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Abstract

mTOR is a serine/threonine kinase that binds with multiple proteins to form two complexes,
mTORC1 and mTORC2. mTORCI1 receives upstream signals including amino acids, growth
factors, energy and oxygen levels to regulate cell growth and metabolism. mTORC?2 is regulated

by insulin/IGF-1 signaling to modulate cell survival and proliferation.

mTOR is well known to play a critical role in aging. A reduction in mTORCI activity extends
lifespan in multiple species, including yeast, worms, flies and mice. Growth hormone receptor
knockout (GHRKO) mice and Snell dwarf mice are two long-lived mouse models with lower
body weight and significantly extended lifespan. Tissues of these mice have lower mTORC1
activity, but the mechanisms are not clear. Here, two ideas were tested about the regulation of
mTOR in GHRKO and Snell mice, one involving alteration in the components of the mTOR

complexes, and the other focused on the upstream regulation of mTORCI1 function.

GHRKO and Snell dwarf liver, kidney and skeletal muscle were used to study the protein
expression of mMTORC components. Only two proteins, DEPTOR and PRAS40 which inhibit
mTOR activity, were reduced in the liver, opposite in the direction expected to cause lower
mTORCI function. In addition, DEPTOR or PRAS40 knockdown in GHRKO fibroblasts did not
alter mTORC substrate phosphorylation, indicating that the deficit in mMTORCI activity in
GHRKO or Snell dwarf mice is not likely to reflect differences in levels of DEPTOR or

PRASA40.
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TSC is a master regulator of mMTORCI1 activity that integrates upstream signals from growth
factors, energy and oxygen levels. TSC components TSC1 and TSC2 were tested in GHRKO and
Snell dwarf liver, kidney and muscle. The results showed increased TSC1 and TSC2 protein
expression in all tissues tested. Relative phosphorylation of TSC2 at Ser 939 and Thr 1462,
which inhibits activity of TSC2, were decreased in these tissues as well, suggesting increased
TSC inhibition of mMTORCI1. TSC2 knockdown in GHRKO fibroblasts augmented the
phosphorylation of mTORCI1 substrates, consistent with the model in which mTORCI1 activity

was regulated by TSC.

In summary, the results showed that the lower mTORCI1 activity in GHRKO and Snell dwarf
mice is not regulated by the levels of mMTORC components. Instead, the increased amounts of
unphosphorylated, active, inhibitory TSC might contribute to lower mTORCI1 function in these
long-lived mice. This study highlights the potential role of TSC in regulating mTORC1 activity
in long-lived mutant mice. Future studies on enhancing TSC function by overexpressing TSC2 or
using TSC2 activating molecules may generate additional mouse models that can be used as
comparisons with GHRKO and Snell dwarf mice, which would provide more evidence about the

role of mTOR in regulating the pace of aging.
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Chapter 1 Introduction
1.1 Aging

Aging is a gradual process featuring accumulated physiological damage and functional decline,
eventually leading to death. Understanding the aging mechanisms and slowing the aging process
are among the most interesting topics in biological research. There are two main categories of
aging theories, programmed and error theories. Programmed aging is controlled by genetics that
determines the progress of aging. Error theories involves the accumulated cellular and molecular
damage in the organism !. There have been a variety of approaches developed to extend lifespan,
such as caloric restriction, inhibiting the growth hormone or the insulin/IGF-1 signaling pathway,
diminishing mTOR activity, combating cellular senescence, targeting mitochondria and

oxidative stress 2.

The first genetic model of extended longevity was established in C. elegans in 1988 3. A single
gene mutation in age-/, which encodes a subunit of the phosphoinositide 3-kinase (PI3K)
complex, could significantly increase the worm lifespan without affecting their food intake,
movement or behavior. Later in 1993, Kenyon et al. found that worms with daf-2 gene mutations
had doubled lifespan. However, this effect was eliminated when daf-16 was also mutated,
suggesting that daf-2 extends lifespan through the downstream gene daf-16 . daf-2 is the C.
elegans homolog of the insulin-like growth factor 1 receptor (IGF-1R) and daf-16 corresponds to

FOXO in mammals. Both are critical players from the insulin/IGF-1 signaling pathway.



1.1.1 The insulin/IGF-1 signaling pathway

In mammals, insulin is secreted from B-cells in the pancreas in response to glucose °. Insulin
circulates to tissues across the body and binds with insulin receptor (IR) present in most cells ¢7.
Insulin-like growth factor 1 (IGF-1) is primarily secreted by hepatocytes in the liver under the
stimulation of growth hormone 8. Circulating IGF-1 is transported by IGF-binding proteins
(IGFBPs) and binds with IGF-1 receptor expressed in many tissues and cell types °. Due to the
highly homologous structure of IR and IGF-1R, they can form heterodimers that bind at high
affinity with IGF-1 but not insulin !°. The binding of insulin or IGF-1 with their receptors
triggers the autophosphorylation of the receptors at tyrosine residues to be activated, which then
bind and phosphorylate IRS (insulin receptor substrate). Phosphorylated IRS binds PI3K, and the
phospholipid product phosphatidylinositol (3,4,5)-trisphosphate (PIP3) generated by PI3K can
then recruit AKT and PDK1 to the plasma membrane causing AKT to be phosphorylated and

activated by PDK1 !,

Later studies of this pathway in other species found similar lifespan extension effects. For
example, insulin-like receptor mutant flies lived 85 % longer in females and had lower mortality
in old males '2. In mice, insulin receptor knockout led to neonatal death 34, However, fat-
specific insulin receptor knockout (FIRKO) mice were viable and showed 18% increased
lifespan '°. Mice with heterozygous IGF-1 receptor knockout (IGF1R"") had 30 % lifespan
extension in females, whereas the effect in males was not significant !°. IRS has two isoforms,
IRS-1 and IRS-2, and both function as adaptors between IR/IGF-1R and PI3K. IRS-1 knockout

in mice resulted in 32% lifespan extension in females and 16% in males '”!®. These mice in old
P



age also showed better rotarod performance and delayed age-associated immune system
biomarkers. Interestingly, IRS-2 knockout (IRS27") mice were short-lived but IRS-2
heterozygous mice (IRS2*") had lifespan extended for 17% '”'°. Findings from these studies

support the idea that disruption of the insulin/IGF-1 signaling pathway would benefit longevity.

1.1.2 The growth hormone signaling pathway

Growth hormone (GH) is secreted from somatotroph cells in the anterior pituitary gland under
the stimulation of growth hormone releasing hormone (GHRH) from the hypothalamus. Growth
hormone release is inhibited by another hypothalamic hormone, somatostatin. Growth hormone
circulates to multiple tissues such as liver, kidney, muscle and heart, to bind with growth
hormone receptor (GHR) ?°. GHR binds and activates Janus kinase 2 (JAK2) which then
phosphorylates a group of signal transducer and activator of transcription (STAT) proteins
including STAT1, STAT3 and STATS. These STAT proteins enter the nucleus and bind to DNA
to activate the transcription of IGF-1 and other target genes involved in cell proliferation and

survival 2!,

Several mouse models with defects in growth hormone signaling are long-lived, such as Ames
dwarf mice, Snell dwarf mice, Little (GHRHR-deficient) mice, growth hormone releasing
hormone knockout mice (GHRH-KO) and growth hormone receptor knockout (GHRKO) mice.
Ames dwarf mice carry a missense mutation in the gene PROP paired-like homeobox 1 (Propl),
which is a transcription factor in pituitary gland. This mutation causes abnormal pituitary
development lacking three cell types, somatotrophs, lactotrophs, and thyrotrophs, and leads to

reduced production of growth hormone, prolactin and thyroid stimulating hormone (TSH) 2.



Ames dwarf mice have significantly reduced body size but their lifespan is dramatically
increased, with 68% longer lifespan in females and 49% in males 23, Little mice are also small in
size 2, carrying a missense mutation in GHRH receptor which cannot bind GHRH, leading to
significantly reduced growth hormone production 2>, A longevity study showed 23% lifespan
extension in males and 25% in females 2. GHRH knockout mice resemble Little mice. GHRH-
KO mice have about two thirds the body weight of controls and 51% and 43% extended lifespan
in males and females, respectively 8. Snell dwarf mice and GHRKO mice are also long-lived,
and details are introduced below. In brief, these mice with disrupted growth hormone signals

provide valuable models for studying slow-aging mechanisms.

1.1.3 Mouse models with defective GH/IGF-1 signaling

1.1.3.1 Snell dwarf mice

Snell dwarf mice are a strain of house mouse first described by George D. Snell in 1929 . He
found that homozygous Snell mice were about one-fourth the size of their wildtype siblings but
were still healthy. These dwarf mice were sterile, and crossing the heterozygotes generated a
mendelian ratio, indicating a recessive phenotype. Early studies found these mice had reduced
production of thyroid stimulating hormone, growth hormone and prolactin 332, These
phenotypes resulted from a loss-of-function mutation in pituitary transcription factor 1 (Pitl),
which, similar to the Propl mutation, leads to defective pituitary glands lacking somatotrophs,
lactotrophs, and thyrotrophs 3334, Pitl binds to the promotor regions of these hormone genes and
activates their transcription *°. The significant decline of growth hormone secretion also results

in reduced downstream IGF-1 production by the liver.



In 2001, these mice were shown to live over 40% longer than littermate controls with
approximately equal increases in both sexes. They also showed delayed age-associated effects on
immune system markers and collagen crossing-linking 2’. Fibroblasts isolated from the tail tips
of these mice were resistant to multiple stresses, including H>O», UV light, heat, paraquat, and
cadmium %, After UV-induced damage, Snell fibroblasts showed higher levels of DNA-repair
enzymes and faster recovery of mRNA synthesis than control cells 37. mRNA levels of multiple
heat shock proteins (HSPs) were tested in tissues of the Snell dwarf mice and they presented
complicated effects in different tissues, with some decreased in certain tissues and some
increased in other tissues **. A more comprehensive analysis of the protein levels of these HSPs

would help to reveal the mechanism of heat shock stress resistance in these fibroblasts.

1.1.3.2 GHRKO mice

A mouse model with direct disruption of growth hormone signaling was established in 1997 3.
These mice had a whole-body knockout of growth hormone receptor by deleting exon 4 region
of the gene. They had only 10% IGF-1 but several folds of growth hormone in the serum, and
they showed significantly retarded growth, ending up with a body size less than half of the
controls. Unlike Snell dwarf mice, these GHRKO mice were fertile. However, they had
compromised reproductive function with reduced litter size and lower body weight of the
offspring *. Moreover, they exhibited insulin sensitivity with lower insulin and glucose
concentrations in the blood #!. The lifespan study of these mice were done in 2000, and
dramatically, GHRKO male mice lived 55% longer and GHRKO females lived 38% longer than

wildtype controls 4,



1.1.3.3 Liver-specific GHRKO mice

To understand further the hormone signaling that leads to the extended lifespan, tissue-specific
growth hormone receptor knockout mice were developed. When GHR was only deleted in the
liver (LKO), the mice had three times higher levels of growth hormone and 10% of IGF-1 in the
serum 4. IGF-1 mRNA levels were very low in liver tissue but were higher in other tissues such
as skeletal muscle and brown adipose tissues due to the increased circulating growth hormone
levels. Adult mice showed reduced body weight and fat mass. More importantly, these mice had
no extended lifespan compared with controls, suggesting that GHR deficiency only in the liver is

not enough to benefit longevity despite depression of circulating IGF-1 levels 4.

1.1.3.4 Muscle-specific GHRKO mice

Muscle-specific GHRKO (MKO) mice were also developed to study whether deficient growth
hormone signaling in muscle reproduces the longevity phenotypes of whole body GHR knockout
mice *°. Serum GH and IGF-1 levels were not different between MKO and wildtype mice. Male
MKO mice showed enhanced glucose tolerance with lower glucose and insulin levels in the
blood. However, these effects were not observed in the females. Interestingly, body weight, fat
and lean mass were lower in males but higher in females. Furthermore, the lifespan study
showed that male MKO mice had slightly extended lifespan (9% median lifespan extension, p-
value 0.024; 6% maximum lifespan extension, p-value 0.03) at one testing site but not the other,
and female mice had no lifespan extension at either site. These findings suggest that growth
hormone signaling interruption in muscle have some health beneficial effects in a sex-specific

way, but more studies still need to be done to evaluate effects on other age-sensitive traits.



Multiple other tissue-specific GHRKO mouse models have also been generated such as GHR
deletion in adipose tissue, bone, brain, or cardiac myocytes #. These mouse models exhibit
diverse phenotypes and provide insights into the GH signaling regulation in individual tissues.
However, the fundamental question about the lifespan extension mechanism of whole-body

GHRKO mice still awaits to be answered with more integrated and thorough studies.

1.1.3.5 PAPPA-KO mice

When IGF-1 circulates throughout the body, it is usually bound by IGF binding proteins. Binding
with one of the six types of IGFBPs prolongs the half-life of IGF-1 and prevents its interaction
with the insulin receptor which has a similar structure with IGF-1 receptor #’. There are proteases
that cleave IGF-1 from IGFBPs, releasing IGF-1 to bind with IGF-1R at the cell membrane to
activate downstream intracellular signaling. One of these proteases, pregnancy-associated plasma
protein A (PAPPA), cleaves IGFBP4, releasing IGF-1, suggesting that deletion of PAPPA would
cause inhibited IGF-1 signaling 8. PAPPA knockout mice were viable and had 40% lower body
weight 4°. There was no alteration of glucose, insulin, GH or IGF-1 levels in the serum, but the
mice had lower rates of tumors. A lifespan study showed a 33% increase of male lifespan and a
41% increase of female lifespan °. PAPPA-KO mice fed with a high fat diet started at 12 months
of age still had about 27% increase of their lifespan compared with littermates despite similar
weight gains °!. These PAPPA mutants had lower inflammation and degeneration in multiple

tissues including kidney, heart and testes, suggesting extended health span as well.

