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ABSTRACT

PRAS40 and DEPTOR are mTOR binding proteins that affect cell metabolism.
Under catabolic conditions such as sepsis and glucocorticoid excess, there is an increase
in total DEPTOR protein and a reduction in phosphorylation of PRAS40, suggesting that
these proteins may modulate the mTOR-mediated protein synthetic response under
normal and diseased conditions. The hypothesis of the present study was that knock
down (KD) of PRAS40 or DEPTOR in C2C12 myocytes will increase protein synthesis
via stimulating mTOR-S6K1 signaling. PRAS40 and DEPTOR KD was achieved using
lentiviral particles containing shRNA to target the mouse PRAS40 and DEPTOR mRNA
sequence, whereas control cells were transfected with a scrambled control shRNA. KD
reduced PRAS40 and DEPTOR mRNA and protein content by 90%. PRAS40 KD did
not result in increased phosphorylation of mTOR substrates or increased protein
synthesis, whereas, DEPTOR KD increased both phosphorylation of mTOR kinase
substrates, 4E-BP1 and S6K1, and protein synthesis. The responsiveness of PRAS40 and
DEPTOR KD myocytes to anabolic (IGF-I) and catabolic (AICAR) stimuli was
unaltered. Both PRAS40 and DEPTOR KD myoblasts were larger in diameter and
exhibited an increased mean cell volume compared to scramble control. PRAS40 KD
cells had decreased phosphorylation (S807/S811) of pRb protein. In contrast, DEPTOR
KD cells had an increased phosphorylation (S807/S811) of pRb protein which is critical
for the G,-S phase transition, coincident with an increased percentage of cells in the S
phase. Neither PRAS40 nor DEPTOR KD altered myoblast apoptosis as evidenced by

the lack of change for cleaved caspase-3. Although DEPTOR KD myoblasts did not alter



v
autophagy as determined by a lack of change in the ratio of LC3BII/LC3BI, PRAS40 KD
myoblasts had a reduced ratio of LC3BII/LC3BI. While PRAS40 KD delayed myotube
formation concurrent with delayed proliferation, DEPTOR KD had the opposite effect on
myogenesis and proliferation. Finally, while in vivo DEPTOR KD (~50% reduction) by
electroporation into the muscle of C57/BL6 mice did not alter weight or protein synthesis
in the control muscle, it prevented atrophy produced by 3 days of hindlimb
immobilization, at least in part by increasing protein synthesis. Thus, our data support
the hypothesis that PRAS40 and DEPTOR are important regulators of protein
metabolism in myocytes and demonstrate that, while PRAS40 is required for normal
myoblast growth and function, decreasing DEPTOR expression is sufficient to ameliorate

the atrophic response produced by immobilization.
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Chapter 1

Introduction

While the primary function of muscle is to generate force or movement in response to a
physiological stimulus, skeletal muscle also serves as the largest reservoir of protein and amino
acids in the body, and as such, it represents a major component of whole body protein synthesis
and degradation (1). Skeletal muscle is composed of individual components known as muscle
fibers. During development, these fibers are formed from the fusion of myoblasts which are a
progenitor cell capable of giving rise to muscle cells. One prominent characteristic of skeletal
muscle is its ability to alter size (form) in response to a wide range of external stimuli (2). The
inherent ability of skeletal muscle to change size in comparison to other tissue types is
substantial. Changes in size, proliferation rate and myogenesis are usually multifactorial and
these alterations make muscle a plastic and dynamic tissue. These adaptive alterations and the
resulting phenotype are produced by regulating metabolic processes such as protein synthesis and
degradation, autophagy and apoptosis in response to various external stimuli, and are dependent
on the intrinsic and inherent ability of muscle to respond to the external cues based on current
energy status and regenerative ability. While the underlying molecular interactions and causal
relationships of these processes in response to a wide array of cues are not completely
understood, the emerging consensus in the general area of muscle physiology is that the principal
factors in determining a change in adult muscle size are an increase (hypertrophy) or decrease
(atrophy) in the cross-sectional area of existing muscle fibers (3-6). This change in cross-
sectional area is largely influenced by the balance in protein synthesis and degradation processes

(5-8).



Muscle protein reserves in the body can be and are often used as an energy source when
the physiological need arises. Protein stores in muscle are maintained by the ingestion of protein/
amino acid - containing meals which stimulate protein synthesis and suppress protein breakdown
(2, 8-12). Conversely, during periods of starvation or disuse, muscle protein breakdown
(proteolysis) exceeds protein synthesis (13), providing amino acids to support hepatic
gluconeogenesis and acute phase protein synthesis (14). Increased proteolysis contributes to
muscle atrophy that is manifested in many diseases with different etiologies (sepsis,
glucocorticoid excess, cachexia, disuse atrophy and alcohol abuse), but it also occurs during
normal physiological conditions such as cell senescence and aging (15-17). While understanding
the regulation of muscle mass under normal physiological parameters is undoubtedly important, it
is perhaps more important to understand the mechanisms which lead to dysregulation of muscle
mass as demonstrated in conditions of catabolic skeletal muscle wasting. In extreme conditions
which promote prolonged muscle wasting, atrophy is often associated with a loss of functional
capacity of the muscle, along with marked reduction of lean body mass leading to increased
morbidity (18). Uncontrolled loss of skeletal muscle is not only debilitating, but it is also a risk
factor for death (19). Elucidating the signal transduction pathways responsible for regulating
protein synthesis and degradation is, therefore, both important and clinically relevant. Identifying
the underlying mechanisms can potentially help investigators devise prophylactic and therapeutic
strategies in combating or lessening the adverse long-term consequences of these catabolic insults
on myopathy.

Amino acids in general are derived from dietary sources or from cellular recycling
following protein degradation. As amino acids and proteins are not generally stored for the life-
span of the organism, there is rapid protein turnover resulting in a constant amino acid flux. For
normal cellular functioning, it is essential that a balance be maintained between processes

producing ATP and those consuming ATP. Protein synthesis is an energy demanding process.



Conversely, when amino acids are used for cellular energy their carbon skeletons are first
converted to acetyl CoA, which enters the Krebs cycle for oxidation, resulting in the production
of ATP. The final products of protein degradation include carbon dioxide, water, ATP, urea, and
ammonia. In health, nitrogen equilibrium is achieved when the dietary intake is balanced by the
removal of urea (nitrogen containing waste compound). To restate, protein balance exists, when
rates of synthesis and degradation are matched so that there is no net protein gain or loss. A state
of protein balance is likely to exist only transiently because of the constant interaction between
the cell (organism) and its changing environment. Organismal proteomes have evolved
mechanisms to provide a metabolic buffer by regulating these changes to achieve protein
(nitrogen) balance. If nitrogen excretion is greater than the nitrogen intake from diet, negative
nitrogen balance exists which impairs the ability to repair and recover from catabolic insults (19).
Such stressors disturb the homeostatic state and shift the balance in favor of atrophy. Conversely,
if nitrogen excretion is less than the dietary intake, a positive nitrogen balance exists in which
sufficient proteins are available for repair and recovery. Sustained positive balance leads to
accretion of proteins resulting in muscle hypertrophy. As stated above, perturbation in protein
balance changes skeletal muscle mass in response to some stress; this change is associated with
adaptations of the skeletal muscle by modifying its proteome. Therefore, in summary, alterations

in global protein balance affect both form and function of skeletal muscle.

Protein synthesis and the regulatory role of mTOR

Understanding the regulatory control of protein synthesis is an evolving and expanding
area. Based on the discovery of new protein members and their role in controlling the various
steps of translation initiation, available models of these processes are constantly under revision.

As an exhaustive review of all the temporal and spatial events that affect protein synthesis in



general and translation initiation in particular is beyond the scope of this thesis, we will only
briefly describe the well established models and touch upon known key regulators of translation
to provide the reader with a primer to better understand the research presented herein.

Protein synthesis is a high energy requiring process; by some estimates nearly 50-75%
the total energy (ATP/GTP) produced is utilized to support protein synthesis (20). Given its high
metabolic cost, protein synthesis is tightly regulated. In general, protein synthesis requires amino
acid which are synthesized or absorbed from diet and form the amino acid precursors that are then
associated with transfer-RNA (t-RNA) to form “aminoacyl-tRNA” pool which are added to the
growing polypeptides. Protein synthesis also requires transcription of nuclear DNA into
messenger RNA (mRNA), which is then used as a template for protein synthesis. Translation is a
multistep process primarily occurring in the cytoplasm in association with the ribosomes, the
cellular machines on which new peptides are synthesized. Each mammalian ribosome is
composed of a small (40S) and a large (60S) subunit, and each subunit in-turn is composed of
many proteins surrounding the catalytic RNA core which surrounds the mRNA. During
translation, individual mRNAs produce specific polypeptides using the mRNA sequence as a
template to guide the synthesis of a chain of amino acids that form a protein. Multiple ribosomes
can be associated with a single mRNA in a spatial order, thus increasing the production of its
protein product.

Translation proceeds in three steps: initiation, elongation, and termination (or release)
(14). Most eukaryotic mRNA have a 5’cap which protects the mRNA from enzymatic
degradation and also helps in the assembly of the translational machinery. In cap-dependent
translation (as described in detail later), initiation involves the small subunit of the ribosome
binding to the 5' end of mRNA with the help of initiation factors (IF). Elongation occurs when
the next aminoacyl-tRNA (“charged” tRNA) (determined by the tri-nucleotide codon), in line

binds to the ribosome along with a GTP molecule and an elongation factor (EF), adding to the



growing chain of the polypeptide. Finally, termination (or release) of the polypeptide occurs
when the “A” site of the ribosome faces a stop codon (in eukaryotes encoded as UAA, UAG or
UGA) which cannot be recognized by any of the many tRNAs in the eukaryotic cell. When this
occurs, releasing factors (RF), which are capable of recognizing nonsense codons mediate the
release of the polypeptide chain by hydrolysis. A protein thus synthesized undergoes further
modifications which affect its half-life, cellular location and function.

The coordinated steps of protein synthesis involving the assembly of the mRNA -
ribosome complex in association with the various protein factors are regulated by mainly by the
upstream kinase — mammalian target of rapamycin (mTOR; now also known as mechanistic
target of rapamycin in higher eukaryotes). Activation of mTOR not only affects protein
translation initiation but its activity also positively regulates ribosome biogenesis (Figure 1-1)
(21). mTOR (also known as FRAP; RAFT1) is a large ~300 kDa, multi-domain serine
(S)/threonine (T) protein kinase that belongs to the phosphatidylinositol kinase related kinase
(PIKK) family (21, 22). TOR is a highly conserved protein found in all eukaryotes including
plants, worms, flies and mammals, and has been described as a target protein of Rapamycin (22-
24). Rapamycin is an anti-fungal, lipophilic, immunosuppressant macrolide agent, originally
isolated from the soil bacterium Streptomyces hygroscopicus (25, 26). This drug is a potent
mTOR inhibitor and is approved by the FDA as an immunosuppressant for organ transplant
patients (26, 27). The mechanism of mTOR inhibition involves the association of rapamycin with
its ligand — intracellular receptor FK506-binding protein of 12 kDa (FKBP12) (28, 29). The
FKBP12 receptor -rapamycin complex can directly bind to the FKBP12-rapamycin binding
(FRB) domain of mTOR and inhibit its kinase activity (Figure 1-2).

Numerous studies have revealed the many important functions of TOR in yeast and
higher eukaryotes, thus increasing our understanding and appreciation of this kinase in regulating

cell growth (30). As a central controller of cell growth, mTOR plays a key role in development



(global MTOR ™~ knockout is developmentally lethal in mice) and aging (the mTOR inhibitor
rapamycin slows the aging process and increases life span). Furthermore, mTOR is dysregulated
in many human diseases such as cancer, cardiovascular disease, obesity, sepsis, disuse atrophy,
and diabetes (14, 21, 31-35). The increased interest in mTOR and its role in regulating cancer,
longevity, neurodegenerative disease, and metabolism have been a subject of many recent studies.
However, it is a well established that mTOR does not function in isolation, and its activity and
function is in part regulated by the binding of other proteins. Based on proteins associated with
mTOR at any given instant, mTOR is contained within two well recognized multimeric protein
complexes in the cells: mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC?2) (Figure
1-2) (33). As the predominance of the literature supports the role of mTORCI1 in regulating
protein synthesis and muscle protein balance, the primary thrust of the thesis and the remainder of

the introduction will focus on mTORCI.

mTORCI1

mTORCI is composed of mTOR, regulatory associated protein of mTOR (Raptor),
mammalian Lethal with SEC13 protein 8 /G-protein B-subunit like protein (mLST8/GBL) and the
recently identified partners proline-rich Akt substrate-40 (PRAS40) and DEPTOR (DEP-domain
containing partner of mTOR) (21, 36-38). mTORCI1 activity is regulated in a rapamycin-
sensitive manner (21). It is well established that mTORC1 regulates protein translation,
metabolism, and transcription in response to nutrients (particularly the branch chain amino acid
leucine), energy (e.g., ATP/AMP ratio), growth factors (e.g., insulin-like growth factor (IGF)-I),
and environmental stresses (e.g., redox status) (39-43). The activity of this complex is stimulated
by the addition of insulin, growth factors, serum, phosphatidic acid, and amino acids (44-46).

Conversely, mTORCI1 is inhibited by low nutrient levels, growth factor deprivation, oxidative



stress, and mTOR inhibitors (e.g. rapamycin, torin, etc.) (44, 47-49). It is also inhibited by
inflammatory cytokines, glucocorticoids and sepsis (50-52). mTOR-heterozygous mice have
decreased lean body mass and a lower rate of basal muscle protein synthesis (53).

Raptor, a second key component of the mTORCI, is a scaffolding protein that recruits
mTOR substrates and regulates mTOR activity through a dynamic interaction between mTOR
and its substrates (54-56). The ability of raptor to interact and recruit mTOR substrates involves
the presence of a “TOS” motif found in p70-S6 Kinase 1 (S6K1), eukaryotic initiation factor 4E
(elF4E) binding protein 1 (4E-BP1) and PRAS40 (57). Raptor and mTOR share a strong N-
terminal interaction and a weaker C-terminal interaction near the kinase domain of mMTOR. When
stimulatory signals are sensed, such as high nutrient/energy levels, the mTOR-raptor C-terminal
interaction is weakened and possibly completely lost (depending on the detergent and the ionic
strength of the lysis buffer), allowing mTOR kinase to be activated (54). Conversely, when
stimulatory signals are withdrawn, such as low nutrient levels, the mTOR-raptor C-terminal
interaction is strengthened and this favors raptor-mediated inhibition of mTOR, effectively
inhibiting the kinase function of mTOR (Figure 1-4) (54). The two best characterized targets of
mTORCI1 are S6K 1 and 4E-BP1 (Figure 1-3) (58, 59). Subsequently, the mechanism by which
mTOR regulates the activity of these two substrates and thereby regulates protein
synthesis/translation initiation will be described.

S6 kinase belongs to the family of AGC kinases (30, 60). S6K1 knockdown mice have a
small phenotype compared to wild type (WT) mice, and such a phenotype has also been reported
in other evolutionarily diverse organisms such as Drosophila (34, 61-63). A decrease in protein
synthesis has also been attributed to decreased phosphorylation of S6K1 by mTOR, when mTOR
kinase is inhibited (64-66). In mammals, there are two similar S6 kinases which are encoded by
different genes. Although, S6K1 and S6K2 differ in length and the number of amino acids, all

the phosphorylation sites common to these two isoforms are conserved (30, 60). S6K1 is a 70



kDa protein which is phosphorylated by mTORC1 on amino acid residue T389 present in the
hydrophobic motif of the C-terminal regulatory domain of the kinase (21, 67-69). This post-
translational modification is considered by some as the rate-limiting step in the activation of S6
kinase (70). The T389 phosphorylation event is followed by the phosphorylation of S6K1 by
phosphoinositide-dependent kinase-1 (PDK1) at T229 present in the activation loop of the
catalytic domain, resulting in the complete activation of S6K1 (71). Fully activated S6K1, in
turn, stimulates the initiation of protein synthesis and proliferation through phosphorylation of
multiple substrates, including ribosomal subunit protein S6, elF4B, and other components of the
translational machinery. S6K1 can also positively regulate mTORC]1 by phosphorylating mTOR
(on T2446 and S2448), thereby further stimulating the mTOR kinase activity (72). Since S6K2
was discovered later, most of the studies utilize S6K1 as a surrogate marker and substrate of
mTOR kinase activity (73, 74). However, recent studies show that S6K2 may be a more active
kinase in some cancer cells or tumor tissues as compared to S6K1 (67-69). Although it is named
as the kinase that phosphorylates the substrate S6 (a component of the ribosomal protein), recent
reports emphasize that S6 is perhaps not the only physiologically relevant substrate. As an
alternative to S6, elF4B is also considered to be a physiologically relevant target of S6K 1 and this
could explain the effect of S6K1 activation on translation and cell growth (75). elF4B assists in
efficient recruitment and binding of ribosomes to mRNA, as evidenced by the presence of a RNA
binding domain. It enhances the ATPase and RNA helicase activity of el[F4A when
phosphorylated at S422 by S6 kinase (21). Ribosome footprinting demonstrates that e[F4B is
required for ribosome binding on mRNAs containing secondary structure, suggesting this
initiation factor might also have an important role in cap-independent translation initiation (76,
77) .

The mTORCI1 also activates 4E-BP1, a comparatively small phosphoprotein with at least

seven known phosphorylation sites (T37, T46, S65, T70, S83, S101, S112) (78). A two-step



regulatory mechanism of 4E-BP1 phosphorylation has been proposed, wherein T37 and T46 are
first phosphorylated which then facilitates the phosphorylation on S65 and T70 (79). Of these,
the first five phosphorylation sites are conserved in all three 4E-BP1 isoforms (4EBP1, BP2 and
BP3) (80). These isoforms are differently expressed in different tissues. For example, 4E-BP1 is
abundant in muscle, whereas 4E-BP2 is highly enriched in brain (81). Phosphorylation of the
first 4 residues by mTOR in a hierarchical manner is believed to be necessary for the complete
activation and release of 4E-BP1 from the cap binding protein elF4E (82, 83). These four
residues (modulated via phosphorylation) are in close proximity to some of the acidic amino acids
in elF4E. Thus, one can conceptualize that adding a negatively charged phosphate group causes
an electrostatic repulsion towards the acidic amino acids of e[F4E, thereby promoting the
dissociation of 4E-BP1 from elF4E. It has been demonstrated that hypo-phosphorylated 4E-BP1
binds tightly to the translation initiation factor eIF4E, preventing the binding of translational
machinery to the 5'-capped mRNAs and recruiting them to the ribosome (83). Increased
(overexpressed) 4E-BP1 binds to elF4E and inhibits translation initiation (84, 85). Upon
phosphorylation by mTORCI1, 4E-BP1 releases elF4E, thus allowing the scaffolding protein
elF4G to bind to elF4E and along with elF4A forms the active elF4F complex (Figure 1-3).

The multimeric elF4F complex is composed of several proteins including: el[F4E, which
directly binds the m’GTP-cap structure; el[F4A, which together with elF4B unwinds secondary
structure via its ATP-dependent RNA helicase activity; and elF4G, which serves as the large
scaffolding-adaptor protein. elF4G serves as the nucleus for the formation of the initiation
complex, as evidenced by its binding sites not only for eIF4E, but also for el[F4A and elF3 (4).
As a result, eIF4G recruits the 40S subunit to the 5' end of mRNA and coordinates the
circularization of mRNA via its interactions with elF4E, poly (A)-binding protein (PABP), and

eukaryotic initiation factor 3 (elF3) (25, 85, 86).
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The elF3 is a large and complex scaffolding protein composed of at least 13 different
protein subunits. elF3 associates with the small 40S ribosomal subunit and plays a role in
restraining the large ribosomal subunit from prematurely binding the small subunit. elF3 also
interacts with the elF4B and elF4F complex (87). Through a series of elegant experiments, Holz
et al showed a synchronized-coordinated protein-protein interaction between S6K 1-e[F3-mTOR.
According to the authors, the binding of S6K1- elF3 and elF3 - mTOR are mutually exclusive.
Under basal or unstimulated conditions, inactive S6K1 interacts with the non-polysome-
associated elF3 complex, and under such conditions the mTOR-raptor complex does not interact
with elF3 (72). Stimulation of the PI3K-mTOR pathway promotes the recruitment and binding of
the mTOR-raptor complex to the elF3 complex. Raptor recruits mTOR to S6K1 via its
interaction with the TOS motif on S6K 1, thereby bringing the two proteins into close proximity
and permitting activated mTOR to phosphorylate S6K1 on T389. This phosphorylation event
causes a conformational change and dissociation of S6K1 from the el[F3-mTOR complex (Figure
1-3) (88). Extending this model further, one can assume in the inactive elF3-bound state that
S6K1 is not accessible to PDK1 which is required to fully activate the S6 kinase. As a result,
only after mTOR activates S6K1 does it “become available” to PDK1. The activation of S6K1
and subsequent phosphorylation of the S6K1 substrate elF4B ensures the unwinding of secondary
structure on the mRNA and promotes the RNA helicase activity of e[F4A. These subtle yet
important “on-off” dynamic interactions invol ving eIF3 are critical to the process of translation
initiation and efficient protein synthesis (Figure 1-3) (72).

Another component present in the eI[F4F complex is elF4A. This initiation factor is an
ATP-dependent RNA helicase, which aids the ribosome in resolving certain secondary structures
formed by the mRNA transcript in collaboration with phosphorylated el[F4B. As described
above, elF4B is phosphorylated by S6K1 at S422, thereby initiating its recruitment to the e[F4A-

elF4F complex (89). elF4A also binds to the tumor suppressor protein Programmed Cell Death 4
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(PDCD#4) which inhibits protein translation initiation and requires phosphorylation by S6K 1
before it can be ubiquitinated and degraded by the ubiquitin proteasome system (90-93).

Approximately half of the naturally occurring mRNAs have some type of secondary
structure in the form of loops and hairpins (94-96). While some of these hairpins are transient
structures that do not affect the kinetics of translation initiation, other hairpins often found in the
5> UTR regions of mRNA are unusually long and have been shown to slow translation efficiency.
Recruitment of the preinitiation complex at the 5° capped end requires this stretch of RNA to be
somewhat open or “linear” so that it is accessible to the 40S ribosome and other translational
cofactors. The unwinding of these long hairpins is accomplished by elF4A, which has some
intrinsic basal RNA helicase activity. However, as mentioned earlier, the helicase activity of
elF4A is stimulated many-fold by the presence of elF4B (77, 89, 97).

elF4E is the m'GTP (methylated guanosine) cap-binding protein (reviewed in (98)).
Based on its protein content, eIlF4E is likely to be the least abundant of all initiation factors and
functions as the rate-limiting step of cap-dependent initiation. elF4E is often cleaved from the
mRNA complex by specific viral proteases to limit the cell's ability to translate its own
transcripts. This hijacking of the host machinery favors translation of viral (cap-independent)
messages. elFAE over-expression increases cell growth and transforms cells (99), and it is over-
expressed in many cancers (100-102).

The eukaryotic initiation factor 4G (elF4G) is a large (~220 kDa) modular scaffolding
protein that plays a key role in assembly of the ribosome initiation complex (103-106). elF4G
directly binds with elF3, e[F4E and elF4A. elF4G consist of 3 functional and structural domains
connected by hinge regions and these 3 domains interact with different initiation factors (92).
elF4G is a phosphoprotein and mTOR-dependent (sensitive) phosphorylation of e[F4G on S1108
increases in response to serum, insulin and growth factors (25, 107-109). elF4G also interacts

with elF4B and the PABP (104). PDCD4 is a tumor suppressor protein that inhibits translation
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initiation by competing with elF4G to bind with e[F4A (93, 110). In an unstimulated or basal
state, PDCD4 is bound to elF4A and inhibits the binding of elF4G and the mRNA from binding
to elF4A (91, 92, 110).

As previously mentioned, PABP is another protein associated with the eIF4F complex.
The PABP directly interacts with elF4G of the elF4F complex (104). As its name suggests, the
protein binds the long poly (A) tail at the 3’ end of the mRNA. This protein has been implicated
in playing a role in circularization of the mRNA during translation. The circularization of mRNA
brings the ribosome physically close to the 5° cap, thereby increasing the chance of the same
protein being synthesized again via recycling (111). Recent research has revealed that the main
components of the translation machinery dissociate after each round of protein biosynthesis, but
there is no dissociation of the ribosome into its individual subunits. This type of mechanism
favors recycling, not reinitiation, since the components are pre-assembled and ready for another
round of protein biosynthesis (111, 112).

