significant
advancements have been made with regard to elucidating the pathways in the
regulation of protein synthesis and their role in cellular growth.
Protein synthesis is an essential process in a living cell. The protein
synthetic capacity relies heavily on a number of processes such as mRNA
availability, efficiency of translation, the availability of translation factors or the
number of ribosomes. [44] There is an abundance of evidence indicating that the
protein synthetic capacity is mainly regulated by the steady state number of
ribosomes. The balance between ribosome synthesis and degradation dictates
ribosomal numbers. [44] Ribosomal biogenesis is an intricate process involving
the coordinated synthesis of 4 ribosomal RNAs, about 85 ribosomal proteins, and
the subsequent processing and assembly of the ribosomal RNAs into mature
ribosomes. Ribosomal DNA transcription accounts for about 40-60% of all
cellular and 80% of the steady-state cellular RNA content. [44]
It has been shown that ribosomal DNA transcription is regulated by
different stages of the cell cycle or development, nutrient availability, and
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alterations in the environment or hormonal conditions. In yeast, ribosome
synthesis requires several elements to work in conjunction with one another. This
includes an active TORC1 pathway, an active PKA (protein kinase A) pathway,
and sufficient amino acids. There are also several factors that can repress
ribosomal synthesis, such as an inactive TORC1 pathway, reduction of PKA
activity, signaling via PKC (protein kinase C), deprivation of an amino acid, and
stress such as heat and hypoxia. [43] There is also supporting data that cells are
able to utilize various mechanisms to coordinate the rate of ribosomal DNA
transcription to meet the changes in protein synthesis. The regulation of ribosome
biogenesis occurs primarily at the transcriptional level and involves all three
nuclear RNA polymerases. RNA polymerase I is responsible for the synthesis of
pre-rRNA 45S, which matures into 28S, 18S, and 5.8S rRNAs, which will
ultimately form the major RNA section of the ribosome. RNA polymerase II is
responsible for the synthesis of mRNA precursors and most snRNAs and
microRNAs. Finally, RNA polymerase III is responsible for the synthesis of
tRNAs, 5S rRNA, and other small RNAs found in the nucleus and cytosol. In
yeast, RNA polymerase I activity plays a central role in ribosome synthesis, and
RNA polymerase I transcription integrates the coordinated regulation of RNA
polymerase II and III. [45]
The coordination between cellular division and growth is a requisite for
cell proliferation and a link between nuclear proteins and the machinery that
regulates the cell cycle. In the early stage of G1, rDNA transcription is low even
though SL-1/TIF-1B activity is fully recovered. The main player for the activation
of RNA polymerase I transcription is UBF. UBF must be phosphorylated at two
sites by G1-specific protein kinases. It is found that specific cdk/cyclin complexes
modulate the activity of SL-1/TIF-1B and UBF in a cell-cycle dependent manner,
thereby linking the control of cell cycle progression to regulate RNA polymerase I
transcription. [46]
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The growth of an organ or whole organism is mediated primarily by
increasing both the cell size and cell number through the coordinated action of
cell growth and cell cycle progression. Cell growth refers to the increase in cell
size and mass, which must occur as the cell progresses through the cell cycle in
order to prepare for the division, and is accomplished through the coordination of
several checkpoints. mTORC1 is considered to be a central coordinator of cell
growth and cell cycle progression. It is believed that in addition to driving cell
growth, mTORC1 may also directly influence the cell cycle machinery. [47]
Under inappropriate conditions for growth, mTORC1 may actually restrict the
rate of cell cycle progression, along with cell division and proliferation rates.
When the conditions are optimal, the cell cycle is most likely going to accelerate
the G1 phase progression. mTORC1 may not only influence the cell cycle, but
also regulate it through cellular growth via the regulation of translation and
regulation of rDNA transcription.
Future studies involve validating that mTORC1 exhibits an effect on
ribosomal biogenesis and nucleus-cytoplasm shuttling. The most important future
study is identifying the mechanism by which mTORC1 regulates rDNA
transcription, such as through direct phosphorylation of the transcription initiation
complex or through indirect activation via downstream targets, such as p85S6K
and p70S6K. Along with these studies, it is important to identify other
downstream targets of mTOR within the nucleus and identification of other
proteins that may associate with mTORC1 inside the nucleus. Once the
understanding of how mTORC1 regulates RNA polymerase I is elucidated, the
next step is to study how and if mTORC1 is able to regulate RNA polymerase II
in the same fashion or if there is a distinct mechanism.
Another direction is to determine what other pathways are able to
influence the regulation of ribosomal synthesis. In addition to the mTORC1
pathway, mTORC1 may have a role in the assembly and modification of
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ribosomes, which involve other downstream targets of mTORC1, which help
regulate the translation of the ribosomal proteins. A final necessary future
direction is to study the nutrients, such as amino acids and insulin that are
essential for the shuttling of mTORC1 from the cytoplasm to the nucleus.
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