1.1.4 Common mechanisms of these mouse models



Multiple signaling pathways have been studied to search for common longevity mechanisms of
these mouse models. In response to amino acid withdrawal, skin-derived fibroblasts from Snell
dwarf and GHRKO mice showed increased levels of autophagy markers, indicating subtle
regulation of autophagy in these two long-lived mouse models *2. Lysosomes isolated from the
liver tissue of these mice had higher uptake of the substrates of a specific type of autophagy,
chaperone-mediated autophagy (CMA), suggesting higher CMA activity in these mice.
Meanwhile, lysosomes from LKO mice did not show similar CMA substrate uptake, indicating

that GH deficiency only in the liver is not enough to regulate hepatic CMA activity 3.

Examination of adipose tissue from Snell and GHRKO mice found increased expression of
uncoupling protein 1 (UCP1), a mitochondrial protein that decouples the proton gradient in
oxidative phosphorylation to generate heat. Interestingly, similar effects were not observed in
liver-specific or fat-specific GHRKO mice, but were present in muscle-specific GHRKO mice,

revealing regulation of adipose tissue by signals from muscle >,

In addition, Snell dwarf, GHRKO and PAPPA-KO mice had elevated levels of
methyltransferases METTL3 and METTL14, enzymes that add N®-methyladenosine (m6A)
marks to mRNA. Reader proteins that bind with these m6A modifications, YTHDF1 and
YTHDEF2, were also increased in multiple tissues . m6A can facilitate cap-independent
translation (CIT), an alternative mechanism to cap-dependent translation, to enable translation of
selected mRNAs under stress conditions 7. Further analysis found increased expression of
m6A-mediated CIT targets in fibroblasts isolated from Snell dwarf and GHRKO mice 3. These

results suggest that elevated m6A-mediated CIT is a novel pathway to regulate longevity.



Mechanistic target of rapamycin (mTOR) activity has also been studied in the Snell dwarf and
GHRKO mice. There was lower mTOR complex 1 (mTORCI) activity in multiple tissues
including liver, kidney, muscle and heart when the mice were refed after fasting. Interestingly,
three of the four mTOR complex 2 (mTORC?2) substrates tested showed higher phosphorylation
in the long-lived mice compared with fasted controls, but one substrate had lower
phosphorylation after refeeding . These results show lower mTORC1 but partially higher
mTORC?2 activities in tissues of Snell dwarf and GHRKO mice, and these activities are also
dependent on fasting and feeding conditions. Interestingly, higher mTORC2 activity was also
observed in male mice fed with two drugs, acarbose and 17-a-estradial, which mainly extends

male mice lifespan, indicating that higher mTORC?2 activity may be beneficial for longevity *.

1.2 mTORC1 and mTORC2

mTOR is a serine, threonine kinase that belongs to the phosphatidylinositol 3-kinase-

related kinase (PIKK) family with members involved in DNA repair, cell growth, RNA decay
and oncogene transcriptional activation °. mTOR can bind with other proteins to form two
complexes, mMTORC1 and mTORC?2, which are regulated in different ways and have different

cellular functions.

1.2.1 mTORC1 and mTORC2 composition

The composition of mMTORCI1 and mTORC?2 are shown in Figure 1A. Both complexes share

three common components, including mTOR, mammalian lethal with SEC13 protein 8 (mLSTS)



and DEP domain-containing mTOR-interacting protein (DEPTOR). As an essential subunit of
the complexes, mLSTS binds to the kinase domain of mTOR and stimulates its activity, and it
also stabilizes the interaction between mTOR and RAPTOR ©!. DEPTOR interacts with mTOR
and inhibits the kinase activity of both mTORC1 and mTORC?2. Intriguingly, the expression of
DEPTOR itself can be suppressed at the transcriptional and translational levels by mTORCI and

mTORC2 %2,

In addition to these common components, mTORC1 also has two specific components,
regulatory associated protein of mTOR complex 1 (RAPTOR) and proline-rich AKT substrate of
40 kDa (PRAS40). RAPTOR serves as a scaffold for the complex by binding with mTORC1
substrates to facilitate their phosphorylation by mTOR %364, PRAS40 interacts with RAPTOR

and inhibits mTORCI activity by preventing substrate binding with the complex 666,

mTORC?2 contains three specific subunits not present in mMTORC1: rapamycin-insensitive
companion of mTOR (RICTOR), mammalian stress-activated protein kinase-interacting protein
(mSINT1) and protein observed with RICTOR-1 (PROTOR1). Similar to RAPTOR, RICTOR
functions as a scaffold by binding directly with the other components of the complex 6267-69,
mSINI is a critical component mediating the reciprocal regulation between the complex and its
substrate AKT. There are multiple isoforms of mSIN1, three of which can be incorporated into
mTORC2 %7071 More work is needed to explore the differential functions of these isoforms and
the complexes containing them. PROTORI1 interacts directly with RICTOR, and PROTOR1
knockdown does not affect the complex assembly, but inhibits AKT phosphorylation at Ser 473

and decreases cell proliferation %72,
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There are some other proteins that can interact with mTOR complexes and affect their functions.
For example, telomere maintenance 2 (Tel2) and its binding partner Tel2 interacting protein 1
(Ttil) can interact and stabilize the PIKK family of kinases including mTOR. Tel2 or Ttil
knockdown inhibits the phosphorylation of mMTORC1 and mTORC?2 substrates, suggesting a

positive role in regulating mTOR function 7>,

Despite the many studies of these mMTORC components, their detailed roles in specific conditions
are still not well investigated. Higher mTORC1 and mTORC?2 activities are frequently observed
in cancer, but the roles of these mTOR components are not well examined. For instance, some
cases of multiple myeloma have overexpressed DEPTOR, which inhibits mTORCI1 and leads to
activated PI3K/AKT signaling 2. Thus, targeting specific mTORC components in individual
diseases would be an alternative strategy to regulate mTOR activity. In addition, mTOR 1is
widely studied in aging but how these particular components are involved is mostly unknown.
More research about the mTORC components would shed light on mTOR regulation and

function in aging.

1.2.2 mTORCI1 functions

1.2.2.1 mTORCI1 positively regulates protein synthesis

mTORCI1 phosphorylates multiple substrates to regulate various aspects of cellular growth and
metabolism. mMTORCI controls RNA translation and this is mainly executed through
phosphorylating substrates eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1)

and p70-S6 kinase (S6K) 7+7>. mRNA translation is initiated by the binding of the m7G cap at
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the 5° end of mRNA with the translation initiation complex, termed cap-dependent translation.
elF4E first binds with m7G, which then recruits eIF4F and other components to form a complex
76 This process can be regulated by 4EBP1 which binds with eIF4E to interrupt the interaction
between elF4E and elF4F, thus inhibiting cap-dependent translation. The activity of 4EBP1 can
be suppressed by phosphorylation at multiple sites by mTORC1. 4EBP1 is first phosphorylated
by mTORCI at Threonine (Thr) 37 and Thr 46, which are required for the subsequent
phosphorylation at Thr 70 and Serine (Ser) 65 by mTORCI to be fully suppressed 7”78, Thus,
Thr 37/46 phosphorylation by mTORCI is a priming event for 4EBP1 regulation, which is often

used as a marker for mTORCI activity.

S6K is a serine/threonine kinase that also plays an important role in protein synthesis. S6K can
be phosphorylated by mTORC1 at Thr 389 within the hydrophobic motif. Together with the T-
loop site Thr 229 phosphorylated by pyruvate dehydrogenase kinase 1 (PDK1), S6K is then
activated to phosphorylate its downstream targets ”°. Ribosomal protein S6 (S6) is one of the
S6K targets, and is an indispensable component of the ribosomal 40S subunit. S6 can be
phosphorylated by S6K at multiple sites, including Ser 235, 236, 240, 244, and 247. S6 is
involved in the regulation of cell size, cell proliferation, apoptosis and glucose homeostasis, but
its exact role in protein synthesis is still ambiguous 8. Inactive S6K binds with eukaryotic
initiation factor 3 (eIF3) and this interaction is disrupted upon the activation of S6K by
mTORCI. S6K then phosphorylates e[F4B at Ser 422 allowing it to bind with the translation
initiation complex 8182, Another substrate of S6K is programmed cell death 4 (Pdcd4), which
binds to and inhibits the helicase activity of eI[F4A to unwind the secondary structure of mRNA

at their 5’-untranslated region (UTR) %,
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1.2.2.2 mTORC1 mediates nucleotide and lipid synthesis

Apart from protein synthesis, mMTORCI] also regulates the synthesis of certain nucleotides and
lipids. mTORCI stimulates the activating transcription factor (ATF4) through some unknown
mechanism that is independent of the canonical integrated stress response. ATF4 then further
induces the expression of methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) to stimulate de
novo purine synthesis 3. The mTORC]1 target S6K phosphorylates carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD), an enzyme functioning in
the early steps of pyrimidine synthesis. This phosphorylation stimulates CAD enzymatic activity

85,86

and therefore promotes de novo pyrimidine synthesis . mTORCI can also phosphorylate
Lipinl and limits its localization to the nucleus, which can no longer inhibits sterol regulatory
element binding transcription factor (SREBP) transcription . SREBP is a transcription factor
that controls the expression of sterol biogenesis genes 8. Thus activated mTORCI enhances

SREBP functions in lipid synthesis. These events reveal a multifunctional role of mMTORCI in

promoting cell growth by facilitating nucleotide and lipid synthesis.

1.2.2.3 mTORCI1 negatively regulates autophagy

Autophagy is a cellular process to degrade and recycle cellular components in the lysosome
under limited energy and nutrient status. It may also play an active role in molding the proteome
through post-translational effects. The unc-51 like autophagy activating kinase 1 (ULK1)
complex is an early mediator that receives upstream energy and nutrient signals to induce the
formation of autophagosome which engulfs cytoplasmic components and delivers them to the

lysosome. The ULK1 complex is composed of ULK1, autophagy related 13 (ATG13), 200 KDa
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FAK family kinase-interacting protein (FIP200) and autophagy related 101 (ATG101) *°. Two of
these components, ULK1 and ATG13, can be phosphorylated by mTORC1, which results in

suppressed function of ULK 1 complex 202

. mTORCI also phosphorylates UV irradiation
resistance-associated gene (UVRAGQG), which facilitates autophagosome formation and
maturation *>. When UVRAG is phosphorylated by mTORCI, it is recruited away from
autophagosome maturation machinery by its binding partner Rubicon autophagy regulator
(RUBICON) %4, Another critical autophagy gene phosphorylated by mTORCI is transcription
factor EB (TFEB), a master transcription factor in lysosomal biogenesis. Phosphorylation of
TFEB by mTORCI inhibits its activity and prevents its translocalization from the cytosol to the
nucleus, suppressing the transcription of lysosomal hydrolases, lysosomal membrane proteins
and lysosomal acidification complex components >, These observations show a negative role

of mTORCI in autophagy, making sure the major activity happening in the cell is anabolism

instead of catabolism.

In summary (Figure 1B), mTORCI1 promotes protein, nucleotide and lipid synthesis to provide
building blocks for cell growth and maintain balanced cell metabolism. mTORCI1 inhibits
autophagy to prevent premature degradation of newly synthesized cellular components and
directs energy and resources for anabolism over catabolism. mMTORC1 downstream targets are
also involved in multiple other biological pathways that are important for cell homeostasis, and
investigating their specific roles in certain physiological and pathological conditions would

expand our understanding of the broad biological functions of mTOR.

1.2.3 mTORC?2 functions
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1.2.3.1 mTORC?2 regulates cell survival and proliferation

One of the well-characterized mTORC?2 substrates is AKT, a serine/threonine kinase regulating
cell survival and proliferation. AKT is activated downstream of the insulin/IGF-1 PI3K pathway.
When insulin/IGF-1 receptors get activated after binding insulin/IGF-1, they phosphorylate IRS
which, as an adapter, interacts with PI3K. PI3K phosphorylates PIP2 to PIP3, which recruits
AKT and PDK1 to the plasma membrane. PDK1 phosphorylates AKT at Thr 308 within the
AKT kinase domain, resulting in partial activation of AKT. AKT then phosphorylates mTORC2
subunit mSINT1 at Thr 86 to activate mTORC2. mTORC?2 in turn phosphorylates AKT at Ser 473
in the C-terminal regulatory domain, leading to full AKT activation 7. mTORC?2 also
phosphorylates AKT at other sites within the regulatory domain, including Thr 450, Ser 477 and
Ser 479. Thr 450 helps with C-terminal folding and maintains the stability of AKT °%. Ser 477

and Ser 479 promote AKT activation possibly by enhancing Ser 473 phosphorylation *°.

As a kinase, AKT phosphorylates a variety of targets, such as glycogen synthase kinase 3
(GSK3), forkhead box protein O (FOXO) and tuberous sclerosis complex 2 (TSC2), to regulate
cell growth, metabolism, survival and proliferation. GSK3 is a serine/threonine kinase that
phosphorylates and inhibits the expression of genes involved in glycogen metabolism, cell
survival and proliferation. AKT phosphorylates and inhibits the substrate recruitment of GSK3,
thus enhancing the expression of cell metabolism, survival and proliferation genes *7. FOXO is a
family of transcription factors that induce the expression of genes involved in apoptosis, cell-
cycle arrest and growth inhibition. Phosphorylation by AKT leads to binding of FOXO with its
partner 14-3-3 proteins, which keeps FOXO from entering the nucleus to activate the target gene

expression. Thus, by inhibiting the FOXO target gene expression, AKT promotes cell survival
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and cell cycle progression 7. TSC2, an upstream negative regulator of mTORC1, can be
phosphorylated by AKT at Ser 939 and Thr 1462 to have its activity inhibited, leading to
elevated mTORC]1 activity '%%19! Together, AKT regulates a series of downstream effectors to

promote cell metabolism, survival and proliferation.