For the most part, these protein-protein interactions have been investigated in vifro where
the stoichiometry of the various proteins has been disrupted by knockdown (KD) or over-
expression. In contrast, there is limited information pertaining to these mTOR protein-protein
interactions in vivo, in general, and in skeletal muscle, in particular. Our studies in Chapter 3
address this gap in knowledge by examining skeletal muscle under control conditions and in

response to a catabolic state produced by bacterial infection.

mTOR: new partners

PRASA40 is an Akt substrate that forms part of the mTOR complex 1 (37, 113, 114).
While it was originally characterized in 3T3L1, H4IIE and HeLa cells, it is now accepted that

PRASA40 is present in all tissues (21). Vander Haar et al showed that the interaction of PRAS40
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with mTOR was induced by conditions that inhibit mTOR signaling (Figure 1-4) (114). This

study also established that PRAS40 regulated mTOR in cells in a tuberous sclerosis complex
(TSC) independent manner and that knockdown of PRAS40 inactivates insulin-receptor substrate
(IRS) and Akt, thus uncoupling the response of mTOR to Akt (114). PRASA40 is considered a
putative negative regulator of mTOR via substrate inhibition, implying that when PRAS40 is
bound to mTOR it obstructs the binding of other mTOR substrates, namely S6K1 and 4E-BP1
(115). Such a phenomenon of competitive substrate inhibition has been previously reported for
other mTOR substrates (116, 117).

PRASA40 is phosphorylated by Akt on T246. This was the first phosphorylation site
identified and since then other phosphorylation sites, (i.e., S183, S212 and S221) have been
identified. Of the aforementioned sites, phosphorylation of S221 was shown to be as important as
the phosphorylation of T246 for regulating PRAS40 (118). Phosphorylation is believed to play a
critical role in the regulation of PRAS40-mTOR binding and the subsequent regulation of mTOR
kinase activity. It is largely established that activation of the PI3K-Akt pathway, upon
stimulation by insulin, results in PRAS40 being phosphorylated by Akt on T246 and by mTOR
on S183. This multi-site phosphorylation of PRAS40 leads to its dissociation from the mTORC1
and enhances the subsequent binding of PRAS40 to the cytosolic anchor protein 14-3-3. Binding
of PRAS40 to 14-3-3 prevents mTORC1-PRAS40 interaction and facilitates the binding of
mTOR to its other known substrates. The removal of the inhibitory PRAS40 from mTORC1
activates the mTOR kinase. The binding of PRAS40 to raptor appears to be mediated by an
altered TOS motif (Figure 1-4) (115).

PRAS40 binds to the 14-3-3 proteins and this requires both amino acids and insulin.
Binding of PRAS40 to 14-3-3 proteins is inhibited by TSC1/2 (negative regulators of mTORC1)
and stimulated by Rheb in a rapamycin-sensitive manner (48, 119). Small interfering (si)RNA-

mediated knockdown of PRAS40 impairs both the amino acid and insulin-stimulated
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phosphorylation of 4E-BP1 and S6K1 (119). However, this has no effect on the phosphorylation
of Akt or TSC2 (an Akt substrate). Collectively, these data place PRAS40 downstream of
mTORCI but upstream of its effectors, such as S6K1 and 4E-BP1 (119). While Sancak et al
showed that PRAS40 functions as a negative regulator of mTOR, Fonseca et a/ showed that
PRASA40 is required for mTOR signaling (37, 119). These opposing data have given rise to the
controversy regarding the role of PRAS40 in regulating mTOR-mediated protein translation
initiation. Of particular note is the finding in Drosophila demonstrating that Lobe (a PRAS40
ortholog) is necessary for activation of mTOR kinase. Reduction of Lobe using siRNA decreased
mTOR signaling (120). It has also been reported that nutrient starvation has a dominant effect on
mTOR-PRASA40 interaction over growth factor stimulation since PRAS40 was only modestly
released from mTOR under leucine-deprived conditions, compared to leucine supplemented
conditions (121, 122). Despite the numerous reports implicating PRAS40 as a regulator of
protein translation in'itiation in a variety of cells, a complete understanding of its role in skeletal
muscle physiology is lacking. Given the pivotal role mTOR plays in response to environmental
cues in regulating protein translation initiation, cell cycle and proliferation, it is reasonable to
suspect that these mTOR functions would be affected by altering PRAS40 expression in
myocytes. Therefore, the purpose of the studies addressed in Chapter 4 was to examine changes
in C2C12 myocyte protein synthesis, cell proliferation and cell cycle in response to PRAS40
knockdown (KD) using shRNA-based in vitro experimental approaches.

DEPTOR is an mTOR substrate that is part of both mTORC1 and mTORC2, and it
interacts with mTOR directly via its PDZ domain. Current literature, although sparse, places
DEPTOR immediately downstream of mTOR (47, 123). While the DEPTOR protein negatively
regulates mTOR kinase activity, the exact inhibitory mechanism is not clear. Although mTOR
phosphorylates DEPTOR at multiple sites in vitro, the significance of these sites in regulating

DEPTOR half-life or various mTOR functions is also not known (21, 47). As DEPTOR is part of
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both the mTOR-containing complexes, it is possible that the differential regulation of the two
mTOR complexes is one important role of DEPTOR. Whereas DEPTOR may occupy a central
position in cell survival in certain types of cancers such as melanoma, its role in regulating cell
survival in non-malignant tissue types is not known (47). Expression of DEPTOR in these
cancers is strongly correlated in predicting the outcome of therapy by modulating mTOR
mediated events (124, 125). Therefore, in Chapter 5 we performed experiments to determine
whether DEPTOR KD would affect changes in myocytes. Finally, in addition to mTORCI1-
mediated regulation of mRNA translation and protein synthesis, mTOR is also recognized to
control cell growth, cell cycle and autophagy; each of these processes will be briefly discussed in

subsequent sections.

Cell growth and proliferation

Most mammalian cells have a genetically predetermined cell size. An increase in cell
size over what is the “physiologically normal” is referred to as hypertrophy. Conversely, a
decrease in cell size is termed atrophy. Hypertrophy in myocytes occurs in response to various
physiological and pathological stimuli and results from accretion of protein following either
increased protein synthesis and/or reduced protein degradation. In contrast, muscle atrophy can
result from either decreased protein synthesis or increased degradation which results in tipping
the homeostatic balance. IGF — I is a well-established, potent mitogenic and myogenic agent
[see (126) for review]. Over expression of the IGF — I receptor results in muscle hypertrophy
(127, 128) and rescues muscle loss in older animals (129-131). The ability of IGF — I to induce
hypertrophy in muscle is largely attributed to its anabolic effects on protein synthesis mediated by

mTORCI (4, 7, 131, 132). Binding of IGF—I to its tyrosine kinase receptor leads to the
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activation of the PI3K pathway. The PI3K signaling pathway stimulates mitogenesis and
inhibition of the PI3K pathway via its regulation of mMTORCI results in G1 cell cycle arrest.

For sustained cellular proliferation to occur, coordination between cell cycle progression
and cell growth (defined as an increase in cell size and cell mass) is critically important.
However, the molecular signals controlling cell growth remain poorly defined. Cell growth and
cell cycle almost always occur simultaneously in mammalian cells and require mTOR- and PI3K-
dependent signals. Fingar et al showed that S6K1 and 4E-BP1 function in the translational
control to regulate mammalian cell size (59, 133). The role of S6K1 in regulating cell growth and
proliferation is well establish (65). Other studies in vascular smooth muscle cells and
cardiomyocytes suggest the induction of hypertrophy activates signaling pathways that are also
associated with cell cycle and proliferation (134). In lower eukaryotes, regulation of cyclin-
dependent kinase (Cdk)-cyclin activities play an important role in controlling cell size, yet the
role of these cell cycle modulators in regulation of muscle cell size is not clearly understood.
Hlaing ef al, using C2C12 skeletal myoblasts, showed that induction of hypertrophy involves
transient activation of Cdk4 and increased phosphorylation of Retinoblatoma protein (pRb),
resulting in the release of histone deacetylase (HDACT1) from the pRb inhibitory complex (135).
In this cell type, E2F-1 becomes transcriptionally active, even when it remains associated with
pRb. Furthermore, it has been suggested that even partial or perhaps selective inactivation of the
pRb complex leads to activation of a subset of E2F-1 targets that are necessary for cell growth
during hypertrophy (135). In addition, IGF — I induces cyclin D1 and cdk4 gene expression,
enhancing the hyper-phosphorylation of pRb which encourages cellular proliferation in muscle
cells (130, 136, 137). Finally, inhibition of mTORCI1 is associated with hypo-phosphorylation of
pRb in muscle cells isolated from transgenic mice with a muscle-specific overexpression of IGF —

I, thus suggesting a role of pRb in myocytes cell cycle (128).
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Cell cycle and the role of pRb

Retinoblastoma tumor suppressor protein is ubiquitously expressed and functions as a
negative regulator of cell cycle progression in many eukaryotic cells where it functions as the
checkpoint for regulating proliferation (Figure 1-5) (138, 139). One of the hallmarks of a low
proliferating cell is the presence of the active, sub-nuclear, hypo-phosphorylated form of pRb
during the GO and G1 phases (138). pRb exerts its inhibitory influence through complex protein-
protein interactions involving its pocket domain (139). In its active form, pRb functions as a
transcriptional repressor by sequestering specific factors required for transcription of genes
necessary for DNA synthesis (140). For cell cycle to progress, pRb must be inactivated and this
is accomplished primarily by its post-translational modification, i.e., phosphorylation (141, 142).

Phosphorylation of pRb causes a steric change in its physical structure, resulting in the
release of at least some E2F transcription factors (139, 143). In various cell types and under
different physiological states, this hierarchical series of phosphorylation events are mediated by a
family of molecules referred to as “cyclins” and cdks which coalesce to form a complete and
functional holoenzyme during specific stages of the cell cycle. Mitogens such as IGF-I stimulate
the activity of these cyclin-cdk proteins, thus enhancing cell cycle progression (137, 144-146).
Insulin can stimulate hyper-phosphorylation of pRb and adipocyte proliferation in 3T3-L1 cells in
a PI3K - and mTOR-dependent manner, connecting mitogen — mediated activation via PI3K-
mTOR signaling to its effector-pRb (147). Conversely, mTOR inhibition results in the
upregulation of the cdk inhibitor p27 (mRNA and protein levels). Increased concentration of p27
facilitates the interaction of p27 and cdk/cyclins which in turn affects pRb phosphorylation and
cell cycle progression (Figure 1-5) (148, 149). Recently, the direct binding of some specific
cyclins (145) and stimulation of other regulatory pathways independent of cell cycle protein are

shown to alter pRb phosphorylation (150, 151). The phosphorylation state of pRb in proliferating
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versus arrested and differentiated myotubes is consistent with the above mentioned modulations,
with actively replicating cells expressing both hypo- and hyper-phosphorylated pRb (138, 150,
152, 153), while arrested (128, 154-157) and differentiated (150, 152) cells predominantly show
hypo-phosphorylated pRb. If pRb is sufficiently phosphorylated, cells progress to the S phase of

the cell cycle, thus implying the need for some threshold level of pRb phosphorylation.

Autophagy

Autophagy or “self-eating” is a ubiquitous catabolic process involving cellular
degradation via the lysosomal machinery. It is induced under cellular stress conditions such as
amino acid and growth factor depletion, leading to formation of double membrane autophagic
vacuoles or autophagosomes that deliver cytoplasmic components to lysosomes (158, 159).
Autophagy has been reported to play an important role in regulating muscle cell growth and
myogenesis and developmental remodeling (2, 160-163). Evolutionarily, this cellular process
serves to conserve vital metabolic functions in the face of adverse conditions by making available
amino acids and lipids via the process of cellular recycling. Thus, autophagy mobilizes
intracellular nutrient resources and contributes to cell survival during unfavorable growth
conditions, thereby representing a natural process that shows fiscal responsibility by reducing
cellular energy deficits. In eukaryotic cells, induction of autophagy is tightly coupled to
development and cell growth regulation and helps to maintain a homeostatic balance between the
synthesis, degradation, and subsequent recycling of cellular products (164-166).

The most established mechanism of autophagy involves the formation of a double
membrane vesicle around the targeted region, separating it from the rest of the cytoplasm. The
vesicle then fuses with acidic lysosomes containing proteolytic enzymes, which subsequently

degrade the internalized contents. While the role for autophagy in disease is not fully understood,
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it is posited that autophagy may be beneficial by preventing or inhibiting the progression of some
diseases such as neurodegeneration (removal of aggregates) and cancer (by sensitizing cancer
cells to therapy by inducing apoptosis). Autophagy may play a protective role against bacterial
infection by intracellular pathogens. Among the numerous components involved in the regulation
of autophagy and growth, mTORCI appears centrally placed to coordinately regulate the balance
between growth and autophagy in response to cellular physiological conditions and
environmental cues. For example, serum activation of mMTORCI1 leads to suppression of
autophagy initiators (36, 158, 161, 167) and, conversely, mTOR inhibition induces autophagy in
eukaryotic cells.

Although mTOR has been recognized as a key regulator of autophagy for more than a
decade, the underlying regulatory mechanisms have not been fully elucidated (158, 168). In
yeast, the first signaling component downstream of TOR in the autophagy pathway is Atgl. Atgl
plays a key role in the initial stages of autophagy induction and formation of the pre-
autophagosome structures (169-171). In support of this, in Saccharomyces cerevisiae, Atgl null
or kinase-dead mutant strains cannot initiate autophagy under nutrient starvation or when TOR is
inhibited (170, 172). Conversely, starvation or rapamycin treatment activates Atgl (173). In
higher eukaryotes, the counterpart of Atgl is ULK (Uncoordinated-51-like kinase). ULK1 kinase
was identified using siRNA screens to regulate autophagy (174). Over-expressing the kinase-
dead mutants of ULK1 led to inhibition of autophagy in the NIH3T3 mouse embryonic
fibroblasts (175). Autophagy was also suppressed in HelL.a and HEK293 cells upon silencing of
ULKI and in ULK1-null mouse embryonic fibroblasts (176), thus confirming its role in
regulating autophagy. It has been reported that mTORCI1 phosphorylates ULK1 in vitro (176,
177). Inhibition of mTORCI1 by rapamycin or serum starvation results in dephosphorylation of
ULK1 in mammalian cells (176-178). This suggests that ULK1 functions as a direct effector of

mTORCI to regulate autophagy (Figure 1-6).
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The conversion of soluble microtubule-associated protein light chain 3-1 (LC3-I) to lipid
bound LC3-II is associated with the formation of autophagosomes and presents an important
marker of autophagy. Autophagosomes form via the elongation of small membrane structures
known as autophagosome precursors. The formation of autophagosomes is initiated by class II1
phosphoinositide 3-kinase and Atg 6 (also known as Beclin-1) (Figure 1-6). In addition, the
ubiquitin-like protein Atg8, the Atg4 protease, and the Atgl2-Atg5-Atgl6 proteins are involved
in the autophagy process. Microtubule-associated proteins 1A/1B light chain 3A is a
microtubule-associated protein that in humans is encoded by the MAP1LC3A gene. It mediates
the physical interactions between microtubules and components of the cytoskeleton (179). LC3 is
the mammalian homologue of yeast Atg8. The outer membrane of the autophagosome fuses with
a lysosome to form an autolysosome or autophagolysosome where previously internalized
contents are degraded via the acidic lysosome hydrolase enzymes (179, 180).

Both inhibition of mTOR and activation of AMPK can induce autophagy (181). In
addition, AMPK can also directly phosphorylate ULK and induce autophagy (182). Glucose
starvation reduces the ratio of ATP to AMP in eukaryotic cells. Increased AMP concentrations
activate the 5'-AMP-activated protein kinase (AMPK), and this activation is regulated by the
upstream Serine/threonine kinase (STK) 11 (also known as LKB1) that phosphorylates AMPKa
on T172 (181, 183). Activated AMPK inhibits mTORC1 by phosphorylating and activating
TSC2, a negative regulator of mTORC1 (184). It has been recently shown that AMPK can inhibit

mTORCI1 directly by phosphorylating raptor at S863, thus bypassing the TSC (185).

Apoptosis

Apoptosis and autophagy are closely inter-connected types of programmed cell death.

Apoptosis is induced in C2C12 cells upon treatment with tumor necrosis factor (TNF)-a and
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cycloheximide or staurosporine (165). Under these treatment conditions, C2C12 cells show
features characteristic of apoptosis, including caspase-3 cleavage, chromatin condensation and
DNA fragmentation. Caspase-3 cleavage and cleavage of Poly ADP ribonuclease (PARP) are
also induced in cells upon long-term (several hours to days) serum depletion, suggesting that
serum withdrawal rather than amino acid deprivation triggers apoptosis (24, 158, 179, 186).
Starvation up regulates multiple pro-apoptotic proteins and caspase-8. These alterations in pro-
apoptotic proteins render starved C2C12 cells more susceptible to TNF-o/cycloheximide-induced
apoptosis than occurs in non-starved cells. Therefore, amino acid deprivation of C2C12 cells
induces a complex form of cell death with hallmarks of both apoptosis and autophagy (165).
Recently, Peterson et al showed that knockdown of DEPTOR, an mTOR binding protein, induced
apoptosis linking mTOR as a regulator of apoptosis. Through serum deprivation, DEPTOR
knockdown also made cells resistant to apoptosis as evidenced by reduced cleavage of caspase-3
and PARP (47). Similarly, PRAS40 regulates apoptosis in malignant melanoma (187). As the
role of mTOR in regulating autophagy and apoptosis is being established in various cell types and
since both PRAS40 and DEPTOR are considered negative regulators of mTOR, we hypothesized
that knockdown of these protein partners of mTOR would affect both these events in the C2C12
myocytes. The roles of PRAS40 and DEPTOR in regulating autophagy and apoptosis events

were studied in Chapters 4 and 5 respectively.

Myogenesis

The development of skeletal muscle from the embryonic somite is a regulated multistep
process. The pluripotent mesodermal cells, in response to various signals from neighboring
tissues, engage themselves to a more committed myogenic lineage fate and initiate expression of

genes that eventually transform them into skeletal muscle cells. These paracrine signals initiate
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the expression of transcription factors from the MyoD family in mesodermal cells turning them
into myoblasts. Later, MyoD induction leads to the withdrawal of myoblasts from the cell cycle
and initiates the expression of other transcription factors such as myogenin. Myogenin activates
many muscle structural genes during differentiation and the formation of multinucleated
myotubes. The journey and development of cells of the myogenic lineage into functional
myotubes is termed myogenesis (188). The initial phase of muscle differentiation depends on the
activities of the PI3K (189).

Williamson et al previously demonstrated that decreased expression of p21 (a member of
the Kip/Cip family of negative cell cycle regulators) inhibited myotube formation in C2C12 cells
treated with 5-aminoimidazole-4-carboxamide-1-B-D-ribonucleoside (AICAR) (190). The role of
p21 in regulating cell cycle in general is summarized in details [see (191)for review] and more
defined in myoblasts, with respect to its inhibition of proliferation, stimulation of differentiation,
mediated by its interaction with MyoD (discussed below) (192-195). Myoblasts express multiple
basic-helix-loop-helix (bHLH) transcription factors [see 62, 63 for review] that cooperate with
pRb and pRb-related proteins to inhibit progression through G1 [49]. The myogenic factor
MyoD provides an example of bHLH containing transcription factor. MyoD plays an important
role in the process of myogenesis and the pro-myogenic properties of MyoD are exerted by its
stimulatory effects on gene expression. This transcription factor binds to the promoter region of
genes associated with growth arrest, including cyclin D3 (194, 196), p21 (192, 197-199) and pRb,
and thereby increases their activity (145, 152, 194). MyoD can also bind directly to cdk4 and
disrupt its kinase activity, in turn facilitating the maintenance of hypo-phosphorylated pRb during
growth arrest (200). MyoD is expressed in proliferating myoblasts (131, 201, 202) and whole

muscle of aged mice (203).
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mTOR and catabolic disease

Sepsis

The Society for Critical Care Medicine defines sepsis as “a systemic inflammatory
response to infection.” Even with the ever growing repertoire of antibiotics, the incidence and
mortality from bacterial sepsis is far from being within medically acceptable limits (204). Gram-
negative bacteria are the most common cause of sepsis in patients (205, 206). The mortality
associated with gram-negative infection is, in part, related to endotoxin — a component of the
bacterial cell wall (207). Chemically, the bacterial endotoxin consists of lipids, polysaccharides
and trace amounts of amino acids (208). The pathological effect of these gram-negative bacteria
is mostly manifested due to the lipopolysaccarides (LPS), which have local and systemic effects
(209). When sustained, tissue damage can also be caused by the indirect effect of the
inflammatory mediators (e.g., TNFa, interleukin (IL)-1, IL-6) released in response to the
microbial by-products.

Sepsis is the tenth leading cause of death in the US, despite the advances made in
antibiotics and patient care. The rapid loss of lean muscle mass in septic patients results in a
negative nitrogen balance. This loss of muscle mass is a two-pronged problem, one being the
disproportionate and accelerated loss of muscle due to upregulation of proteolysis, and the second
being the inhibition of new protein synthesis. The cellular mechanism underlying sepsis-induced
inhibition of protein synthesis has not been fully elucidated. Our research will focus on the
regulation of cellular signaling that leads to the reduction in protein synthesis and will emphasize
on the potential roles of PRAS40 and DEPTOR, two regulators of mTOR kinase.

Although sepsis-induced atrophy is multifactoral and caused both by increased

proteolysis and decreased synthesis (210), only the latter will be investigated herein. Sepsis
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decreases the synthesis of muscle proteins, especially in fast-twitch fibers, which predominates in
the gastrocnemius (211, 212). The reduction in protein synthesis during sepsis results from a
decrease in translational efficiency since ribosome content is not altered (213, 214). The ability
of sepsis to modulate protein synthesis in the muscle also involves 5’ cap-dependent mechanisms
which will be extensively studied in this proposed research. LPS is widely used to mimic the
systemic and molecular effects of gram-negative bacteria (215). Emerging data show that TNFa
is produced in response to LPS and sepsis via stimulation of toll-like receptor 4 (TLR4) and
results in decreased phosphorylation of 4E-BP1, which in turn alters the distribution of 4E-BP1
with elF4E (from active to inactive complex) (211, 216-221). It has also been reported that sepsis
and LPS decrease S1108 phosphorylation of elF4G (87, 217, 218, 222-224). Vary et al were the
first to show that the assembly of the eIF4E-elF4G complex was reduced in skeletal muscle from
septic rats (225). Sepsis and LPS also decrease the phosphorylation of mTOR on S2481 and
S2448 in skeletal muscle (226-229). A consensus has emerged pertaining to the ability of sepsis
to impair elF4F formation in skeletal muscle. In general, septic insults, such as those imposed by
cecal ligation and puncture (CLP) and LPS decrease 4E-BP1 phosphorylation (51, 228). This
change increases the amount of the inactive e[F4AE4EBP1 complex and reciprocally decreases the
active elF4E-elF4G complex. Thus, the sepsis-induced reduction in elF4E-elFAG may inhibit the
mRNA-ribosome binding and thereby limit muscle protein synthesis.

The metabolic consequences of various catabolic stresses and anabolic stimuli are
integrated by mTOR (Figure 1-1) (230). Sepsis and LPS decrease mTOR kinase activity in
muscle as evidenced by the coordinate decrease in mTOR autophosphorylation at S2481 as well
as the decreased phosphorylation of 4E-BP1 and S6K1 (14, 32, 51, 228). However, despite its
importance, there is a paucity of data pertaining to the mechanism mediating the sepsis-induced
decrease in skeletal muscle mTOR activity. It has been shown that muscle-specific inactivation

of raptor, but not rictor, in mice produces muscle atrophy (231). As described above, raptor is a
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scaffold protein regulating mTOR kinase activity and the subsequent downstream
phosphorylation of 4E-BP1 and S6K1 (232). However, whether sepsis modulates the

mTOR raptor interaction, as well as other newly recognized protein-protein interactions
regulating cap-dependent translation in skeletal muscle, has not been investigated, and this gap is
addressed by the data provided in Chapter 3. Other models of muscle wasting (e.g.,
immobilization, Chapter 5) will also be used to investigate selected aspects of mTOR kinase

regulation.

Summary

The research proposed herein is unique in its integration of knowledge concerning protein
synthesis (as regulated at mRNA translation initiation) mediated by PRAS40 and DEPTOR
derived from experiments conducted in a variety of cell lines and its application to the impaired
protein synthesis activity following different catabolic insults. Data obtained through the
completion of these studies will further the understanding of the cellular and molecular
mechanisms underlying the effects of these two important regulators of mTOR in skeletal muscle
per se. Finally, using in vivo electroporation, this research also seeks to study the effect of
DEPTOR in mouse gastrocnemius following hind-limb immobilization. Thus far, DEPTOR
protein content has not been experimentally manipulated in vivo and this study will be the first to
ascertain if DEPTOR knockdown is able to overcome the loss of skeletal mass following a model

of disuse atrophy.
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Figure 1—1. The mTOR kinase pathway regulates multiple cellular
functions in response to a variety of upstream inputs. mTOR integrates signals from
multiple stimuli such as nutrients (amino acids), growth factors [(IGF-I)/insulin], energy
status (ATP/AMP levels), cellular stresses (hypoxia, ER stress) and in turn is able to
regulate downstream substrates via phosphorylation of key cellular process modulators.
mTOR serves as a central kinase sensor regulating protein synthesis by orchestrating
protein-protein interactions and establishing the signaling cascade that ultimately controls
translation initiation, apoptosis, autophagy, and myogenesis.
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Figure 1—2. mTOR and its protein binding partners. Based on the
associated proteins, mTOR is considered to reside in two complexes, as explained in the
accompanying text. The common partners of mTOR are GBL and DEPTOR which are
present in both TOR complexes. While raptor and PRAS40 along with the common
partners form mTORCI; rictor along with mSIN1 and protor-1 forms mTORC2. Note
not all HEAT repeats (~20) are shown. Arrows indicate amino acid positions where
these proteins interact. Red lines indicate multiple possible interactions with the mTOR
for raptor and rictor in the regions covered by the lines.
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Figure 1—3. mTORCI1: regulation of protein synthesis and cell growth. As
detailed in the accompanying text, mMTORC1 integrates signals from various upstream
events to regulate phosphorylation of its substrates which in turn provides a favorable
physical interaction between various protein factors to promote protein synthesis and cell
growth. Please note the sizes of the proteins and factors depicted in the illustration are
not to scale (# molecular weight). The illustration is only meant to recognize the key
proteins involved in the regulation of protein synthesis. Arrows indicate phosphorylation
events and/or the direction of movement either away or towards the complex. Unlabelled
stick with knob at the end represents the mRNA (stick) with the cap (knob). Also note
only two conditions; unstimulated (inactive) and stimulated (active) conditions are
shown. For clarity GBL is not shown but is present in both active and inactive states.
mTOR-raptor are shown as a complex for simplicity, another illustration showing
mTOR-raptor interaction and modeled conformation change is shown in Figure 1-4.
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Figure 1—4. Regulation of mMTORC1 by PRAS40 and DEPTOR binding.
Panel A: In unstimulated basal or under unfavorable conditions (starvation or cellular
stress) mTOR-raptor are tightly bound to each other and DEPTOR is bound to mTOR.
Panel B: In contrast, under stimulated or favorable condition (addition of nutrients/amino
acids particularly leucine or addition of growth factors such as IGF-I) mTOR-raptor are
in an open/loose conformation, PRAS40 and DEPTOR are no longer part of the
mTORCI1 complex and the PRAS40 substrate competitor 4E-BP1 is shown to replace
PRASA40.
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Figure 1—5. pRb mediated regulation of cell cycle. Cell cycle phases: the first
gap phase (G1); the DNA synthesis phase (S); the second gap phase (G2); and finally
mitosis (M). Cell cycle progress is regulated by the activities of complexes of cyclins
and cyclin-dependent kinases (cdks), which phosphorylate retinoblastoma (pRb) protein,
thereby facilitating cell-cycle progression. Advancement through G1 phase is facilitated
by the D-type cyclins (D1, D2, D3), which form active complexes with cdk4 or cdk6, and
E-type cyclins (E1, E2) in combination with cdk2. Cyclin-D—cdk4 and cyclin-D—cdk6
complexes are regulated by cdk inhibitors p21 or p27. Release of E2F regulates
transcription of genes required for DNA synthesis and in myocytes, transcription factor
MyoD.
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Figure 1—6. mTORCI regulates autophagy. In response to growth factors
activated mTOR inhibits beclin-1(atg6), other autophagy related proteins (4, 5, 8, 12 and
16) and ULKI (initiators of autophagy), thereby inhibiting autophagy. Conversely, upon
serum starvation, mTOR activity is inhibited and the removal of the inhibitor signal from

mTOR promotes autophagy.
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Chapter 2

Materials and Methods

General methods

Animals. Animal facilities and experimental protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of The Pennsylvania State University College of
Medicine and adhere to the National Institutes of Health Guide for Care and Use of Laboratory

Animals.

Rats used in Chapter 3: Specific pathogen-free male Sprague-Dawley rats (200-225 g; Charles

River Breeding Laboratories, Cambridge, MA) were quarantined and acclimated for 1 week in a
controlled environment. Water and standard rat chow (Rodent Chow 8604, Harlan-Teklad,
Madison, WI) were provided ad libitum.

Mice used in Chapter 5: Specific pathogen-free adult male C57BL/6 mice (~23-28 g body wt;

Charles River Breeding Laboratories) were maintained on a 12:12-h light-dark cycle, with water

and food (Rodent Chow 8604; Harlan-Teklad) provided ad libitum.

Cell culture. C2C12 myoblasts were obtained from the American Type Culture Collection
(ATCC, Manassas, VA). After receipt, they were immediately seeded in growth medium (GM)
composed of 1x high Glucose Dulbecco's Modified Eagle’s Medium (DMEM; Gibco/ Invitrogen;
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/ml),
streptomycin (100 pg/ml) (all from Mediatech, Herndon, VA) under 5% CO, at 37 °C and were
labeled as passage 2. Myoblasts were further sequentially subcultured into serial passages and

unless required for specific experiments were not allowed to reach a confluent state (i.e., cells
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were subcultured when about 80-85% confluent to prevent myotube formation). Cells were
stored in freezing media (final concentration: 20% FBS, DMEM, antibiotics and 7% DMSO),
when not required immediately, using Nunc freezing containers with isopropanol for controlled
gradient freezing temperatures in -80 °C freezer at least overnight. Cells were then transferred to
cardboard storage boxes and stored either at -80 °C for short-term (1-3 months) or liquid nitrogen
for long-term storage. When required, myoblasts were allowed to reach 100% confluency and
were switched to differentiation medium (DM) which consisted of DMEM with the above
antibiotics-antimycotics and 2% horse serum (Hyclone, Logan, UT) to promote myoblast fusion
and differentiation to myotubes (233, 234). Myotubes were differentiated for 6 days in DM
before experimental manipulation with fresh DM provided every other day. Myotubes were
provided with fresh differentiation medium on day 6 and experiments were performed on day
seven. To simulate basal mTOR activity, in chapter 4, experiments measuring protein synthesis
and the phosphorylation of mTOR substrates were performed with serum-free DMEM without
antibiotics-antimycotics and in chapter 5 we used 2% FBS without antibiotics-antimycotics for 8
h. AICAR (Toronto Research Chemicals, Ontario, Canada) when present was added at a final
concentration of 2 mM for 8 h. IGF-I (Genentech Inc., San Francisco,CA) when present was
used at final concentration of 100 ng/ml for the last 20 min of the experiment in chapter 4 and 1 h
in chapter 5. These changes in treatment protocols were based on suggestions made by external
reviewers of the manuscript submitted as part of chapter 4. The doses of chemicals used were
based on their ability to maximally suppress and activate protein synthesis in C2C12 cells,

respectively (235, 236).
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Tissue homogenization and CHAPS lysis buffer. The tissue preparation was the same as
previously described by our laboratory (32, 51, 211, 228). Muscle was homogenized in ice-cold
CHAPS lysis buffer composed of (in mmol/L): 20 HEPES [pH 7.4], 2 EGTA, 50 B-
glycerophosphate, 0.3% 3[(3-Cholamidopropyl) dimethylammonio]- propanesulfonic acid
(CHAPS), 100 KCl, 2 EDTA, 50 NaF, 0.5 PMSF, 1 benzamidine, 1 sodium orthovanadate, and 2

pg/mL leupeptin) and 1 protease inhibitor cocktail tablet from Roche (56, 237).

SDS-PAGE sample buffer and gels for electrophoresis. Sample bufter used for tissue and cell
lysate proteins separated by sodium dodecyl sulfate (SDS)-PAGE was based in Laemeli’s
protocol and consisted of (final concentrations): 62.5 mM Tris-HCI (pH 6.8), 12.5% v/v glycerol,
1.25% SDS, 1.25% v/v - mercaptoethanol, 0.1% bromophenol blue, and was prepared as either
2x or 5x stock. Following determination of protein concentration using bicinchoninic acid (BCA)
(Pierce Biotechnology, Rockford, IL) assay method (bovine serum albumin was used for
preparing the protein standards), samples were normalized to give a final concentration of 1 pg/ul
after addition of the SDS-sample buffer. Small Bio-Rad gels were hand cast and used routinely.
When needed, large gels were used to accommodate either large sample numbers (more than 15)
or to help resolve small proteins (e.g., 4E-BP1). 5%, 10% or 15% gels were poured in house and

used for electrophoresis).

Western blotting analysis. After treatment cells were rinsed 2x with cold Dulbecco’s Phosphate
Buffered Saline (DPBS) and collected on ice in CHAPS lysis buffer. Lysates were sonicated for
10 min and then kept on a rocker for 30 min in the cold prior to being clarified (14000 x g for 10
min at 4 °C). A portion of the resulting cell supernatant was used to determine protein
concentration via a BCA assay. Sample buffer (5x) was added and samples were loaded

according to total protein content (20 pg) on polyacrylamide gels for separation by SDS-PAGE.



Proteins were transferred to Polyvinylidene Fluoride (PVDF) membrane (Biotrace; PALL,

Pensacola, FL), blocked in 5% nonfat dry milk, and incubated overnight at 4 °C with

phosphospecific and total antibodies given in Table 2-1.

Table 2—1. List of antibodies used.

Antibody (Source)

AE-BP1(1)

36

LKBI (2)

AE-BP1 T37/46-p (1) and (2)

LKB1 S428-p (2)

Akt (2)

S6K1 (2) (5)

Akt S473p (2)

S6k1 T389-p (2)

Akt T308p (2)

P21 (5)

AMPKa (2)

P27 (5)

AMPK T172p (2)

P53 (5)

MyoD (5)

Acetyl-CoA Carboxylase (ACC) (2)

ACC S79-p (2)

MHC (6)

B-actin (2)

PRb (5)

elF4E (2) (11)

pRb-S807/811-p (2)

eIF4E S209-p (2)

Raptor (2) (1)

eIF4G (2)

Raptor S792

eIF3f (3)

DEPTOR (7)

¢IF3b (3)

CDK2 (5)

eIF4G S1108-p (2)

CDK4 (5)

mTOR (2)

CDKG6 (5)

mTOR S2481-p (2)

Cylcin D3 (2)

mTOR S2448-p (2)

Caspase-3 (2)

PRAS40 (4) (2)

Cleaved Caspase-3 (2)

PRAS40 T246 (4) (2)

Cleaved PARP (2)

pS6 (2)

Beclin-1 (2)

rpS6 S240/244-p (2)

LC3 (2)

TSCI (2)
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TSC2 (1) GSKa/B S21/9-p (2)
TSC2 T1462-p (1) elF4A (2)

REDDI1 (8) PABP (2)

GSKa/B (2) GBL (2)

Goat anti rabbit (9) Donkey anti rabbit (10)
Mouse anti human (9) elF4B (2)

Donkey anti goat (9) elF4B S422-p (2)

Goat anti mouse (9) B-tubulin (5)

Rabbit anti rat (9) Atg-7 (2)

Source information (numerical key):
1. Bethyl Labs, Montomery, TX
Cell Signaling, Boston, MA
Abcam, Cambridge, MA
Biosource, Camarillo, IL
SantaCruz Biotechnology, Santa Cruz CA
MF-20, Developmental Studies Hybridoma Bank, Iowa City, [A
Millipore, Billerica, MA
Peprotech Inc., Chicago, IL
Sigma, St. Louis, MO

A S I AN L A

—
.

ECL — Amersham, Piscataway NJ
Drs Jefferson and Kimball, Hershey, PA

—
—

Excess primary antibody was removed by washing in 1x TBS + 0.1% Tween 20 for 10-
20 minutes, and membranes were incubated with horseradish peroxidase-conjugated goat anti-
rabbit or goat anti-mouse secondary antibody (Sigma). Blots were rinsed with 1x TBS + 0.1%
Tween 20 to remove excess secondary antibody and were treated with enhanced
chemiluminescence (ECL plus) Western blotting reagents (Amersham), and then developed using

the Gene Gnome (Bioscience, UK). Uncompressed tiff images were analyzed using National
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Institutes of Health (NIH) ImageJ 1.6 software. After development, blots were stripped by
treatment with a solution containing 62.5 mM Tris, pH 6.8, 2% (weight/volume) SDS, and 100
mM B-mercaptoethanol in a 50 °C water bath for 15 minutes, reblocked with milk, rinsed, and
incubated at 4 °C overnight with antibodies for total proteins on blots which were probed earlier
with phosphospecific antibodies. Antibodies against B-actin or B-tubulin served as an additional

control for equal protein loading of samples.

Co-immunoprecipitation. The e[F4E<4EBP1 and elF4E+elF4G complexes were quantified as
described (32, 51, 211, 228). Briefly, elF4E was immunoprecipitated from aliquots of
supernatants using an anti-e[F4E monoclonal antibody (kindly provided by Drs. Jefferson and
Kimball; Hershey, PA). Antibody-antigen complexes were collected using magnetic beads,
subjected to SDS-PAGE, and finally transferred to a PVDF membrane. Blots were incubated
with a mouse anti-human elF4E antibody, rabbit anti-rat 4E-BP1 antibody, or rabbit anti-elF4G
antibody. The homogenate was clarified by centrifugation and an aliquot of the supernatant was
combined with either anti-TSC2, anti-mTOR, anti-raptor, or anti-e[F3b antibody, and immune
complexes were isolated with goat anti-rabbit BioMag IgG (PerSeptive Diagnostics, Boston, MA)
beads. The beads were collected, washed with CHAPS buffer, precipitated by centrifugation and
subjected to SDS-PAGE as described above. All blots were then developed with ECL and
analyzed as described above for Western blotting. Co-immunoprecipitation of the
PRAS40eraptor, PRAS40°clF3f, and PRAS40PRAS40 complexes were quantified as described
(238). An aliquot (normalized to equal total protein) of the resulting supernatant was combined
with anti-PRAS40 antibody and immune complexes isolated with a goat anti-rabbit BioMag IgG

(PerSeptive Diagnostics) beads. Samples were treated as described above.
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Plasmids. Plasmids used in the transfection and generation of lentivirus particles were purchased
from Addgene (Addgene, Cambridge, MA) and the specific plasmid catalogue number is given in
parenthesis. Original plasmid submitting author is acknowledged and papers are referenced as

source of plasmid.

Plasmid DNA preparation. All plasmid DNA was amplified in either DH5a or XL-1 Blue
Supercompetent Cells® (Stratagene, Cedar Creek, TX) and purified with an endotoxin-free
GigaPrep kit (Qiagen, Valencia, CA) as described for in vivo studies or (Qiagen Plasmid Maxi
kit) for cell culture transfections. The pLL3.7 GFP plasmid (Addgene plasmid # 11795)
expressing GFP was utilized for fluorescence imaging of cells and muscles and served as a

control plasmid in pilot studies to determine appropriate time course and dosage.

shRNA interference. The lentiviral plasmid pLKO.1-mPRAS40 used was that described by
Vander Haar et al (114) (Addgene plasmid #15480) and targeted the mouse sequence 5'-GAG
CCC ACT GAA ACA GAG ACA-3'; the scramble shRNA was used as a negative control as
previously reported (37) with hairpin sequence: CCT AAG GTT AAG TCG CCC TCG CTC
TAG CGA GGG CGA CTT AAC CTT AGG (Addgene plasmid #1864). The plasmids were
transformed in DH5a cells and isolated using the Qiagen EndoFree Giga prep kit (Qiagen). The
actual DNA sequence was confirmed at the Pennsylvania State University College of Medicine
DNA sequence core facility. For DEPTOR KD in chapter 5, we used the lentiviral plasmid
pLKO.1-mDEPTOR described by Peterson et a/ (47) which targeted the mouse sequence 5'- CCG
GCG CAA GGA AGA CAT TCA CGA TCT CGA GAT CGT GAA TGT CTT CCT TGC GTT
TTT G -3' (Addgene plasmid # 21337). Packaging plasmids psPAX2 and envelope protein
plasmid pMD2.G were obtained from Torono Lab (Addgene plasmid #12260 and #12259,

respectively). Transfection was carried out as described below.
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Transfection and generation of stable knockdown cells. HEK393FT (Invitrogen) cells were
transfected with Lipofectamine 2000 (Invitrogen) utilizing the following protocol. HEK293FT
cells were grown in DMEM media; 80-85% confluent plates were rinsed once with Opti-MEM
media (Invitrogen) and then incubated with Opti-MEM media for 4 h before transfection.
psPAX2 and pMD2.G, along with either scramble (Appendix 1-1) or pLKO.1-mPRAS40 or
pLKO.1-mDEPTOR, were added after mixing with Lipofectamine 2000 as per manufacturer’s
instructions (Invitrogen). Opti-MEM media was changed after overnight incubation with DMEM
containing 10% FBS without antibiotics to allow cells to take up plasmids and recover. Culture
media was collected at 36 h and 72 h, and viral particles present in the supernatant were harvested
after a 15 min spin at 1500 x g to remove cellular debris. The supernatant was then further
filtered using a 0.45 pm syringe filter. Supernatant containing virus was either stored at -80 °C
for long-term storage or at 4 °C for immediate use. Low passage (usually passage 3 or 4) C2C12
cells at < 60% confluence were infected twice overnight with 3 ml of viral supernatant containing
8 ng/ml polybrene in serum free — antibiotic free DMEM. Fresh DMEM media containing 10%
FBS, antibiotics, and 2 pg/ml puromycin (Sigma) was added the next day. Cells that survived

under puromycin selection were either harvested (as stable cells) and stored or used immediately.

3S-methionine labeling. C2C 12 myocytes were grown in six-well plates and treated as
described under cell culture section. Protein synthesis was measured on day 3 in myoblasts
following seeding or on day 7 following addition of DM in myotubes. For metabolic labeling 10
uCi of radiolabeled **S-methionine (MP Biologicals, PA) was added to each well of a 6 well plate
and radiolabel incorporation into trichloroacetic acid (TCA) precepitable proteins were measured

via liquid scintillation as previously described (239).
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Cell cycle. Myoblasts were transfected with either a scramble (Control) ShRNA or a shRNA
targeting PRAS40 or DEPTOR (see individual chapters for study details). Cells were seeded in
10 cm dishes and used at 60% confluence (~24 h post seeding). Cells were trypsinized, washed
with DPBS and fixed in cold 70% ethanol overnight at -20 °C. Cells were then stained with 100
pg/ml solution of propidium iodide buffer containing 0.1% Triton-X100 and 0.001% DNAse free
RNAse at 37 °C for 30 min immediately prior to FACS analysis. 10,000 (for PRAS40 study) and
20,000 (for DEPTOR study) cells per sample were counted and cell cycle phase was measured by
propidium iodide staining intensity using a BD FACS-Calibur flow cytometer (Becton Dickinson,

Bedford, MA) and ModFit software LT Version 3.2 (Verity Software, Topsham, ME).

Cell size and proliferation. To determine cell size, transfected myoblasts were seeded in 10 cm
dishes and used at 60% confluence. For cell number, cells were seeded at similar densities and
counted at different time points. Myoblasts were trypsinized and suspended in DMEM with 10%
FBS. Cells were then diluted 1:10 or 1:20 (DMEM: Isoton) in Isoton II solution (Beckman
Coulter, Fullerton, CA) and assayed using the Beckman Coulter Counter and particle size
analyzer as per manufacturer’s recommendation (Beckman Coulter). Cell size analysis was

performed using the AccuComp® Z2 Coulter counter software (Beckman Coulter).

MTT assay. C2C12 myoblasts (~10,000/well) were grown in a 96-well plate for 24 h and then
rinsed with PBS to remove the interfering phenol red from the DMEM media. This was followed
by the addition of methylthiazoletetrazolium (MTT; 50 ng/100 pl) to cells in each well for 4 h at
37 °C (240). MTT containing PBS was aspirated, wells were rinsed 2x with PBS, and 100 pl of
DMSO was added to each well to dissolve the resulting formazan and absorbance at 570 nm was

read in a plate reader Spectramax (Molecular Devices, Sunnyvale, CA).
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Cell differentiation. Approximately 0.5x10° myoblasts transfected with scramble or shPRAS40
or shRNA targeting DEPTOR were seeded in 10 cm plates and photographed daily using a Nikon
digital camera (Nikon Corp., Tokyo, Japan) mounted on a binocular microscope using 10x
objective lens. Images were composed and edited in Photoshop 7.0 (Adobe Systems
Incorporated, San Jose, CA). Background was reduced using contrast and brightness adjustments
to enhance reprint, and all modifications were applied to the whole image. Similarly treated
plates were collected at days 3, 5, 7, and 9 for Western blotting to measure myosin heavy chain
(MHC) expression as a functional end-point to measure differentiation biochemically as
myoblasts were allowed to fuse and form differentiated post-mitotic myotubes by switching the

media to 2% horse serum once the plates were confluent (day 3-4).

Cell apoptosis and autophagy controls. Same passage C2C12 myoblasts as PRAS40 KD or
DEPTOR KD and Scramble control cells were treated with 2 uM staurosporine in culture media
for 4 hr to induced apoptosis and collected in the CHAPS media. To induce autophagy, C2C12
myoblasts were treated with Hanks Buffered Salt Solution (HBSS) for 6 hr and cells collected in

CHAPS buffer.

Materials and Methods for Chapter 3

Cecal ligation and puncture (CLP) model of sepsis. Sepsis was induced by cecal ligation and
puncture (CLP) (32, 51). Rats were anesthetized with pentobarbital (50-60 mg/kg) and a midline
laparotomy was performed. The cecum was ligated at its base and punctured twice using a 20 g
needle. The cecum was returned to the peritoneal cavity, the muscle and skin layers were closed
separately, and rats were resuscitated with 10 ml of 0.9% sterile saline (37 °C) administered

subcutaneously. The nonseptic control animals received a laparotomy with intestinal
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manipulation and fluid resuscitation. After surgery, all rats were fasted, but permitted free access
to water. Hence, any observed change between septic and nonseptic rats cannot be attributed to
differences in nutritional status. In a second study, septic and nonseptic rats were administered
1.35 g/kg body weight (BW) of leucine (54 g/L) by oral gavage 24 h after CLP, and muscle was
excised 30 min thereafter. This leucine dose maximally stimulates muscle protein synthesis and
indices of translation initiation in nonseptic rats at the time point examined (241). Although we
have previously reported there is no difference in the plasma leucine concentrations between
control and septic rats gavaged with leucine (32, 51), we quantified leucine concentrations in the

current study by high-pressure liquid chromatography (HPLC).

Muscle protein synthesis. /n vivo protein synthesis in gastrocnemius was determined
approximately 24 h after CLP or sham surgery using the flooding-dose technique (242). Briefly,
rats were anesthetized with intraperitoneal pentobarbital (100 mg/kg) and a catheter was placed in
the carotid artery. A bolus injection of L-[2,3,4,5,6-3H] phenylalanine (Phe; 150 mM, 30
puCi/ml; 1 ml/100 g BW) was injected via the jugular vein, and serial blood samples were drawn
after 2, 6 and 10 min for measurement of Phe concentration and radioactivity. Immediately after
the final blood sample, the gastrocnemius from one leg was frozen in vivo between aluminum
blocks pre-cooled to the temperature of liquid nitrogen, and the other muscle was rapidly excised
with a portion being homogenized directly and the remainder freeze-clamped. Blood was
centrifuged and plasma was collected. All tissue and plasma samples were stored at -80 °C until
analyzed. The frozen muscle was powdered under liquid nitrogen and a portion used to estimate
the rate of incorporation of [*’H]-Phe into protein (15). Total RNA was determined and
translational efficiency was calculated by dividing the rate of synthesis by the total RNA per

tissue.
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Statistical analysis. Experimental data for each condition are summarized as means + SE, where
the number of animals in each treatment group is indicated in the legend to the figure or table.
Statistical evaluation of the data was performed using either Student #-test for two-group
comparisons or ANOVA followed post hoc by Student-Neuman-Keuls test for multiple group
comparisons (GraphPad InStat, version 3.05; GraphPad, La Jolla, Calif). Differences between the

groups were considered significant when P < 0.05.

Materials and Methods for Chapter 4

Multiprobe template production for RNase protection assay. Primer selection for mouse
genes of interest was determined using GeneFisher software (243). The lengths of amplified
regions were chosen to allow distinct resolution during electrophoretic separation. Primers were
synthesized (IDT, Coralville, IA) with restriction sites for EcoRI or Kpnl at the 5' end and with
three extra bases at the extreme 5' end as follows:

Table 2—2. List of primers used to make RPA multiprobes.