1.2.3.2 mTORC?2 regulates ion transport and cytoskeleton morphology

Serum- and glucocorticoid-induced protein kinase 1 (SGK1) is also a serine/threonine kinase
phosphorylated by mTORC2. SGK1 controls multiple ion channels and pumps to regulate
sodium, potassium and calcium transport. mTORC2 phosphorylates SGK1 at Ser 422 within the
hydrophobic motif to activate its function in ion transport, affecting cell volume, hormone

release and neuroexcitability 192193,

Another mTORC?2 substrate is protein kinase C (PKC), a group of kinases which, similarly with
AKT and SGK1, also belongs to the AGC kinase family that share a conserved catalytic kinase
domain %, PKC transduces a variety of signals to regulate cell cycle, tumorigenesis and cell

migration 1%%:1% mTORC?2 phosphorylates PKC to alter the morphology of the actin cytoskeleton

67

In summary (Figure 1C), mTORC?2 phosphorylates several AGC family of kinases, including
AKT, SGK1 and PKC, to regulate cell survival, proliferation, ion transport, cytoskeleton and cell
migration. Each of these substrates has plenty of downstream targets that are involved in

numerous biological processes. Except for the few well-studied target genes, how mTORC2
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affects the other targets is mostly unclear. Therefore, more specific mMTORC?2 functions still need

to be characterized to give a more comprehensive understanding of the mTORC2 network.

1.2.4 mTORCI1 regulation

mTORCI is regulated mainly through two pathways (Figure 2). On one hand, amino acid levels
induce the localization of mMTORCI1 at the lysosome. On the other hand, upstream signals like
growth factors, energy or oxygen sensor control the activation of mMTORCI at the lysosomal

surface. Signals from both pathways are required for mTORCI to be fully activated '%7.

1.2.4.1 mTORCI1 lysosomal localization regulated by amino acids

Leucine, arginine, methionine and glutamine are the primary amino acids stimulating mTORC1
activity. Cytoplasmic leucine level is detected through binding with its sensor protein Sestrin2.
This conformational change dissociates Sestrin2 from interacting and inhibiting the target protein
complex GAP activity towards the Rags 2 (GATOR2) 1%, GATOR?2 further inhibits the activity
of another protein complex GATORI1, which localizes at the lysosome surface tethered by the
complex KICSTOR -1, GATORI is a GTPase-activating protein complex that inhibits
mTORCI activity through a group of four RAS-related GTP-binding proteins (Rags) '%°. Two
Rags from each subgroup form heterodimers so that either RagA or RagB interacts with RagC or
RagD. When RagA/B binds with GTP and RagC/D binds with GDP, this dictates the active state
of the complex, which then recruits mTORCI1 to the lysosome through binding with RAPTOR
112 GATORI1 exerts GTPase-activating protein (GAP) function and turns GTP-binding RagA/B
to be GDP-binding, thus switching off the activity of the Rags and inhibiting mTORCI1

lysosomal localization '%°. The Rag complex is tethered to the lysosome by the complex
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Regulator which also functions as a guanine nucleotide exchange factor (GEF) to switch the
GDP-binding RagA/B to the GTP-binding active status, allowing mTORCI lysosomal

translocalization !13,

Cytoplasmic arginine is sensed by the protein CASTORI1, and arginine bound CASTORI1 can no
longer bind and inhibit GATOR2, leading to mTORCI1 activation through GATOR1 and the Rag
GTPases %, Arginine inside the lysosome is sensed by another protein solute carrier family 38
member 9 (SLC38A9) that stays at the lysosome membrane and functions through the Regulator
and Rag proteins to activate mTORC]1 '!>11¢, Methionine is sensed in an indirect way through the
methionine metabolite S-adenosyl methionine (SAM). SAMTOR is the sensor of SAM and acts
as an inhibitor of GATOR1-Rag signaling. The binding of SAM with SAMTOR disrupts the
interaction between SAMTOR and GATORI, leading to mTORC]1 activation !'7. Glutamine is
metabolized through a process termed glutaminolysis to a- ketoglutarate (aKG), which enhances
the GTP loading of RagB, contributing to mTORC1 activation . In addition, glutamine acts
through ADP ribosylation factor 1 (Arfl) to activate mMTORC1 independent of the Rag proteins.
This process requires the vacuolar H'-adenosine triphosphatase (v-ATPase) at the lysosomal
membrane '!°, v-ATPase is a proton pump that acidify the lysosome using energy from ATP
hydrolysis. Amino acids in the lysosome lumen stimulate v-ATPase to interact with Regulator,

resulting in mTORC1 activation '2°.

In summary, mTORCI1 localization to the lysosome membrane is regulated by multiple amino

acids and their sensing pathways that converge on the Rag complex. Despite these detailed

mechanisms, whether these signals are regulated in the aging context remains unknown. It would
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be interesting to investigate the amino acid sensing pathways and the regulation of mTORC1

localization in slow-aging mice.

1.2.4.2 mTORCI1 activation regulated by upstream signals through TSC-Rheb

mTORCI1 activation can be regulated by multiple upstream signals like growth factors, energy
and oxygen levels, and these signaling pathways converge on the master regulator tuberous
sclerosis complex (TSC). TSC is composed of three components: TSC1 (also called hamartin),
TSC2 (also called tuberin) and TBC1D7 (Tre2-Bub2-Cdc16 1 domain family, member 7). TSC1
binds and stabilizes TSC2 by blocking the ubiquitination and degradation of TSC2 2!, TBC1D7
promotes the interaction between TSC1 and TSC2 !22, TSC2 is the main functional subunit of the
complex and acts as a GTPase-activating protein towards the downstream GTPase Rheb 23
GTP-binding Rheb interacts with FK506-binding protein 38 (FKBP38) to prevent FKBP38 from
binding and inhibiting the kinase activity of mTOR, leading to mTORC]1 activation 24, TSC2
activates GTP hydrolysis and switches the GTP-binding active state of Rheb to the GDP-binding

inactive state, thus inhibiting mTORC1 activation 2.

There are several growth factors signaling through TSC to regulate mMTORCI1 activity, including
insulin, IGF-1 and epidermal growth factor (EGF). Insulin and IGF-1 activate the PI3K-AKT
signaling pathway, after which AKT phosphorylates TSC2 at Ser 939 and Thr 1462, which
inhibits TSC2 to stimulate mTORC1 activity '°%!%!, The binding of EGF with EGF receptor
triggers the activation of multiple downstream targets including extracellular signal-regulated
kinase (ERK) and ribosomal S6 kinase (RSK) !2°. ERK phosphorylates TSC2 at Ser 664 to

dissociate TSC1 and TSC2, resulting in elevated mTORC1 function '?6. RSK, downstream of
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ERK, also phosphorylates TSC2, and Ser 1798 phosphorylation by RSK inhibits TSC activity to

enhance mTORC1 functions '%7.

In addition to growth factors, energy level sensed by AMP-activated protein kinase (AMPK)
regulates TSC activity as well. Low ATP levels activate AMPK to promote catabolic and inhibit
anabolic cellular processes to maintain energy homeostasis 28, AMPK phosphorylates TSC2 at
Thr 1227 and Ser 1345 to augment TSC2 activity, inhibiting mMTORC1 mediated cell growth and
metabolism '2°. Moreover, AMPK can inhibit mTORC1 independent of TSC2 through
phosphorylating RAPTOR at Ser 722 and Ser 792, leading to the sequestration of RAPTOR by
its binding partner protein 14-3-3 3%, In response to low oxygen levels, the hypoxia master
regulator hypoxia-inducible factor 1-alpha (HIF-1a) induces the expression of regulated in
development and DNA damage responses 1 (REDD1) 3!, which disrupts the interaction between

TSC2 and the binding protein 14-3-3, and releases TSC2 to inhibit mTORCI signaling 32133,

In brief, TSC functions as a central hub to relay upstream extracellular and intracellular signals
to regulate mMTORCI1 activity. Together with the translocalization to the lysosome, mTORC1
receives diverse signals through TSC, and further controls multiple targets to modulate cell

growth and metabolism.

1.2.5 mTORC?2 regulation

mTORC?2 is mainly regulated by the PI3K-AKT signaling pathway. Insulin or IGF-1 signals
activate the insulin or IGF-1 receptors, which phosphorylate IRS to form a platform for PI3K

binding. Then PI3K phosphorylates a group of phosphatidylinositols to produce PIP3, which can

20



recruit both AKT and PDK1 to the plasma membrane. PDK1 phosphorylates and partially

activates AKT function !!. AKT then phosphorylates mSIN1 to activate mTORC2 7097,

1.2.6 Crosstalk between mTORC1 and mTORC?2

mTORCI1 and mTORC?2 can regulate each other through phosphorylating their components.
mTORC] substrate S6K can phosphorylate mMTORC2 component RICTOR at Thr 1135 34, This
modification does not affect the complex integrity or the kinase activity but inhibits mTORC2
substrate phosphorylation of AKT at Ser 473. However, phosphorylation of two other substrates,
SGK1 and PKC, is not affected. These results indicate that mTORC1 can regulate mTORC2
activity on certain targets. Furthermore, both mTORC1 and S6K can directly phosphorylate and
inhibit IRS-1, providing negative feedback for the PI3K-AKT-mTORC2 signaling *5137, In
contrast, nTORC?2 target AKT phosphorylates and suppresses TSC2 function to relieve

inhibition on mTORCI1 activity, displaying positive signals from mTORC2 to mTORC1 00101,

1.2.7 mTOR and aging

mTOR deficiency is associated with longer lifespan in multiple species. Yeast has two orthologs
of mammalian mTOR, TOR1 and TOR?2 '3, Although both can be incorporated with other
components to form TOR complex 1, only TOR2 is an essential gene. Single gene deletion of
TORI increased yeast mean and maximum lifespan by about 20% '*°. RNAi of C. elegans TOR
gene let-363 doubles the lifespan of these worms. /e#-363 null mutants showed even more

dramatic effects by tripling the lifespan '4°. Overexpression of a dominant-negative form of the
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Drosophila mTOR gene dTOR also extended mean lifespan by 24% compared with control

constructs 4!,

In mice, complete mTOR deletion is embryonically lethal. However, a hypomorphic mTOR
model was established by inserting a cassette between exons 12 and 13 to disrupt mTOR
transcription, leading to 25% of mTOR expression compared with wildtype mice. These mutant
mice had slightly lower body weight, and similar food intake and glucose levels, but exhibited
22% median lifespan extension in males, and 19% in females. Moreover, these mice showed
improved health in old age by behavioral measurements such as maze, rotarod or grip strength

tests 142

In addition to the genetic approach, the mTORCI inhibitor rapamycin is a widely used drug to
study the effects of mTOR on aging. Rapamycin was originally a natural bacteria metabolite
with anti-fungal effects and was later used as an immunosuppressant in human organ
transplantation. Rapamycin binds with FK506-binding protein 12 (FKBP12) to interact with
mTOR and inhibit substrate recruitment of mMTORC1. mTORC2 component RICTOR blocks this
interaction site and leaves mTORC?2 insensitive to acute rapamycin treatment. Prolonged
rapamycin treatment keeps mTOR from forming new complexes, therefore inhibiting mTORC2
as well 143144 Similar to the effects of mMTOR mutants, rapamycin treatment extends lifespan in
diverse species, including yeast, worms, flies and mice. S. cerevisiae exposed to rapamycin
showed lifespan extension in a dose-dependent way !4°. Rapamycin treated C. elegans had

strengthened oxidative stress resistance and increased lifespan 4. D. melanogaster fed with

22



rapamycin prolonged lifespan and increased resistance to starvation and the oxidative stressor

paraquat 47,

A number of studies have shown the lifespan-extending effects of rapamycin in mice. Mice were
given food containing rapamycin started at 9 months and showed increased lifespan in a dose-
dependent manner. The highest dose led to 23% longer lifespan in males and 26% in females 3.
Strikingly, even when rapamycin was given late in life, starting at around 20-month old, it still
extended male lifespan by 9% of male and female lifespan by 14% '#°. Rapamycin treatment not
only extended lifespan but also prolonged health span by reducing pathological conditions in
multiple tissues, including liver, heart, kidney and tendon '*°. However, these mice had impaired
glucose tolerance and more severe cataract and testicular degeneration under rapamycin
treatment 4%150, Side effects in human may involve anemia, diabetes, and impaired wound
healing '>!. These side effects as well as the low solubility and stability in vivo limit its potential
as an anti-aging drug in clinical use '°:1>2, Other mTOR inhibitors are being developed or tested

that may provide more promising effects in the future '3,

Other mTORC1 components in addition to the mTOR kinase itself have also been tested for their
effects in longevity. There was no lifespan extension in mice with one allele deleted of mTOR
(mTOR™), RAPTOR (RAPTOR ") or mLST8 (mLST8"), or double mutants mTOR""
RAPTOR"-. However, female but not male mTOR"- mLST8"" mice had 14% increased lifespan
154 These studies are consistent with the idea that mTOR deficiency extends lifespan but also
suggest that the extent of compromise in mTOR function is an important factor in lifespan

regulation.
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Manipulation of mMTORCI targets is another direction to test the role of mTOR in longevity.
Flies overexpressing a dominant-negative form of S6K increased lifespan by 22% '#!. Mice with
S6K1 deletion showed 19% of lifespan extension in females but not in males '3°. These findings
suggest that targeting mTORC1 downstream genes is an alternative approach to targeting mTOR

directly and may provide useful insights in aging and longevity research.

As a critical upstream regulator of mMTORCI1, TSC has also been investigated in lifespan studies.
Overexpression of TSC1 or TSC2 in Drosophila increased lifespan by 14% and 12%,
respectively 1. A TSC1 overexpression mouse model has also been generated !°°. These mice
carried a TSC1 transgene which produced 30% higher TSCI protein levels, leading to reduced
mTORCI1 signaling but enhanced mTORC?2 signaling. This moderate TSC1 overexpression did
not change body weight, food consumption, glucose tolerance or insulin sensitivity. However,
when these mice were exposed to intense treadmill exercise, TSC1 overexpressing mice had
higher running endurance and reached exhaustion later than wildtype mice. Moreover, when
isoproterenol was injected to induce cardiac hypertrophy, TSC1 overexpressing mice retained
better heart function and were more resistant to this treatment than control mice. Interestingly, a
lifespan study found a 12% increase in female median lifespan but not in male mice. These
results suggest that TSC1 overexpression exhibits similar lifespan extension phenotypes as

mTOR deficiency, and future studies about the TSC2 overexpression would be informative.