PRAS40 Forward 5'-GCA GAATTC GCC CGA TCG TCA GAT GAG GAG A-3°
Reverse 5’-CCT GGT ACC TCA GCT TCT GGA AGT CGC TGG TA-3’
mTOR Forward 5'-GCA GAA TTC GGC CAG TGG ACC AGT TGA GAC A-3°
Reverse 5’-CCT GGT ACC CAG CTC AGA CCA GCA GGA CACA-»
Raptor Forward 5'-GCA GAA TTC CAT GCA TAG CTG TCG CCG ACA-3’
Reverse 5’-CCT GGT ACC ACA ATG AGC GAA CGG TGC GAA-¥
S6K1 Forward 5'-GCA GAA TTC GAC CAT GGG GGA GTT GGACCAT-¥
Reverse 5’-CCT GGT ACC CTC CAG AAT GTT CCG CTC TGC TT-3’

4E-BP1 Forward 5'-GCA GAA TTC CGG GGA CTA CAG CAC CACTC-3
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Reverse 5’-CCT GGT ACC GGG CAG TTG GCT CTG GTT GG-3°
L32 Forward 5’-GCA GAA TTC CGG CCT CTG GTG AAG CCC AA-3°
Reverse 5’-GCAGGT ACC CCT TCT CCG CAC CCT GTIT GTC A-3°

PCR was conducted with HotStarTaq DNA polymerase (Qiagen) and mouse total RNA
was reverse transcribed with Superscript first-strand synthesis system for RT-PCR (Invitrogen).
PCR products were phenol-chloroform extracted, ethanol precipitated, and sequentially digested
with Kpnl and EcoRI (Promega, Madison, WI). Digested products were gel purified, re-
extracted, and cloned into Kpnl/EcoRI-digested pBluescript II SK+ (Stratagene). Plasmid DNA
was isolated with both QIAprep spin miniprep and plasmid maxi kits (Qiagen). Final constructs
were linearized with EcoRI, gel purified, and quantitated spectrophotometrically. The template
was prepared so that a 2 ul aliquot contained 10 ng each of PRAS40, S6K1, mTOR, 4E-BP1, and

raptor, and 20 ng of L32.

RNA extraction and RNase protection assay. Total RNA was extracted from cells using Tri
reagent (Molecular Research Center, Cincinnati, OH), exactly as previously described (42).
Concentration, purity, and integrity of the isolated RNA were assessed using a UV/VIS
spectrophotometer (Beckman, Fullerton, CA). mRNA expression was determined by RNase
protection assay. A 2 ul aliquot of template was prepared with T7 polymerase with buffer
(Fermentas, Hanover, MD), NTPs, and tRNA (Sigma), RNasin and DNase (Promega), and [**P]-
UTP (Amersham Biosciences). Unless otherwise noted, the entire RNase protection assay
procedure, including labeling conditions, component concentrations, sample preparation, and gel
electrophoresis, was as published (42). Gels were exposed to a Phosphorlmager screen
(Molecular Dynamics) and data were visualized and analyzed by ImageQuant software (version
5.2; Molecular Dynamics). Signal densities within the linear range for mRNAs were normalized

to densities for mouse ribosomal protein L32 mRNA.
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Cellular DNA isolation and analysis. To analyze nucleosomal DNA fragmentation, 2.5x10°
C2C12 cells were processed as described by Zhivotovsky et. al. (244) with minor modifications.
Cells, 80% confluent were trypsinized and centrifuged for 5 min at 4000 rpm to removed media.
The cell pellet was resuspended in total DNA extraction buffer (400 mM NaCl; 10 mM Tris-HCI,
pH 7.5; 10 mM EDTA with 50 pg/ml RNAse A and 0.2% SDS) and incubated at 37 °C
overnight. Proteinase K was added the following day to a final concentration of 50 pg/ml for 4 h
at 37 °C. NaCl was then added to the DNA extraction mix to obtain a final concentration of 1.23
M and the extraction mix was left on ice overnight. The following day the mixture was
centrifuged at 17,000 rpm for 1 h at 4 °C. The supernatant containing the low molecular weight
DNA was removed and extracted 2x with phenol- chloroform followed by a final rinse in
chloroform. The extract was then subjected to ethanol precipitation in 0.1 volume of 3 M sodium
acetate and 2 volumes of 100% ethanol at -20 °C for 1 hour. The samples were centrifuged at
4000 rpm to pellet the DNA and the pellet was washed with 70% ethanol and air dried. The
pellet was resuspended in Tris-EDTA buffer (pH 8.0) and the amount of DN A measured
spectrophotometrically. Positive control apoptotic DNA from U937 cells was from Roche DNA-
ladder kit (Roche Diagnostics Corporation, Indianapolis, IN). DNA (8 pg per sample/lane, and 3
or 5 pg/lane for positive control apoptotic DNA) was loaded onto a 1.5% agarose gel, subjected
to electrophoresis (55 V for 2.5 h) in 1x Tris-Borate-EDTA buffer and scanned using the

Typhoon fluorescent imager (Molecular Dynamics).

Plasmid isolation for in vivo electroporation. For plasmid transfection into skeletal muscle in
vivo, plasmid DNA was purified with the endotoxin-free GigaPrep kit (Qiagen) according to the
manufacturer’s protocol with minor modifications. DHS5a cells (Stratagene) transformed with the
plasmid were plated onto LB agar plates with ampicillin (selective antibiotic) and grown

overnight at 37 °C. The next day, a single colony was selected and a 5 ml starter culture (LB
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medium containing 100 pg/ml of ampicillin) was inoculated and incubated at 37 °C on an orbital
shaker for 8 hours at ~250-300 rpm. This starter culture was diluted 1:100 into five 1L
Erlenmeyer flasks each containing 500 ml of selective medium. Bacterial cultures were grown
overnight (typically 18-20 h) at ~250-300 rpm. Plasmid isolation followed the Qiagen Endotoxin
GigaPrep manufacturer’s protocol with recommended options to increase yield and the DNA was
eluted directly in ~2 ml preservative-free “normal saline for injection” (sterile 0.9% NaCl
solution). The plasmid solution in saline was heated at 55 °C for 30 min and DNA concentration
and quality was assessed via the NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, DE) using saline as a blank. A final concentration of 1.5 mg/ml was achieved by
dilution the DNA with saline. Plasmid DNA was aliquoted into 110 pl volumes to give a

concentration of 150 ng/100u1 and stored at -80 °C until used for in vivo injection.

Materials and Methods for Chapter 5

RNA extraction and quantitation. Total RNA was isolated from C2C12 myocytes transfected
with either scramble or DEPTOR shRNA using RNeasy mini kit (Qiagen). For animal tissue,
total RNA was isolated from 35-50 mg of skeletal muscle using 1 ml of Tri-reagent (Molecular
Research Center, Inc., Cincinnati, OH). The RNA pellet was reconstituted in 100 ul of RNase
free water and subjected to RNA cleanup using RNeasy mini kit (Qiagen). On column DNase I
treatment was performed to remove any residual DNA contamination. RNA was eluted from the
column with 30-50 pl RNase-free water, and the total RNA (1-2 pul) concentration was

determined (NanoDrop 2000; Thermo Scientific).

Reverse transcription. Total RNA (1-5 pg) was primed with 200 ng of oligo dT, 100 ng of

random primer and 0.5 mM dNTP mix at 65 °C for 5 min and then kept on ice for 1-2 min.
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cDNA was synthesized from the primed reaction using 200 units of superscript I1I reverse
transcriptase, 40 units of RNaseOut, 1x first strand buffer and 5 mM dithiothreitol in a 20 pl
reaction volume (Invitrogen). The reaction was incubated at 25 °C for 5 min, then at 50 °C for 1
h followed by 70 °C for 15 min to inactivate the reverse transcriptase. To control for residual
DNA contamination, each RNA sample was subjected to cDNA synthesis as described above

without the superscript-III transcriptase. The cDNA was stored at -20 °C.

Real-time quantitative PCR. Real-time quantitative PCR using primers shown in Table 2-3 was
performed using 25-65 ng of cDNA in a StepOnePlus system using TagMan gene expression
assays and the gene expression master mix (Applied Biosystems, Foster City, CA). The cycling
parameters were an initial 50 °C for 2 min and 95 °C for 10 min and 40 cycles of 95 °C for 15 sec
and 60 °C for 1 min. Real-time PCR quantitation was based on the Ct values, where Ct is defined
as the PCR cycle number that crosses an arbitrary signal threshold on the amplification plot. The
comparative quantitation method 2*“' was used in presenting gene expression of target genes in
reference to an endogenous control and 2™ was used in presenting expression of each house
keeping gene in validating the use of endogenous control gene. ACt is expressed as the difference
(Ct target - Ct control)'

between the target and control samples

Table 2—3. Real-time PCR primers used in the study

Gene symbol Gene Name Assay ID * Pubmed RefSeq
Actb Actin, beta Mm01205647 gl NM 007393.3
Gapdh Glyceraldehydes-3- Mm999999915 gl NM 008084.2
phosphate dehydrogenase
Rpl32 Ribosome protein L.32 Mm02528467 gl NM 172086.2
B2m Beta-2 microglobulin Mm00437762 ml NM 009735.3
Depdc6 DEP domain containing 6 MmO01195339 ml NM _145470.2 and
(DEPTOR) NM_001037937.2
Hprt hypoxanthine guanine Mm00446968 ml NM 013556.2
phosphoribosyl
transferasel
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In vivo electroporation. Mice were briefly anesthetized with isoflurane (2-3% in O,) for
plasmid injection, in vivo electroporation and subsequent hindlimb immobilization. Once mice
were anesthetized, the lower hindlimbs were shaved to expose the skin, swabbed with 70%
alcohol, and air-dried to clean the injection site. Plasmid DNA (100 pg total in 150 pl of 0.9%
sterile saline) was slowly injected at multiple sites (~3) directly into the gastrocnemius through
the skin via a 1-ml insulin syringe fitted with a 28-gauge needle (Becton-Dickinson). A plasmid
targeting DEPTOR was injected into both the right and left gastrocnemius of one cohort of mice,
while a second group of mice received bilateral injection of the scrambled control plasmid.
Square-wave electric impulses generated by an electroporator (model ECM 830, BTX, San
Diego, CA) were delivered to muscle in both legs via caliper electrodes (Harvard apparatus,
model 384, BTX) coated with electrode conductive gel. The electrodes were applied to the lower
hindlimb with only slight pressure to ensure proper contact. Pulse trains were delivered with a
200 V/cm field strength (8 pulses, 40 ms/pulse, 100 ms interval) on the basis of previously
described parameters (245-247). Careful excision of the transfected muscle was performed 72 h
following the electroporation procedure (see below). Parameters for in vivo electroporation were
optimized in preliminary studies (data not shown) and are comparable to those reported by others

(245-248).

Hindlimb immobilization. Following in vivo electroporation, one hindlimb was wrapped with a
single layer of surgical tape. Superglue was then applied to the tape and a 1.5 ml plastic
microfuge tube without the lid was placed over the leg, maintaining the foot in a plantar-flexed
position. The contralateral leg was not immobilized and functioned as the internal control. The
contralateral leg does not undergo hypertrophy and the validity of this unilateral hindlimb
immobilization has been previously reported (13, 249). Food and water consumption of mice

with the DEPTOR KD plasmid did not differ from mice that received control plasmid (data not
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shown). Thus, in vivo studies generated muscles in four experimental groups: (a) muscle injected
with control plasmid which remained mobile, (b) muscle injected with control plasmid but was
then immobilized, (c) muscle injected with DEPTOR KD plasmid which remained mobile, and

(d) muscle injected with DEPTOR KD plasmid and was immobilized.

In vivo protein synthesis. The in vivo rate of protein synthesis in the gastrocnemius (hereafter
referred to as muscle) was determined in Control and DEPTOR KD treated mice 3 d after plasmid
electroporation and immobilization. Protein synthesis was determined using the flooding-dose
technique, exactly as described (242, 250). Mice were injected intraperitoneally with [*H]-L-
phenylalanine (150 mM, 30 uCi/ml; 1 ml/100 g body wt), and blood was collected 15 min later
for determining the plasma phenylalanine concentration and radioactivity. Thereafter, muscles
were rapidly excised, freeze-clamped, and then stored at -70 °C. Muscle was processed exactly
as previously described (212, 251). The rate of protein synthesis was calculated by dividing the
amount of radioactivity incorporated into protein by the plasma phenylalanine-specific
radioactivity, and the advantages and disadvantages of this method have been reviewed (252).
The specific radioactivity of the plasma phenylalanine was measured by HPLC analysis of

supernatant from TCA extracts of plasma.

Statistical analysis for chapters 4 and 5. Results for individual cell experiments (n> 6) were
replicated in at least three independent experiments and when applicable are presented as means =+
SE calculated from the pooled data. Data were analyzed by unpaired Student's #-test in two-group
comparisons or with ANOVA and Tukey’s posttest in multigroup comparisons to determine
treatment effect when ANOVA indicated a difference among the means. GraphPad Prism version
5.0 (GraphPad) was used for analysis. Differences between groups were considered significant at

P<0.05.
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Chapter 3

Sepsis-induced alterations in protein-protein interactions within
mTOR Complex1 and the modulatory effect of leucine on muscle
protein synthesis

Abstract

Sepsis-induced muscle atrophy is produced in part by decreased protein synthesis
mediated by inhibition of mTOR. The present study tests the hypothesis that alteration of
specific protein-protein interactions within the mTORC1 (mTOR complex 1) contribute to the
decreased mTOR activity observed after cecal ligation and puncture in rats. Sepsis decreased in
vivo translational efficiency (protein synthesis normalized to mRNA content) in gastrocnemius
and reduced the phosphorylation of eukaryotic initiation factor (eIF) 4E-binding protein (BP)-1,
S6 kinase (S6K)-1 and mTOR, compared to time-matched pair-fed controls. Sepsis decreased
T246-phosphorylated PRAS40, and reciprocally increased S792-phosphorylated raptor. Despite
these phosphorylation changes, sepsis did not alter PRAS40 binding to raptor. The amount of
the mTOR-raptor complex did not differ between groups. In contrast, the binding and retention
of both 4E-BP1 and S6K1 to raptor was increased and, conversely, the binding of raptor with
elF3 was decreased in sepsis. These changes in mTORCI in the basal state were associated with
enhanced 5'-AMP activated kinase activity. Acute in vivo leucine stimulation increased muscle
protein synthesis in control, but not septic rats. This muscle leucine resistance was associated
with coordinated changes in raptor-elF3 binding and 4E-BP1 phosphorylation. Overall, our data
suggest the sepsis-induced decrease in muscle protein synthesis may be mediated by the inability

of 4E-BP1 and S6K1 to be phosphorylated and released from mTORC] as well as the decreased
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recruitment of elF3 necessary for a functional 48S complex. These data provide additional
mechanistic insight into the molecular mechanisms by which sepsis impairs both basal protein

synthesis and the anabolic response to the nutrient signal leucine in skeletal muscle.

Introduction

Negative nitrogen balance and the erosion of lean body mass are defining characteristics
of bacterial infection and can adversely affect morbidity and mortality in sepsis (19). The
observed atrophy is undoubtedly multifactorial, but it is in part mediated by decreased synthesis
of both myofibrillar and sarcoplasmic proteins in skeletal muscle that are preferentially composed
of fast-twitch (e.g., gastrocnemius) fibers (211). This sepsis-induced decrease in muscle protein
synthesis results from reduced translational efficiency and is predominantly controlled at the level
of peptide-chain initiation (14). In turn, translation initiation is regulated by a number of
specialized proteins termed eukaryotic initiation factors (elFs), many of which are sensitive to
hormonal and nutritional signals functioning in a cooperative manner to adjust translation to
match cellular requirements. A rate-controlling step in translation initiation is mediated by
elF4F and involves the binding of mRNA to the 43S preinitiation complex. This multimeric
elF4F complex is composed of several proteins including: elF4E, which directly binds the
m7GTP-cap structure; elF4A, which together with elF4B unwinds secondary structure via its
ATP-dependent RNA helicase activity; and elF4G, which serves as an adaptor protein. elF4G is
the nucleus for the formation of the initiation complex, as evidenced by its binding sites not only
for elF4E but also for e[F4A and elF3 (104). As a result, elF4G recruits the 40S subunit to the 5'
end of mRNA and coordinates the circularization of mRNA via its interactions with e[F4E, poly

(A)-binding protein (PABP), and elF3.
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Formation of the elF4F complex controls cap-dependent initiation by regulating the
availability of “free” eI[F4E. Although sepsis does not alter the total amount of cellular elF4E, it
shifts the distribution of eIF4E from the active to the inactive complex (51, 211). The binding of
elF4E to elF4E-binding protein-1 (4E-BP1) allows association with mRNA, but it prevents
binding to e[F4G and consequently the formation of the active elF4F complex (56) (Figure 3-1).
Nutrients and growth factors positively modulate the ordered phosphorylation of 4E-BP1,
releasing 4E-BP1 from elF4E, and thereby stimulating cap-dependent mRNA translation by
enhancing formation of the active elF4E<elF4G complex. The phosphorylation of 4E-BP1 is
mediated by the conserved serine (S)/threonine (T) protein kinase mammalian target of
rapamycin (mTOR) (253). A consensus has emerged pertaining to the ability of sepsis to impair
elF4F formation in skeletal muscle. In general, septic insults — such as those imposed by cecal
ligation and puncture (CLP) and endotoxin (lipopolysaccharide; LPS)— decrease 4E -BP1
phosphorylation (51, 228). This change increases the amount of the inactive el[F4E*4EBP1
complex and reciprocally decreases the active el[F4E<elF4G complex. The sepsis-induced
reduction in elF4E+elF4G diminishes mRNA binding with the ribosome and thereby limits
muscle protein synthesis.

The metabolic consequences of various catabolic stresses and anabolic stimuli are
integrated by mTOR (14) (Figure 3-1). Sepsis and endotoxin decrease mTOR kinase activity as
evidenced by the coordinate decrease in mTOR autophosphorylation at Ser2481 as well as the
decreased phosphorylation of the mTOR substrates 4E-BP1 and S6K1 (32, 51, 211, 228).
However, despite its importance, there is a paucity of data pertaining to the mechanism mediating
the sepsis-induced decrease in skeletal muscle mTOR activity. In general, mTOR is partitioned
between two large multi-protein complexes having distinct functions. One of the mTOR
complexes, mTORC?2, is considered rapamycin-insensitive and while an important regulator of

the cytoskeleton organization appears to have little influence on mRNA translation (254).
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Conversely, the other mTOR complex (mTORC1), consisting of mTOR, GBL (G-protein -
subunit like protein/mLST8), PRAS (proline-rich Akt substrate)-40, raptor (regulatory associated
protein of mTOR), and DEPTOR (aka DEP domain containing 6; DEPDC) (56, 253), regulates
mTOR activity in a rapamycin-sensitive manner (253) and is altered by sepsis (211). Consistent
with this observation, muscle-specific inactivation of raptor, but not rictor, in mice produces
muscle atrophy (231). In this regard, raptor is a scaffold protein, which regulates mTOR kinase
activity and the subsequent downstream phosphorylation of 4E-BP1 and S6K1. The importance
of 4E-BP1 has been discussed above and the ordered phosphorylation of S6K1 activates the
protein resulting in the phosphorylation of more than a dozen substrates, many of which affect
cap-dependent translation (255). However, whether sepsis modulates the mTOReraptor
interaction as well as other newly recognized protein-protein interactions regulating cap-
dependent translation in skeletal muscle has not been investigated, and this gap is addressed by

the data provided herein.

Results

Sepsis impairs muscle protein synthesis, mTOR kinase activity and formation of the
elF4F complex. Approximately 24 h after induction of sepsis, translational efficiency of
gastrocnemius was assessed in vivo and found to be reduced 37% in septic rats compared to time-
matched control rats (control = 114 £ 9 vs septic = 72 + 10 nmol Phe incorporated/mg RNA/h; n
= 8 per group; P <0.05). Note that values are normalized to total RNA content, which provides
an estimate of ribosomal number in muscle. Therefore, the data indicate the sepsis-induced
reduction in muscle protein synthesis was due to impaired translation per se and not a decrease in

the relative abundance of ribosomes.
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Representative Western blots of muscle homogenates for total and phosphorylated
proteins playing a central role in regulating protein translation are presented in Figure 3-2A.
Sepsis decreased 4E-BP1 phosphorylation as well as the phosphorylation of mTOR at S2448 and
S2481, collectively indicating a decrement in mTOR kinase activity. The phosphorylation of
S6K1 (on T389) tended to be reduced in muscle from septic rats (data not shown as previously
published), but definitive changes were difficult to document because of the relatively low
constitutive phosphorylation of S6K1 in the basal fasted state in vivo. However, both S1108-
phosphorylated elF4G and S240/244-phosphorylated ribosomal protein S6 (an S6K 1 substrate)
and rapamycin-sensitive (e.g., mTOR-dependent), were decreased in muscle from septic rats.
These sepsis-induced decreases in phosphorylation were independent of a change in the total
amount of 4E-BP1, S6, mTOR or el[F4G. Finally, when the same amount of e[F4E was
immunoprecipitated from both groups, the amount of 4E-BP1 bound to elF4E (e.g., inactive
complex) was increased and, conversely, the amount of el[F4G bound to elF4E (e.g., active
complex) was decreased in muscle from septic rats, compared to control values (Figure 3-2B).
These data indicate sepsis decreases functional elF4F complex formation. Quantitation for the
immunoblots in Figure 3-2 are not presented because comparable changes in these endpoints have
been previously reported by our laboratory (32, 51, 211). These data are presented herein to
confirm the fidelity of the septic model and provide the necessary background for the remainder
of the investigation.

Sepsis alters upstream regulators of mMTOR. The overall energy status of muscle is
sensed by AMPK, which is activated by phosphorylation in various catabolic conditions (256).
AMPK T172-phosphorylation in gastrocnemius from CLP-treated rats was increased by 65%,
compared to time-matched control values (Figure 3-3A and 3-3C). The phosphorylation of
ACC, a downstream substrate for AMPK, was increased 60%, and this change was independent

of a change in total ACC protein (Figure 3-3A and 3-3E). AMPK is an LKBI1 substrate and
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increased LKB1 S428-phosphorylation is important in activating AMPK (257). Sepsis increased
S428-phosphorylated LBK1 greater than 50% (Figure 3-3B and 3-3D). REDDI is a novel stress-
response gene, which is up-regulated by a diverse array of catabolic insults in an AMPK-
dependent manner (48) and decreases mTOR activity (49). Muscle from septic rats had a greater
than 8-fold increase in REDDI protein, compared to control values (Figure 3-3B and 3-3F).

As Akt is upstream of mTOR and modulates its S/T kinase activity, we assessed Akt
phosphorylation on two sites thought to be necessary for its full activation (253). Sepsis
coordinately decreased both T308-phosphorylated (e.g., PI3K-dependent) and S473-
phosphorylated (e.g., mMTORC2-dependent) Akt in muscle by approximately 40% (Figure 3-4A,
3-4C, and 3-4E). However, there was a discordant sepsis-induced change in the phosphorylation
of two downstream Akt substrates. That is, while sepsis decreased PRAS40 phosphorylation
(T246) by 40% (Figure 3-4B and 3-4D), no change in S21/9-phosphorylated GSK3a/f was
detected in gastrocnemius (Figure 3-4B and 3-4F).

Activated Akt directly phosphorylates TSC2 on T1462 and ultimately relieves the
inhibitory action of the TSC1°TSC2 complex on mTOR activity (258). AMPK and REDDI also
alter mTOR kinase activity at least in part by modulation of TSC2 phosphorylation and
TSC1TSC2 complex formation. However, the total amount of TSC1, TSC2, T1462-
phosphorylated TSC2 and the amount of the TSC1TSC2 heterodimer in muscle did not differ
between control and septic rats (Figure 3-5).

Sepsis-induced change in mMTORC1. mTORCI is a multi-protein complex regulating
protein synthesis and consisting of mTOR, raptor, GBL, PRAS40 and DEPTOR (38, 56, 253).

Of these proteins, the total amount of mTOR (Figure 3-1A), PRAS40 (Figure 3-3B), GBL (Figure
3-6A) and raptor (Figure 3-6A) did not differ between control and septic rats. However, sepsis

increased raptor phosphorylation (S792) by almost 90% (Figure 3-6B). Finally, sepsis increased
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the total DEPTOR, an mTOR-interacting protein believed to be a negative regulator of mTOR
(47), in septic muscle by 70%, compared to control values (Figure 3-6C).

Raptor functions as a scaffold protein recruiting substrates to mTORCI via short TOS
(mTOR signaling) motifs in its substrates (38, 56). Therefore, raptor was immunoprecipitated
and then immunobloted for PRAS40, 4E-BP1, S6K1 and GBL. While sepsis did not alter the
association of raptor with PRAS40 or GBL (Figure 3-7A), it did increase both 4E-BP1 (Figure 3-
7A and 3-7B) and S6K1 (Figure 3-7A and 3-7C) binding to raptor by 70%.

In addition, when raptor was immunoprecipitated, the amount of mTOR bound to raptor
did not differ between control and septic rats (Figure 3-7A). While this finding was unexpected,
it was confirmed by performing the reverse immunoprecipitation procedure (data not shown).
However, we did detect a greater than 90% reduction in mTOR eraptor interaction in rats treated
with rapamycin (data not shown), indicating our ability to detect a change in this protein-protein
complex. With regard to mTORC2, there was no sepsis-induced change in the total amount of
rictor in muscle homogenates or the amount of rictor bound to an mTOR immunoprecipitate (data
not shown).

Sepsis-induced change in eIF3. The largest translation initiation factor, elF3, is
composed of 13 nonidentical subunits (87). While the physiological function of each subunit is
not known, it is clear that e[F3 must bind to mTORC1 for optimal mTOR kinase activity (72).
We assessed the total amount of two different subunits, elF3-b (e.g., one of the 5 conserved core
polypeptides essential for translation) and elF3-f (e.g., the subunit shown to be rapidly degraded
by the ubiquitin-proteasome). Our results indicate the total content of elF3b and elF3f in muscle
homogenates did not differ between control and septic rats (Figure 3-8A). Moreover, there was
no sepsis-induced change in the amount of total or phosphorylated elF4B, total e[F4Al, or total
PABP - all proteins implicated in regulating mRNA protein translation (Figure 3-8A). Finally,

we immunoprecipitated elF3b from muscle and determined the amount of bound raptor. Data in



58
Figure 3-8B and 3-8C indicate that sepsis decreased the amount of the elF3eraptor complex by
40%.

Leucine-induced changes in mTORCI1. In the second study, leucine was orally
gavaged approximately 24 h after induction of sepsis or sham surgery. Leucine administration to
control rats increased muscle protein synthesis by 37% and this anabolic response was completely
absent in septic rats (Figure 3-9A). This leucine resistance was not due to sepsis- or leucine-
induced changes in mTOReraptor binding (Figure 3-9B), but it was associated with concordant
changes in raptor binding to elF3 (Figure 3-9C). The phosphorylation of both 4E-BP1 (Figure 3-
9D) and S6K 1 (data not shown) was also increased by leucine in control but not septic rats
(Figure 3-9D), and such a response is consistent with the change in mTOR kinase activity
anticipated by above-mentioned changes in raptorselF3b binding. The differential ability of
leucine to alter raptoreelF3 binding could not be attributed to altered raptor S792-phosphorylation
(Figure 3-9E) or PRAS40 T246-phosphorylation (Figure 3-9F). Acute leucine stimulation did
not alter basal AMPKa or Akt phosphorylation in control rats or the sepsis-induce change in
phosphorylation for these two proteins (data not shown). Finally, none of the observed
differences between control and septic rats could be attributed to differences in the plasma leucine
either under basal conditions (control = 112 + 28 pumol/L and septic 133 + 19 pmol/L; P = NS) or
in response to the leucine gavage (control = 967 + 34 umol/L and septic = 1002 + 55 umol/L; P =

NS).

Discussion

mTOR signaling occupies a central role in integrating nutrient, energy and growth stimuli
to regulate muscle protein synthesis (7) (Figure 3-1). Sepsis and endotoxin impair mTOR kinase

activity in muscle as evidenced by the reduction in mTOR autophosphorylation as well as
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decreased phosphorylation of downstream substrates 4E-BP1 and S6K1 (32, 228). The data in
the present study confirm these observations. While we acknowledge that this study is largely
descriptive in nature, our data do suggest potential mechanisms by which sepsis impairs mTOR
kinase. Of the two mTOR-containing protein complexes, mTORC1 appears primarily involved
in regulating protein synthesis (38, 56). However, our data indicate that under basal post-
absorptive conditions sepsis does not alter the assembly of the mTOR eraptor complex in skeletal
muscle where protein synthesis and translational efficiency was simultaneously ascertained to be
reduced. These findings in septic rats differ from those reported in alcohol-treated rats where
impaired muscle protein synthesis and mTOR kinase activity was associated with an increased
mTOReraptor binding (259). The reason for the difference in mTOReraptor binding between
these two catabolic conditions is not evident, and little insight is gained from in vitro studies in
non-muscle cells where the mTOR eraptor interaction to the withdrawal of serum (e.g., growth
factors) and/or amino acids has also often been shown to be divergent (38, 56, 115, 260). We
speculate that such divergent results suggest that other protein binding partners are more critically
involved in regulating mTORCI1 activity under catabolic conditions than the simple association of
mTOR and raptor.

Cellular stresses inhibit mTORCT through a diverse array of potential mechanisms. For
example, AMPK activation in response to energy stress inhibits protein synthesis in cultured
myocytes and in vivo muscle (1). Our data demonstrate an LKB1-dependent sepsis-induced
increase in AMPK activation, as evidenced by the enhanced phosphorylation of AMPK and ACC.
In turn, AMPK phosphorylates multiple targets. One mechanism whereby AMPK decreases
protein synthesis is via the TSC complex, as increased TSC2 phosphorylation as well as enhanced
formation of the TSC1°TSC2 heterodimer can negatively regulate mTOR activity (185).
However, although AMPK in muscle was activated by sepsis, this mechanism does not appear

operational because TSC1°TSC2 association and the AMPK-sensitive T1462-phosphorylation of
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TSC2 did not differ between control and septic rats. AMPK may also inhibit mTOR kinase
activity in a TSC-independent manner as raptor S792-phosphorylation facilitates recruitment of
the 14-3-3 protein (185). Such a sepsis-induced increase in raptor phosphorylation was detected
and is consistent with the increased raptor phosphorylation observed in rats administered the
AMPK activator AICAR (1) and in cultured myocytes incubated with endotoxin (261).
Collectively, these data suggest that AMPK “senses” an energy deficit (e.g., increased AMP/ATP
ratio) in muscle, presumably as a result of mitochondrial dysfunction, which may mediate part of
the sepsis-induced decrease in protein synthesis in this tissue. Such a sepsis-induced defect in
mitochondrial oxidative phosphorylation has been reported in cardiac muscle (262). Our data
indicate sepsis also up-regulates the REDDI1 protein in muscle, a response comparable to that
observed after AMPK activation by AICAR (32). The ability of REDDI to negatively regulate
mTOR appears to proceed via the binding of REDDI1 to 14-3-3, the latter of which normally
binds to and inhibits TSC2 activity (48). Since such a redistribution of 14-3-3 from TSC2 to
REDDI1 would not be expected to disrupt the TSC1°TSC2 complex, our data cannot exclude this
as a possible mechanism for the sepsis-induced inhibition of mTOR activity.

PRASA40 also binds to raptor and is believed to be a translational repressor, so its over-
expression decreases mTOR activity (37). Upon phosphorylation induced by insulin and other
growth factors, PRAS40 is released from raptor and thereby enhances protein synthesis by
facilitating the engagement of 4E-BP1 and S6K 1 with the limiting amount of raptor. Multiple
lines of evidence indicate PRAS40 T246-phosphorylation is Akt-dependent (263), and our current
data showing a sepsis-induced decrease in both Akt activation and PRAS40 phosphorylation
support such a mechanism. Moreover, Akt may directly phosphorylate mTOR (264).
Collectively, these results are also consistent with the endotoxin-induced reduction in Akt, mTOR
and PRAS40 phosphorylation seen in cultured myotubes (261). Therefore, the lack of a

significant difference in the amount of the PRAS40<raptor complex in muscle from septic rats
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was unexpected. Although PRAS40 preferentially binds to raptor, it can also interact with the
kinase domain of mTOR (37); however, no difference in the amount of the PRAS40mTOR
complex was detected in muscle of control and septic rats (unpublished observation).

In contrast, we did detect a sepsis-induced increase in the amount of 4E-BP1eraptor
(Figure 3-7A and 3-7B) and S6K 1eraptor complex in skeletal muscle (Figure 3-7A and 3-7C).
Recruitment of these mTOR substrates to mTORCI1 is necessary for their canonical
phosphorylation by mTOR kinase, and raptor is known to preferentially bind the non-
phosphorylated substrates (56). We interpret the increased complex formation in raptor
immunoprecipitates, in conjunction with the reduced phosphorylation of 4E-BP1 and S6K1 in
total tissue homogenates, to indicate there is no sepsis-induced defect in the 4E-BP1 or S6K 1
binding to raptor per se, but that their subsequent phosphorylation and release from mTORCI is
impaired. This in vivo scenario differs from that seen in vitro where cells cultured under the
catabolic conditions produced by the absence of amino acids and/or growth factors demonstrate a
reduced formation of 4E-BP1eraptor (115, 265). It is noteworthy that the sepsis-induced change
in mTOR kinase activity was associated with a marked increase in DEPTOR, a negative regulator
of mTORCI activity (47) and the importance of this increase warrants investigation.

elF3 is a multi-subunit protein complex which serves as a docking site for the binding of
several components of the translational machinery (87). Incubation of myotubes with various
catabolic agents has been reported to decrease elF3f content, and elF3f knockdown decreases
protein synthesis (266) and produces muscle atrophy (267). However, our data demonstrate the
total eIF3f content did not differ in muscle of control and septic rats. Moreover, the interaction
of elF3 with the e[F4F*mRNA complex facilitates the binding of mRNA to the 43S ribosomal
complex and formation of the 48S complex. S6K1 dissociates from elF3 upon activation (72)
and, therefore, catabolic states would be expected to increase the association of hypo-

phosphorylated (e.g., inactive) S6K1 with elF3. Conversely, the binding of mTORCI to elF3
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would be expected to decrease under conditions where protein synthesis is inhibited. Consistent
with this expectation, our current data indicate sepsis decreased the binding of raptor in mTORC1
to elF3b. Finally, elF4B is an ancillary factor for optimal ATPase/RNA helicase activity of
elF4A in the functional elF4F complex. Phosphorylation of eIF4B enhances its association with
elF3 and promotes translation. Although elF4B associates with elF3 under insulin-stimulated
conditions, but not serum-starved conditions (72), this association was not investigated in the
current study because a significant sepsis-induced change in S422-phosphorylated elF4B in
whole muscle homogenate was not detected. The absence of a decrease in elF4B
phosphorylation was unexpected as elF4B is a known substrate for S6K1 and Akt, and the kinase
activity of both proteins was concomitantly down-regulated by sepsis (14, 32, 51).

In our second study, we used acute in vivo leucine stimulation to perturb protein balance
as a physiological approach to identify potential intracellular signaling intermediates contributing
to the sepsis-induced decrease in muscle protein synthesis. In this regard, we confirmed that
muscle from septic rats is essentially unresponsive to the ability of leucine to enhance protein
synthesis and stimulate mTOR kinase activity (51). As discussed above in the basal state, the
sepsis-induced leucine resistance could not be attributed to altered mTOR-eraptor binding, but it
was consistent with the inability of leucine to increase raptoreelF3 binding as observed in control
muscle. Furthermore, this defect in raptoreelF3 binding and mTOR kinase activity could not be
explained by differential raptor phosphorylation, at least at residue S792, as seen in other
conditions (185). As AMPKa directly phosphorylates the S792 residue of raptor (185), these
data suggest the sepsis-induced increase in AMPKa activity is an unlikely mediator of leucine
resistance. Finally, PRAS40 phosphorylation is necessary for leucine- stimulated mTOR kinase
activity (e.g., S6K1 phosphorylation) in cardiac muscle (122). Our data support this conclusion
in skeletal muscle of control rats. However, in contrast, the leucine-induced increment in

PRAS40 phosphorylation was comparable in both control and septic rats, suggesting PRAS40
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phosphorylation may not be causative in the sepsis-induced leucine resistance. The systematic
study of other mechanisms by which sepsis impairs the anabolic effect of leucine is beyond the
scope of the current manuscript, but it might involve the G protein Rag (268) or Vps34 (269). In
conclusion, the multitude of signaling events described herein provide a conceptual framework
regarding the ability of sepsis to impair muscle protein synthesis via altering protein-protein
interactions within mTORI, specifically the binding of 4E-BP1 and elF3 with raptor, which may

impair both basal and nutrient stimulated increases in muscle protein synthesis (Figure 3-10).
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Figure 3—1. Regulation of muscle protein synthesis. Simplified schematic of
the integrating role of mTOR (mammalian target of rapamycin) in controlling diverse
cellular signals, such as hormones, nutrients and stress, regulating protein synthesis. The
mTORCI1 (mTOR complex 1) consisting of mTOR, raptor (regulatory associated protein
of mTOR), GBL (G-protein B-subunit like protein; aka mLSTS), PRAS40 (proline-rich
Akt substrate) and DEPTOR (aka DEP domain containing 6; DEPDC-6) stimulates
translation initiation and protein synthesis by increasing phosphorylation of both 4E-BP1
(eukaryotic initiation factor [elF]-4E binding protein-1) and S6K1 (ribosomal protein S6
kinase-1). In contrast, mMTORC?2, consisting of mTOR, rictor (rapamycin-insensitive
companion of mTOR), GBL, DEPTOR, mSIN1 (mammalian stress-activated protein
kinase-interacting protein), and PRRS (proline-rich protein-5) appears to have minimal
impact on muscle protein synthesis. The phosphorylation of 4E-BP1 decreases the
inactive 4E-BP1-e[F4E complex and increases the e[F4E-eIF4G complex thereby
enhancing cap-dependent translation. Activation of S6K1 phosphorylates a host of
proteins which can differentially regulation protein synthesis. Growth factors, such as
insulin and IGF-I (insulin-like growth factor-1), signal through binding to their cognate
receptors and regulate mTORCI via a PI3K (phosphatidylinositol-3’ kinase) -Akt-
dependent pathway. Akt destablizes the TSC (tuberous sclerosis complex)-1/2 protein-
protein complex thereby activating mTOR via the small GTPase Rheb (Ras homolog
enriched in brain). In addition, nutrients such as the branched-chain amino acid leucine,
increase translation via a mechanism affecting mTOR probably distal to or at the level of
Rheb and possibly mediated by the family of Rag G-proteins or Vps34 (vacuolar protein
sorting 34). The cellular energy status (i.e., AMP/ATP ratio) transduced by LKB1
modulation of AMPK (5'-AMP activated protein kinase) activity.
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Figure 3—2. Effect of sepsis on the relative content of total and
phosphorylated proteins regulating translation initiation in skeletal muscle.
Gastrocnemius was sampled 24 h after cecal ligation and puncture or from time-matched
pair-fed sham control rats. Panel A, muscle homogenates were processed and
representative Western blots for phosphorylated mTOR, 4E-BP1, S6 and elF4G are
presented. Panel B, eI[F4E was immunoprecipitated (IP) from muscle homogenates and
immunoblotted for either 4E-BP1, elF4G or elF4E, and representative blots shown.
Arrow refers to the most heavily phosphorylated form of 4E-BP1 and hence most active
form of the protein. Sample size was 7-10 rats per group for each protein and
representative immunoblots are presented.
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Figure 3—3. Effect of sepsis on the total amount and phosphorylation of
AMPK, ACC, and LKB1 as well as total REDD1 protein in gastrocnemius. Panels A
and B, representative Western blots for total and phosphorylated proteins. Bar graphs,
quantitation of all Western blot data for T172-phosphorylated AMPK (panel C), S428-
phosphorylated LKB1 (panel D), S79-phosphorylated ACC (panel E), and total REDD1
(panel F) normalized to the total amount of the respective protein or loading control, and
the control value set at 100 arbitrary units (AUs). Values are means + SEM; n= 7-10
rats each. *P < (.05, compared to time-matched pair-fed control values.
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Figure 3—4. Effect of sepsis on phosphorylation of Akt and downstream
target proteins PRAS40 and GSK in gastrocnemius. Panels A and B, are
representative Western blots of phosphorylated and total Akt, PRAS40 and GSK. Panels
C and E, quantitation of all Western blot data for T308- and S473-phosphorylated Akt,
respectively, normalized to total Akt. Panels D and F, quantitation of all Western blot
data for T246-phosphorylated PRAS40 and S21/9-phosphorylated GSKa/p, respectively,
normalized to total protein. Values for control animals were set at 100 AU. Values are
means = SEM; n = 7-10 rats each. *P < 0.05, compared to time-matched pair-fed control
values.
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Figure 3—5. Effect of sepsis on tuberous sclerosis complex (TSC) in
gastrocnemius. Top three panels, representative Western blots from T1462-
phosphorylated TSC2 and total TSC2, and total TSC1, respectively. Bottom two panels,
representative immunoblots of TSC1 and TSC2 performed after immunoprecipitation
(IP) of TSC2 from muscle homogenates. Statistical analysis of data from 7-10 rats per
group indicate no statistical significance for any endpoint between control and septic rats
(data not shown).
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Figure 3—6. Effect of sepsis on raptor phosphorylation and total DEPTOR.

Panel A, representative Western blots for S792-phosphorylated raptor as well as total
raptor, GBL and DEPTOR , respectively. Statistical analysis of all data indicated there
was no significant difference in the amount of total raptor or GBL between muscle from
control and septic rats (data not shown). Panels B and C, quantitation of Western blot
data for phosphorylated raptor and total DEPTOR, respectively, normalized to loading
protein and control value set at 100 AU. Values are means = SEM; n = 5-10 rats each.
*P < 0.05, compared to time-matched pair-fed control values.
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Figure 3—7. Effect of sepsis on binding of raptor to various partner
proteins in gastrocnemius. Panel A, raptor was immunoprecipitated (IP) and then
immunoblotted for PRAS40, 4E-BP1, S6K1, GBL, mTOR or raptor. Panels B and C,
quantitation of Western blot data normalized to amount of raptor in the IP, with control
value set at 100 AU. Values are means + SEM; n = 6 rats each. *P < (.05, compared to
time-matched pair-fed control values.
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Figure 3—8. Effect of sepsis on total eIF3 and elF3-raptor in muscle. Panel
A, representative Western blots of total and S422-phosphorylated elF4B, elF4A1, PABP,
elF3-b and elF3-f. For each of these proteins, there was no statistical difference in the
relative amount of the protein in muscle between control and septic rats (quantitative data
not shown). Panel B, elF3b was immunoprecipitated (IP) from muscle and
immunoblotting performed for both raptor and elF3b. Panel C, bar graph, quantitation
of Western blot data of e[F3.raptor binding normalized to the amount of eIF3b in the IP,
where control value was set at 100 AU. Values are means + SEM; n = 5 rats each. *P <
0.05, compared to time-matched pair-fed control values.
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Figure 3—9. Leucine-induced changes in protein synthesis and mTORCI1 in

skeletal muscle from control and septic rats.

Gastrocnemius was sampled 30 min

after oral administration of a maximally-stimulating dose of the branched-chain amino
acid leucine. In vivo muscle protein synthesis was determined as described in Methods
(panel A). Bar graphs are quantitation of immunoblots after immunoprecipitation (IP) of
either raptor (panel B) or elF3b (panel C). Western blot data from whole muscle tissue
homogenates have also been quantitated (panels D, E, and F). There was no sepsis- or
leucine-effect on the total amount of raptor, mTOR, elF3b, 4E-BP1, or PRAS40 (data not
shown). Saline-treated control values were arbitrarily set to either 1.0 AU. Values are
means + SEM; n = 7-9 rats per group. Values with different letters are statistically
different (P < 0.05).
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Figure 3—10. Schematic for sepsis-induced changes in mMTORC1. Under
basal conditions S6K1 is associated with the elF3 at the PIC (pre-initiation complex). In
addition, 4E-BP1 is bound to the eIFAE which in turn is bound to the m’-GTP cap of the
mRNA at the 5” end. Under inhibitory conditions (as in rapamycin-treated) mTOR/raptor
complex are not part of this mRNA-preinitiation complex. Upon stimulation (as in
following anabolic stimulation), mTOR/raptor complex is recruited to the elF3 complex.
Activated mTOR then phosphorylates both S6K1 (at T389) and 4E-BP1 (at several sites
in a hierarchy manner). Upon phosphorylation, these mTOR substrates (S6K1 and 4E-
BP1) dissociate from the elF3. The unbound dissociated (phosphorylated) S6K1 can be
further phosphorylated by PDK1 at T229, this latter secondary phosphorylation is
believed to be required for the full activation of the S6 kinase which is capable of
phosphorylating more than 10 known substrates. All abbreviations are defined in Figure
3-1.
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Chapter 4

PRASA40 regulates protein synthesis and cell cycle in C2C12 myoblasts

Abstract

PRAS40 is an mTOR binding protein which has complex effects on cell metabolism.
Our study tests the hypothesis that PRAS40 knockdown (KD) in C2C12 myocytes will increase
protein synthesis via up-regulation of mMTOR-S6K 1 pathway. PRAS40 KD was achieved using
lentiviruses to deliver shRNA targeting PRAS40 or a scrambled control. C2C12 cells were used
as either myoblasts or differentiated to myotubes. Knockdown reduced PRAS40 mRNA and
protein content by 80% of time-matched control values but did not alter the phosphorylation of
mTOR substrates, 4E-BP1 or S6K1, in either myoblasts or myotubes. No change in protein
synthesis in myotubes was detected as measured by the incorporation of *’S-methionine. In
contrast, protein synthesis was reduced 25% in myoblasts. PRAS40 KD in myoblasts also
decreased proliferation rate with an increased percent of cells retained in G1 phase. PRAS40 KD
myoblasts were larger in diameter and had a decreased rate of myotube formation as assessed by
myosin heavy chain content. Immunoblotting revealed a 25-30% decrease in total p21 and
S807/811 phosphorylated Rb protein considered critical for G1 — S phase progression. Reduction
in protein synthesis was not due to increased apoptosis as cleaved caspase-3 and DNA laddering
were not different between groups. Our results suggest that a reduction in PRAS40 specifically

impairs myoblast protein synthesis, cell cycle, proliferation, and differentiation to myotubes.
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Introduction

Skeletal muscle is a dynamic and plastic tissue that undergoes both acute and chronic
changes in response to various external stimuli. Muscle serves as the largest protein reservoir in
the body and can be called upon as a source of energy as the physiological need arises. Protein
stores in muscle are maintained by the ingestion of protein/amino acid - containing meals which
stimulate protein synthesis and suppress protein breakdown (9, 10). Conversely, during periods
of starvation or disuse, muscle protein breakdown exceeds protein synthesis (13), providing
amino acids to support hepatic gluconeogenesis and acute phase protein synthesis. Protein
synthesis in general is largely regulated at the level of translation initiation which in turn is
primarily regulated by mTOR (mammalian target of rapamycin) (270, 271).

Normal cellular function is dependent on the integration and regulation of cell signaling
pathways governing cell cycle, protein synthesis and degradation, cell proliferation, and
apoptosis. The S/T protein kinase mTOR plays an important role in these pathways (25, 27, 272),
and dysregulation of mTOR signaling networks leads to numerous diseases (273). mTOR is
contained within two distinct complexes, mMTORC1 and mTORC?2 (38, 72, 271). The former
complex is composed of mTOR, raptor, LST8/G-protein B-subunit like protein (GBL), Proline
Rich Akt Substrate 40kD (PRAS40), and DEPTOR (274).

Exposure of muscle to growth factors and nutrients increases protein translation
initiation via the mTOR pathway thereby stimulating protein synthesis (103). In response to
growth factor signaling, the PI3K pathway enhances Akt via PDK1. Activated Akt then
phosphorylates PRAS40 on T246 releasing PRAS40 from the mTOR/raptor complex and
enhances the binding of PRAS40 to the cellular anchor protein 14-3-3 (37, 275). Conversely, in
the absence of growth factors, PRAS40 is hypo-phosphorylated and remains bound to mTOR-

raptor and thereby inhibits binding of other mTOR substrates, such as the ribosomal protein S6
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kinase (S6K1) and the translational repressor eukaryotic initiation factor 4E binding protein (4E-
BP1), thereby suppressing CAP-dependent protein translation initiation (37).

The necessity of mTOR activation for the subsequent phosphorylation of S6K1 and 4E-
BP1 has been demonstrated previously, however, the role of PRAS40 in mTORCI1 is poorly
defined. Present data place PRAS40 either at the level of mTOR (as an Akt substrate) or as a
direct downstream substrate of mTOR where it is phosphorylated on S183 (118, 276). Several
reports have implicated PRAS40 as a negative regulator of mTOR via its inhibition of mTOR
substrates (37, 114, 115), while in contrast others have shown PRAS40 is required for mTOR
signaling (119). These opposing data have given rise to controversies regarding the role of
PRASA40 in regulating protein translation initiation via mTORCI1. Despite several reports
implicating PRAS40 as a regulator of protein translation initiation in a variety of cells, there is a
paucity of information related to its role in skeletal muscle. In the previous chapter, we identified
that sepsis reduced phosphorylation of PRAS40 and this was associated with reduced protein
translation initiation, given the pivotal role mTOR plays in response to environmental cues in
regulating protein translation initiation, cell cycle and proliferation, it is reasonable to suspect that
one or more of these mTOR functions might be altered by PRAS40 in myocytes. Therefore, the
purpose of our current investigation was to examine changes in C2C12 myocyte protein
synthesis, cell proliferation and cell cycle in response to PRAS40 knockdown using shRNA-

based in vitro experimental approaches.