24



1.3 Hypothesis and aims

Given the important role of mTOR in aging, efforts have been made to study mTOR signaling in
long-lived GHRKO and Snell dwarf mice to see whether there is lower mTORCI activity °8. In
the fasted condition, the mTORCI targets pS6K and p4EBP1 were expressed at low levels.
Feeding increased the phosphorylation of these proteins, but compared with wildtype mice,
GHRKO and Snell mice ended up with lower pS6K and p4EBP1 in multiple tissues including
liver, kidney, skeletal muscle and heart. Intriguingly, GHRKO and Snell mice showed higher
phosphorylation of mTORC?2 targets AKT at Thr 450 and SGK under fasting condition. AKT
phosphorylation at Ser 473 was not different between these mice and the controls. Upon
refeeding, the difference of pAKT Thr 450 and pSGK disappeared and instead, GHRKO and
Snell mice showed lower levels of pAKT Ser 473 than controls. These results suggest that these
two long-lived GHRKO and Snell mouse models have lower mTORCI1 activity and higher
mTORC?2 activity towards some mTORC?2 targets. It is still unknown what is regulating the

mTORC activity or substrate specificity in these long-lived mice.

As mTOR complexes are each composed of several components, and the levels of these
components could affect the kinase activity, complex integrity and substrate recruitment, the
regulation of the mTORC targets could be from alteration of the mTORC components.
Therefore, the hypothesis was that the activity of the mTOR complexes in long-lived GHRKO
and Snell dwarf mice could be regulated by alteration in their components. Since upstream
signaling of mMTORCI1 converge on TSC to control mTORCI1 activity, it was further
hypothesized that the lower mTORCT1 activity in these mice might be regulated by

alternation in TSC activity or levels of TSC components.
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To test these hypotheses, two aims were developed.

Aim 1 was to study whether there are alterations of mMTORC components in tissues of
GHRKO and Snell dwarf mice, and whether these changes affect mTORC activity. To test
this idea, the protein levels of mMTORC1 and mTORC2 components were examined in three
tissues of GHRKO and Snell dwarf mice, including liver, kidney and skeletal muscle. There
were reductions in DEPTOR and PRAS40, two negative regulators of mTOR activity, in
GHRKO and Snell liver. However, DEPTOR or PRAS40 knockdown in skin-derived GHRKO
fibroblasts did not change the phosphorylation of mMTORC1 or mTORC?2 substrates, indicating
that phosphorylation of mMTORCI1 or mTORC?2 targets are not regulated by alteration of the

mTORC components.

Aim 2 was to study whether there are changes in the TSC components in GHRKO and Snell
dwarf mice and whether they regulate mTORC1 activity. Protein levels of TSC1 and TSC2
were tested in GHRKO and Snell liver, kidney and skeletal muscle, and both showed increased
expression. Further examination of the phosphorylation of TSC2 found reduced levels of Ser 939
and Thr 1462 , which are AKT targeted sites that inhibit TSCs, indicating more active TSC that
could inhibit mMTORC1. TSC2 knockdown in GHRKO fibroblasts reversed the effects on the
phosphorylation of mTORCI1 substrates, suggesting regulated mTORCI1 activity by TSC. These
data showed that the levels of TSC components and the activity of the complex contributed to

lower activity of mTORCI in long-lived GHRKO and Snell dwarf mice.
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Together, the findings provide no support for the hypothesis that alterations in mTORC
components regulate mMTORC activity or substrate specificity in GHRKO or Snell dwarf mice,
but support the hypothesis that lower mTORCI activity is regulated by inhibitory signaling from

TSC.
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Figure 1 mTORC1 and mTORC?2 composition, regulation and function

(A) mTORC1 and mTORC?2 structure. mTORC1 and mTORC2 share common components
mTOR, mLST8 and DEPTOR. mTORCI has specific components RAPTOR and PRAS40.
mTORC?2 has specific components RICTOR, mSIN1 and PROTORI1. (B) mTORCI regulation
and function. mMTORCI1 receives signals from amino acids, growth factors, ATP and oxygen
levels. mTORCI1 phosphorylates and regulates 4EBP1 and S6K in protein synthesis, ATF4 and
S6K in nucleotide synthesis, Lipinl in lipid synthesis, ULK1, UVRAG and TFEB in autophagy.
(C) mTORC?2 regulation and function. mMTORC?2 is regulated by growth factors to affect SGK1
in ion transport, AKT in cell survival and proliferation, and PKC in cytoskeleton arrangement.
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Figure 2 Regulation of mMTORC1 and mTORC2

mTORCI is regulated at two aspects, localization and activation. mM”TORCI1 localization to the
lysosome is regulated by amino acid levels. Leucine, arginine, and the methionine metabolite
SAM are bound with their sensors, and inhibit GATOR1 which is tethered to the lysosome
membrane by the KICSTOR complex. GATORI1 inhibits the Rag proteins that are bound by the
Regulator complex to the lysosome, blocking the recruitment of mMTORCI1. Glutamine functions
by the glutamolysis pathway to enhance RagB activity. Glutamine also acts through Arfl to
activate mTORCI. Arginine levels in the lysosome are sensed by SLC38A9, which stimulates
the Regulator and Rag proteins. Lysosomal amino acid levels are also sensed by v-ATPase,
which then interacts with Regulator to enable mTORCI1 translocalization. Insulin or IGF-1
signals through IRS to bind PI3K which phosphorylates PIP2 to PIP3. PIP3 recruits PDK1 and
AKT for AKT to be phosphorylated and partially activated by PDK1. AKT can both
phosphorylate mTORC?2 and be phosphorylated by mTORC2, leading to full AKT activation.
AKT then phosphorylates and inhibits TSC, which further inhibits the mTORCI activator Rheb.
EGF acts through downstream ERK and RSK to phosphorylate and inhibit TSC. Low ATP levels
activates AMPK to phosphorylate and stimulate TSC. Hypoxia induces HIF-1a and REDD1 to
phosphorylate and augment TSC activity.
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Chapter 2 The mTORC1 and mTORC?2 Substrates Are Not Regulated by mTORC
Components in GHRKO and Snell Dwarf Mice

2.1 Abstract

Downregulation of mTOR can extend lifespan in multiple species, including mice. GHRKO and
Snell dwarf mice have 40% or greater lifespan increase, and have lower mTORCI function,
which might reflect alteration in mTORC1 components. Here, protein expression of mTORC1
and mTORC2 components were examined in GHRKO and Snell dwarf liver, kidney and skeletal
muscle. Two inhibitory proteins, DEPTOR and PRAS40, were decreased in liver, which is
opposite in direction to changes that would be expected to lead to lower mTORCI1 function.
DEPTOR or PRAS40 knockdown by RNA1 in GHRKO fibroblasts did not lead to higher
phosphorylation of mMTORC1 or mTORC?2 substrates, suggesting that DEPTOR and PRAS40 do
not inhibit mMTORC1 or mTORC?2 activity in these cells. Overall, these findings indicate that
mTORCI1 and mTORC?2 are not regulated by the level of their components in GHRKO and Snell

dwarf mice.

2.2 Introduction

GHRKO and Snell dwarf mice are two long-lived mutant mouse models with deficient GH/IGF-
1 signaling. Previous study found these mice have lower mTORC] targets pS6K and p4EBP1,
higher mTORC2 targets pAKT Thr 450 and pSGK, and lower pAKT Ser 473 under the refeeding

condition 8, However, it is unclear what signals are causing these effects.
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mTORCI1 is composed of the core kinase mTOR, the scaffold protein RAPTOR, the stabilizer
mLSTS8, and internal inhibitors DEPTOR and PRAS40 -, mTORC?2 consists of the mTOR
kinase, the scaffold protein RICTOR, the stabilizer mLSTS, the internal inhibitor DEPTOR, the

kinase mSINT1, and the positive regulator PROTOR1 770,

Changes of mTORC targets could be regulated at the level of the mTORC components. To test
this idea, protein expression of these mMTORC components were tested in tissues of GHRKO and
Snell mice. Immunoprecipitation (IP) experiments were done to study the complex composition
and followed up with knockdown experiments to study the effects of certain components. To
investigate the hormonal signaling, additional mouse models were used to study their mTORC

components, including PAPPA-KO, LKO and MKO mice.

2.3 Results

2.3.1 The protein levels of DEPTOR and PRAS40 but no other mTORC components are

reduced in GHRKO liver

Immunoblotting with specific antibodies was carried out to test the protein levels of mMTORC1
and mTORC2 components in GHRKO liver, kidney and skeletal muscle. Figure 3 shows the
results of GHKRO liver with 6 pairs of male and 6 pairs of female mice at six-month old. Since
two-way ANOVA found no effects of sex and no (sex X genotype) interactions for any of these

proteins, data were pooled for males and females for the analyses.
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Interestingly, DEPTOR, an inhibitor of both mTORC1 and mTORC?2, had decreased protein
expression in GHRKO liver compared with wildtype mice (Figures 3A and 3D). This finding is
in opposite direction expected for mTORCI regulation, indicating that DEPTOR is not the
reason for lower mMTORCI1 activity in these mice. However, since DEPTOR is also a component
of mTORC2, a reduction in DEPTOR may be upregulating mTOR?2 activity towards certain
targets. PRAS40 also inhibits mMTORCI1 activity and similarly, there was decreased protein
expression of PRAS40 in GHRKO liver (Figures 3A and 3F). Again, this finding does not
explain the lower mMTORCI activity observed in GHRKO mice. There was no difference in the
protein levels of other components, including common components mTOR and mLSTS,
mTORCI specific component RAPTOR, and mTORC2 specific components RICTOR and
mSIN1 (Figures 3A, 3B, 3C, 3E, 3G and 3H). PROTOR1 was not tested by immunoblot because
there were no specific antibodies identified for this purpose. The alternative method
immunoprecipitation was used and results are shown in Figure 8. Together, GHRKO liver

showed no alternation in most mMTORC components, and reductions in two inhibitory

components DEPTOR and PRASA40.

2.3.2 The protein changes of DEPTOR and PRAS40 are not seen in GHRKO kidney and

skeletal muscle

Next, two other tissues, kidney and skeletal muscle, were tested to see whether the results in liver
are also true for other tissues. In kidney, neither DEPTOR or PRAS40 was different between
GHRKO and wildtype mice (Figure 4A). In muscle, DEPTOR protein level was higher in
GHRKO than control mice. PRAS40 protein levels were similar in these two groups (Figure 4B).

These results showed that the reduction of DEPTOR and PRAS40 observed in GHRKO liver
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does not present in kidney or muscle, suggesting tissue-specific regulation of these two proteins.
These findings also argue against critical roles of DEPTOR and PRAS40 in mTOR regulation
because the alteration of mMTORC targets is universal in these tissues but the expression of

DEPTOR and PRAS40 is not.

2.3.3 DEPTOR and PRAS40 but no other mMTORC components are reduced in Snell dwarf

liver

To further confirm the findings, a very similar mouse model, Snell dwarf mice, was used to test
the mTORC proteins in liver, kidney and skeletal muscle. As expected, Snell liver showed
decreased expression of DEPTOR and PRAS40, as GHRKO liver (Figures 5A, 5D and 5F). The
other components were not differentially regulated in Snell liver, including mTOR, mLSTS8,
RAPTOR, RICTOR and mSIN1 (Figures 5A, 5B, 5C, 5E, 5G and 5H). Together, most mTORC
components were not altered in Snell dwarf liver. Only two proteins, DEPTOR and PRAS40,
were decreased in this tissue. These results confirm those from GHRKO liver, suggesting similar

regulation of mMTORC composition in these two mouse models.

2.3.4 DEPTOR and PRAS40 changes are not present in Snell dwarf kidney and skeletal

muscle

Two other Snell tissues were also tested to see whether DEPTOR and PRAS40 are regulated in
not just liver. Snell kidney showed similar levels of DEPTOR and PRAS40 with wildtype
controls (Figure 6A). Snell muscle had lower levels of PRAS40 but not DEPTOR (Figure 6B).

These results are not consistent with Snell liver, suggesting tissue-specific regulation of these
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two proteins. GHKRO kidney and Snell kidney gave similar results but muscles from these two
models were slightly different. GHRKO muscle had higher DEPTOR and unaltered PRAS40. In
contrast, Snell muscle had unaltered DEPTOR but lower PRAS40. These subtle differences
suggest distinct signaling between GHRKO and Snell dwarf mice which are not well-understood.
Together with the results from GHRKO tissues, proteins of mTOR complexes are largely not
altered in liver except for DEPTOR and PRAS40, which are in the opposite direction expected
for mTORCI regulation. In addition, the effects of DEPTOR and PRAS40 are not consistent in
kidney or skeletal muscle, opposing a causal relationship between these proteins and altered

mTOR activity.

2.3.5 DEPTOR and PRAS40 are decreased in immunoprecipitated mTOR complexes

DEPTOR and PRAS40 were reduced in whole liver lysates but whether there is less DEPTOR
and PRAS40 in the mTOR complexes was unknown. Thus, immunoprecipitation experiment was
done to isolate mMTORC1 and mTORC2 from wildtype or GHRKO liver using antibodies against
RAPTOR or RICTOR, respectively. The input was shown as Figure 7C. Then the protein
expression of the other mMTORC1 components were tested from the RAPTOR pull down
samples. mMTOR and mLSTS8 were not different between wildtype and GHRKO, but there was a
decrease of DEPTOR and PRAS40 in GHRKO compared with control (Figures 7A and 7D).
This indicates that there is less DEPTOR and PRAS40 incorporated into mTOR complex 1,
which is consistent with reduced levels of these proteins in whole tissue lysates. mTORC2
components in the RICTOR pull down samples were also tested and there were similar levels of
mTOR, mLST8 and mSIN1 in wildtype and GHRKO. However, the level of DEPTOR was

decreased in GHRKO sample, suggesting less DEPTOR incorporated into mTOR complex 2
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(Figures 7B and 7E). These results confirmed that there is not only less DEPTOR and PRAS40

in GHRKO whole liver lysates but also inside mTOR complexes.