Results

Effect of PRAS40 knockdown in C2C12 myotubes. C2C12 stable cell lines deficient
in PRAS40 or scramble controls were created using short hairpin RNA (shRNA). shRNA were

retrovirally delivered to myoblasts and some of these myoblasts were allowed to differentiate and
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form myotubes following puromycin selection. shRNA directed towards PRAS40 in myotubes
reduced PRAS40 protein levels by greater than 80%, compared to scramble control values (Figure
4-1A and 4-1B). As anticipated PRAS40 knockdown also reduced the PRAS40 mRNA content
by ~65% in infected myotubes (Figure 4-1C). In contrast, PRAS40 knockdown did not alter the
mRNA content for 4E-BP1, mTOR, S6K1 or raptor, proteins central to the functioning of the
mTOR signaling pathway.

Knockdown of PRAS40 in differentiated myotubes did not alter global protein synthesis
compared with scramble controls as measured by **S-methionine incorporation into protein
(Figure 4-2A). To determine whether the responsiveness of the PRAS40 knockdown cells to
external stimuli was compromised, cells were incubated with either an anabolic (IGF-I) or
catabolic (AICAR) agent. Addition of IGF-I to the myotubes increased protein synthesis,
whereas, AICAR inhibited protein synthesis (Figure 4-2A). Contrary to expectations, the
magnitude of the changes produced by these agents was the same in both control and PRAS40
knockdown cells. To confirm protein synthesis data, we performed Western blotting for mTOR
and its substrates and binding partners. PRAS40 knockdown cells remained responsive to both
types of stimuli and their response was similar and comparable to the scramble controls (Figure
4-2B). For example, IGF-I increased phosphorylation of S6K1 (T389) and PRAS40 (T246),
while AICAR increased phosphorylation of raptor (S792) and AMPK (T172).

PRAS40 knockdown decreases protein synthesis in C2C12 myoblasts. While the
preceding data were obtained from post-mitotic differentiated myotubes (>95%), we also
determined whether myoblasts would yield comparable results. In myoblasts, the knockdown of
PRAS40 decreased global protein synthesis by ~25% under basal conditions (Figure 4-3A).
Despite the decrease in basal protein synthesis in the PRAS40 knockdown cells, the ability of
these cells to respond positively or negatively to IGF-I or AICAR, respectively, was unaltered.

Contrary to expectations, the decreased protein synthesis observed in PRAS40 knockdown cells



84
under basal conditions was not associated with any difference in phosphorylation state of the
mTOR substrates S6K1 and 4E-BP1, compared to the scramble control values (Figure 4-3B) or
changes in protein-protein interaction of PRAS40-raptor-elF3 between the two groups (Figure 4-
3C). In myoblasts, the ability of IGF-I to stimulate T389 phosphorylation of S6K1 and AICAR to
increase S792 phosphorylation of raptor did not differ between scrambled and PRAS40
knockdown cells (Figure 4-3D).

PRAS40 knockdown alters myoblast cell size and proliferation. Vander Haar et al
(114) reported that overexpression of wildtype PRAS40 decreased cell size in HEK 293 cells,
whereas, knockdown of Lobe (a PRAS40 ortholog in Drosophila) increased cell size (37).
Hence, we hypothesized that knocking down PRAS40 would also increase cell size in myocytes.
PRAS40 knockdown increased the diameter (16.8 = 0.1 pm) of low passage proliferating (~60%
confluent) myoblasts compared to scramble control cells (14.0 + 0.1 pm) as measured using
either the Coulter counter particle size analyzer (Figure 4-4A) or FACS flow cytometry analysis
(data not shown). The PRAS40 knockdown cells also had an increased mean cell volume (Figure
4-4B). However, unexpectedly we found that PRAS40 knockdown cells grew slower compared
to time-matched scramble controls (Figure 4-5A), although both cell types were seeded at the
same initial density. To exclude anchorage-dependence/altered capacity to attach, cells were
seeded and counted 4-8 h after seeding to allow for attachment. An equal number of cells were
harvested following trypsinization in both the control and PRAS40 knockdown cells, suggesting
no significant difference in the ability of PRAS40 knockdown cells to attach to the culture plates
(data not shown). To confirm that the proliferation rate of PRAS40 knockdown cells was slower,
we used an independent colorimetric assay based on the conversion of the MTT tetrazolium salt
to its formazan product. Consistent with the above presented data, the MTT assay revealed that

PRAS40 knockdown cells had a 25% lower rate of proliferation (Figure 4-5B).
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PRAS40 and apoptosis. To determine whether an increased rate of apoptosis in
PRAS40 knockdown cells was responsible for the slower rate of proliferation we collected low
molecular weight DNA and performed an apoptosis DNA laddering assay. Figure 4-6A
illustrates there is no difference between the scramble control and the PRAS40 knockdown cells
and that neither group of cells were undergoing active apoptosis within the detectable limits of
the assay. These findings were confirmed by Western blotting for caspase-3/ PARP cleavage
which failed to detect a significant difference between the groups. Myoblasts incubated with
staurosporine were used as a positive control and demonstrated increased caspase-3 and PARP
cleavage (Figure 4-6B). Collectively, these data suggest that the decreased protein synthesis and
reduced proliferation in the PRAS40 knockdown myoblasts cannot be attributed to increased
apoptosis.

PRAS40 knockdown inhibits cell cycle progression. To determine the mechanism for
the lower proliferation rate in PRAS40 knockdown cells, we stained myoblasts with propidium
iodide to study cell cycle events. Compared to control values, PRAS40 knockdown myoblasts
had a greater proportion of cells in G1/GO of the cell cycle and fewer cells in active S — phase
(Figure 4-7A and 4-7B, respectively; and Table 4-1). Because PRAS40 knockdown cells were
arrested in G1/GO of the cell cycle, we assessed whether proteins regulating cell cycle, especially
the G1 — S transition, were concomitantly altered. Figure 4-7C illustrates there was a 25-30%
reduction in S807/811 phosphorylation of Rb, consistent with reduced progression from G1 to S
phase. In myoblasts with PRAS40 knockdown a 20-30% reduced expression of p21 was also
detected in these cells. There was no difference in the other proteins analyzed which regulate cell
cycle - p53, cdk 4/6, p27 and cyclin D1 (Figure 4-7D).

PRAS40 alters myogenesis. Our data demonstrate the presence of a concomitant delay
in proliferation and altered cell cycle in PRAS40 knockdown myoblasts. Since mTOR also

regulates autophagy which in turn plays an important role in cell differentiation (277, 278), we
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determined the expression of proteins important in regulating autophagy. While there were no
changes in the early markers for autophagy including, Atg 7 and Beclin 1 (Figure 4-8A), our data
indicate that PRAS40KD decreased the ratio of LC3B-II/LC3B-I (Figure 4-8 A and 4-8B).

Next we determined whether such changes might be of physiological relevance to
skeletal muscle development. In this regard, we seeded the same number of myoblasts and
tracked their progression to form myotubes (Figure 4-9). We observed that control cells
reached confluent status earlier than the PRAS40 knockdown and began fusion to form
substantial number of myotubes by day 5, whereas PRAS40 knockdown cells only sparsely
formed myotubes by day 5. These data suggest that myotube formation and myogenesis is
delayed in PRAS40 knockdown cells.

To quantitate these findings, cell lysates were collected at various stages of development
of myoblasts and myotubes to measure the expression of myosin heavy chain (MHC) — a protein
expressed only in differentiated matured myotubes. While MHC expression was absent in
myoblasts (day 3) and there was an initial delay in MHC expression in PRAS40 knockdown cells
(days 5 and 7), by day 9 the expression of MHC in both scramble control and PRAS40
knockdown cells were comparable (Figure 4-10A and 4-10B). The protein content of the muscle
transcription factor MyoD did not differ between scramble control and PRAS40KD cells (Figure

4-10A).

Discussion

In vitro studies performed in HEK293 and other rapidly dividing cell lines have identified
PRAS40 as an mTORCI1 binding protein and a regulator for mTOR activity (37, 114, 118, 119).
As the reduction of PRAS40 using RNAI leads to increased phosphorylation of mTOR substrates

S6K1 and 4E-BP1, it has been posited that PRAS40 functions as a negative regulator of mTOR
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and translation initiation. To the contrary, our results show PRAS40 is required for protein
synthesis in rapidly dividing myoblasts and the reduction of PRAS40 in these cells decreases
protein synthesis. In contradistinction, reduction of PRAS40 did not significantly affect protein
synthesis in differentiated myotubes indicating a developmental-specific effect of PRAS40 in this
cell type. The reason for this difference between our findings and earlier reports is unclear but
may be related to differences in cell type, experimental conditions, end-point measured, and /or
the extent of PRAS40 knockdown. Furthermore, knockdown of PRAS40 in both myoblasts and
myotubes did not alter the ability of these cells to respond to either an anabolic (IGF-I) or
catabolic (AICAR) stimuli. Our data show that addition of IGF-I increased phosphorylation on
S6K1 (T389) and PRAS40 (T246) in these myocytes, while treatment with AICAR increased the
phosphorylation on raptor (S792). Correspondingly, protein synthesis was altered as anticipated
in both myoblasts and myotubes in response to IGF-I and AICAR. Collectively, these data
demonstrate the normal responsiveness of PRAS40 knockdown cells — both myoblasts and
myotubes.

Cell cycle progression is linked to cell size and typically cells must attain a certain size
before they replicate and divide. However, exceptions to this norm may be observed under
artificial (e.g., pharmaceutical drugs or transformed immortalized cancer cells) or disease (e.g.,
cardiac hypertrophy) conditions. mTOR also plays an important role in regulating cell growth
(59, 133, 272, 279). In this regard, the over expression of PRAS40 decreases cell size in HEK293
cells. Conversely, knockdown of PRAS40 in the same cells and of Lobe — an ortholog of
PRASA40 in Drosophila S2 cells - increased cell size (37, 114). Consistent with these earlier
observations, knockdown of PRAS40 in myoblasts also increased cell size. However,
unexpectedly, PRAS40 knockdown cells were fewer in number, compared with the scramble
controls. Furthermore, we observed that PRAS40 knockdown myoblasts had a slower rate of

proliferation. This change could not be attributed to differential cell binding or attachment to the
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culture plates. Another potential explanation for the decreased cell number is increased apoptosis
in myoblasts with PRAS40 knockdown. However, the role of PRAS40 in regulating apoptosis is
controversial. Whereas knockdown of PRAS40 inhibited tumor growth and proliferation via
induction of apoptosis in melanoma cells (187), PRAS40 knockdown reduced the ability of TNFa
and cycloheximide to induce apoptosis in HeLa cells (280). Using two different approaches —
caspase 3 cleavage and DNA laddering - our data suggest that the lower proliferation rate in
myoblasts could not be attributed to increased apoptosis. In general, it is believed that mTOR
integrates signals to regulate cell size and cell cycle. However, increased cell size due to
inhibition of myostatin was shown to be insensitive to rapamycin suggesting an mTOR-
independent regulation of muscle size. Also, maintenance of the hypertrophy during chronic
myostatin deficiency does not require altered Akt/mTOR activity (281, 282). Previously,
Hentges et al implicated mTOR in regulating cell size and proliferation via different and
independent mechanisms (22). Therefore, although PRAS40 knockdown cells are larger than
controls, cells deficient in PRAS40 have lower proliferation suggesting that PRAS40 may be an
important modulatory binding partner of mTOR which potentially uncouples cell size and cell
cycle, thus, proliferation.

mTOR regulates cell cycle as evidenced by the ability of rapamycin to arrest cells in the
G1 phase (22, 133, 270, 283-285). Propidium iodide staining revealed that myoblasts with
PRAS40 knockdown had a greater proportion of cells in the G1/GO0 phase, compared to scramble
controls, and fewer cells in the active S phase. Collectively, these data suggest PRAS40 is
required for mTOR activity in regulating cell cycle and that knockdown of PRAS40 in myoblasts
retarded cell cycle progression. Alternatively, we cannot exclude the possibility that the
reduction in PRAS40 alters cell cycle kinetics by an undetermined mechanism which is mTOR-
independent. Since PRAS40 knockdown cells were arrested in G1/GO of the cell cycle we

focused on elucidating the underlying mechanism causing cell cycle arrest. Regulation of cell
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cycle progression by the cyclin-dependent kinase (cdk) inhibitor p21 blocks cells from entering
into the DNA synthesis (or S) phase in many cell types. The opposite role of p21 in skeletal
muscle growth and differentiation compared to its role in HEK293 cells has received recent
attention. In HEK293 cells, AICAR increased phosphorylation of p53 with an increased
expression of p21 (190, 286). While p21 null mice develop normally during embryogenesis (287)
due to the presence and activation of another redundant cdk inhibitor — p57 (288), myocytes from
these mice have difficulty differentiating to myotubes (198). C2C12 myoblasts treated with
AICAR were arrested in G1 and H9¢c2 cardiomyocytes had reduced expression of p21 protein
(190). Since PRAS40 knockdown myoblasts were arrested in G1, we screened for proteins which
regulate cell cycle especially in G1 — S transition. Retinoblastoma protein (pRb) regulates G1 exit
in the cell cycle. pRb is phosphorylated upon mitogenic activation which disrupts pRb binding to
E2F transcription factor thus allowing transcription of proteins which are essential for G1 — S
transition. We found that after PRAS40 knockdown there was a reduction of pRb S807/811
phosphorylation consistent with reduced progression from G1 to S phase. In contrast, no change
in the total amount of p53, cdk 4/6, cyclin D1 or p27 was detected. It has been reported that
protein expression of p21 can be independent of these other regulatory proteins (289, 290).
However, we observed that similar to AICAR treatment, PRAS40 knockdown myoblasts had
reduced expression of p21. Because decreased p21 expression adversely affects myotube
formation and differentiation, we determined whether PRAS40 knockdown myoblasts exhibited
delayed differentiation.

These results are consistent with those of Williamson et a/ showing that prolonged
G1/G0 and reduced p21 expression in C2C12 myocytes produced by AICAR decreased cell
cycling and delayed myotube formation (190). To determine whether PRAS40 knockdown
would delay myoblast fusion and thereby myotube formation, we monitored the progression and

ability of these cells to form myotubes in culture. Time lapse imaging and Western blotting
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analysis for myosin heavy chain (a marker for matured myotubes) indicated that knockdown of
PRAS40 in C2C12 myoblasts delayed myotube formation. Autophagy is another mTOR
regulated cellular event that plays an important role in differentiation of myoblasts to mature
myocytes (158, 167, 168, 186). Our results indicate that PRAS40KD decreases autophagy in
myoblasts as inferred from the reduction in LC3BII/LC3B-I ratio. These changes suggest
PRAS40 regulates muscle proliferation and differentiation via regulation of cell cycle and
autophagy regulatory proteins.

In summary, PRAS40 knockdown in differentiated myotubes did not alter protein
synthesis. In contrast, PRAS40 knockdown in C2C12 myoblasts decreased protein synthesis
independent of a change in the phosphorylation of S6K1 and 4E-BP1, suggesting that PRAS40 is
not a negative regulator of mTOR —mediated translation initiation in this cell type. Moreover,
both myoblasts and myotubes remained responsive to anabolic and catabolic stimuli when
PRAS40 was reduced. Knockdown of PRAS40 inhibited G1-S phase transition of cell cycle and
lowered proliferation rate in myoblasts supporting the contention that PRAS40 is required for this
aspect of mTOR signaling. Our data suggest that PRAS40 knockdown in C2C12 myoblasts
impairs the ability of mTOR to regulate cell size and proliferation and that PRAS40 is required
for these mTOR-associated functions. We confirm that PRAS40 plays an important role in
regulation of cell size and show that it also affects cell proliferation and differentiation.
Understanding the role of PRAS40 in proliferation and differentiation of myocytes as outlined
here may prove important in designing new strategies to manage the muscle wasting associated

with catabolic insults such as sepsis, alcohol abuse, and aging.
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Figure 4—1. Effect of PRAS40 knockdown in C2C12 myotubes. Panel A:
representative Western blot of PRAS40 protein in Control (shScramble) and PRAS40
knockdown (shPRAS40) myotubes. Panel B: quantification of Western blot data. Values
are means + SE; n = 10 per group. P <0.05 compared to time-matched scramble control
values. Panel C: representative autoradiographs from RPAs for PRAS40 and other
proteins important in controlling protein synthesis. Except for PRAS40, there are no
changes in the mRNA expression. L32 serves as loading control.
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Figure 4—2. Effect of IGF-I and AICAR on shScramble and shPRAS40
knockdown myotubes. Myotubes transfected with shScramble and shPRAS40 and
incubated with vehicle (Control), AICAR (2 mM; 8 h) or IGF-I (100 ng/ml; 20 min), and
labeled with 35S-methionine. Panel A (above): Protein synthesis in myotubes. Values
are means = SE for n = 8-10 for each condition. Means not sharing the same superscript
(a, b, and c) are significantly different (P<0.05). For quantification, data were normalized
to scramble control values. Panel B (right): Representative Western blots of various total
and phosphorylated proteins where cells were treated as described above except that the
isotope was omitted. Representative blot of 3 independent experiments with 4 replicates
per experiment.
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Figure 4—3. Effect of IGF-I and AICAR on protein synthesis in control and
PRAS40 knockdown C2C12 myoblasts. Myoblasts were incubated with vehicle
(Control), AICAR or IGF-I as described in Figure 4- 2. Panel A: Protein synthesis in
myoblasts was measured on day 3, and values are means + SE for n = 8 for each
condition. Means not sharing the same superscript are significantly different (£<0.05).
Panel B: Effect of PRAS40 knockdown on total and phosphorylated 4E-BP1, S6K1 and
PRAS40 in C2C12 myoblasts. Representative Western blots for proteins involved in the
mTORCI1 complex mediated translation initiation. Except for the reduction in total and
phosphorylated PRAS40, there were no significant differences between the two groups.
Panel C: Effect of PRAS40KD on protein-protein interaction. Equal amount of total
protein from shScramble (4 left lanes) and shPRAS40 KD (4 right lanes) myoblasts were
immunoprecipitated using in excess amount of anti-PRAS40 antibody to pull down
proteins interacting with PRAS40. The antigen-antibody immune-complex was then
probed with antibodies against PRAS40, raptor and elF3f. The lower 3 blots represent
the whole cell lysate (WCL) which was probed with total antibody against raptor and
phosphospecific and total antibody against PRAS40. The amount of raptor and elF3f
bound to PRAS40 did not differ between control and PRAS40 KD cells. Panel D:
Representative Western blots of various total and phosphorylated proteins treated as
described in Figure 4-2. Representative blot of 3 independent experiments with 4
replicates per experiment.
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Figure 4—4. Effect of PRAS40 knockdown on cell size in C2C12 myoblasts.
Panel A: Cell size was measured using the Coulter Counter particle size analyzer and
shown in parenthesis. n = 8 for each condition. Panel B: Mean cell volume of myoblasts
as described in Panel A; Mean cell volume in cells with PRAS40 knockdown is
increased. Bar graph is mean + SE; n= 7-9 for each condition, *P<0.0001. Where
absent, standard error bars are too small to be visualized.
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Figure 4—S5. Effect of PRAS40 knockdown on C2C12 myoblasts
proliferation. Panel A: Proliferation rate was determined in stably transfected myoblasts
with shScramble and shPRAS40. Myoblasts were seeded at the same density and
counted using the Coulter counter as described in the Methods section. Time intervals
are indicated in the figure; n =5 for each treatment time point; experiments were repeated
at least 3 times. Panel B: To measure proliferative rate acutely (24 h), an independent

alternative approach using MTT was used. Values are means + SE for n = 32 for each
condition; (*P <0.0001).



# Cells x104

MTT proliferation assay

70

60 - ® shScramble
50 4 © shPRAS40kd

40 4
30 -
20 -

10" 1 | 1

0 2 4
Time in days post seeding

120

100+

80+

60

(% of Control)

40-

20+

shScramble shPRAS40kd

101



102

Figure 4—6. Effect of PRAS40 knockdown on apoptosis in C2C12
myoblasts. Panel A: DNA laddering assay. Low molecular weight DNA was extracted
from stably transfected myoblasts with shScramble and shPRAS40. No regular laddering
pattern was observed in either the shScramble or shPRAS40 transfected myoblasts. For
sample, DNA 8 pg/lane and for positive apoptotic control DNA, 3 or 5 pg/lane was
loaded. Panel B: Myoblasts were transfected with either control (shScramble) shRNA or
shRNA targeting PRAS40 and cell lysates were collected for Western blotting.
Representative Western blots of whole cell lysates probed using antibodies against
cleaved caspase-3, PARP, and phosphorylated and total PRAS40 are shown.
Staurosporine treated myoblasts served as positive control.
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Figure 4—7. Effect of PRAS40 knockdown on C2C12 myoblasts cell cycle.
Myoblasts were transfected with either control (shScramble) shRNA or shRNA targeting
PRAS40. Myoblasts were grown in DMEM media supplemented with 10% FBS for 24
hours and stained with propidium iodide stain to study cell cycle using FACS.
Representative forward scatter histogram highlighting G1 and G2 phases of cell cycle for
Control (shScramble; Panel A) and PRAS40 knockdown (shPRAS40kd; Panel B) are
shown. Panel C: Cell lysates from myoblasts as described in (A and B) were collected
for Western blotting analysis. Representative Western blots of whole cell lysates probed
using antibodies against total and p-PRAS40 (T246), total p21, and pRb (S807/811) and
actin. Panel D: Cell lysates from myoblasts as described in (A and B) were collected for
Western blotting analysis. Representative Western blots of whole cell lysates probed
using antibodies against Rb, p53, Cyclin D1, cdk4, cdk6, and p27 are shown.
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Figure 4—8. Effect of PRAS40 knockdown on autophagy. Myoblasts were
transfected with either control (shScramble) shRNA or shRNA targeting PRAS40 and
cell lysates were collected for Western blotting. Panel A: Representative Western blots
of whole cell lysates probed using antibodies against total Atg 7, Beclin 1, LC3B and
PRAS40 are shown. Nutrient starved myoblasts treated with Hanks balanced salt
solution serve as positive control. Panel B: quantification of Western blot data. Values
are means + SE; n = 10 per group. *P < 0.05 compared to time-matched scramble
control values.
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Figure 4—9. Effect of PRAS40 knockdown on C2C12 differentiation.
Myoblasts were transfected with either control (shScramble) shRNA or shRNA targeting
PRAS40. Cells were plated at the same density and photographed daily (10x objective
magnification; Nikon digital camera mounted on binocular microscope) to visually record
changes in cell proliferation (time to reach confluence) and formation of myotubes. On
Day 3 when the plates were fully confluent, the media was switched to 2% horse serum
(DM = differentiation media) to induce myotube formation.



110

shScramble shPRAS40




111

Figure 4—10. PRAS40 knockdown in C2C12 myocytes delays myosin heavy
chain protein expression. Panel A: representative Western blots for myosin heavy chain
(MHC) and the muscle specific transcription factor MyoD in samples treated as in Figure
4—9. Panel B: Quantification of MHC Western blots in Panel A, Values are means = SE
for n = 6 for each condition. *P<0.05; compared to time-matched control values.

ND=not detected.
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Table 4—1. Effect of PRAS40 knockdown on cell cycle in C2C12 myoblasts.

Cell cycle % G1 % S % G2
shScramble 529+1.1 346+£13 12. 5£0.3
shPRAS40kd 65.0 £0.8* 25.1 £0.6* 9.9+0.5*%

Myoblasts were transfected with either control (scramble) shRNA or shRNA targeting

113

PRAS40. Values are shown as means + SE for n = 12 for each condition. *P<0.05 compared to
time-matched control values.
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Chapter 5

DEPTOR knockdown enhances mTOR activity and protein synthesis in
skeletal muscle

Abstract

DEPTOR is an mTOR binding protein that affects cell metabolism. We hypothesized
that knock down (KD) of DEPTOR in C2C12 myocytes will increase protein synthesis via
stimulating mTOR-S6K1 signaling. DEPTOR KD was achieved using lentiviral particles
containing shRNA targeting the mouse DEPTOR mRNA sequence and control cells were
transfected with a scrambled control ShRNA. KD reduced DEPTOR mRNA and protein content
by 90%, which increased phosphorylation of mTOR kinase substrates, 4E-BP1 and S6K 1, and
concomitantly increased protein synthesis. However, the responsiveness of KD myocytes to
anabolic (IGF-I) and catabolic (AICAR) stimuli was unaltered. DEPTOR KD myoblasts were
both larger in diameter and exhibited an increased mean cell volume. DEPTOR KD increased the
percentage of cells in the S phase, coincident with an increased phosphorylation (S807/S811) of
pRb protein which is critical for the G1-S phase transition. DEPTOR KD did not appear to alter
basal apoptosis or autophagy as evidenced by the lack of change for cleaved caspase-3 and LC3B,
respectively. DEPTOR KD increased proliferation rate and enhanced myotube formation.
Finally, in vivo DEPTOR KD (~50% reduction) by electroporation into gastrocnemius of
C57/BL6 mice did not alter weight or protein synthesis in control muscle. However, DEPTOR
KD prevented atrophy produced by 3 days of hindlimb immobilization, at least in part by

increasing protein synthesis. Thus, our data support the hypothesis that DEPTOR is an important
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regulator of protein metabolism in myocytes and demonstrate that decreasing DEPTOR

expression in vivo is sufficient to ameliorate muscle atrophy.