2.3.6 Unaltered PROTORI level in mTOR complex 2 in GHRKO liver

Since immunoblotting did not work for PROTOR1 because of non-specific antibodies, an
alternative strategy was used which is to pull down mTOR complex 2 with a specific PROTOR1
antibody for immunoprecipitation purpose. Then immunoblot was done for the other mTORC2
proteins to see whether their levels are different using PROTORI1 as a reference. Figure 8
showed that the levels of RICTOR, mTOR, mLST8 and mSIN1 were not different between
wildtype and GHRKO liver, indicating that the amount of PROTORI1 inside mTORC?2 is also
similar in these mice. As expected, DEPTOR was decreased in the GHRKO IP samples,

confirming less DEPTOR in mTORC2 in GHRKO liver.

2.3.7 DEPTOR or PRAS40 knockdown did not regulate mTORC1 or mTORC?2 substrates

To further test whether DEPTOR or PRASA40 is regulating mTORC activity, knockdown
experiments were performed in wildtype and GHRKO cells. These cells were isolated from the
mouse tail tips and cultured in vitro. Immunoblot was first done to test the protein levels of the
mTORC substrates. As expected, GHRKO cells had significantly reduced expression of GHR
(Figure 9A). DEPTOR was also decreased in these cells as in liver lysates. However, PRAS40
was not decreased, again showing tissue-specific expression of this protein (Figure 9). Previous
study using GHRKO and Snell dwarf mice found reduced phosphorylation of mTORCI1

substrates SOK and 4EBP1, and lower mTORC?2 substrates pAKT Ser 473, but unchanged
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mTORC2 substrate pAKT Thr 450 under feeding condition >®. These observation were also true

for the GHRKO fibroblasts, suggesting that these cells are representative of GHRKO mice.

Next, cells were treated with either control siRNA or siRNA against DEPTOR, and DEPTOR
was successfully knocked down (Figure 10). Then targets of both mTORC1 and mTORC2 were
tested in these knockdown samples. pS6K, p4AEBP1 and pAKT S473 were lower in GHRKO
cells, and pAKT T450 was not different, which are all as expected and indicate no effects from
control siRNAs. However, there was no increase or decrease in DEPTOR knockdown groups
compared with controls, suggesting negligible regulation of DEPTOR on mTOR complexes in
wildtype or GHRKO cells. These results further confirm the former findings that DEPTOR is not
responsible for the lower mTORCI activity in GHRKO or Snell dwarf mice. In addition, these
results suggest that the reduced DEPTOR levels does not upregulate mTORC?2 activity or

modulate mMTORC?2 substrate specificity in these mice.

PRAS40 was also knocked down using siRNA in wildtype or GHRKO fibroblasts, and PRAS40
protein expression was significantly blocked (Figure 11). mTORCI targets pS6K and p4EBP1
were tested in these cells but there were no effects of PRAS40 knockdown on any of the
mTORCI substrate phosphorylation. This data suggests that PRAS40 does not regulate
mTORCI1 activity in GHRKO cells and strengthens the former results that the lower mTORC1

activity in GHRKO or Snell dwarf mice is not from decreased PRAS40 expression.

2.3.8 DEPTOR and PRAS40 protein expression in PAPPA-KO mice
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To understand the hormonal regulation of DEPTOR and PRAS40, three other mouse models,
PAPPA-KO, LKO and MKO mice, were used. GHRKO mice have disrupted growth hormone
signaling pathway and lower IGF-1 %2, Snell dwarf mice have both lower growth hormone and
IGF-1 ?7. It is unknown which hormone is leading to the decreased DEPTOR and PRAS40
expression. PAPPA-KO mice have defective IGF-1 signaling and are long-lived *°. If IGF-1
plays an important role in regulating DEPTOR and PRAS40 levels, PAPPA mice should also
exhibit decreased DEPTOR and PRAS40 expression. This idea was tested using three tissues of
PAPPA mice, liver, kidney and skeletal muscle. However, none of these tissues showed any
alteration of DEPTOR and PRASA40 protein levels (Figure 12), indicating that IGF-1 signal is not

critical in DEPTOR and PRAS40 regulation.

2.3.9 DEPTOR and PRAS40 protein expression in liver-specific GHRKO mice

Growth hormone receptor knockout in specific tissues are also alternative models to study the
hormones that regulate mTORC proteins. Liver-specific growth hormone receptor knockout
(LKO) mice have disrupted growth hormone signaling in the liver, higher circulating growth
hormone but lower circulating IGF-1 43, These mice are not long-lived, but they provide a model
for the hormonal regulation of mTORC components in comparison to whole body GHRKO
mice. DEPTOR and PRAS40 protein levels were tested in liver, kidney and muscle, and the only
alteration is decreased DEPTOR expression in LKO liver (Figure 13A). DEPTOR was not
decreased in kidney or muscle, and PRAS40 was not decreased in any of the three tissues (Figure
13). The common decrease of DEPTOR in GHRKO liver and LKO liver indicates that the
expression of DEPTOR in liver appeared to be regulated by growth hormone. In contrast,

PRAS40 expression is more complicated and seems to involve combined signaling pathways.
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2.3.10 DEPTOR and PRAS40 protein expression in muscle-specific GHRKO mice

The intriguing results from LKO mice prompted the study of another similar mouse model,
muscle-specific growth hormone receptor knockout (MKO) mice. These mice have unaltered
circulating growth hormone and IGF-1 levels. The lifespan study did not give convincing results
because one site showed extended lifespan of male but not female mice, and the other site
showed no lifespan extension for both sexes 4°. Results from liver, kidney and muscle found no
alteration of DEPTOR or PRAS40 protein expression (Figure 14). The DEPTOR result does not
resemble the increased expression of DEPTOR in whole-body GHRKO, again suggesting tissue-
specific regulation of DEPTOR. The lack of change in PRAS40 levels opposes the idea that

PRASA40 protein expression is directly regulated by growth hormone signaling pathway.

To summarize, comprehensive data were collected from three tissues, liver, kidney and skeletal
muscle, in five mouse models, GHRKO, Snell dwarf, PAPPA-KO, liver-specific GHRKO and
muscle-specific GHRKO mice (Table 1). Only DEPTOR and PRAS40 were reduced in GHRKO
and Snell dwarf liver but none of the other mTORC components were altered in these tissues. In
addition, there were also less DEPTOR and PRAS40 incorporated into the mTOR complexes.
Examination of their expression in kidney and muscle of GHRKO and Snell mice showed
inconsistent results, suggesting tissue-specific regulation of these two proteins. Moreover, tests
of three other mouse models, PAPPA, LKO and MKO mice, with different growth hormone or
IGF-1 signaling, did not reveal the hormonal regulation of DEPTOR and PRAS40, and cannot

support any definite conclusion about whether growth hormone or IGF-1 is leading to the
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alteration of DEPTOR and PRASA40 protein expression. However, further molecular studies that

manipulate growth hormone or IGF-1 directly at the cellular level would be more helpful.

2.4 Discussion

This project began with the hypothesis that the activity of the mTOR complexes in long-lived
GHRKO and Snell dwarf mice could be regulated by alteration in mTORC components. The
protein expression of mMTORC components was tested in GHRKO and Snell dwarf liver, kidney
and muscle lysates. Two proteins that inhibit mTOR activity, DEPTOR and PRAS40, were
decreased in GHRKO and Snell liver, but results from other tissues were inconsistent. DEPTOR
and PRAS40 were unaltered in GHRKO or Snell kidney. DEPTOR was increased in GHRKO
muscle while PRAS40 was unaltered. In Snell muscle, only PRAS40 but not DEPTOR was
decreased. Since lower mTORCI activity was observed in all these tissues in GHRKO and Snell
dwarf mice 8, these inconsistent changes of DEPTOR and PRAS40 are not very likely to be
responsible for the lower mTORCI activity in these mice. Immunoprecipitation experiments
using GHRKO liver showed less DEPTOR and PRAS40 incorporated into mTOR complexes,
disapproving the possibility that these two proteins could be enriched in the complexes despite
lower levels in whole liver lysates. Consistently with these results, DEPTOR and PRAS40
knockdown in GHRKO fibroblasts did not alter mTORC1 or mTORC?2 substrate
phosphorylation, showing that the changes of DEPTOR and PRAS40 do not regulate mTORC
activity or substrate specificity. This indicates that players other than DEPTOR and PRAS40 are
controlling mTORC1 and mTORC?2 signaling in these cells. Thus the conclusion is that

alterations in composition of mMTORC1 and mTORC?2, though present in the mutant mice, could
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not explain changes in mTORC activity previously documented °® in GHRKO and Snell dwarf

mice.

Three other mouse models, liver-specific, and muscle-specific GHRKO, and PAPPA-KO mice,
were used to study the hormonal regulation of DEPTOR and PRAS40. If DEPTOR and PRAS40
are directly regulated by growth hormone signaling, lower DEPTOR and PRAS40 would be
observed in liver tissue of liver-specific GHRKO mice and muscle tissue of muscle-specific
GHRKO mice. However, DEPTOR showed reduction only in liver of liver-specific GHRKO
mice but not in muscle of muscle-specific GHRKO mice, suggesting tissue-specific regulation of
DEPTOR. In addition, DEPTOR was not differentially regulated in any of the PAPPA knockout
mouse tissues, arguing against the direct involvement of IGF-1 signaling. These surprising
results suggest tissue-specific regulation of DEPTOR controlled by some unknown signaling
pathway(s). PRAS40 was not different in any of these mouse models, suggesting that PRAS40 is
not directly regulated by growth hormone or IGF-1. Combined with results from GHRKO and

Snell dwarf mice, PRAS40 is regulated by some unknown mechanism in a tissue-specific way.

2.5 Materials and methods

2.5.1 Mice

GHRKO mice were originally generated by deleting part of the growth hormone receptor gene
around the fourth exon and fourth intron as described in *°. GHRKO (GHR-/-) and littermate
control (GHR+/+) breeding stocks were maintained with a mix of C57BL/6J and BALB/cBylJ
background. Offspring of these two genotypes are heterozygous GHR+/- mice. These mice were

crossed to breed GHR+/+, GHR+/- and GHR-/- mice. GHR+/+ mice were used as controls. Snell
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dwarf mice carry the Pit] gene mutation and were bred as described in 2. C3H/HeJ-Pit14/"*
females and DW/J-Pit19¥* males were crossed to generate C3H/HeJ x DW/J F1, including dwarf
mice (dwJ/dw) and controls which lack the dwarf phenotypes (+/+, dwlJ/+ and dw/+). The
generation of conditional GHR knockout mice (GHR™*¥1°%) ysed methods described in 7.
Crossing of conditional GHR1¥1ox mice with B6.Cg-Tg(albcre) 21Mgn/J mice carrying liver-
specific Cre-recombinase expression produced liver-specific GHRKO and littermate controls 43.
Muscle specific GHRKO mice were bred by crossing conditional GHR ¥ mice with
B6.FVB(129S4)-Tg(Ckmm-cre)5Khn/J mice that have muscle-specific Cre-recombinase .
PAPPA-KO mice were initially generated by deleting exon 4 of the PAPPA gene as described in
49 Crossing C57BL/6 heterozygous mice with homozygous knockout mice produced PAPPA +/-

and -/- mice. PAPPA +/- mice were used as controls.

The protocols for mouse experiments were approved by the Institutional Animal Care & Use
Committee at University of Michigan. All mice were kept in cages with free access to food and
water. Mutant mice and controls were housed in the same cage. Mice were euthanized at six-
months of age without fasting. Tissues were isolated and immediately frozen in liquid nitrogen,

then transferred to and stored in a -80 °C freezer.

2.5.2 Cell culture

Fibroblasts were isolated from mouse tail tips. 1 cm long tail tips were cut from mice and
temporarily stored in 50 mL centrifuge tubes with 5 mL complete medium, DMEM (Gibco,
11965092) with 10% fetal bovine serum (Corning, 35011CV) and 1% antibiotic-antimycotic

(Gibco, 15240062). Tail tips were washed with 5 mL PBS (Thermofisher, SH3025601) first,
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then soaked in 5 mL 70% ethanol for 5 min. The ethanol wash was repeated a second time to
minimize bacterial and fungal contamination. Tail tips were rinsed again with 5 mL PBS and
transferred to petri dishes with a 6 cm diameter. Collagenase (Gibco, 17101-015) was dissolved
in complete DMEM to make a 400 U/mL solution and 0.5 mL was added to each tail tip. Tail
tips were diced with a sterile blade to around 1 mm pieces. Another 3.5 mL collagenase was
added to the dish and the dish was transferred to a 37 °C incubator with 10% COx. 24 hr later, the
cells and cell clumps were pipetted for five to ten times and filtered through a 40 um nylon cell
strainer into 50 mL tubes. The mixture was centrifuged at 200 g for 5 min then resuspended with
5 mL complete DMEM. Cells were counted and 5x10° cells were seeded into 25 cm? flasks with

5 mL complete DMEM.

Medium was changed every three days, and cells were passaged about every six days. For
passaging, medium was first removed and PBS was added to rinse the surface. 1 mL 0.05%
trypsin (Thermofisher, 25300054) was added and incubated for 3 min to dislodge the cells. 2 mL
complete DMEM was added to stop the process and the mixture was transferred to tubes and
centrifuged at 200 g for 5 min. Supernatant was discarded and cells were resuspended with 3 mL
complete DMEM. Cells were then counted and seeded to 75 cm? or 175 cm? flasks. Cells were
used for experiments at passage 3 or passage 4. Cells were seeded into six-well plates at 0.5x10°
per well (3.5 cm diameter) and harvested 24 hr later to make lysates for immunoblot analysis of

the protein expression of mMTORC components, substrates, and TSC components.

2.5.3 RNAi
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Fibroblasts were seeded into six-well plates at 0.2x10° per well to reach 60-80% confluence on
the second day. Lipofectamine (Invitrogen, 13778150) was used for RNA interference following
the manufacturer’s instructions. For a single well, 7.5 pL lipofectamine was added to 125 pL
Opti-MEM (Invitrogen, 31985062), and 2.5 uL. 10 uM siRNA was added to 125 pL Opti-MEM.
The latter solution was added to the former one and incubated for 5 min at room temperature.
Then 250 pL was added to each well. Two days later, cells were harvested for immunoblot
analysis. The following siRNAs were used, control (Invitrogen, 4390844), DEPTOR (Invitrogen,

n424206), PRAS40 (Invitrogen, s85345) and TSC2 (Invitrogen, s75509).