Introduction

Skeletal muscle serves as the largest protein reservoir in the body, and its content
represents a balance between rates of protein synthesis and degradation in the tissue. The process
of protein synthesis is tightly regulated because of its high demand for cellular energy. Of the 3
regulatory steps involved in protein synthesis — translation initiation, elongation and termination —
initiation plays the most significant role in regulating mRNA translation (291-293). Ata
molecular level, mMTOR (mammalian target of rapamycin) kinase is a key regulator of translation
initiation being activated upon feeding and conversely inhibited in response to catabolic insults
such as sepsis, excess glucocorticoids, alcohol or disuse atrophy (1, 15, 33, 294). Exposure of
muscle to growth factors and nutrients increases initiation via the mTOR pathway, thereby
stimulating protein synthesis (10, 293, 295, 296).

mTOR is sequestered within two distinct complexes: mTOR complex (mTORC)-1 and
mTORC2. mTORCI is composed of mTOR, raptor (regulatory associated protein of TOR),
LST8/G-protein B-subunit like protein (GBL), proline-rich Akt substrate 40 kDa (PRAS40) and
DEPTOR (DEP-domain containing partner of TOR) (25, 38, 54, 297). In contrast, mTORC2
consists of mTOR, rictor (rapamycin insensitive companion of mTOR), LST8/GBL, PRR5L
(proline rich protein 5-like), protor (protein observed with Rictor-1), and DEPTOR (47, 294). As
noted above, DEPTOR is a constituent of both mTOR complexes and is considered a negative
regulator of mTOR function, as DEPTOR knock down increases phosphorylation of signaling
substrates downstream of both mTORC1 and mTORC?2 (47). Conversely, overexpression of

DEPTOR in cell culture models inhibits signaling pathways downstream of both mTOR-
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containing complexes. Additionally, in the absence of growth factors or in the presence of
mTOR inhibitors the mTOR-DEPTOR binding is strengthened which thereby decreases mTOR
activity and suppresses cap-dependent protein translation initiation (298). DEPTOR is also a
phospho-protein and as such can undergo post-translational modification which affects its binding
to mTOR. For example, in response to growth factor signaling, DEPTOR is phosphorylated and
quickly degraded via the ubiquitin proteasome system (UPS) pathway (47).

Despite the few reports implicating DEPTOR as a regulator of translation initiation in,
cancer and transformed cells, there is a paucity of information related to its role in regulating
other cellular functions especially in skeletal muscle. Given the essential role mTOR plays in
regulating protein translation initiation, cell cycle and proliferation, we posited that one or more
of these mTOR functions are regulated by DEPTOR in myocytes. Therefore, the purpose of our
current investigation was to examine changes in C2C12 myocyte protein synthesis, cell
proliferation and cell cycle in response to DEPTOR KD using short hairpin (sh)-RNA-based in
vitro experimental approaches. In addition, we have previously reported that the inhibition of
mTORCI activity observed in response to sepsis or glucocorticoid excess was associated with an
increase in DEPTOR protein level (33). Therefore, we also assessed whether in vivo DEPTOR
KD by electroporation could ameliorate the decrease in muscle mass and protein synthesis seen in

a catabolic condition associated with an elevation in DEPTOR.

Results

Effect of DEPTOR knockdown in C2C12 myoblasts. shRNA directed towards
DEPTOR in C2C12 myoblasts reduced DEPTOR protein levels by >90%, compared to scramble
control values (Figure 5-1A, 5-1B). As expected, DEPTOR knockdown also reduced the

DEPTOR mRNA content by ~95% in infected C2C12 cells (Figure 5-1C). The knockdown of
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DEPTOR increased global protein synthesis by ~ 50% under basal conditions (Figure 5-1D). To
determine if the change in global protein synthesis was associated with mTOR-mediated signal
transduction events, we performed Western blotting for mTOR substrates and binding partners.
DEPTOR KD significantly (P<0.05) increased phosphorylation of mTORC1 substrates S6K1
(T389) (Control= 100 £ 5 AU; DEPTOR KD= 151 + 7 AU) and 4E-BP1 (T37/46) (Control= 100
+ 10 AU; DEPTOR KD= 129 +£4 AU). However, the increased phosphorylation of 4E-BP1
resulted from a concomitant and comparable increase in total 4E-BP1 protein expression in these
myocytes. In addition, DEPTOR KD also increased (P<0.05) the phosphorylation (T246) of
PRAS40 (Control=100 = 17 AU; DEPTOR KD= 193 + 7 AU), an mTORC2 substrate (Figure 5-
1E). To assess off-target effects of the ShRNA mediated DEPTOR KD, we performed Western
blot analysis for proteins critical to the mTOR signaling pathway, including mTOR, raptor, S6K1,
and found that there were no changes in the total protein content for these proteins (Figure 5-1E
and Figure 5-2B).

To determine whether DEPTOR KD altered myocyte responsiveness to external stimuli,
cells were incubated with either an anabolic (IGF-I) or catabolic (AICAR) agent. As expected,
incubation of control myocytes with IGF-I increased protein synthesis, whereas AICAR inhibited
protein synthesis (Figure 5-2A). A comparable bidirectional response for protein synthesis
towards IGF-I and AICAR was also seen in DEPTOR KD cells. To confirm the protein synthesis
data, we performed Western blotting for mTOR and its substrates and binding partners. Cells
with DEPTOR KD remained responsive to both types of stimuli and their response was
comparable to the scramble controls (Figure 5-2B). For example, IGF-I increased
phosphorylation of mTOR (S2448), S6K1 (T389), elF4B (S422), Akt (S473) and PRAS40
(T246), while AICAR increased phosphorylation of raptor (5792) and AMPK (T172) in both

control and DEPTOR KD cells.
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DEPTOR knockdown increases myoblast size and proliferation. Based on the
previous data, we hypothesized that DEPTOR KD would also increase myoblast size. DEPTOR
KD increased the diameter (17.0 = 0.1 um) of low passage proliferating (~60% confluent)
myoblasts, compared to scramble control cells (15.3 £ 0.1 um), as measured using either the
Coulter counter particle size analyzer (Figure 5-3A) or FACS flow cytometry analysis (data not
shown). Mean cell volume was also increased in myocytes with DEPTOR KD (Figure 5-3B).
When both cell types were seeded at the same low initial density, the initial rate of proliferation
between day 0 and day 4 did not differ between control and DEPTOR KD cells. However, at days
6 and 8, the cell number was greater in cells with DEPTOR KD, compared to time-matched
control cells (Figure 5-4A). To exclude variations in the ability of the cell types to attach to the
plates, cells were seeded and counted 4-8 h after seeding to allow for attachment. An equal
number of cells were harvested after trypsinization in both the control and DEPTOR KD
condition, suggesting no significant difference in the ability of these cells to attach to the culture
plates (data not shown). To confirm that the proliferation rate of DEPTOR KD cells was faster,
we used an independent colorimetric assay based on the conversion of the MTT tetrazolium salt
to its formazan product. Consistent with the above data, the MTT assay revealed that DEPTOR
KD increased the rate of proliferation by ~20% (Figure 5-4B). Apoptosis poses another potential
mechanism which may affect cell number and thus proliferation. However, Western analysis for
the apoptotic markers cleaved caspase-3 and PARP did not differ between groups under our
experimental conditions (Figure 5-5).

DEPTOR knockdown enhances cell cycle progression. To address the underlying
mechanism by which DEPTOR KD increased proliferation, we stained myoblasts with propidium
iodide to study cell cycle. A smaller proportion of cells in G1/GO of the cell cycle were detected
in myocytes with DEPTOR KD, compared with the control values (Figure 5-6A and 5-6B, and

Table 5-1). We assessed whether proteins regulating the cell cycle, especially the G1 to S
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transition, were concomitantly altered. Figure 5-6C and 5-6D illustrate an increased S807/S811
phosphorylation of pRb consistent with increased progression from the G1 to S phase in
myoblasts with DEPTOR KD. To further accentuate differences in the cell cycle we also
synchronized cells by serum starvation. Following G1/GO arrest, cells were released by the
addition of serum and cells analyzed once again at 16 h using flow cytometry. Figure 5-7A
shows DEPTOR KD dramatically increased the percent of cells in the S-phase of the cell cycle
following serum stimulation, compared with time-matched scramble control myoblasts. This
change in cell cycle following arrest and release was verified by Western analysis for pRb
expression (Figure 5-7B). We also performed Western blot analysis for proteins crucial for cell
cycle regulation, namely, p21, p27, p53, cdk -2, -4, and -6, and cyclin D1and found no change
between control and DEPTOR KD myoblasts (Figure 5-7C and 5-7D).

DEPTOR KD alters myogenesis. Our data demonstrate the presence of a concomitant
increase in proliferation and altered cell cycle in DEPTOR KD myoblasts. Since mTOR also
regulates autophagy which in turn plays an important role in cell differentiation (299, 300), we
determined the expression of proteins important in regulating autophagy and found that there was
no statistical difference in LC3B-II/LC3B-I ratio between control and DEPTOR KD myoblasts
(Control= 100 + 8 AU; DEPTOR KD= 116 = 10 AU) under normal physiological conditions
(Figure 5-7E).

Next we determined whether such changes in altered cell cycle and proliferation might be
of physiological relevance to skeletal muscle development. In this regard, we seeded the same
number of myoblasts and tracked their progression to form myotubes (Figure 5-8A and 5-8B).
We observed that DEPTOR KD cells reached confluent status earlier than control cells. To
quantitate these findings, cell lysates were collected at various stages of myocytes development to
measure the expression of myosin heavy chain (MHC) — a protein expressed only in differentiated

matured myotubes. In control cells, MHC expression was absent in myoblasts (day 3) and MHC
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expression in control cells was first detected on day 7 (Figure 5-8B). In contrast, in cells with
DEPTOR KD, MHC could be detected on the blots by day 5. By day 9, both scramble control
and DEPTOR knockdown cells exhibited MHC expression, with the content of MHC being
increased in the DEPTOR KD cells (Figure 5-8A and 5-8B). The protein content of the muscle
transcription factor MyoD (used as an additional internal control) did not differ between scramble
control and DEPTOR KD cells (Figure 5-8B).

DEPTOR KD in vivo prevents muscle loss due to immobilization. To determine the
effect of DEPTOR KD on muscle growth in vivo, we electroporated the shRNA plasmid targeting
DEPTOR message into the gastrocnemius of C57/BL6 mice. Using this technique, DEPTOR
mRNA content was decreased ~50% (Figure 5-9A). The hallmark of disuse atrophy is loss of
muscle mass in the immobilized leg compared to the contralateral control leg. Figure 5-9B
illustrates the decreased muscle mass following 3 days of hindlimb immobilization in the control
animals and prevention of this atrophic response in the muscle where DEPTOR was decreased.

In vivo —determined rates of protein synthesis were also quantitated in these same muscles (Figure
5-9C). In control muscle, there was no difference in protein synthesis in the gastrocnemius
injected with scrambled control and DEPTOR KD plasmid. In contrast, in the immobilized leg,
DEPTOR KD prevented the decreased rate of protein synthesis. The delta for the decrement in
protein synthesis between control vs immobilized muscle was significantly (P<0.05) greater in
Control (1.27 = 0.14 nmols Phe/h/mg protein), compared to DEPTOR KD (0.34 + 0.16 nmols

Phe/h/mg protein).

Discussion

DEPTOR has recently been identified as an mTOR binding protein. Using RNALI this

mTOR-interacting protein was reported to negatively regulate both mTORCI1 and mTORC?2, as
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evidenced by increasing phosphorylation of known substrates. While the role of DEPTOR has
been studied in cancer and other transformed cell lines using short-term transient RNAi
transfections (47, 124), its role in regulating long-term mTOR-mediated events in skeletal muscle
is not known. Moreover, as mTOR regulates multiple metabolic processes such as protein
synthesis, cell size (growth), cell cycle, proliferation, and development, we posited that
decreasing DEPTOR would affect one or more of these mTOR — mediated events. Therefore, the
purpose of our investigation was to ascertain the role of DEPTOR in mTOR-mediated events in
skeletal muscle, and to this end, we generated C2C12 myoblasts which had a stable KD of
DEPTOR mRNA and protein expression. DEPTOR KD by ~90% in vitro increased protein
synthesis by ~50% in myoblasts. Our data are consistent with the fact that DEPTOR is not the
only regulator of protein synthesis. Protein translation initiation, being an energy consuming
process, has multiple regulatory mechanisms and it is anticipated that KD of DEPTOR would
activate such mechanism(s) which would restrain changes in protein synthesis. Such
compensatory changes could in part explain the discordance between the percentage of DEPTOR
KD and the percent increase in protein synthesis. Consistent with our data, Rapamycin and Torin-
1 (e.g., both mTOR inhibitors) also suppress protein synthesis ~ 50% (301). Alternatively, while
protein synthesis is regulated primarily at the translation initiation step, other steps such as
elongation and termination also influence protein synthesis. Therefore, the observed difference in
percent of DEPTOR KD and the percent increase in protein synthesis in vitro is within the
expected range. While previous reports have used the phosphorylation of T389-S6K 1 and
T37/46-4E-BP1 (surrogate markers of mTORC1) and S473-Akt (mTORC?2 substrate) to implicate
DEPTOR as a putative negative regulator of mTOR, and such results are confirmed in the present
study, this appears to be the first report of DEPTOR KD on protein synthesis per se.

We postulated that DEPTOR KD would increase the anabolic and decrease the catabolic

response of myocytes. Unfortunately, the data generated in this regard are equivocal and open to
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divergent interpretation. For example, while IGF-I increased protein synthesis in both control and
DEPTOR KD cells, both the percent and absolute increase in protein synthesis appears reduced in
KD cells. However, this conclusion has two caveats: 1) protein synthesis in the basal and IGF-I
stimulated condition was determined in different cells and it is therefore not possible to calculate
a standard error and hence perform a statistical analysis on the incremental change, and 2) data
interpretation may be further complicated by a “ceiling effect” present in the DEPTOR KD cells
stimulated with IGF-1. Our supporting Western blot data, which shows comparable
phosphorylation of AKT, PRAS40 and S6K1 in control and DEPTOR KD cells, suggests that
IGF-I responsiveness is largely unchanged between the two groups. In contradistinction, our data
could also be interpreted to indicate that DEPTOR KD actually increases the maximal
responsiveness of cells to IGF-I, as the absolute rate of protein synthesis is higher in DEPTOR
KD cells than in control cells. Such an interpretation is possible because the IGF-I concentration
used in the current study was purposefully selected to be maximally stimulating. Resolution of
this issue will require complete dose- and time-response studies in both control and DEPTOR KD
cells. Similar difficulties in data interpretation are encountered in evaluating the response of two
groups to the catabolic agent AICAR.

Cell growth is a reliable indicator of increased mTOR activity in a variety of cell types
(272, 302) and, therefore, we studied the impact of decreasing the cellular content of DEPTOR.
Typically under normal physiological conditions, cells must attain a genetically determined set
size before they can replicate and divide, thus ensuring that the daughter cells are of an
appropriate size following mitosis (59, 133). This regulation of growth and cell division is lost
under some disease states (e.g., cardiac hypertrophy, cancer) or artificial (e.g., use of certain
pharmaceutical agents) conditions. mTOR plays an important role in regulating cell growth
(133). In this context, knockdown of DEPTOR in MEF and HeLa cells increases cell size (47).

Consistent with this report, DEPTOR KD in myoblasts also increased cell size, and was
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associated with a coordinate increase in the rate of proliferation, compared to control cells. Thus,
our data provide support to the previous report suggesting that DEPTOR functions as a negative
modulator of mTOR function in regulating cell size (47).

One potential explanation for the increased cell number in myoblasts with DEPTOR KD
could be their resistance to undergo apoptosis, as previously demonstrated using a different cell
line (47). In a subset of myeloma in which DEPTOR is over expressed, this protein decreases
apoptosis, and this response is in contrast to its activity as a negative regulator of mTOR (47,
123-125). Akt regulates and promotes cell survival via the serum/glucocorticoid regulated
kinasel (SGK1) (mTORC?2 substrate), and since DEPTOR KD activates Akt, we queried whether
myocytes with DEPTOR KD were resistant to apoptosis. Activated mTOR phosphorylates and
inhibits signals to the pro-apoptotic proteins, such as caspase-3, which play a critical role in
induction of cellular apoptosis. Using the cleavage of caspase-3 and PARP, which are reliable
markers of apoptosis, our data suggest there is no difference in the ability of control and
DEPTOR KD myoblasts to undergo apoptosis under normal growth conditions. Therefore, our
observed difference in proliferation rate could not be attributed to a change in apoptosis.

mTOR is also central in regulating cell cycle, as evidenced by the ability of the mTOR
inhibitor rapamycin to arrest cells in the G1 phase (22, 26, 59, 272, 285, 303, 304). Furthermore,
arresting cells in G1/G0 by serum starvation suggests that the mTOR signaling pathway regulates
cell growth and cell cycle progression in response to nutrient availability (23, 24, 305, 306).
Propidium iodide staining of asynchronous myoblasts revealed that DEPTOR KD decreased the
proportion of cells in the G1/GO0 phase, compared to scramble control. Further, the proportion of
DEPTOR KD myocytes in the active S phase was increased when determined under conditions in
which the cell cycle was synchronized and then cells released from cycle arrest. Collectively,
these data suggest DEPTOR is required for mTOR activity in regulating cell cycle and that

DEPTOR KD enhances myoblast cycle progression, consistent with its role as a negative
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regulator of mTOR activity. However, we cannot exclude the possibility that the reduction of
DEPTOR alters cell cycle kinetics by an undetermined mTOR-independent mechanism.

Because DEPTOR KD decreased the percentage of cells in G1/G0 phase and
concomitantly increased the number of cells in the active S phase, we focused on elucidating the
potential mechanisms. mTOR can regulate cell cycle progression by a rapamycin-sensitive
pathway by promoting RNA polymerase I and III activity via phosphorylation and inactivation of
pRb (307, 308). In addition, rapamycin also prevents the mitogen-induced downregulation of the
cyclin-dependent kinase inhibitor p27 (309). The pRb regulates G1 exit in the cell cycle. Upon
mitogenic activation, pRb is phosphorylated, resulting in disruption of pRb binding to the E2F
transcription factor, thus allowing transcription of proteins that are essential to cell cycle
regulation and transition from G1 to S phase. We detected an increase in phosphorylation of pRb
S807/S811 concurrent with increased progression from the G1 to S phase (147, 310). Because
DEPTOR KD increases Akt activity (47), we also studied this pathway as it might affect cell
cycle by modulating glycogen synthase kinase (GSK) activity. As GSK3 has been implicated in
regulating cell cycle via cyclin D1, and cyclin D1 mediates pRb phosphorylation (311-314), we
examined the effect of DEPTOR KD on these proteins. The role of cyclin D1, p53, p27, cdk -2, -
4, and -6 in mTOR-mediated cell cycle regulation is controversial. While Muise-Helmericks
implicated cyclin D1-mediated pRb phosphorylation (311), Faber et al have reported changes in
cell cycle regulation independent of these regulatory proteins (315). In contrast to previous
observations by Muise-Helmericks, we did not detect a change in the total amount of p21, p27,
p53, cdk 2, 4, and 6, or cyclin D1 (Figure 5-7C and 5-7D), suggesting that under our specific
experimental conditions and cell type, the regulation of G1 to S phase does not involve a major
role for these regulatory proteins. Our data support changes in cell cycle kinetics without changes
in these regulatory proteins, as reported by Faber et al (315). We cannot exclude the possibility

that there may yet be other pathways involving pRb which are independent of cyclin D1. One
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such mechanism involves the stress-regulated mitogen-activated protein kinase p38 which
phosphorylates pRb, in a cell cycle-independent manner (143).

To determine the effect of DEPTOR KD on myotube formation and myogenesis and
whether DEPTOR KD would enhance myoblast fusion, we monitored myotube formation. Time
lapse imaging and Western analysis for MHC (a marker for matured myotubes) indicated that
knockdown of DEPTOR in C2C12 myoblasts enhanced myotube formation. Additionally, the
lack of change in the MyoD content between the two groups suggests that differentiation
stimulated by DEPTOR KD does not affect the expression of the MyoD transcription factor,
thereby suggesting a different mechanism. Autophagy is another mTOR regulated cellular event
that plays an important role in differentiation of myoblasts to mature myocytes (158, 167, 168,
186). Our results indicate that DEPTOR KD does not alter autophagy in C2C12 myoblasts under
normal physiological conditions. Collectively, these changes suggest DEPTOR regulates muscle
proliferation and differentiation via regulation of cell cycle regulatory proteins.

Finally, we also determined whether the reduction in DEPTOR in vivo was capable of
altering muscle protein synthesis and mass. To this end, the gastrocnemius was electroporated
with the same plasmid construct used in our cell culture model. Using this technique for gene
transfer, DEPTOR mRNA was decreased ~50%. The exact mechanism for the smaller decrease
in DEPTOR KD in vivo versus in vitro is not known but may included: a) the in vitro KD of
DEPTOR was determined in myocytes following stable integration using puromycin selection,
while the in vivo KD was relatively transient (3 days). b) probably most important, not all fibers
take up the shRNA targeting DEPTOR when transfected in vivo. c) the in vitro response does not
have the same hormonal, mechanical or neural influences, as would be present in vivo. Finally,
the in vitro protein synthetic response was measured in myoblasts while the in vivo response was
determined primarily in myotubes which are differentiated post-mitotic cells. In contrast,

reducing DEPTOR largely prevented the atrophic response produced by immobilization and, in
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part, this response was mediated by an increased muscle protein synthesis. In summary, our data
suggest that reducing DEPTOR is sufficient to prevent an atrophy-mediated decrease in muscle
protein synthesis and muscle mass.

Understanding the role of DEPTOR in myocyte cell cycle and proliferation and the
ability of this protein to regulate protein synthesis in vivo as described may prove important for
designing new strategies to manage the muscle wasting associated with catabolic insults such as

sepsis, alcohol abuse and aging.
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Figure 5—1. Effect of DEPTOR knockdown in C2C12 myoblasts. Panel A:
representative Western blot of DEPTOR protein in Control (Scramble) and DEPTOR
knockdown (KD) myoblasts. Panel B: quantification of Western blot data. Values are
means = SE; n = 12 per group. P <0.05 compared to time-matched scramble control
values. Panel C: Real time-PCR showing decreased DEPTOR mRNA in myoblasts
transfected with lentiviruses targeting DEPTOR. rpL32 served as the internal reference
control gene and its expression did not differ between Control and DEPTOR KD cell
(data not shown). Values are means = SE; n = 12 per group. P <0.05 compared to time-
matched scramble control values. Panel D: Effect of DEPTOR KD on myocyte protein
synthesis. Values are means + SE for n = 12 for each condition. For bar graphs,
*P<0.05, compared to control values. Panel E: Effect of DEPTOR KD on mTORCI1 and
mTORC?2 signaling in C2C12 myoblasts. Representative Western blots for protein
substrates involved in the mMTORCI and mTORC2 complex mediated signal transduction.
Where absent, standard error bars are too small to be visualized.
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Figure 5—2. Effect of IGF-I and AICAR on Scramble (control) and
DEPTOR knockdown (KD) C2C12 myoblasts. Cells were transfected with scramble
and DEPTOR KD containing lentiviral particles and incubated with vehicle (control),
IGF-I (100 ng/mL; 1 h) or AICAR (2 uM:; 8 h) and labeled with **S-methionine. Panel A
(above): Protein synthesis in myoblasts. Values are mean + SE for n = 8-10 for each
condition. Means not sharing the same superscript (a, b, ¢, and d) are significantly
different (P<0.05). For quantification, data were normalized to scramble control values.
Panel B (right): Representative Western blots for various total and phosphorylated
proteins, where cells were treated as described above, except that isotope was omitted.
Blot is representative of at least three independent experiments with 2-4 replicates per
experiments.
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Figure 5—3. Effect of DEPTOR knockdown (KD) on cell size in C2C12
myoblasts. Panel A: Cell size, shown in parenthesis, was measured using the Coulter
Counter particle size analyzer; n = 8 for each condition. Panel B: Mean cell volume of
myoblasts. Bar graph is mean + SE; n= 7-9 for each condition, *P<0.0001. Where
absent, standard error bars are too small to be visualized.
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Figure 5—4. Effect of DEPTOR knockdown (KD) on C2C12 myoblast
proliferation. Panel A: Proliferation rate was determined in stably transfected myoblasts
with Scramble and DEPTOR KD. Myoblasts were seeded at the same density and
counted using the Coulter counter as described in Experimental procedures section. Time
intervals are indicated in the figure; n = 6 for each treatment time point; experiments
were repeated at least 3 times. Panel B: Proliferation rate was measured using an
independent MTT assay. Cells were treated with MTT for 4 hours and formazan
produced was measured colorimetrically. Bar graph is mean + SE; n= 16-18 for each
condition, *P<0.0001; experiments were repeated at least 3 times.
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Figure 5—S5. Effect of DEPTOR knockdown (KD) on apoptosis. Changes in basal
apoptosis were measured in scramble control and DEPTOR KD myoblasts. To determine changes
in apoptosis, cells were probed with antibody that recognizes caspase-3 and its cleaved product
following apoptosis (top blot). Middle Western blot shows no changes in the cleavage of PARP
another marker for apoptosis. Blot showing B-actin serves as loading control (bottom blot). Last
column marked by “+” represents a positive control, as described under Methods.
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Figure 5—6. Effect of DEPTOR knockdown (KD) on cell cycle in C2C12
myoblasts. Myoblasts were transfected with either control (Scramble) shRNA or shRNA
targeting DEPTOR. Myoblasts were grown in DMEM media supplemented with 10%
FBS for 18-24 hours and stained with propidium iodide to assess cell cycle using FACS.
Representative forward scatter histogram highlighting G1 and G2 phases of cell cycle for
scramble Control (Panel A) and KD; (Panel B) are shown. The percentage of cells in
each stage of the cell cycle for each treatment group is shown in the accompanying pie
graphs. FL2-A (Propidium lodide fluorescence). Panel C: Western blotting of samples
(normalized to total protein content for loading) as described above. Blots were probed
with total DEPTOR antibody to show the different groups (top band) and with phospho-
specific antibody to detect phosphorylation on S807/S811 of pRb protein (middle band).
Lower band shows B-tubulin to confirm equal loading. Panel D: Quantification of
Western blot from panel C for phosphorylation on S807/S811 of pRb protein.
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Figure 5—7A-B. Effect of DEPTOR knockdown (KD) on cell cycle
regulation. Control and DEPTOR KD myoblasts were grown in DMEM media
supplemented with 10% FBS overnight to 50-60% confluency. Myoblasts were then
serum starved for 18-24 h in serum free DMEM to arrest them in G1-GO phase. Serum
starved myocytes were then released from the cell cycle arrest by the addition of fresh
media containing 10% FBS. At 16 h these proliferating cells were fixed. Panel A: Bar
graph shows the percent of cells in S-phase of the cell cycle in serum starved cells (0 h)
and after addition of serum (16 h); mean + SE; n= 5-6 for each condition. *P<0.05,
compared to time-matched control values. Panel B: Western blot of samples (normalized
to total protein content for loading) as described above. Blots were probed with total
DEPTOR antibody (top band) and with phospho-specific antibody to detect
phosphorylation on S807/S811 of pRb protein (middle band). Lower band was probed
with B-tubulin to confirm equal loading.
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Figure 5—7C-D. Effect of DEPTOR knockdown (KD) on cell cycle
regulatory protein. Changes in the content of cell cycle regulatory proteins were determined in
stably transfected myoblasts with Scramble and DEPTOR KD using Western analysis. Panel C:
Representative Western blots showing total DEPTOR expression and protein content of cell cycle
inhibitors p21 and p27, cell cycle regulators cyclin D1 and p53 (with actin loading control) are
shown. Panel D: Cyclin dependent kinases (cdk) -2, 4, and -6 content was determined using
appropriate antibodies. No changes in total proteins were seen between scramble control and
DEPTOR KD myoblasts.
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Figure 5—7E. Effect of DEPTOR knockdown (KD) on autophagy markers. Top
Western blot showing expression of DEPTOR in the two groups and the positive control (+).
Induction of basal autophagy was measured in scramble control and DEPTOR KD myoblasts
using the well established autophagy marker LC3B (middle blot). No changes in LC3B-II/LC3B-
I ratio were seen between scramble control and DEPTOR KD myoblasts. Blot showing p-actin
serves as loading control (bottom blot).
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Figure 5—8. Effect of DEPTOR knockdown (KD) on C2C12 differentiation.
Panel A: Myoblasts were transfected with either control (scramble) shRNA or shRNA
targeting DEPTOR. Cells were plated at the same density and photographed daily (10x
objective magnification) to visually record changes in cell proliferation (time to reach
confluence) and formation of myotubes. On Day 3-4 when the plates were confluent, the
media was switched to 2% horse serum (DM = differentiation media) to induce myotube
formation. DEPTOR KD in C2C12 myocytes enhances MHC protein expression. Panel
B: Representative Western blots for DEPTOR protein, MHC and the muscle-specific
transcription factor MyoD in samples treated as in Figure 5-8A. B-tubulin serves as a
loading control.
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Figure 5—9. Effect of in vivo DEPTOR knockdown (KD) on skeletal muscle
weight and protein synthesis. Gastrocnemius of C57/BL6 mice were electroporated
with plasmids containing either Scramble (Control) shRNA or shRNA targeting
DEPTOR mRNA. Panel A: 3 d following electroporation the animals were anesthetized
and the muscle was excised, homogenized, and mRNA in the homogenate was quantified
using real time PCR. Bar graph shows DEPTOR mRNA content normalized to rpL32
which serves as an endogenous control. Values are mean = SE; n= 5-6 for each
condition. *P<0.05, compared to control values. Panel B: Animals were treated as
described above then immediately following electroporation one hindlimb was
immobilized to induce disuse atrophy as described in the Materials and Methods. At day
3, muscles were excised. Figure 5-9B shows muscle weight and Figure5- 9C shows the
in vivo-determined rate of protein synthesis. For Figures 5-9B and 5-9C, values are
means + SE; n= 9-10 for each condition. Means with different superscripts (a, b and c)
are significantly different (*P<0.05).
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Table 5—1. Effect of DEPTOR knockdown on cell cycle in C2C12 myoblasts.

153

Cell cycle % G1 % S % G2
Scramble 65.1+1.6 28.0+0.8 6.9+0.9
DEPTOR KD 56.7 £ 1.5% 29.7+0.7 13.6 = 0.9*

Myoblasts were transfected with either control (scramble) shRNA or shRNA
targeting DEPTOR. Values are shown as means + SE for n = 12 for each condition.
*P<0.05 compared to time-matched control values.
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Chapter 6

Summary, future directions and concluding remarks

The primary goal of the studies described in this dissertation was to determine
how translation initiation is regulated under catabolic conditions, and if the suppression
of translation initiation involved two recently identified binding partners of mTOR,
PRAS40 and DEPTOR. Another goal was to determine if knockdown (KD) of PRAS40
and DEPTOR would affect mTOR-mediated processes, such as translation initiation, and
thereby alter protein synthesis in myocytes. Based on the results of these preliminary
goals, we included cell size, cell cycle, proliferation, and myogenesis as the end-points, to
study the effect of PRAS40 and DEPTOR KD in later studies. To date, several reports
have implicated both PRAS40 and DEPTOR as negative regulators of mTOR-mediated
translation initiation, but as of yet, the effect of knocking down these protein partners of
mTOR in regulation of cell proliferation, cell cycle, autophagy and myogenesis have not
been characterized. Using cecal ligation and puncture to induce sepsis in Chapter 3, we
first studied the effect of sepsis on protein translation initiation and reported that
decreased phosphorylation of PRAS40 and increased content of DEPTOR may be
involved in the sepsis-induced inhibition of mTOR-mediated translation initiation in rat
gastrocnemius (as determined using established surrogate markers). These exciting
findings encouraged us to look at the role of PRAS40 and DEPTOR in muscle cells and

were included in this dissertation as two independent studies.



155

Using first an in vitro (PRAS40 and DEPTOR) and later an in vivo (DEPTOR)
approach, we demonstrate that these proteins do function as regulators of mTOR-
mediated processes in myocytes. While others have used S6K1 and 4E-BP1, two well
established surrogate markers of mTOR kinase as end-points to imply increased protein
synthesis, this is the first report measuring global protein synthesis per se following the
knockdown of either PRAS40 or DEPTOR. Although the molecular mechanism(s) were
not pursued in-depth in these studies, important observations showing the effect of
PRAS40 and DEPTOR KD on cell cycle, proliferation, autophagy, and myogenesis were

made in the context of skeletal muscle.

In sickness and in health: Control of protein balance

The importance of the mTOR signaling pathway in homeostatic balance is well
established, and emerging data show an expanding role of mTOR in diseased conditions.
Many diseases were outlined in the Introduction that had an underlying dysregulation of
the mTOR signaling pathway. The working hypothesis in Chapter 3 posited, based on
our previous data, that catabolic insults (e.g., sepsis), inhibit protein translation initiation
by altering protein-protein interactions of the components of this process, especially those

regulated by mTORCI1 signaling.

Studies outlined in Chapter 4 identified PRAS40 as a component of mTORCI that
was required for translation under basal condition, as knockdown of PRAS40 in
myoblasts inhibited protein synthesis, cell proliferation, cell cycle, and progression of

myogenesis. Prior to the publication of this study, PRAS40 was solely considered as a
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negative regulator of mTOR. Only one report by Fonseca et al., (119) suggested that
PRASA40 is required for mTORC1-mediated signaling. Our study confirmed and
provided additional support to Fonseca et al., by identifying other functions of PRAS40
in muscle cells and showed that KD of PRAS40 directly affected cell cycle and
myogenesis. The reason for the observed difference between our findings and reports by
other investigators is unclear but could be related to differences in cell type,
developmental stage of the cell, the extent of PRAS40 KD or the experimental
conditions. PRAS40 KD in differentiated myotubes did not alter protein synthesis.
However, in contrast, PRAS40 KD in rapidly dividing C2C12 myoblasts decreased
protein synthesis independent of a change in the phosphorylation of S6K1 and 4E-BP1,
thus suggesting PRAS40 is not a negative regulator of mTOR—mediated translation in
this cell type. The observation that KD of PRAS40 inhibited G1-S phase transition of
cell cycle and decreased proliferation rate further adds support to our conclusion that
PRASA40 is required for mTOR-mediated regulation of the aforementioned events. In
general, understanding the changes in protein balance that occur during wasting
conditions remains limited. Such knowledge regarding the molecular mechanisms
involved in regulating translation holds the promise to improve the prognosis and
treatment of individuals afflicted with diseases characterized by loss of lean body mass

and negative nitrogen balance.

Studies detailed in Chapter 5 directly address the central hypothesis and identify
that DEPTOR, a new protein partner of mTOR, plays an important role in maintaining

the homeostatic balance between protein synthesis and muscle loss induced by disuse
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atrophy. As anticipated, in culture, DEPTOR KD increased mTOR activity and global
mRNA translation/protein synthesis. C2C12 myoblasts with reduced DEPTOR
expression showed enlarged cell size, accelerated cell cycle progression (reduced G1 and
hyper-phosphorylation of pRb) and proliferation (cell division) among other functions

largely attributed to mTOR kinase.

Recurring questions: Evolving answers

Historically, cell proliferation has been inversely correlated with cell
differentiation, i.e., signals that promote proliferation inhibit differentiation. In this
regard, IGF-I and its cognate receptor have been widely studied and shown to have
mitogen activity and to induce proliferation in muscle cells by reprogramming/recruiting
satellite cells to undergo proliferation. We observed that DEPTOR KD accelerates both
C2C12 myocyte proliferation and differentiation. While increased proliferation is
consistent with the role of DEPTOR as a negative regulator of mTORCI, the enhanced
differentiation which is thought to imply decreased mTORCI activity (as manifest with
serum withdrawal) is intriguing. Thus, the positive effect of DEPTOR KD on both
C2C12 proliferation and differentiation is unexpected as myocyte differentiation has been
traditionally coupled with cell cycle arrest. Almost 3 decades ago, Schmid et al.,
reported a preferential enhancement of myoblast differentiation by IGF-I and IGF-II in
primary cultures of chicken embryonic cells (316). Cellular signaling and myogenesis

studies in C2C12 cells have identified Akt as a major regulator of cell differentiation, as
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evidenced by the role of PI3K and Akt inhibitors in inhibiting myotube formation (317).
Conversely, Akt activation has been shown to induce cell differentiation and myotube
formation. DEPTOR KD may increase mTOR activation by sensitizing the pathway to
positive regulators of mTOR signaling, similar to treating control cells with growth
factors (e.g., IGF-I and IGF-II). This activation could then enhance myoblast
differentiation, as reported by Schmid ef al. Another possible explanation for the
induction of both proliferation and differentiation is based on previous reports showing
that IGF-I functions in a time-dependent biphasic manner, where IGF-I stimulates cell
proliferation early on and then enhances differentiation later in the cell cycle (153, 318).
Thus, by reducing DEPTOR content, we may be sensitizing mTOR signaling to the

stimulation by growth factors.

As alluded to earlier, sparse data are available on the role of DEPTOR in general
and its role in skeletal muscle in particular. Peterson et al., proposed that DEPTOR KD
stimulates mTOR-mediated S6K1 phosphorylation. S6K1 has a known positive effect on
cell size and proliferation and activated S6K1 further enhances mTOR signaling (47, 72,
123). Conversely, overexpression of DEPTOR or use of the mTOR inhibitor resveratrol
negatively regulates mTOR signaling mediated by increased mTOR-DEPTOR
interaction. Assuming that DEPTOR is a negative regulator of mTOR, and based on
current literature and the established role of growth factors in activating mTOR-mediated
cell growth and proliferation, we propose the following model (Figure 6-1) in skeletal
muscle. Decreasing DEPTOR initially enhances proliferation via mTOR-S6K1

stimulation, and then later via increased autocrine activity increases IGF-II production.
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This increased IGF-II enhances Akt-mediated signaling which in turn enhances myoblast
differentiation. Thus, similar to the previously described biphasic role of IGF-I, initially
DEPTOR KD may regulate mTORC1-mTORC?2 via a positive feedback loop, whereas
later removal of the inhibitory signal (DEPTOR) may reach a certain maximal cellular
threshold that uncouples the two mTOR complexes, making one complex more sensitive
than the other to cellular stressors, such as contact inhibition, energy depletion or ER

stress from increased global protein synthesis.

Cdk inhibitors regulate myotube formation (190). Of particular note is the role of
the cdk inhibitor p27, whose expression is induced by contact inhibition. The increased
proliferation rate of DEPTOR KD cells results in an increased number of cells in the
culture dish. Thus, these DEPTOR KD cells become crowded and cover the limited
surface area becoming contact inhibited. We hypothesize that increase contact inhibition
results in increased expression of p27 which results in enhanced myotube differentiation.
A simple future approach to determine if indeed, enhanced differentiation observed is due
to contact inhibition of DEPTOR KD cells (as a result of increase proliferation rate),
would be to seed plates at artificially high densities such that both scramble control and
DEPTOR KD cells reach confluence as soon as they settle and attach to the culture dish
(few hours to overnight). One could then lyse the cells and determine the expression of
the cdk inhibitor p27 and compare its expression when plates reach confluent status at
different times. Similarly, to determine if mTOR is inhibited due to a decrease in energy
levels following increased demand (increased proliferation=greater number of cells), we

could also probe for the activation of the energy sensor — AMPK.
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The importance of IGF-I as a mitogen throughout development has been clearly
demonstrated in IGF-I and IGF-IR knockout mouse studies, and also in transgenic mice
over-expressing IGF-I, as presented in the Introduction. IGF-I functions as a mitogen in
many cultured cell lines (e.g., T lymphocytes, osteoblasts and mouse fibroblasts) and
enhances cell progression. Multiple independent investigators have confirmed that IGF-I
is also involved in muscle differentiation of mesenchymal cells. Benito et al., reported
that IGF-I induces proliferation and differentiation in fetal brown adipocytes, further
suggesting that these cellular processes are not mutually exclusive at least in fetal cells
(319). At this time, we lack definitive evidence for which mechanism is operational and
experiments designed to answer these questions would help elucidate how DEPTOR is
regulated or regulates IGF-I-mediated mutagen signaling in C2C12 cells. Alternatively,
we cannot exclude the possibility that the reduction in DEPTOR alters cell cycle kinetics

and differentiation by an undetermined mechanism that is mTOR-independent.

To further dissect the role of DEPTOR in myogenesis, we examined the effect of
DEPTOR KD on the expression of MHC, an important marker of muscle differentiation.
Consistent with our morphometric findings, we observed that expression of MHC is also
enhanced in DEPTOR KD C2C12 cells. Collectively, our data demonstrate that
DEPTOR modulates C2C12 cell proliferation and differentiation. Additional proof of
principal is provided using in vivo data to support the notion that DEPTOR is a negative
regulator of protein synthesis since knockdown of DEPTOR in murine gastrocnemius
prevented loss of muscle mass following hindlimb immobilization. At least part of the

efficacy of DEPTOR KD to prevent muscle loss in this condition was due to an increase
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in protein synthesis. Additional studies are needed to determine whether DEPTOR might
also impact the protein degradation side of the protein balance equation. Our data
identify DEPTOR as an important regulator of mTOR-mediated protein translation in
vivo and provide a rationale to further pursue DEPTOR as a target for regulating

translational control in catabolic states using traditional pharmaceutical approaches.

The purpose of this study was to examine the mechanisms responsible for changes
in protein metabolism following KD of DEPTOR in the context of catabolic insults in
skeletal muscle using hindlimb immobilization as a catabolic model. The muscle-sparing
effect of DEPTOR KD in the hindlimb immobilization model, as demonstrated in
Chapter 5, is novel and exciting. However, in the control animals, contrary to our
hypothesis, there was no increase in protein synthesis in the control muscles
electroporated with DEPTOR KD plasmid. The differences seen between control and
DEPTOR KD muscles in comparison to the groups where the muscles were immobilized
suggest that perhaps DEPTOR has a more important regulatory role in fine tuning the
translational control. Thus, under unfavorable “immobilized” conditions, rather than
normal basal “control” conditions, DEPTOR may regulate translation initiation mediated
by other protein-protein interactions as discussed in Chapter 3. Such a muscle-sparing
effect of DEPTOR KD under catabolic conditions would be advantageous in a clinical
setting for the following reasons: (1) There is no adverse effect (increased hypertrophy)
of DEPTOR KD in control and normal muscle, and (2) under catabolic conditions;

DEPTOR KD suppresses muscle atrophy in part by enhancing muscle protein synthesis.



162

Despite the rapid loss of muscle mass in the hindlimb immobilization model, we
were not able to demonstrate a significantly sustained KD of DEPTOR beyond 3 days,
using the current in vivo electroporation approach. Since protein synthesis is an energy
consuming process, it is likely that the process is regulated by multi-tier redundant
pathways as it is not physiologically favorable to have a constitutively uncontrolled
increase in protein synthesis. Our ability (or inability) to sustain DEPTOR KD precluded
us from examining the role of DEPTOR in models of disuse atrophy over a longer
duration, thus limiting the study of protein-protein interactions only to an early time. It is
possible that primary cells could be isolated from the transfected animals and treated with
puromycin for selection and used to ascertain the role of DEPTOR KD in vitro. However
such analysis would seem to be comparable to the cell culture work already performed.
Alternatively, a pharmacological approach might be adapted. Small molecule inhibitors
of the PDZ interacting proteins could be used, thus disrupting mTOR-DEPTOR
interaction. This interaction has been proposed to be important for mTOR-DEPTOR
regulation, and disrupting this interaction might reasonably be expected to increase
muscle protein synthesis under catabolic conditions (320, 321).

As presented in Chapter 3, the protein-protein interaction of the mTORCI1
complex is important in regulating translation initiation. Future studies are required to
better understand the role of DEPTOR in regulating mTOR-mediated events under
various physiological conditions. Holz et a/ provided a thorough investigation of the
interactions of mMTOR complex 1 proteins with the pre-initiation complex proteins,
however, since then 2 additional proteins that were examined herein (PRAS40 and

DEPTOR) were reported to interact with mTOR. Therefore, in the near future, it is



163
scientifically justified to pursue the interaction of these proteins at the elF3-preinitiation
complex under basal, stimulated, and suppressed conditions in order to understand where
these proteins are in time and space in relation to each other under the various
physiological conditions. Is phosphorylation of DEPTOR and its subsequent dissociation
from the mTOR complex a pre-requisite for mTOR-raptor complex to be recruited to the
pre-initiation complex? In mTORC2, how does mTOR get activated while DEPTOR is
still attached, i.e., what events have to occur for mTOR activation? Are there other
kinases that can phosphorylate DEPTOR in vivo and in vitro? Does DEPTOR play any
function in cellular compartmentalization of mTOR, as has been reported for other
proteins (i.e., Rag GTPase proteins), in regulating mTOR function? What role does
phosphorylation play in regulating DEPTOR half-life? How would phospho-mimic
DEPTOR or non-phosphorylatable DEPTOR regulate mTOR-mediated cellular
processes? Does DEPTOR have tissue specific roles, i.e., does it play a different role in

the muscle, brain or liver?

Some findings raise more questions than answers!

In conclusion, despite the many recent advances expanding our knowledge about
the growth factor-PI3K-Akt-mTOR-S6K1 pathway, understanding of this signaling
network is far from complete, and many important questions remain. For example, we
know little about how mTORC?2 is regulated and, in turn, the biological processes that it

controls. Though mTORC?2 activates mTORC1 via Akt, how are the two (mTORC1 and
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mTORC?2) signaling pathways integrated with each other? What functions do these
complexes play in skeletal muscle, and what are the implications of their dysfunction or
dysregulation in health and disease? Under what conditions does the signaling between
the two mTOR complexes become uncoupled? The recent identification of new protein
partners suggests that there may be more proteins yet to be identified. If so, what other
biological processes do they regulate? How are the next generation drugs designed to
preserve the normal function regulated by mTOR signaling, yet correct any
dysfunction/dysregulation? Finding answers to these important questions are critical in
understanding cellular biology and indispensible as we search for developing new

therapeutic strategies to treat the many diseases that involve impaired mTOR signaling.
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Figure 6—1. Model describing effect of DEPTOR KD on myocytes
proliferation and differentiation. Under normal basal conditions, mTOR-DEPTOR
interaction is regulated by insulin and growth factors to mediate protein synthesis, cell
proliferation and differentiation, as depicted in the illustration by a thin upward arrow
besides the events on the left half of the figure. However, upon DEPTOR KD (shown as
incomplete oval), mTOR activity is enhanced, resulting in increased (thick upward
arrow) protein synthesis and cell proliferation resulting in rapid increase in cell number in
the culture dish. This increased number of proliferative cells produces more autocrine
secretion of IGF—II, which further activates the PI3K-Akt pathway, leading to enhanced
myocyte differentiation. At this stage, perhaps the two mTOR complexes are differently
sensitive to cell stressors, such as contact inhibition (which increases cdk-inhibitor
expression that favor cell cycle arrest and differentiation), energy stress and/or ER stress
from increased global protein synthesis following DEPTOR KD.
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Appendix A

Scramble control and knockdown plasmid backbone

Figure showing the control and knockdown plasmids backbone highlighting the various
features as illustrated. The abbreviations are explained in the table below. (Note this image and

the accompanying information is provided at the supplier’s website: www.addgene.org)

o0
Sense Strand H Antisense Strand

w0 GENNMNNPMRNNSHNMNSNN NS CACNNENNRNNMENNSENNENNENT TT 1T —

L WNMNENNNHNNSNNERNNMNNNG L T NNNNNNNENNBNNNENNENNNN LGS —

S

Antisense Strand

shRNA ¢PPT  hPGK

\ SIN/3" LTR

SHC002
(W) Psi (non-target shRNA)
7,086 bp

f1 ori
RSV/5' LTR



184

Table Appendix-1 TRC1 Vector Description and Features

cPPT Central polypurine tract
hPGK Human phosphoglycerate kinase eukaryotic promoter
puroR Puromycin resistance gene for mammalian selection

SIN/3’LTR 3' self inactivating long terminal repeat

fl ori fl origin of replication

ampR Ampicillin resistance gene for bacterial selection
pUC ori pUC origin of replication

RSV/5' LTR 5'long terminal repeat

(‘P) Psi RNA packaging signal

RRE Rev response element

U6 promoter
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