2.5.4 Immunoblot

To make protein lysates, lysis buffer was prepared to contain 33 mM Tris-HCI pH 6.8, 5%
glycerol and 1% SDS and stored at 4 °C. One tablet of protease inhibitor (Sigma, 11836170001)
and 1 tablet of Phosstop (Sigma, 4906845001) were added to every 10 mL lysis buffer right
before using. 50 pL lysis buffer was added to each well of six-well plates and cells were scraped
to be collected, then transferred to 1.5 mL centrifuge tubes. Frozen tissues were ground with
liquid nitrogen using pestle and mortar. 20 mg tissue powder was added with 600 pL lysis
buffer. Samples were sonicated till fully homogenized and centrifuged at 17,000 g for 20 min.
360 uL supernatant was taken to a new tube. Protein concentration was measured using the BCA
assay (Thermofisher, 23227) and diluted to 6.7 pg/ uL. One third volume of 4X Laemmli sample
buffer (Biorad, 1610747) was added to the protein and heated at 95 °C for 10 min. The final

concentration of protein was 5 pg/ uL for tissue lysates and 2 pg/ puL for cell lysates.
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For immunoblotting, 50 pg tissue protein or 20 pg cell protein were loaded into SDS-PAGE gels
and run at 100 V for about 1.5 hr in electrophoresis buffer (0.3% tris base, 1.44% glycine and
0.1% SDS dissolved in H>O). Protein standards (Biorad, 1610374) were used as a molecular
weight comparison. Samples were transferred onto PVDF membrane (Biorad, 1620177) at 90V
for 1.5 hr using transfer buffer (0.3% tris base and 0.1% SDS dissolved in H>0O). Blocking buffer
was made using TBS buffer (diluted from Biorad, 1706435) added with 0.1% Tween-20 and 5%
BSA (MP Biomedicals, 160069). Membranes were blocked at room temperature for 1 hr.
Antibodies were diluted according to the manufacturer’s instructions. The specific antibodies
used are listed in Table 2. Membranes were incubated with primary antibodies at 4 °C overnight,
then washed with TBST (TBS+0.1% Tween-20) for 20-30 min before incubating with secondary
antibodies at room temperature for 1 hr. Membranes were washed again then developed using
ECL prime reagents (Cytiva, RPN2232). Immunoblots were analyzed and quantified by ImagelJ.
Quantification of the bands were normalized to GAPDH, and the average of controls was set as
1. Phosphorylation levels were compared directly to total levels of the same protein then

normalized to controls.

2.5.5 Immunoprecipitation

Immunoprecipitation lysis buffer contains HEPES 40 mM pH 7.5, NaCl 120 mM, EDTA 1 mM,
Na-pyrophosphate 10 mM, glycerophosphate 10 mM, NaF 50 mM and 0.3 % CHAPS. This was
made one day ahead of time and kept at 4 °C. One protease inhibitor tablet was added to 10 mL
IP lysis buffer before using. The manufacturer’s instructions were followed to prepare protein A
magnetic beads (Biorad, 1614013) by washing the beads three times with wash buffer

(PBS+0.1% Tween-20). 2 ng antibody was added to the beads and incubated on a rotating mixer
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at 4 °C for 2 hr. 600 pL lysis buffer was added to 20 mg tissue powder and homogenized with a
Douncer. Then samples were incubated on ice for 30 min and mixed in every 10 min. Samples
were centrifuged at 12,000 g, 4 °C for 20 min. 90 uL supernatant was taken to make input
samples by adding 30 pL 4X Laemmli buffer and heating at 95 °C for 5 min. After beads were
bound with antibodies, they were washed three times and added to 300 pL tissue lysates. The
mixer was incubated at 4 °C overnight. On the second day, beads were washed three times, then
added to 40 pL 1X Laemmli buffer and incubated at 70 °C for 10 min to elute protein. Samples

were heated at 95 °C for 5 min and were used for immunoblotting.

2.5.6 Statistics

Quantification of immunoblots were analyzed by two-way ANOVA (Sex % Genotype, with
Interaction), to see if the genotype effects were sex specific. Since none of the interaction terms
were statistically significant, data were then combined from both males and females and
significance assessed using the Student’s t-test. Figures were made using Graphpad Prism and

Adobe Illustrator. Mean and standard error of the mean (SEM) were shown in dot plots.
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Figure 3 Reduced DEPTOR and PRAS40 protein expression in GHRKO liver

(A) Representative immunoblots of protein expression for mTORC1 and mTORC2 components.
(B-H) Quantification of protein expression, for N=6 male and N = 6 female mice, with mean and
SEM. (*) for t-test p-value < 0.05
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Figure 4 DEPTOR and PRAS40 are not reduced in GHRKO kidney and muscle

(A) Protein expression of DEPTOR and PRAS40 in GHRKO kidney. (B) Protein expression of

DEPTOR and PRAS40 in GHRKO muscle. N=6 male and N=6 female mice. (*) for t-test p <

0.05
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Figure 5 Reduced DEPTOR and PRAS40 protein expression in Snell dwarf liver

(A) Representative immunoblots of protein expression for mTORC1 and mTORC2 components.
(B-H) Quantification of protein expression, for N=6 male and N = 6 female mice, with mean and

SEM. (*) for t-test p < 0.05
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Figure 6 DEPTOR and PRAS40 protein expression in Snell dwarf kidney and skeletal
muscle

(A) Protein expression of DEPTOR and PRAS40 in Snell dwarf kidney. (B) Protein expression
of DEPTOR and PRAS40 in Snell dwarf muscle. N=6 male and N=6 female mice. (*) for t-test p
<0.05
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Figure 7 Decreased DEPTOR and PRAS40 in immunoprecipitated mTOR complexes

(A) Representative immunoblots of the mTORC1 components from samples immunoprecipitated
with anti-RAPTOR antibody. (B) Representative immunoblots of the mTORC2 components
immunoprecipitated with anti-RICTOR antibody. (C) Representative immunoblots of the input
samples. (D) Quantification of the protein levels in RAPTOR-IP samples, as in (A). (E)
Quantification of the protein levels in RICTOR-IP samples, as in (B), for N=6 male mice, with
mean and SEM. (*) for t-test p < 0.05
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Figure 8 Unaltered PROTORI1 level in mTORC2
(A) Representative immunoblots of mTORC2 components in PROTOR1 immunoprecipitation
samples. (B) Input samples for immunoprecipitation. (C) Quantification of mTORC2

components in (A). N=6 male mice, with mean and SEM. (*) for t-test p < 0.05
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Figure 9 Protein levels of mMTORC1 and mTORC?2 substrates in GHRKO cells
(A) Representative immunoblots of the protein expression in wildtype and GHRKO fibroblasts.
(B) Quantification of the protein levels in (A). N=6. (*) for t-test p < 0.05
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(A) Representative images of the protein expression of mMTORC1 and mTORC?2 substrates in
DEPTOR knockdown cells. (B) Quantification of the protein levels in (A). N=6. (*) for t-test p <
0.05
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Figure 11 mTORC1 substrates were not regulated by PRAS40 knockdown in GHRKO cells
(A) Representative immunoblots of the mTORCI target protein expression in PRAS40
knockdown cells. (B) Quantification of the protein levels in (A). N=6. (*) for t-test p < 0.05
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Figure 12 DEPTOR and PRAS40 protein expression in PAPPA-KO mice
Representative immunoblots and quantification of DEPTOR and PRAS40 protein levels in
PAPPA-KO liver (A), kidney (B) and muscle (C). N=6 male mice. (*) for t-test p < 0.05
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Figure 13 DEPTOR and PRAS40 protein expression in LKO mice
Representative immunoblots and quantification of DEPTOR and PRAS40 protein levels in LKO
liver (A), kidney (B) and muscle (C). N=6 male mice. (*) for t-test p < 0.05
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Representative immunoblots and quantification of DEPTOR and PRAS40 protein levels in MKO
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Mouse model Tissue DEPTOR PRAS40
Liver ! )
GHRKO Kidney - -

Muscle ) -

Liver ! l

Snell Kidney - -

Muscle - )

Liver - -

PAPPA-KO Kidney - -

Muscle - -

Liver ! -

LKO Kidney - -

Muscle - -

Liver - -

MKO Kidney - -

Muscle - -

Table 1 Summary of DEPTOR and PRAS40 protein expression in five mouse models
DEPTOR and PRAS40 protein expression in liver, kidney and muscle of GHRKO, Snell dwarf,
PAPPA-KO, LKO and MKO mice. 1 increased, | decreased, - unaltered
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Name Source Catalog
GAPDH Cell Signal 2118S
mTOR Cell Signal 29728
mLSTS8 Cell Signal 32748
DEPTOR Novus Bio NBP1-49674
RAPTOR Thermofisher 42-4000
PRAS40 Cell Signal 26918
RICTOR Abcam ab70374
mSIN1 Abcam ab64188
PROTORI1 Bethyl lab A304-187A
TSC1 Cell Signal 69358
TSC2 Cell Signal 4308S
pTSC2 S939 Cell Signal 3615S
pTSC2 T1462 Cell Signal 3617S
p4EBP1 Cell Signal 28558
4EBP1 Cell Signal 9644S
pS6K Cell Signal 9234S
S6K Cell Signal 92028
pAKT S473 Cell Signal 40608
pAKT T450 Cell Signal 92678
AKT Cell Signal 92728
GHR R&D Systems AF1360
rabbit IgG Cell Signal 27298
anti-rabbit Abcam ab205718
anti-goat R&D Systems HAFO017

Table 2 List of antibodies
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Chapter 3 TSC Regulates mTORC1 Activity in GHRKO and Snell Dwarf Mice

3.1 Abstract

Long-lived GHRKO and Snell dwarf mice have lower mTORCI1 activity, but it remains
unknown what specific factors cause this phenotype. Results from Chapter 2 showed that
mTORC1 or mTORC2 components are not responsible for this phenomenon. Upstream
regulators that transmit signals to control mTORCI1 activity would be good candidates to study.
TSC receives signals from insulin/IGF-1 signaling, ATP and oxygen level to inhibit mTORC1
activation. Here, higher protein expression of TSC1 and TSC2 were found in liver, kidney and
muscle of GHRKO and Snell dwarf mice. A lower ratio of phosphorylated TSC2 to total TSC2,
which indicates inhibited TSC2, was seen in these tissues as well, suggesting higher TSC
activity. TSC2 knockdown through siRNA in GHRKO fibroblasts increased phosphorylation of
mTORCI targets, suggesting inhibited mTORCI1 activity by TSC in these cells. Together, higher
TSC level and activity may contribute to inhibited mTORCI functions in GHRKO and Snell

dwarf mice.

3.2 Introduction

The results on mTORC components in long-lived mutant mice suggested that the proteins of
mTOR complexes do not explain the effects of these mutations on mTORC activity. For this
reason we extended this study to evaluate the upstream signaling network. mTORCI is regulated

by amino acid levels, growth factors, energy and oxygen levels 144. Amino acid levels are
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detected by their sensors and regulate the localization of mMTORCI to the lysosome. The other
signals converge on an upstream master regulator of mTORCI1, TSC. This complex is composed
of TSC1, TSC2 and TBC1D7, among which TSC?2 is the catalytic subunit. TSC1 stabilizes
TSC2, whereas TBC1D7 promotes the interaction between TSC1 and TSC2 21122, Growth
factors, including insulin and IGF-1, signal through the PI3K-AKT pathway to regulate TSC2
phosphorylation. Specially, AKT phosphorylates TSC2 at Ser 939 and Thr 1462 to inhibit TSC
activity and therefore elevate mTORC1 functions 919!, Both GHRKO and Snell dwarf mice
have lower circulating IGF-1 levels 27#2, and AKT activity marker pAKT Ser 473 is lower in
GHRKO and Snell dwarf mice, suggesting inhibited insulin/IGF-1-AKT pathway. As a result,
TSC activity may be higher in these mice, which could inhibit mMTORCI1 activation. These

observations make TSC an interesting target to study the upstream regulation of mMTORCI.

For this purpose, the protein levels of two TSC components, TSC1 and TSC2, were tested in
tissues of GHRKO and Snell dwarf mice. Phosphorylation of TSC2 was also tested to study the
activity of the complex. To identify a causal link between TSC and mTORC1, TSC2 was
knocked down in GHRKO fibroblasts, and mTORCI targets were tested. In addition to GHRKO
and Snell dwarf mice, three other mouse models, PAPPA, LKO and MKO mice, were also used

to study the hormonal regulation of TSC.

3.3 Results

3.3.1 Increased TSC1 and TSC2 expression in GHRKO mice

To study whether the TSC complex regulates mTORCI1 activity in the long-lived mice, the

protein expression of TSC1 and TSC2 was measured in three tissues of GHRKO mice, including
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liver, kidney and skeletal muscle. The results showed that both TSC1 and TSC2 protein levels
were increased in all three tissues of GHRKO mice compared with wildtype mice (Figure 15).
Upregulated TSC levels should lead to inhibition towards mTORCI activity, which might

contribute to the reduced mTORC]1 function in these mice.

3.3.2 Increased TSC1 and TSC2 expression in Snell dwarf mice

To find out whether the above phenotype is also seen in another long-lived mouse model, Snell
dwarf mice were used to test TSC1 and TSC2 protein expression in liver, kidney and muscle.
Like the GHRKO mice, Snell dwarf mice also had elevated TSC1 and TSC2 protein levels in all
three tissues (Figure 16), suggesting common TSC regulation in these two models. These data
support the idea that TSC upregulation might explain the lower mTORC1 activity in GHRKO

and Snell dwarf mice.

3.3.3 TSC2 phosphorylation is downregulated in GHRKO mice

TSC2 can be phosphorylated by AKT at Ser 939 and Thr 1462; phosphorylation at these sites
inhibits TSC function, leading to mTORC1 activation %191 Tt has been reported that non-fasting
GHRKO and Snell dwarf mice had reduced pAKT Ser 473 levels, which is a marker for AKT
activation %, Thus TSC2 phosphorylation might be decreased due to inactive AKT in GHRKO
mice. To test this idea, immunoblotting was carried out using two antibodies targeting these two
TSC2 phosphorylation sites, respectively. However, neither pTSC2 S939 nor pTSC2 T1462
showed different levels between wildtype and GHRKO liver, kidney and muscle (Figure 17).

Since total TSC2 was increased in all tissues, the ratio of pTSC2 to total TSC2 was thus
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decreased (Figure 17). Reduced TSC2 phosphorylation reflects less inhibition from AKT,
resulting in elevated amount of unphosphorylated, active, inhibitory TSC2. This additional
regulation of TSC2 activity is also in the direction expected to lead to lower mTORCI1 signaling

in these mice.

3.3.4 TSC2 knockdown upregulates mTORCI1 substrates

These data showed both increased TSC levels and elevated TSC activity, but whether this leads
to lower mTORCI1 activity in Snell and GHRKO mice still needs to be tested. Therefore, the
TSC level was manipulated in cultured GHRKO cells to see whether this would alter mTORC1
substrate phosphorylation. First, the protein levels of TSC1 and TSC2 were tested in wildtype
and GHRKO fibroblasts. As shown in Figure 18A, both TSC1 and TSC2 were increased in these
cells as they are in tissues. Next, TSC2 was knocked down using siRNA in wildtype and
GHRKO fibroblasts. Interestingly, the level of TSC1 was also decreased by TSC2 siRNA,
suggesting coordinate regulation of these two TSC components (Figure 18B). The
phosphorylation status of mMTORC1 substrates pS6K and p4EBP1 were tested, and both were
upregulated under TSC2 knockdown in wildtype and GHRKO fibroblasts (Figure 18B). These
results showed that TSC can indeed regulate mTORCI activity in GHRKO cells and support the
idea that the higher TSC activity in GHRKO mice might contribute to inhibition of mTORCI

function.

3.3.5 TSC1 and TSC2 expression in PAPPA-KO mice
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Since both TSC1 and TSC2 were increased in GHRKO liver, kidney, muscle and skin-derived
fibroblasts, it would be interesting to know which hormone is upregulating TSC expression
across the tissues. To test this idea, PAPPA-KO mice with disrupted IGF-1 signaling were used.
The data showed that TSC1 and TSC2 were not differentially expressed in liver, kidney and
muscle of heterozygous or homozygous PAPPA knockout mice (Figure 19), suggesting that
these two genes might not be regulated by IGF-1. These findings are consistent with the previous
results that mMTORC1 components were not altered in these mice, either, suggesting that both
TSC and mTOR complexes in long-lived GHRKO and Snell dwarf mice are probably not

directly regulated by IGF-1 levels.

3.3.6 TSC1 and TSC2 expression in liver-specific GHRKO mice

To find out whether TSC levels are regulated by growth hormone directly, liver-specific
GHRKO mice serve as a good model for this purpose. If this hypothesis is true, higher TSC1 and
TSC2 levels would be seen in the liver but in no other tissues of these mice. Indeed, LKO kidney
or muscle showed similar levels of TSC1 and TSC2 as wildtype mice (Figures 20B and 20C). In
contrast, liver of LKO mice had increased TSC1 protein expression but not TSC2 (Figure 20A).
It seems that growth hormone receptor knockout only in the liver is sufficient to alter TSCI, but
not TSC2. The implication is that these two components of the TSC complex may be under

separate, or overlapping, controls in kidney.

3.3.7 TSC1 and TSC2 expression in muscle-specific GHRKO mice
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To further explore questions of direct versus indirect GH action, TSC1 and TSC2 protein levels
were also tested in muscle-specific GHRKO mice. No alteration was seen in liver or kidney
(Figures 21A and 21B). Interestingly, TSC2 but not TSC1 was increased in MKO muscle
compared with control mice (Figure 21C), suggesting that growth hormone receptor knockout
limited to muscle is sufficient to upregulate TSC2 expression. In conjunction with the liver data,
the implication is that these two proteins may be under separate control pathways in the two
tissues. It is also possible that signals from one or more other tissues could modulate TSC1 or

TSC2 in a tissue-specific fashion not yet apparent from our data.

In summary (Table 3), GHRKO and Snell dwarf mice had elevated TSC1 and TSC2 protein
levels in liver, kidney and muscle. The phosphorylation status of TSC2, which indicates
inhibitory TSC2 activity, was downregulated in GHRKO tissues. In addition, TSC2 knockdown
in GHRKO fibroblasts upregulated mTORC]1 substrate phosphorylation. These results showed
that more active TSC signals could inhibit mTORCI1 activity in GHRKO and Snell dwarf mice.
Moreover, studies using mouse models with different hormone signaling suggest that TSC1 and
TSC2 might be regulated by growth hormone but not IGF-1 in a tissue-coordinated manner.
Further experiments with growth hormone receptor or IGF-1 receptor knockout in cells would

answer this question more explicitly.

3.4 Discussion

The second hypothesis of the study was that the lower mTORCI1 activity in GHRKO and Snell
dwarf mice might be regulated by alternation in the TSC components. The protein expression of

two TSC components, TSC1 and TSC2, was examined in GHRKO and Snell dwarf liver, kidney
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and muscle. Both TSC1 and TSC2 protein levels were increased in all these tissues. Two TSC2
phosphorylation sites which are under AKT signaling, were unaltered in GHRKO tissues. Since
the total levels of TSC2 were increased, the relative phosphorylation of TSC2 is then decreased,
suggesting less TSC2 inhibition from AKT signaling. Moreover, TSC2 knockdown in GHRKO
fibroblasts upregulated phosphorylation of mMTORCI substrates, reversing the effects of GHRKO
mutation on mTORCI1 activity. These results provide evidence to support the hypothesis that
GHRKO and Snell dwarf mice have higher TSC activity which contributes to inhibited

mTORCI1 functions.

Further analysis of tissues from liver-specific GHRKO, muscle-specific GHRKO, and PAPPA-
KO mice, showed mixed results. There was higher TSC1 but not TSC2 protein expression in
liver of liver-specific GHRKO mice. Kidney and muscle showed no effects in these liver-specific
KO mice. Higher TSC2 but not TSC1 was observed in muscle of muscle-specific GHRKO mice.
Liver and kidney showed no effects. It seemed that TSC1 or TSC2 can be upregulated in tissues
without growth hormone receptor, but not in the other tissues of these mice, where GHR remains
intact. This phenomenon resembles an AND switch that signals from different tissues are
required to turn on overall TSC expression. It is possible that some signal under growth hormone
regulation is involved in this process to communicate across tissues to enable whole body TSC
upregulation. Further analysis of PAPPA knockout mice found no alternation of TSC1 or TSC2
in liver, kidney or muscle. Since these mice have inhibited IGF-1 signaling, these results indicate
that TSC1 and TSC2 regulation is probably not a direct effect of IGF-1. Taken together, results
from these mouse models suggest that growth hormone but not IGF-1 might regulate TSC

proteins in a tissue-coordinated way.
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3.5 Materials and methods

Materials and methods for mice, cell culture, RNA1, immunoblot and statistics are the same as in

chapter 2.
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Figure 15 TSC1 and TSC2 are increased in GHRKO tissues
TSC1 and TSC2 protein expression in GHRKO liver (A), kidney (B), and muscle (C). N=6 male
and N=6 female mice. (*) for t-test p <0.05
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Figure 16 TSC1 and TSC2 are increased in Snell dwarf tissues
TSC1 and TSC2 protein expression in Snell dwarf liver (A), kidney (B), and muscle (C). N=6
male and N=6 female mice. (*) for t-test p < 0.05

69



A pTSC2 S939 pTSC2 T1462 pTSC2 S939/TSC2 pTSC2 T1462/TSC2

2.0+ 2.0+ 2.0- 2.0+
PTSC2 s S B 15 1.5 1.5 L 1.5 LJ
S939 - . o : .:. o
pTSC2 §1.o- .)?- %:l‘ 1.0+ -it.iv éé. 1.0 332:7 ";f' 1.0+ ?: .Eé’.
T1462 N . gw . : - oo . i
WT GHRKO B ool 00— 0.0 ——— 00—
WT GHRKO WT GHRKO WT GHRKO WT GHRKO
B pTSC2 S939 pTSC2 T1462 pTSC2 S939/TSC2 pTSC2 T1462/TSC2
§ 20- 2.0+ 2.0- 2.0-
pTSC2 L *
5939 — — 1.5+ 1.5 154 o 151
- i ) ° . - ® o0 L .
pTSC2 104 g %’;‘s 1.0- 33-' % 1.0 —io v 104 =— 5.
Ti462 R B § N Sio) o e E e
WT GHRKO §o.s~ 0.5 0.5 0.5+
2 00 r T 0.0 ' : 0.0 r r 0.0 . r
WT GHRKO WT GHRKO WT GHRKO WT GHRKO
C pTSC2 S939 pTSC2 T1462 pTSC2 S939/TSC2  pTSC2 T1462/TSC2
§ 20 2.0+ 2.0+ 2.0+
* *
E;’ggZ — — g 1.5 151 151 151
pTSC2 - gm- = l«!‘v 1.0- -:t_g ﬁ.;! 1.04 3?! % 1.0 }%q{ ‘,.‘_
Ti462 ' . S : - bk
WT GHRKO §o.s- 0.5 0.5 0.5
2 o0 r T 0.0 T r 0.0 T r 0.0 T r
WT GHRKO WT GHRKO WT GHRKO WT GHRKO

Figure 17 Relative phosphorylation of TSC2 is decreased in GHRKO tissues
The relative TSC2 phosphorylation at two sites, S939 and T1462, were decreased in GHRKO
liver (A), kidney (B), and muscle (C). N=6 male and N=6 female mice. (*) for t-test p < 0.05
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Figure 18 Upregulation of mTORC1 substrates by TSC2 knockdown in GHRKO cells
(A) TSC1 and TSC2 protein expression in GHRKO cells. (B) Protein expression for mTORC1
substrates in TSC2 knockdown cells. N=6. (*) for t-test p < 0.05
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Figure 19 TSC1 and TSC2 protein expression in PAPPA-KO mice
Representative immunoblots and quantification of TSC1 and TSC2 protein levels in PAPPA-KO
liver (A), kidney (B) and muscle (C). N=6 male mice. (*) for t-test p < 0.05
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Figure 20 TSC1 and TSC2 protein expression in LKO mice
Representative immunoblots and quantification of TSC1 and TSC2 protein levels in LKO liver
(A), kidney (B) and muscle (C). N=6 male mice. (*) for t-test p < 0.05
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Figure 21 TSC1 and TSC2 protein expression in MKO mice
Representative immunoblots and quantification of TSC1 and TSC2 protein levels in MKO liver

(A), kidney (B) and muscle (C). N=6 male mice. (*) for t-test p < 0.05
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Mouse model Tissue TSCl1 TSC2
Liver ) )
GHRKO Kidney ) 1
Muscle 1 1
Liver ) )
Snell Kidney ) 1
Muscle 1 1
Liver - -
PAPPA-KO Kidney - -
Muscle - -
Liver ) -
LKO Kidney - -
Muscle - -
Liver - -
MKO Kidney - -
Muscle - 1

Table 3 Summary of TSC1 and TSC2 protein expression in five mouse models
TSC1 and TSC2 protein expression in liver, kidney and muscle of GHRKO, Snell dwarf,
PAPPA-KO, LKO and MKO mice. 1 increased, | decreased, - unaltered
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Chapter 4 Concluding Remarks and Future Directions

4.1 Summary of the study

It is well known that mTOR plays a crucial role in aging. Studies have shown that diminished
mTOR function can extend lifespan in multiple species 3142, There are also studies
characterizing mTOR regulation in certain longevity or disease models. For example, lower
mTORCI activity was observed in long-lived GHRKO and Snell dwarf mice, but the underlying
mechanism by which mTORC1 function is diminished is unclear 8. This study tried to answer
this question by testing the mTORC components and the upstream TSC regulator in these mouse
models. The findings shown here suggest that TSC levels and activity, but not the levels of
mTORC components, contribute to inhibited mTORCI1 functions in GHRKO and Snell dwarf
mice (Figure 22). However, there are still limitations of this study and future work will be
necessary to further elucidate the mechanisms. For instance, direct manipulation of TSC in vivo
instead of in cells would provide more convincing evidence about the importance of TSC in
mTOR regulation in the long-lived mice. Other aspects of mTOR complexes, such as
phosphorylation and localization, would be helpful to determine whether mTOR is regulated by
multiple signaling pathways or mainly by TSC. Overall, these results emphasize the critical roles
of TSC in mTOR regulation as well as the importance of mTOR in aging. The future directions
mentioned in this chapter would help to understand more about the long-lived mouse models and

may aid in developing more approaches to extend mammalian lifespan.
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4.2 Mouse models and tissues in this study

There are five mouse models used in this study. GHRKO and Snell dwarf mice are two similar
dwarf mouse models, and using both in this study help limit the strain-specific phenotypes and
generalize the conclusions. Snell dwarf mice have defective pituitary structure, and produce
lower levels of three hormones, GH, prolactin and TSH %7, whereas GHRKO mice only have
defective growth hormone signaling. The results presented here are similar between these two
models, indicating that GH but not the two other hormones affected in the Snell mice, is
probably the factor leading to mTOR protein changes. Both GHRKO and Snell dwarf have
significantly lower circulating IGF-1 resulted from defective GH signaling. This raises the
question whether GH or IGF-1 signaling causes the alteration in TSC and mTOR proteins. To
answer this question, three other mouse models were used including PAPPA-KO, LKO and
MKO mice. PAPPA-KO have inhibited IGF-1 signaling ** ,and if IGF-1 is the critical factor in
mTOR regulation, the changes seen in GHRKO and Snell dwarf mice would also be observed in
PAPPA-KO mice. However, none of those changes are present in PAPPA-KO mice, suggesting
that mTOR is probably not directly regulated by IGF-1 signaling, although regulation of IGF-1
action in local tissues may depend on a complex balance of PAPPA function, IGF-1 and IGF-1R
levels, and levels of the various IGFBPs, some of which are not subject to cleavage by PAPPA.
Next, to test whether GH actions represent direct or indirect effects, two tissue-specific GHRKO
mouse models were used. LKO mice have GHR deletion only in the liver while MKO mice have
GHR deletion only in the muscle. If GH signals are entirely tissue-specific, alteration of TSC and
mTOR proteins would be evident in liver but not in other tissues of LKO mice, and in muscle but
not in other tissues of MKO mice. DEPTOR reduction was observed in LKO liver, consistent

with direct effects of GH on liver, but, more surprisingly, was not seen in muscle of MKO,
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suggesting that effects on muscle of GHRKO mice may reflect indirect effects of GH action on
some unknown other tissue. Moreover, TSC1 was only increased in LKO liver but not MKO
muscle, and TSC2 was increased in MKO muscle but not LKO liver. This phenomenon suggests
some fascinating tissue-specific regulation of these two proteins as well as potential tissue-tissue
communication mechanism. In whole body GHR deletion mice, some signal downstream of GH
may be secreted from liver and travel to muscle, and at the same time, another signal could be
secreted from muscle and travel to liver, which enables upregulation of both TSC1 and TSC2 in
liver and muscle. This would not happen in tissue-specific GHR deletion mice. For example, in
LKO mice, a signal in liver would increase TSC1 expression, but there is no signal coming from
muscle to increase TSC2 expression in liver. Additional mouse models with GHR knockout in

other tissues may be helpful to further test this hypothesis.

Three tissues were studied in all mouse models, i.e. liver, kidney and skeletal muscle.
Comparisons of results from these commonly used tissues can avoid drawing premature
conclusions about tissue-specific effects. In addition, previous work showed lower mTORC1
activity and partially higher mTORC?2 activity in liver, kidney, muscle and heart of GHRKO and
Snell dwarf mice >®. Examining the same tissues is necessary to study mTOR regulation that
leads to alteration in mMTORC activity previously reported, and these considerations lay behind

the strategy used here for exploring tissue-specific direct and indirect effects.

4.3 Feedback mechanisms of mTOR regulation

Regulation of mTOR complexes features sophisticated feedback mechanisms. For example the

mTORC?2 substrate AKT can phosphorylate and suppress TSC2 function to relieve inhibition on
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mTORCI activity 10101 S6K downstream of mTORC1 can phosphorylate mTORC2 component
RICTOR to inhibit AKT activation '*4. In addition, both mTORC1 and S6K can directly
phosphorylate and inhibit IRS-1, providing negative feedback for prolonged PI3K-AKT
signaling *>"137, As a component of both mTORC1 and mTORC2, DEPTOR inhibits the kinase
activity of mTOR, acting as an internal negative regulator. Intriguingly, DEPTOR itself can be
inhibited by mTORC1 and mTORC?2 at both the mRNA and protein levels, and DEPTOR can
also be phosphorylated in an mTORC1-dependent manner 2. This phenomenon also exhibits
feedback signaling but the underlying mechanisms are still unclear. The reduced expression of
DEPTOR in GHRKO and Snell liver would not lead to observed decline in mTORCI in these
mice, and are thus in the opposite direction for mTORC] regulation, but could reflect a feedback
circuit of uncertain composition. Phosphatidic acid, a type of phospholipid generated in response
to mitogenic treatment such as serum, can disrupt the interaction between DEPTOR and
mTORCI to activate mTORCI under mitogenic signals such as serum and insulin '°8, Whether
phosphatidic acid is involved in the regulation of DEPTOR in GHRKO and Snell dwarf mice
would be interesting to study. Deeper investigation about the DEPTOR regulation, such as
transcription, translation and phosphorylation, would help to resolve issues about the basis for

lower DEPTOR and provide hints as to the functional effects of this decline.

Similarly, PRAS40 also functions as a negative component of mMTORCI1. The decreased PRAS40
expression in GHRKO and Snell liver might be under the same feedback signaling as DEPTOR.
PRASA40 can be phosphorylated by AKT and mTORCI1, releasing the inhibitory effects on
mTORC]1 1310, Whether these phosphorylation events happen in GHRKO and Snell dwarf mice

and whether they affect the level or function of PRAS40 would be worth investigating.
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4.4 Phosphorylation of mMTORC components

Proteins of mMTOR complexes are widely phosphorylated for additional regulation of the
complexes. The core mTOR kinase can be phosphorylated at Ser 2448 by S6K in response to
serum stimulation '®!. mTOR within mTORC?2 autophosphorylates at Ser 2481, indicating intact
complex assembly 62, In response to low ATP level, the mTORCI1 scaffold protein RAPTOR is
phosphorylated by AMPK at Ser 722 and Ser 792 to inhibit mTORC1 function '%*. The
mTORC?2 scaffold protein RICTOR is phosphorylated by the mTORC1 substrate S6K at Thr
1135 to inhibit mMTORC?2 substrate phosphorylation of AKT at Ser 473 '3, Moreover, mSIN1
can be phosphorylated by AKT at Thr 86 to further activate mTORC2, leading to
phosphorylation of AKT at Ser 473 7%, The DEPTOR protein contains multiple phosphorylation
sites 194 among which Ser 293, Thr 295 and Ser 299 are dependent on mTORC1 and mTORC?2
165,166 "and phosphorylation of Ser 286, 287 and 291 is probably mediated by RSK1 and S6K '¢7.
This series of phosphorylation events facilitates the ubiquitylation and subsequent proteasome
degradation of DEPTOR to release mTORC]1 inhibition '®*. Both mTORC1 and AKT can
phosphorylate PRAS40, leading to binding to protein 14-3-3 and releasing inhibition on
mTORC1 1510, Phosphorylation of these mTORC members display multiple aspects of
mTORCI1 and mTORC?2 regulation. It would be informative to study whether these
phosphorylation sites are present in GHRKO and Snell dwarf mice and how they might influence

mTOR activity and substrate specificity.
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4.5 TSC overexpression extends lifespan

The observation of increased TSC1 and TSC2 levels in long-lived mice is in line with previous
reports about the beneficial effects of TSC overexpression in longevity. Overexpression of the
Drosophila orthologs of TSC1 and TSC2, dTSC1 or dTSC2, in fruit flies led to lifespan
extension '#!, TSCI overexpression in mice improved their exercise performance and heart
function, and extended the lifespan of female but not male mice 6. It would be interesting to
know whether overexpression of TSC2 has similar effects of increased health span and lifespan
in mice. TSC1 and TSC2 proteins are also known as hamartin and tuberin, respectively, and
function as tumor suppressers. Mutations in either TSC1 or TSC2 cause the disease Tuberous
Sclerosis Complex featuring benign tumors that can occur across the body '8, TSC2 mutations
are more common than mutations of TSCI in patients with this disorder. These loss-of-function
mutations cause defective inhibition of Rheb, leading to hyperactive mTORCI signaling. It is
conceivable that TSC1 or TSC2 overexpression would inhibit tumor growth and cancer
progression, which may partially account for extended health span and lifespan in Snell and

GHRKO mice.

4.6 TSC phosphorylation

In addition to the two phosphorylation sites of TSC2 tested here, there are several other residues
on TSC2 and TSC1 phosphorylated to transit upstream signals to mTORCI1 !¢, For example,
AMPK phosphorylates TSC2 at Thr 1227 and Ser 1345 to enhance TSC2 activity and inhibit
mTORCI functions in response to low ATP levels 2. TSC2 is phosphorylated by ERK at Ser
664, and by RSK at Ser 1798, downstream of epidermal growth factor activation '2%127, TSCI is

phosphorylated by cyclin-dependent kinase 1(CDK1) at three sites, Thr 417, Ser 584 and Thr
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1047 during G2/M phase of the cell cycle, which somehow alters the activity of the complex and
inhibits downstream S6K phosphorylation '7°, In cancer cells, inflammation induced TSC1
phosphorylation by IKKf at Ser 487 and Ser 511 and resulted in inhibited TSC1 function,
activated mTORC]1 and subsequent tumor progression !7!, Whether the phosphorylation of TSC1
and TSC2 at these sites is altered and functioning in GHRKO and Snell dwarf mice would be

worth following up.

4.7 TBC1D7 and Rheb

As a third subunit of the complex, TBC1D7 promotes the interaction between TSC1 and TSC2
122 However, the role of TBC1D7 in aging has not been well-established. Whether TBC1D7 is
upregulated in GHRKO and Snell dwarf mice would be interesting to find out. Similarly, it
would be useful to learn whether TBC1D7 overexpression also extends mouse lifespan. Another
critical player in the TSC signaling pathway is Rheb, which functions as a direct activator of
mTORCI. Studying the level and activity of Rheb in long-lived mice would add extra evidence
to the current findings. The small molecule NR1 has been identified to be a Rheb inhibitor and
selectively suppress mTORC]1 activity !72. This drug would be an interesting candidate to study

in longevity experiments.

4.8 Regulation of mTORC1 localization

Apart from TSC signaling, mTORCI1 is also regulated by the localization to the lysosomal
membrane, which depends on amino acid levels in the cytoplasm and inside the lysosome. The

results of whole liver lysates of GHRKO and Snell dwarf mice (Figures 3 and 5) did not find
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difference in the levels of mMTOR, RAPTOR and mLST8, suggesting similar numbers of mTOR
complex 1 compared with controls. However, it remains unknown whether the amount of
mTORCI1 at the lysosome surface is also similar between long-lived and control mice. Therefore,
analyzing mTORC components in purified lysosomes would be helpful to answer this question.
Furthermore, other proteins in this pathway may also be involved in mTORCI regulation,
including the amino acid sensors, the Rag proteins that recruit mTORCI1, and the anchor protein
Regulator. A thorough examination of these players would give a more comprehensive

understanding of mTORCI regulation in long-lived mice.

4.9 mTORC?2 substrate specificity

A previous study found that mTORC?2 substrates are differentially regulated in GHRKO and
Snell dwarf mice, with pAKT Ser 473 decreased, pAKT Thr 450 and pSGK unaltered in fed
animals °8. This interesting phenomenon suggests selective activity towards different mTORC2
substrates and may reflect differences in the kinases involved. The core kinase mTOR is
responsible for the phosphorylation of AKT Thr 450 and SGK, whereas mSIN1, a subunit of
mTORC?2, also functions as a kinase to phosphorylate AKT at Ser 473 #°. The kinase activity of
mTOR and mSINI could be different and result in the substrate specificity observed in the long-
lived mice. Moreover, substrates are recruited to mTORC2 by RICTOR, and the binding
between mTORC?2 and these targets may not be at the same intensity in control and mutant mice,

leading to various effectiveness of recruitment and subsequent phosphorylation.
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4.10 Significance

It is unknown why GHRKO and Snell dwarf mice are long-lived, and exploration of the many
possible mechanistic linkages will require a diversity of approaches. Even if only one signaling
pathway is critical for lifespan extension, it usually involves multiple upstream and downstream
elements in the pathway. The complexity of mouse in vivo mechanisms slows down efforts to
search for a fully comprehensive model to explain extended longevity. Therefore, this study was
set with a realistic goal which is to find out why GHRKO and Snell dwarf mice have lower
mTORCI activity. Solving this problem is a small step towards understanding the slow-aging
mechanisms of these mice. Given the fact that deficient mTORC] signaling extends lifespan in
different species including mice, the regulation of mTOR complexes is a highly relevant

candidate mechanism for extended lifespan of GHRKO and Snell dwarf mice.

For this project, in vitro experiments were carried out to see whether TSC inhibits mMTORC1
activity in GHRKO fibroblasts. Extending this to in vivo experiment would be more convincing
about the negative regulatory role of TSC on mTORCI. This can be done by developing drugs to
inhibit TSC2 activity or to disrupt the interaction between TSC components. This can also be
done using a genetic approach to knock down TSC expression or introducing TSC mutations.
Homozygous KO of TSC1 or TSC2 produces non-viable mice. Heterozygous TSC1 or TSC2
mice have tumors, and are used to study the human tuberous sclerosis diseases !"*!74, Thus the
most informative manipulations should be tightly controlled to decrease TSC activity in treated
GHRKO or Snell dwarf mice to similar levels as in wildtype mice without causing extra toxicity.
Then phosphorylation of mTORCI substrates in tissues can be measured to see whether TSC

inhibition in GHRKO or Snell dwarf mice upregulates mTORCI1 activity to the level comparable
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with WT mice, which would suggest that higher TSC activity indeed inhibit mMTORC1 activity in
the long-lived mutant mice. Next, lifespan of these mice can be recorded to see whether the
treatment would abolish the lifespan extension of these mice. If the extended lifespan is reversed
to that of control mice, then this shows that higher TSC activity and lower mTORCI activity

lead to lifespan extension of GHRKO and Snell dwarf mice.

If these research projects provide promising results in mice, applications can be developed for
human use in the future. Pharmaceutical approach is safer and easier to deliver than genetic
approach for this purpose. Drugs can be developed as oral supplements for human, such as
mTORCI inhibitors that have better bioavailability than rapamycin, and TSC activitors that,
unlike some mTOR inhibitors, would specially inhibit mTORC1 but not mTORC?2 to avoid
mTORC?2 related side effects. It is imaginable that one day, such drugs would delay age-

associated diseases and bring ten more years of lifespan to people taking them.
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Figure 22 TSC and mTORCT signaling in GHRKO/Snell dwarf mice

In comparison with wildtype mice, GHRKO and Snell dwarf mice have higher TSC activity,
shown by increased TSC1 and TSC2 protein levels, and lower TSC2 phosphorylation. Elevated
TSC signaling then inhibits the mTORCI activity of phosphorylating downstream targets.
GHRKO and Snell dwarf mice also showed lower DEPTOR and PRAS40 levels but these
changes are not responsible for the lower mTORCI1 activity observed in these mice.
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